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ABSTRACT

Enzymatic Assays and PCR-based DNA Fingerprinting in Mutation Detection

The detection of chemical mutagens by in vitro tests using bacterial and mammalian 

cell lines relies on alterations in a particular phenotype which can be traced to specific 

changes in the governing genes. Only a small target gene is investigated; mutations in the 

majority of the genome have no effect on the phenotype and are not detected. In order to 

overcome this, the potential of a number of different genotypic mutation assays were 

investigated.

Firstly, isolated DNA in vitro was exposed to the known mutagens UV light and cis- 

DDP; the effects of the resultant covalent DNA adducts formed on the activity of nucleases 

were examined. Greatest sensitivity was achieved with the indiscriminantly-cutting DNase 

I on plasmid and lambda DNA. However, despite the speed, cost-effectiveness and ease 

using this system, the level of sensitivity is two to three orders of magnitude lower than that 

routinely achieved using instrumental analysis.

Secondly, Randomly Amplified Polymorphic DNA (RAPD) fingerprinting was 

utilised to investigate mutations caused by genetic disease, and by exposing bacterial and 

human cells to UV light. Under optimised conditions, reproducible banding patterns may be 

achieved for a given arbitrarily-chosen primer and template DNA. Any mutation that occurs 

in the template genomic DNA such that a) a primer is no longer able to bind; b) a new 

primer binding site is formed; or c) two distant binding sites are brought to within an 

amplifiable distance of each other, will lead to an alteration of the mutant fingerprint as 

compared to the control. The major drawbacks of this relatively simple technique is the 

inability to characterise the mutation, as well as the difficulty of detecting mutant DNA 

within a large population of non-mutants. Finally an attempt was made to characterise some 

of the mutations observed with the RAPD fingerprinting experiments using restriction 

enzyme cleavage, multiplex PCR, SSCP, chemical and enzymatic mismatch cleavage.
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GLOSSARY

Annealing

The process of stringent hybridisation of a single-stranded oligonucleotide to a single

stranded template nucleic acid to form a double-stranded, hydrogen bonded molecule.

Heteroduplexes

Hybrid molecules between normal DNA and putative mutant DNA; these DNA duplexes 

differ from one another by one or more base pairs. These heteroduplexes will then be of two 

types and will be complementary; one could contain, for example, T G mismatch and the 

other C A mismatch.

Homoduplex

A hybrid molecule between exactly complementary DNA strands with no mismatches. 

Mismatch

A base pair between any two of the bases. A, T, G and C other than the Watson-Crick base 

pairs G C and A T. There are eight possible: A-A, T T, G G, C C, T G, C A, T C and A G, 

and the bases are paired with each other, not unpaired.

Mutation

A change in a gene that gives rise to a different protein product relative to that from the 

original species. In human molecular genetics it is described as a base change v^th 

pathological consequences. A more general usage is any base change whether it is 

pathological or not.

Polymorphism

A  variation in the sequence of DNA. This is not necessarily a mutation as it may occur within 

non-coding DNA or may be within a coding region but not affect the encoded protein due to 

the degeneracy of the genetic code. In human molecular genetics it is described as a base



change with no pathological consequences.

Stringency

Conditions that affect the specificity of hybridisation or annealing of two single stranded 

nucleic acid molecules. Increasing temperature and decreasing ionic strength increase 

stringency and generally increase specificity. However, too stringent conditions will prevent 

even fully complementary sequences from annealing.

Wild-type

This usually refers to a sequence of DNA derived from a normal individual or at least 

unaffected by the disease being considered.



LIST OF ABBREVIATIONS

A  Adenine

ATP adenine triphosphate

AP-PCR arbitrarily primed PCR

bp base pair(s)

C cytosine

cis-DDP cw-diamminedichloroplatimun(II)

CCM chemical cleavage of mismatch

cDNA complementary DNA

DNA deoxyribonucleic acid

DNase I deoxyribonuclease I

dNTP deoxynucleotide triphosphate

DTT dithiothreitol

EDTA ethylene diammine tetraacetic acid

EMC enzyme mismatch cleavage

G guanine

hprt hypoxanthine phosphoribosyltransferase

X bacteriophage lambda

LM-PCR ligation mediated PCR

MC-PCR mismatch cleavage PCR

mRNA messenger ribonucleic acid

NA nutrient agar

PCR polymerase chain reaction

RAPD random amplified polymorphic DNA

RFLP restriction fragment length polymorphism

RNase ribonuclease

RSM restriction site mutation

RT-PCR reverse transcriptase PCR

SDS sodium dodecyl sulfate

SSCP single stranded conformation polymorphism

T thymine

TE Tris-EDTA

UV ultraviolet

WT wild-type

XP xeroderma pigmentosum



CHAPTER 1 - INTRODUCTION

The term “cancer” originates from around 400 BC, when Hippocrates likened the 

long, distended veins radiating from some breast tumours to the limbs of a crab (karkinoma, 

Greek and later cancer, Latin) [Varmus and Weinberg, 1993]. It was not until 2300 years later 

before the nature of malignant tumours could be even vaguely comprehended.

The study of cancer has been firmly rooted in the field of genetics since the German 

cytologist Theodor Boveri observed chromosomal abnormalities in tumour cells in 1914. His 

theory was that something must have damaged the chromosomes which is passed on to the 

daughter cells of a damaged founder cell [Boveri 1914]. This has held to be essentially true 

today. Since 1953, with the elucidation of the structure of DNA [Watson and Crick, 1953] and 

the pinpointing of DNA as the carrier of genetic information and the controller of cell 

replication, research has focused on damage to DNA as the fundamental cause of cancer.

Today, two new technologies have led to an explosion in our understanding of the 

molecular genetics of cancer. DNA sequencing [Maxam and Gilbert, 1977; Sanger et al, 1977 ] and 

the polymerase chain reaction [Mullis and Faloona, 1987; Saiki et al, 1985] have revolutionised the 

ability of investigators to describe and understand the molecular basis of neoplastic change.

1.1 THE MOLECULAR BASIS OF CANCER

Cancer is a disease in which individual mutant cells begin by prospering at the 

expense of their neighbours but in the end destroy the whole cellular society and die. Cancer 

cells are defined by two heritable properties; they and their progeny reproduce in defiance 

of the normal restraints and secondly invade and colonise territories normally reserved for 

other cells. It is the combination of these features that makes cancers peculiarly dangerous. 

An isolated abnormal cell that does not proliferate more than its normal neighbours does no 

significant damage, but if its proliferation is out of control, it will give rise to a tumour, or 

neoplasm - a relentlessly growing mass of abnormal cells (figure 1.1) [Alberts et al, 1994].

As long as the neoplastic cells remain clustered together in a single mass, the tumour
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is said to be benign, and a complete cure can usually be achieved by removing the mass 

surgically. A tumour is classified as a cancer only if it is malignant, if its cells are able to 

invade surrounding tissue. Invasiveness usually implies an ability to break loose, enter the 

bloodstream or lymphatic vessels to form secondary tumours, or métastasés, at other sites 

in the body. The more widely a cancer metastasizes, the harder it becomes to eradicate.

A D E N O M A  (benign) A D E N O C A R C IN O M A  (m alignant)

Norm al Neoplastic Fibrous

giand giand tubules connective

tubules tissue capsule

(cross- of benign

section) tum our

N orm al giand 

tubules

Invasive, cancerous  

giand tubules

Figure 1.1 - Comparison of benign and malignant tumours. This diagram 
contrasts an adenoma (benign glandular tumour) and an adenocarcinoma 
(malignant glandular tumour). Adapted from Alberts et al. , 1994.

Scientists have traditionally looked to the cell’s replicative machinery for clues to 

the common basis of all cancers. This line of reasoning leads to DNA, for all errors in cell 

replication are ultimately errors in DNA replication. All cancers can be thought of as genetic 

diseases, in that they originate from changes to the genetic material. There is increasing 

evidence that a number of cancers are also genetic diseases in the sense that there is an 

inherited genetic predisposition to the conditions. There are familial, or inherited, forms of 

several cancers, including neuroblastoma and colon cancer.

To understand the origins of malignancy, however, one must focus on the somatic 

(body) cells that comprise tissues and organs. Most cancers are thought to arise when DNA 

changes within a single somatic cell lead to a loss of growth control and rapid proliferation. 

Thus the cells that comprise a solid tumour are progeny, or clones, derived from a single 

aberrant ancestor. This is the “somaclonal” theory of cancer formation.
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1.1.1 Multiple genetic alterations

Even when a cancer has metastasized, its origins can usually be traced to a single 

primary tumour, arising in an identified organ, and presumed to be derived by cell division 

from a single cell that had undergone some heritable change that enabled it to outgrow its 

neighbours. Whilst there is evidence to suggest an epigenetic origin for this change, that is, 

a change in the pattern of gene expression, for certain types of cancer (e.g. teratocarcinoma), 

most cancers are initiated by a genetic change, an alteration in the cell’s DNA sequence 

[Alberts et al, 1994].

A single mutation is not sufficient to convert a typical healthy cell into a cancer cell 

that proliferates without restraint, or we would not be viable organisms. In a lifetime, every 

single gene is likely to have undergone mutations on about 10’° separate occasions in any 

individual human being. It is to be expected that many of these mutations are to have 

occurred within genes controlling the regulation of cell division. It has become evident that 

the genesis of a cancer requires that several independent rare accidents occur together in a 

cell [Nowell, 1976; Cairns, 1975]. One such indication of this comes from epidemiological 

studies on the incidence of cancer as a function of age. If a single mutation were responsible, 

occurring with a fixed probability per year, the chance of developing cancer in any given 

year should be independent of age. In fact, for most types of cancer the chance increases 

steeply with age. From such statistics it has been estimated that somewhere between three 

(leukaemias) and seven (carcinomas) independent random events, each of low probability, 

are typically required to turn a normal cell into a cancer cell [Vogelstein and Kinzler, 1993].

1.1.2 Multi-stage carcinogenesis

Carcinogenesis is a multi-stage process [Sugimura et al, 1992; Fürstenberger et al, 1985; 

Berenblum, 1941]. Firstly there is initiation, an irreversible interaction between a carcinogen 

and the genetic material, which results in a lesion or mutation which may transform some 

cells to an abnormal stage, but which does not generate a clinically observable tumour. 

Secondly there is promotion, a selection and clonal expansion of initiated cells, and finally 

progression, the development of transformed cells into manifest tumours which invade
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neighbouring tissue. This is the transition of cells to a malignant phenotype.

Chemical carcinogens can act at any stage in the development of cancer. Although 

these processes are studied by describing the effects of different agents, definitions and 

concepts must not be based on the description of compound effects. Some agents have been 

labelled a promoter, but not all of their effects are relevant to tumour promotion. There are 

no pure promoters, all “promoters” possess (weak) initiating activity [Perera, 1991].

Genotoxic carcinogens act, directly or indirectly via metabolic activation, by causing 

damage to the cell’s DNA to induce a heritable mutation. A single application of such an 

initiator does not normally itself give rise to a tumour. However, it does cause latent genetic 

damage, and this can be detected through a greatly increased incidence of cancer when the 

cells are exposed to further treatments with the same substance or to certain other, quite 

different, insults.

Tumour promoters, which show no activity in genotoxicity assays, and are not said 

to be mutagenic themselves, are often described as non-genotoxic carcinogens. These 

substances cause cancers at high frequency only if they are applied after a treatment with a 

mutagenic initiator [Perera er a/., 1991]. They may act by compromising cellular feedback and 

control mechanisms, in particular the critically important cell division/cell destruction 

(apoptosis) axis.

1.1.3 Oncogenes and tumour-suppressor genes

There are two mutational routes towards the uncontrolled cell proliferation and 

invasiveness that are characteristic of cancer [Cavanee and White, 1995]. The first is to make a 

stimulatory gene hyperactive. The altered gene is called an cellular oncogene (the normal 

allele being a cellular proto-oncogene). The second is to make an inhibitory gene inactive. 

The normal inhibitory gene is known as a tumour-suppressor gene. Identification of some 

of these so-called “cancer genes” has been one of the major advances in medical research 

over the past 20 years. Research into oncogenes and tumour suppressor genes is now 

unravelling the molecular mechanisms that regulate cell division in healthy cells, and 

pinpointing what goes wrong in cancerous ones.

So far, about 60 proto-oncogenes have been discovered, each of these can be 

converted into an oncogene that plays a part in cancers of one sort or another. For example,

13



'N-ras can acquire transforming activity by point mutation in its coding sequences, and is 

involved in numerous tumours. This type of mutation has a dominant effect, and only one 

of the cell’s two gene copies need undergo the change. A proto-oncogene can be made 

oncogenic in many ways (figure 1.2a). This may involve a point mutation or a deletion in 

the coding sequence of the oncogenic DNA, resulting in a hyperactive protein being made 

in abnormally large amounts. Secondly, a process of chromosomal rearrangement may lead 

to either the formation of a new, hyperactive gene product, part of which consists of 

sequences from the proto-oncogene, or else a translocation which places the proto-oncogene 

next to an inappropriate promoter of mRNA transcription. Thirdly, gene amplification may 

result in overproduction of the normal protein. A fourth mechanism involves the 

recombination between retroviral DNA and a proto-oncogene. This has effects similar to 

those of chromosomal rearrangement, bringing the proto-oncogene under the control of a 

viral enhancer and/or fusing it to a viral gene that is actively transcribed [ Ley, 1996; Alberts 

et ai,  1994; Anderson et ai, 1992].

D eletion or point m utation 
in coding  se q u e n c e

C oding se q u e n c e

y
G e n e  am piification

C h ro m o so m e re a r ra n g e m e n t

] -  - T

y or y
>  -E3-TZZ}- -ri  h

H yperactive 
pro tein  m ad e  
in no rm ai am o u n ts

N orm al protein greatly  o v erp ro d u ce d

N earby  strong  e n h a n c e r  
c a u s e s  pro tein  to be 
o v erp ro d u ce d

F usion  to actively 
tran sc rib ed  g e n e  

o v e rp ro d u c e s  fusion  
p rotein: o r fusion 
p ro tein  is o v erac tiv e

Figure 1.2a - Three ways in which a proto-oncogene can be converted into an oncogene. 
A fourth mechanism (not shown) involves recombination between retroviral DNA and a 
proto-oncogene. Adapted from Alberts eta l., 1994.

Loss of one copy of a tumour suppressor gene can create a hereditary predisposition 

to cancer, although the loss of both copies is necessary for development of the disease. This 

is a recessive effect. A cell that is defective in only one of its two copies usually behaves
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as a normal, healthy cell. There are several ways how it may come to lose the function of the 

other gene copy as well and thereby progress towards cancer (figure 1.2b). These include a 

point mutation within, or a deletion of the gene. There may be a nondisjunction, i.e. 

chromosome loss, possibly with a subsequent duplication of the defective gene. There may 

also be a mitotic recombination or a gene conversion taking place within the chromosome 

pair. Most of these mechanisms result in a cell that totally lacks either the maternal or the 

paternal copy of the tumour suppressor gene, along with adjacent chromosome regions. This 

is reflected in a loss of heterozygosity in the vicinity of the genetic defect. This loss of 

heterozygosity at a specific site in the genome is a hallmark of a cancer dependent on loss 

of the function of a tumour suppressor gene [Evans and Prosser, 1992].

H E A LTH Y  CELL W IT H  O N LY 1 N O R M A L Rb^ G EN E C O P Y

Mutation at Rb^ locus 

in m aternal chrom osom e

Normal R61 gene 

in paternal chromosome

P O SSIBLE W A Y S  OF E L IM IN A T IN G  N O R M A L Rb1 G E N E

h
Nondisjunction
(chrom osom e

loss)

Nondisjunction 

and replication

Mitotic

recombination

Gene

conversion

Deletion Point

mutation

Figure 1.2b - Possible mechanisms by which a cell c f a m ay lose the function of its 
remaining copy c f a tumour suppressor gene. Retinoblastoma Rb^ gene taken as an 
example. Adapted from Alberts eta l., 1994.

1.1.4 Multiple carcinogens

The development of cancer involves many steps, each governed by multiple factors. 

Some are dependent on the genetic constitution of the individual, others dependent on 

environmental factors. The importance of these environmental factors should not be 

overlooked when considering cancer as a genetic disease. This is demonstrated most clearly 

by a comparison of cancer incidence in different countries. For almost every cancer that is
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common in one country, there is another country where the incidence is several times lower. 

An example of this is in Turkey, where an increased incidence of mesothelioma has been 

linked to high levels of erionite in the soil. Importantly, migrant populations tend to take on 

the pattern of cancer incidence typical of the host country, implying that the differences are 

due to environmental, not genetic, factors. While such epidemiological observations indicate 

that 80-90% of cancers should be avoidable, it remains difficult to identify the specific 

environmental risk factors or to establish how they act [lARC, 1992].

There is a need to consider both the multiplicity of action of single agents and the 

influence of all agents to which humans are exposed simultaneously. This so-called 

background incidence may include tumour promoting, initiating, or co-carcinogenic agents. 

The inter-individual variation in cancer risk and in molecular or biochemical response 

among individuals with comparable exposure testifies to the complex interplay between 

genetic and acquired factors [Perera, 1991].

1.2 DAMAGE CAUSED TO DNA

DNA is damaged by a variety of chemical and physical agents, and so all cells 

possess mechanisms for repair. Bases can be altered or lost, phosphodiester bonds in the 

backbone can be broken, and strands can become covalently cross-linked. These lesions are 

produced by ionising radiation, ultraviolet light, and a variety of chemicals. Much of the 

damage sustained by DNA can be repaired because genetic information is stored in both 

strands of the double helix, so the information lost by one strand can be retrieved from the 

other. Thus the ability of the cell’s self-defence systems to repair the lesion will determine 

the end result of the damage caused.

1.2.1 DNA lesions

The DNA molecule has a large number of functional groups which have a high 

electron density arising from its composite bases, and is thus a target for attack by 

xenobiotics (figure 1.3). Highly reactive electrophiles, once inside the nucleus, can react with 

the nucleophilic centres of the DNA to form covalent adducts [Lawley, 1994; Miller and Miller,

16



1981]. The response of a cell to DNA damage can lead to one of three outcomes. Firstly, there 

may be restoration to normal by error-free DNA repair. This is especially true of such lesions 

as single strand breaks, and also the majority of spontaneously incorrect base insertions by 

DNA polymerase. Secondly the lesion may so compromise the DNA that replication will 

not be able to take place, and the cell will not be able to divide, thus leading to cell death. 

Such lesions include double strand breaks and cross-links between both strands of the DNA 

double helix.

The third possibility is the survival of the cell with imperfectly repaired DNA. This 

results in a mutation. Intra-strand cross-links, and the loss of a base to form an apurinic or 

apyrimidinic (AP) site, are potentially mutagenic lesions. Here the cell can divide and will 

transmit altered DNA to its descendants. This is the molecular basis of the somatic mutation 

theory of carcinogenesis.

T y  D o u b le  s tra n d
,  3  break

B a s e  c h a n g e

F o rm atio n

Link 3  S in g le  s tra n d
b re ak

Figure 1.3 - DNA lesions. Diagrammatic
model of double-stranded DNA helix 
illustrating nature of possible lesions that 
dam age or alter the helical structure. 
Adapted from Hewitt at a!., 1979.

7.2.2 Mutations

There are two types of mutations which are relevant to carcinogenesis. Firstly there 

are point mutations, i.e. changes in the sequence of the codon. These can be substitutions.
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deletions or insertions. The substitution of one base pair for another is the most common 

type of mutation. A transition is the replacement of one purine by another purine, or of one 

pyrimidine by another pyrimidine. By contrast, a transversion is the replacement of a purine 

by a pyrimidine, or vice versa. Secondly there are chromosome mutations, which result from 

breakage and reunion of chromosomal material during the cell cycle, leading to the possible 

activation or inactivation of genes.

With the burgeoning theory of multi-hit carcinogenesis, and the discovery of 

carcinogen-induced DNA lesions, it was hoped that the mechanisms of many cancers would 

be easily explained in the form “carcinogen causes DNA lesion causes mutation causes 

cancer.” Despite the enormous amount of work done in this field, however, generally the link 

between DNA lesions and mutations remains obscure, and the relevance of a given mutation 

for carcinogenesis is often unclear [Farmer et al, 1987]. Furthermore, when DNA lesions form 

mutations, these are not necessarily those that lead to cancer.

The vital role of DNA repair in the aetiology of cancer is also a major factor, as 

described originally by Cleaver in 1968. He found that cells from patients with the 

hereditary, cancer-prone disease xeroderma pigmentosum had defective repair of UV- 

induced DNA damage. It can be hypothesised from this and other similar genetic diseases, 

some associated with an increased risk of cancer, some not, that either not all DNA lesions 

lead to neoplastic transformation, or the existence of high-fidelity DNA repair processes is 

an essential prerequisite for preventing tumour formation [Lohman et al,  1992].

1.2.3 Mutagenesis/carcinogenesis

In view of the complexity of carcinogenesis, the paradigm of random point mutations 

as a basis for understanding carcinogenicity may be antiquated. However, a correlation 

between carcinogenesis (the generation of cancer) and mutagenesis (the production of a 

change in the DNA sequence) is clear for three classes of agents: chemical carcinogens, 

which typically cause simple local changes in the nucleotide sequence; ionising radiation 

such as x-rays, which typically cause chromosome breaks and translocations; and viruses, 

which introduce foreign DNA into the cell.

In general, a given cancer cannot be blamed entirely on a single event or a single 

cause. There are, however, some unusually carcinogenic compounds that increase the
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likelihood of the critical events to the point where it becomes virtually certain, given a high 

enough dosage, that at least one cell in the body will turn cancerous. Many quite disparate 

chemicals have been shown to be likewise carcinogenic in animal bioassays, either by acting 

directly or via metabolic activation. Although the known chemical carcinogens are very 

diverse, the majority are classified as genotoxic on the basis of results of mutagenicity tests. 

There are, however a significant group of “non-genotoxic” carcinogens which appear to exert 

no mutagenic effect of the target DNA. It is thought that these substances may promote the 

development of cancer by affecting the behaviour of pre-existing mutant cells, although their 

mechanisms of action are poorly understood [Ashby and Purchase, 1992; Perera, 1991].

1.2.4 Mutagenicity tests

The correlation between animal carcinogenicity and mutagenicity in vitro was 

originally discerned by Ames and colleagues in 1973, and forms a useful but imperfect 

association. The Ames test for mutagenicity (figure 1.4) uses a strain of Salmonella bacteria 

that require histidine in the medium because of a defect in a gene necessary for histidine 

synthesis. Mutagens can cause a further change in this gene that reverses the effect, creating 

revertant bacteria that do not require histidine. To increase the sensitivity of the test, 

homogenized liver extract containing the xenobiotic-biotransforming enzymes are included 

with the cells. The bacteria also have a defect in their DNA repair machinery that makes 

them especially susceptible to agents that damage DNA. Another jfrequently used test based 

on phenotypic selection is the hypoxanthine phosphoribosyl transferase (HPRT) gene 

mutation assay, which utilises cultured mammalian cells [Cole and Arlett, 1984]. Other 

mutagenicity tests based on chromosomal aberrations and sister chromatid exchanges are 

also widely used.

The validity and worth of mutagenicity tests in determining the carcinogenic potential 

of a chemical compound has come under intense scrutiny in recent years, particularly with 

the emergence of more substances that are classed as non-genotoxic. There is a high level 

of agreement among investigators that genotoxic carcinogens are essentially predictable and 

potentially of immediate hazard to exposed humans. The quest upon which Bruce Ames set 

out in 1973 has been completed, mutagenic carcinogens can be predicted with a high, but not 

perfect, level of confidence [Ashby, 1996].
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The same cannot be said for the prediction of putative non-genotoxic carcinogens. 

The fact that we are currently ill-equipped to predict non-genotoxic carcinogenesis pales 

beside the two associated problems, as set out by Ashby. Firstly, how extensive should be 

the tests conducted on a potential carcinogen before it is accepted as being non- 

carcinogenic? Secondly, when an appropriate condition has been found for the optimum 

expression of its carcinogenicity, how will such subtle, conditional effects be extrapolated 

to humans? [Ashby, 1996].

Non-m utagen

alm onellaH istid ine-dependent S

C ount colonies

H om ogenized liver exi Plate out on agar  

Lacking histidine

ract

M utagen

Tes t com pound, potential m utagen

Figure 1.4 - The Ames test for mutagenicity. A majority of compound
that are mutagenic by tests such as this are also carcinogenic, and vice 
versa.

1.3 DETECTION OF COVALENT DNA ADDUCTS

The molecular epidemiology of cancer involves the use of biomarkers of exposure 

and response in studies of exogenous or endogenous agents and/or host factors that play a 

role in human cancer aetiology. The approach may be useful for improving accuracy of 

exposure measurement, identification of susceptible individuals in the presence of adverse 

exposures, detection of subclinical disease, more homogenous classification of disease, 

increased knowledge of disease pathogenesis, and improvements in methodology for

20



preventive and therapeutic trials [Lohman et al, 1992]. A large body of evidence in 

experimental systems suggest that DNA adduct formation is necessary, but not sufficient, 

for tumorigenesis caused by genotoxic chemical carcinogens. Thus, human DNA adduct 

formation (covalent modification of DNA with chemical carcinogens) is a promising 

biomarker for elucidating the molecular epidemiology of cancer [Poirier and Weston, 1996].

Based on the mechanistic paradigm of chemically-induced carcinogenesis, in which 

exposure to chemical carcinogens leads to their absorption, metabolic activation, and 

subsequent covalent binding to cellular DNA and proteins, the measurement of DNA (and 

protein) adducts is designed to serve as a marker of exposure and biologically effective dose. 

In comparison with approaches based on external exposure, molecular dosimetry offers the 

distinct advantage of being capable of integrating dose-dependent differences in absorption, 

distribution, biotransformation, and DNA repair, allowing the determination of exposures 

to carcinogens more accurately and over a wide range of doses [Wogan, 1992]. Many 

chromatographic, spectroscopic and immunological techniques, as well as ^^P-postlabelling, 

are now available for sensitive covalent adduct detection [Poirier and Weston, 1996].

7.3.7 Luminescence spectroscopy

Luminescence spectroscopy is only possible with carcinogens having intrinsic 

fluorescence, such as polycyclic aromatic hydrocarbons (PAHs) and aflatoxins. In 

synchronous fluorescence spectroscopy (SFS), both the excitation and emission 

monochromators are driven simultaneously so that a signal is observed when the last 

excitation maximum and first emission maxima are met. This simplifies the spectrum and 

allows for the generation of more complete excitation-emission matrices. Using this 

approach, a detection limit of one benzo(a)pyrene adduct in 10̂  unmodified nucleotides has 

been achieved for 100 pg of DNA [Weston and Bowman, 1991]. The major limitations to the use 

of fluorescence spectroscopy for the detection of carcinogen-induced DNA damage in 

humans are lack of prior knowledge of adduct chemistry, a requirement that the adduct be 

fluorescent, and a requirement for relatively large quantities of sample DNA (100 -1000 pg).
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1.3.2 Gas chromatography-mass spectrometry

Gas chromatography-mass spectrometry (GC-MS) is highly specific and has 

widespread application in measurement of both carcinogen-protein adducts and carcinogen- 

DNA adducts. The spectrum of ions detected comprises the molecular ion plus the fragment 

ions including the base peak. The base peak, the most intense signal, is most commonly used 

for quantitative sample analysis by single-ion monitoring when the mass spectrum of a 

compound of interest in already known.

Methods using GC-MS have been developed for a variety of different exposures, 

although alkyl purine adducts in human urine have been most extensively studied [Prévost et 

al., 1993]. Here detection limits of one 3-alkyladenine adduct in 10* unmodified nucleotides 

have been achieved.

1.3.3 Immunoassays

Antisera elicited against DNA adducts and carcinogen-modified DNA samples have 

been widely used to quantify and localise xenobiotic-induced DNA damage and to measure 

DNA adduct formation in human tissues. Competitive radioimmunoassays (RJAs) and 

enzyme-linked immunosorbent assays (ELISAs) are able to detect human DNA damage with 

sensitivity in the range of one adduct in 10* unmodified nucleotides. Immunoassays are 

relatively reliable and allow for the analysis of more than 20 samples per day. Disadvantages 

include the relatively large amounts of DNA (200 pg), and a lack of absolute specificity 

because of antibody cross-reactivity. A wide variety of xenobiotic exposures have been 

examined by immunoassay in samples from human subjects [Santella et al, 1990], including 

aflatoxins, A-nitrosamines, benzo(a)pyrene and other PAHs, as well as medicinal exposures 

of cisplatin, dacarbazine etc.

1.3.4 ^^P-Postlabelling

The ^^P-postlabelling technique is widely used for human DNA adduct detection 

[Beach and Gupta, 1992], largely because of its high sensitivity (routinely one adduct in 10̂  

nucleotides) and application to small quantities of DNA (2-10  pg). The method is based on
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the radiolabelling of adducts with high specific activity from y ^^P-ATP by T4 

polynucleotide kinase. DNA isolated from a tissue of interest is digested to 3'- 

monophosphates and phosphorylated to form 5'-^^P-3'-bisphosphates. Adducts in the 

labelled mixture are separated by thin layer chromatography (TLC) in multiple directions, 

and detected by autoradiography.

Detection of adducts due to a wide variety of carcinogens has been reported, including 

PAHs, styrene, tobacco, mitomycin C and the so-called unknown “aromatic” adducts.

1.4 MUTATION DETECTION: KNOWN MUTATIONS

Once mutations have been defined, they can be searched for repeatedly by diagnostic 

methods of detection. This is especially important in human genetic diseases, such as cystic 

fibrosis and Tay Sachs disease. Such methods are routinely used in the clinical diagnostic 

laboratory, looking for mutations causing a specific disease for prenatal and other diagnostic 

purposes, as well as polymorphic harmless mutations for linkage studies. Screening 

populations for specific disease-related mutations is also well under way. In cancer biology, 

such techniques are being utilised for investigating known mutational hot spots in oncogenes 

and tumour suppressor genes. Some of these diagnostic techniques rely on post

hybridisation mismatch (or its lack) to obtain discrimination between mutant and wild-type. 

Others either have a particular base inserted depending on the allele, or else rely on PCR to 

create a restriction site [Cotton, 1997; Newton, 1995; Cotton, 1993].

1.4.1 Allele-specific oligonucleotide (ASO) hybridisation

A general technique for identifying any known mutation is allele-specific 

oligonucleotide hybridisation (figure 1.5) [Saiki et al, 1986]. This involves differential 

hybridisation of sequence-specific oligonucleotides, usually 15-20 bp long. The 

oligonucleotides are prepared with the mutation placed centrally and are hybridised to target 

DNA under conditions which permit hybridisation only if a perfect match is found. If the 

oligonucleotides are hybridised to PCR-amplified target DNA (dot-blot technique), one 

mutation can be tested per reaction.
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Figure 1.5 - Allele-specific oligonucleotide (ASO) hybridisation. Specific 
oligonucleotide binds to wild-type DNA and is detected by dot-blot 
technique. Oligonucleotide is unable to bind with mutant in target DNA 
and is thus not detected.

ASO is the oldest technique for identifying defined mutations, and has been used 

frequently as all mutations are amenable to screening by it, however it has essentially been 

superseded by techniques which were developed subsequently. The reasons for this are the 

need for additional technical manipulations subsequent to the PCR reaction and for 

confirmation of amplification by agarose gel electrophoresis.

1.4.2 Amplification-refractory mutation system (ARMS)

Amplification-refractory mutation system (figure 1.6), or allele-specific 

amplification, (ASA) has been successfully applied to the analysis of a wide range of 

polymorphisms, germ-line mutations and somatic mutations [Newton, 1995]. This method 

relies on selective PCR amplification, designed such that the mutation is complementary to 

the extreme 3' end of one primer where, under appropriate conditions, mismatch can 

prevent, or severely reduce polymerase activity, and thus amplification. The ARMS reaction 

relies on the absence of a 3 ' proofreading activity of Tag polymerase, therefore some other 

thermostable DNA polymerases, such as Vent and Pfu, are unsuitable. The reaction also 

requires the ability of the enzyme to initiate primed synthesis from a mismatch to be severely 

impaired such that amplification is essentially non-existent.

Recent advances of the technique include the placing each of the PCR primers at a
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site where mutations are found (Double ARMS) [Lo et al, 1991]; multiplexing the ARMS 

reaction; and fluorescent ARMS using four-colour technology [Newton, 1995].
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M utant

T h r e e  oligon ucleot ides:
p r im er  1 (wild type)  G a t  3 ' nuc leot ide
pr im er  2 (mutant )  A at  3'  nuc leotid e
pr im er  3 c o m m o n  to both wild type  a n d  m u ta n t

P C R  r eac t io ns  
p r im ers  1 a n d  3 on e a c h  DNA 
pr im ers  2 a n d  3 on e a c h  DNA
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Figure 1.6 - Amplification-refractory mutation system (ARMS). A 
mutation is placed at the extreme 3' end of one primer, where mismatch 
prevents amplification by PCR.

1.4.3 Competitive oligonucleotide priming (COP)

Competitive oligonucleotide priming utilises primer pairs in PCR with a common 

primer analogous to an ARMS reaction. The allele specificity is derived from an 

appropriately variant nucleotide at approximately the middle of each primer of a primer pair, 

so that the differential amplification depends on differential hybridisation. Identification of 

a radiolabelled product as a result of a radiolabelled primer allows inference of the template 

sequence [Gibbs et ai, 1989a].

COP has rarely been the method of choice for known mutation analysis given the 

difficulty of accurate heterozygote typing (individual primers of the pair may need to be 

conjugated to different and distinguishable signal generation labels), and the need for two 

detection systems (e.g. autoradiography and agarose gel electrophoresis).
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1.4.4 Primer extension sequence test (PEST)

The primer extension sequence test (figure 1,7) relies, like COP, on the extension of 

an allele-specific primer whose allele-specific nucleotide is within the primer. Thus the 

extension or non-extension of the primer is hybridisation-specific as opposed to enzyme 

catalytic specific. The PCR reaction is set up such that the extension only occurs on the 

correctly matched template. A further primer, upstream of the mutation, is included, such 

that if the “mutant” primer does not hybridise, a larger PCR product is generated than that 

if the “mutant” primer does [Efremov et al.,\99\]. The principal drawbacks of this system are 

that only one mutation can be analysed per reaction, and that each reaction must be tailored 

to the respective mutation under investigation.

M u t a n t  o l i g o n u c l e o t id e U p s t r e a m  p r im e r

m
M u ta n t T e m p l a t e  D N A

PCR amplification

W il d  t y p e

I

V

M u ta n t W il d  t y p e

-
Figure 1.7 - Primer extension sequence test (PEST). A mutant primer is 
incorporated into an amplification mix such that if it fails to anneal to the 
template DNA, a separate upstream primer is instead utilised for 
amplification, generating a differently sized fragment.

1.4.5 Tag 5 -  3 'exonuclease activity

Whilst Taq DNA polymerase does not possess a 3 '-5 ' exonuclease activity, it does 

exhibit a 5'-^3' exonucleotyic property. This property has been exploited to demonstrate 

simultaneously the presence of target DNA as the PCR proceeds [Holland et ai, \99\]. This is
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achieved by including a further primer downstream of one of the conventional amplification 

primers. This additional primer is blocked for extension at the 3'-terminus and carries a label 

at the 5'-terminus. Extension of the primer upstream of the additional primer results in 

liberation of the 5'-label by the Taq DNA polymerase as it reaches the downstream primer. 

The inability to multiplex the reaction and associated problems have made this technique 

little used.

1.4.6 Restriction site-generating PCR

A  deliberate mismatch is incorporated at or close to the 3 '-terminus of a PCR primer 

adjacent to the mutation. After incorporation into the PCR product, the variant nucleotide 

of one allele complements the preceding sequence of the primer to introduce a restriction 

enzyme recognition site. The corresponding variant nucleotide of the other allele does not 

complement the primer and the restriction site is not formed. Subsequent digestion of the 

PCR product with the restriction enzyme identifies which alleles were present in the 

template DNA (figure 1.8) [Haliassos et al., 1989].
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Figure 1.8 - Restriction site-generating PCR. A primer mismatch, in 
conjunction with either the mutant or wild-type sequence, creates an 
enzym e recognition site in one, but not the other, allele. The mismatch 
is usually induced near, but not at, the extreme 3' nucleotide of one of 
the primers.
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The main limitation of the method lies in the serendipity of the genomic DNA 

sequence that may or may not allow the design of the primer, as for some mutations there 

may not be a potential restriction site for incorporation. A natural restriction site elsewhere 

in the PCR product is also useful as a positive control for enzyme digestion to prevent 

misinterpretation of the results as a consequence of incomplete enzyme cleavage.

1 4 .7  Single nucleotide primer extension (SNuPE)

Single nucleotide primer extension is a two-stage method, the first stage consisting 

of an initial PCR amplification, and subsequent purification of a DNA fragment that contains 

the mutation. The product is then divided between two further reactions, and annealed to 

another primer, the SNuPE primer, whose 3 ' end immediately precedes the mutation. In one 

reaction, a single, radiolabelled dNTP specific for one allele is included, the other reaction 

contains the single radiolabelled dNTP specific for the alternative allele. Incubation of these 

reactions with Taq DNA polymerase extends the SNuPE primer when the radiolabelled 

dNTP is complementary to the variant allelic nucleotide [Kuppuswamy e? a/., 1991]. SNuPE will 

detect the majority of mutations, whether they are single base changes or ffame-shift, 

however the method is cumbersome and requires many steps, thus lowering its throughput 

potential.

1.5 MUTATION DETECTION: UNKNOWN MUTATIONS

Screening methods for the detection of unknown mutations in nucleic acids are 

primarily used in research laboratories attempting to find mutations in a gene which causes 

a specific disease. The importance of such studies with respect to carcinogenesis is enhanced 

as knowledge of the molecular basis of cancer has increased, given that mutations in 

oncogenes and tumour suppressor genes are now well documented as causes of cancer. Such 

screening methods can be divided into two major types. There are those methods which rely 

on differences in electrophoretic properties being generated between mutant and wild-type 

nucleic acid by a point mutation. As currently used, these methods cannot detect all
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mutations, do not localise them within the fragment, and can only be applied to DNA 

fragments hundreds of bases long. Another group of methods include cleavage techniques 

and the carbodiimide method, which can screen DNA segments of kilobase length and 

localise the mutations within the fragment, and which have the potential to detect all 

mutations. Sequencing is more frequently used to detect unknown mutations than it is for 

diagnostic purposes. No single method is applicable for all situations. Choice of the most 

appropriate screening technology is influenced by the expected nature of the mutation, the 

size and structure of the locus in question, the availability of mRNA, the degree of sensitivity 

required and the resources available [Cotton, 1997; Grompe, 1993; Prosser 1993; Cotton, 1993].

1.5.1 Denaturing gradient gel electrophoresis (DGGE)

Denaturing gradient gel electrophoresis (DGGE), as illustrated in figure 1.9, relies 

on the differential electrophoretic migration of Avild-type and mutant DNA [Myers et al, 1987]. 

Double stranded DNA generated by PCR is electrophoresed through a gradient of increasing 

concentration of a denaturing agent (urea and formamide). DNA fragments migrate 

according to size until they enter that part of the gradient where the molecule begins to 

denature. When DNA denatures, it opens over domains of nucleotides, rather than one 

nucleotide at a time, so that fragments change from being double-stranded to being branch

shaped. At this point, their rate of migration in the gel slows abruptly. A single-base 

difference in the first melting domain alters the abrupt decrease in the rate of migration, and 

DNA molecules differing by only a single base substitution have been shown to exhibit 

differential mobility in such gels [Sheffield et al, 1990]. The sensitivity of DGGE can be greatly 

enhanced if heteroduplex DNA between wild-type and mutant sequences is used for the 

analysis.

Base changes in the undenatured, slower-melting domain, are not detected. Once the 

molecules are completely denatured, their position in the gradient again becomes solely a 

function of size. The technique therefore requires that the molecules maintain an 

undenatured (clamped) end. In order that all base changes in the molecule of interest can 

appear in a melting domain, a so-called GC-clamp of approximately 40bp of high-melting, 

GC-rich DNA is added by PCR.
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Figure 1.9 - Denaturing gradient gel electrophoresis (DGGE). Wild-type 
and mutant PCR products are denatured and reannealed to generate 
four species of hetero-and homoduplexes. Differential melting behaviour 
leads to altered migration in a gradient of denaturing agents compared 
to wild-type homoduplex.

The success of DGGE depends on the careful choice of denaturing conditions. This 

can be done for virtually any sequence of interest by the use of computer programs to predict 

theoretical melting profiles and design PCR primers. It requires a good deal of preparatory 

work to set up, but once the conditions have been optimised, DGGE can be a highly reliable 

and rapid method for mutation detection. Single base differences can be detected with -95% 

accuracy in PCR products of up to 600 bp in length, and detection is usually carried out by 

non-radioactive means. The technique does not locate the mutation precisely, however, 

although isolation and subsequent sequencing of the product is possible.

The denaturing gradient can also be generated by temperature and this method is 

termed temperature gradient gel electrophoresis (TGGE) [Tee et al., 1992], whilst CDGE 

utilises a constant dénaturant in order to try and simplify the technique [Hovig et ai, 1991].
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1.5.2 Single stranded conformation polymorphism (SSCP)
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Figure 1.10 - Single stranded conformation polymorphism (SSCP). Wild-
type and mutant PCR products are labelled and denatured, generating 
single strands. In this conformation, single base changes lead to 
differential migration in a non-denaturing gel.

Single stranded conformation polymorphism (figure 1.10), first described by Orita 

et al. in 1989, makes use of the variation in electrophoretic mobility, in non-denaturing 

acrylamide gels, of short single-stranded DNA (or RNA) molecules whose sequences differ. 

Single-stranded DNA molecules assume a three-dimensional conformation which is 

dependent on the primary sequence, and a single-base change can result in altered structure, 

in turn giving rise to changes in the gel mobility. As the shift in mobility becomes 

decreasingly apparent in fragments of increasing size, the technique favours the scanning of 

short segments of DNA [Sheffield et ai, 1993; Sekiya 1993].

Estimates of the optimal fragment sizes and the efficiency of detection vary 

enormously. At best, there may be 90% efficiency for fragments less than 200 bp in size, and 

perhaps 70-80% efficiency for fragments up to 400 bp. Some of the size limitations of the 

method may be overcome by the simultaneous amplification and analysis of several
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fragments in one lane (multiplexing) or by restriction digestion of a larger amplification 

product prior to electrophoresis [Ushijima et ai, 1995; Fan et al, 1993]. Although nominally quick 

and easy to perform, lack of reproducibility has been reported in several laboratories. As 

with DGGE, localisation of the mutation is not achieved.

1.5.3 Heteroduplex analysis (HA)

This technique works on the basis of the same idea as SSCP, but instead of 

separating single-stranded molecules according to molecular shape, it separates double

stranded heteroduplex molecules (figure 1.11).
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Figure 1.11 - Heteroduplex analysis (H>A).Particular mismatches in 
heteroduplexes, and their location in the double-stranded fragment, 
distort the usual shape and alter the mobility of the fragment.

Particular mismatches and their location in the double-stranded fragment distort the 

usual shape and alter the mobility of the fragment, and heteroduplex molecules with a single 

base mismatch may show differential mobility from homoduplexes in regular 

polyacrylamide gels. The need for a separate heteroduplex formation step may be obviated.
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as if mutant and wild-type template sequences are present simultaneously in a PCR reaction, 

heteroduplexes between the two different DNA species can be formed during the late cycles 

[Nagamine et ai, 1989].

This method may detect approximately 80% of mutations in small (<300 bp) 

fragments, and, like SSCP, is a very simple technique to perform. It has been suggested that 

a combination of SSCP and heteroduplex analysis, with the same PCR-amplified fragment 

prepared for electrophoresis in two ways, may detect close to 100% of mutations [White et ai, 

1992].

1.5.4 RNase A cleavage
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H e t e r o d u p l e x  m o l e c u l e

G

R N a s e  A c l e a v a g e

D e n a t u r i n g  p o l y a c r y l a m i d e  g e l

Horn Hat

—

F u ll  l e n g t h  u n c l e a v e d

C l e a v e d  f r a g m e n t s

Figure 1.12 - RNase A cleavage. Heteroduplexes are formed between 
labelled wild-type RNA and mutant RNA or DNA. RNase A then digests 
the mismatched regions, and the fragments are separated on denaturing 
polyacrylamide gels.

RNase A cleavage involves the formation of heteroduplexes between radiolabelled 

wild-type RNA and mutant DNA, and enzymatically digesting the mismatched regions 

(figure 1.12). The fragments are then separated by size on denaturing polyacrylamide gels 

and visualised by autoradiography to determine the site of mutation. RNase A, however, is

33



an inefficient cutter of single-base pair mismatches, probably cutting only 30% of sites, and 

cutting most efficiently at pyrimidines. If the mismatch on the labelled strand is at a purine, 

cleavage is inefficient, but if both strands are labelled (effectively having to make a labelled 

copy of each of the mutants), detection can reach 60%. Despite its limitations, RNase A 

cleavage has been used frequently and successfully since it allows the scanning of any 

transcribed DNA, precisely locates the mutation and does not require the use of hazardous 

chemicals [Myers et al, 1988].

7.5.5 Chemical cleavage of mismatches (COM)

Chemical cleavage of mismatches (CCM), developed by Cotton et a l, 1988, is based 

on the principles of Maxam-Gilbert sequencing [Maxam and Gilbert, 1977], and involves the 

chemical cleavage of modified mismatched base pairs in heteroduplex DNA (figure 1.13).

Osmium tetroxide is used for the modification of mispaired thymines, and 

hydroxylamine for mispaired cytosines (from which comes the acronym “HOT Cotton”). 

Chemical modification is followed by piperidine cleavage, and the analysis of the products 

on denaturing polyacrylamide gels. Being able to detect all mismatched Cs and Ts in a 

mutant/wild-type heteroduplex molecule should ensure comprehensive mutation detection, 

however because some G-T mismatches are missed, it is essential to label both DNA alleles 

so that the missed T of G T mismatches can be identified through the reciprocal A C 

mismatch. Labelling both alleles guarantees 100% detection [Saleeba and Cotton, 1993].

CCM has the lowest size constraints of all the mutation scanning methods, and it is 

possible to scan segments of DNA 1-2 kb in length with close to 100% detection efficiency. 

In addition, the mutation is precisely located relative to one or other end of the molecule 

scanned. However, the method suffers from two main disadvantages: it is multi-step and 

time-consuming, and uses a variety of hazardous chemicals. A non-radioactive method is 

available, but lacks the resolution of the radioactive method.
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Figure 1.13 - Chemical cleavage of mismatches (CCM). Heteroduplexes 
are formed between labelled wild-type and unlabelled mutant DNA. The 
mismatched bases at the site of the mutation are chemically modified by 
either hydroxylamine or osmium tetroxide, and subsequently cleaved by 
piperidine. Fragments are separated on a denaturing polyacrylamide gel.

A highly sensitive variation is also available, which depends on the bulky DNA 

adduct carbodiimide (CDI). This is a relatively non-toxic chemical with a preference for both 

mismatched Gs and Ts, and the position of the mutation may be detected by the blockage 

of primer extension by Taq polymerase, and subsequent electrophoresis. This method has 

thus far primarily been applied for the detection of mutations in collagen genes [Smooker and 

Cotton, 1993].
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1.5.6 Direct sequencing

All the methods described above are capable of detecting mutations with varying 

efficiencies, but none is able to precisely define the nature of the change. DNA sequencing 

reveals the location and nature of the alteration and is therefore a necessary final step of any 

mutation detection method. If DNA sequencing can be made rapid, accurate, efficient and 

inexpensive, it represents the ideal mutation scanning technique. Direct sequencing refers 

to the direct sequence analysis of PCR products without prior subcloning into sequencing 

vectors and can be the primary method of mutation detection. As this becomes more efficient 

with the use of automation and fluorescence detection technology, it is likely to become the 

first-line method of choice.

In order to sequence PCR products successfully by the conventional dideoxy 

termination protocol, it is essential to convert the double-stranded PCR product into a single

stranded sequencing template. Several methods have been described to achieve this, for 

example asymmetric PCR, where the PCR product is re-amplified in a second reaction in 

which one of the oligonulceotide primes is in >100:1 excess o f the other. This creates an 

abundance of single-stranded PCR products for sequencing [Gyllensten and Erlich, 1988].

A recent promising modification of dideoxy chain termination sequencing 

technology is cycle sequencing, or amplification sequencing. In this method, the template 

is simultaneously amplified and sequenced by the addition of dideoxy terminators to a PCR 

reaction. This may then be combined vdth fluorescent detection technology to provide a 

powerful tool for direct DNA sequence analysis [Ruano and Kidd, 1991].

1.5.7 Detecting large genetic alterations

The methodologies reviewed thus far have concentrated on mutations involving the 

alteration of a single base in the DNA sequence. Large genetic alterations are mutations in 

which substantial portions (usually defined as >500 bp) of a gene are deleted, duplicated or 

otherwise rearranged.

The Southern blot [Southern, 1975] remains one of the fastest methods to screen 

quickly for mutations, and offers a good first step in mutation analysis. The main advantage
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of the technique is that no detailed knowledge of the structure and sequence of a gene is 

required and a preliminary screen can be carried out with a probe of interest immediately 

after its isolation. Large deletions and insertions may be detected by the presence of junction 

fragments or changes in band intensities in blots.

The simultaneous amplification by PCR of several sequences throughout the gene 

(multiplex PCR) can be used to detect deletions in genes whose genomic sequence is known. 

Deletions are indicated by the absence of some of the bands in the multiplex pattern. This 

technique is rapid and simple, and has found wide used in, for example, the diagnosis of 

Duchenne muscular dystrophy, in which 60% of cases represent deletions [Niemann-Seyde et 

al, 1992].

Extremely large (>one megabase) deletions and insertions can be detected by high 

resolution cytogenetics. Fluorescent in situ hybridisation (FISH) uses fluorescently labelled 

probes, which are hybridised to chromosome spreads, to detect not only the presence or 

absence of a chromosomal region corresponding to the probe, but also its position in the 

genome [Baumann et al, 1993]. FISH is particularly suited for the detection of aneuploidy, 

micro-deletions or duplications and complex rearrangements. It has found a wide range of 

applications ranging from the detection of loss of heterozygosity in tumour samples, 

microdeletion syndromes or duplications [Grompe 1993].

1.6 SCOPE OF THIS THESIS

The work contained within this thesis is in the development of novel assays for 

investigating DNA lesions and mutations. In the choice and development of these 

techniques, special consideration has been given to ease, speed and cost-effectiveness 

compared with existing techniques (where applicable), as well as sensitivity, reliability and 

efficacy.

The work can be broadly split into three parts. Firstly, enzyme-based assays were 

used to detect covalent adducts with in vitro DNA systems. Inhibition of restriction 

endonuclease and DNase I cleavage of plasmid and bacteriophage lambda DNA by the 

known mutagens cisplatin and UV light was investigated (Chapter 2).

Secondly, a PCR-based DNA fingerprinting technique was used to screen for
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unknown and previously defined mutations in bacterial and human DNA. Cells grown and 

exposed in culture, as well as circulating T lymphocytes, were investigated in this manner 

(Chapters 3, 4 and 5).

Thirdly, DNA fi*agments arising from RAPD library fingerprinting were subsequently 

re-amplified and utilised for further investigative methodologies (Chapter 6). Use of such 

fragments as probes for techniques such as SSCP, CCM, and the more recently described 

enzyme mismatch cleavage (EMC), were carried out. The potential of such combined 

approaches was evaluated.

Finally, a novel method of mutation detection is proposed, termed Mismatch 

Cleavage (MC)-PCR. This is based on a genotypic selection procedure, using an enlarged 

mutational target, which should be able to detect any mutation, independent of location, in 

DNA fragment lengths of several hundred base pairs, with close to 100% efficiency, and 

giving information as to the location of the mutation (Chapter 7).

38



CHAPTER 2 -  MODIFICATION OF NUCLEASE CLEAVAGE 

BY DNA ADDUCTS

2.1 INTRODUCTION

2.1.1 DNA adducts in cancer biomonitoring

A  large number of naturally occurring and synthetic chemical carcinogens react 

directly with the DNA of target cells. These compounds are converted via chemical or 

metabolic activation into highly reactive electrophiles. These ultimate carcinogens then react 

with nucleophilic centres in nucleic acids and proteins, resulting in the formation of covalent 

adducts [Miller and Miller, 1981]. Whilst in most cases the link between DNA lesions and 

carcinogenesis remains obscure, formation of these covalent adducts in DNA is believed to 

be an important step in the initiation of cancer [Farmer et al., 1987].

The measurement of such adducts in available DNA should be a suitable monitor of 

carcinogen exposure. This would take into account inter-individual differences to activate 

proximal carcinogens to their active metabolites, and would give an indication of the dose 

of active genotoxic species at its target site. By directly measuring the internal exposure to 

a carcinogen instead of relying exclusively on ambient or workplace monitoring data, such 

studies could identify groups or individuals at risk of cancer, thereby generating dosimetry 

data useful to policy makers [Perera et al, 1985]. This rationale forms the basis of cancer 

biomonitoring.

In the biomonitoring of chemical carcinogens it is useful to distinguish between the 

monitoring of an internalised dose, a biologically effective dose, and an early biological 

effect [Wogan, 1992]. The level of carcinogens and their metabolites in body fluids can be 

regarded as a measure of the internalised carcinogen dose. Although useful in confirming 

that exposure has indeed occurred, measures of an internalised dose per se do not give any 

indications of the potential cancer risks involved. More closely related to cancer risks are 

measures of the biologically effective dose, e.g. the level of DNA damage or DNA adduct 

formation in certain tissues [Kortenkamp, 1997]. Genetic alterations such as chromosome
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aberrations, sister chromatid exchanges, and gene mutations are early biological effects in 

carcinogenesis. The monitoring of these markers is carried out using nucleated cells in easily 

accessible tissue, usually blood lymphocytes.

A wide range of techniques are currently available for the detection of DNA adducts 

from in vivo sources. These include chromatographic and spectroscopic methodologies, 

immunoassays and ^^P-postlabelling. All these techniques are well established and are 

sufficiently sensitive for the purposes of biomonitoring. In general, the detection limit is one 

to three orders of magnitude lower than is required to monitor exposures corresponding to 

those used in low-dose range animal carcinogenicity studies [Farmer et al, 1987]. However, 

despite their worth, these methods require expensive equipment and are relatively time- 

consuming. Furthermore, they are not well suited for the detection of DNA lesions such as 

abasic sites and DNA-protein cross-links. This has fuelled the search for a relatively 

inexpensive, quick, yet sensitive and reliable technique for the detection and quantification 

of these lesions. One route of investigation has centred on the use of nucleases, specifically 

restriction endonucleases and DNase I, and the changes in their cleavage patterns caused by 

covalent DNA adducts.

2.1.2 Use of nucleases

The class of enzymes known as nucleases include restriction endonucleases and 

DNase I. Restriction endonucleases, or restriction enzymes, recognize specific base 

sequences in double stranded DNA and cleave both strands of the duplex at specific places. 

Their recognition sequences are generally four to eight base pairs in length, mostly 

consisting of a twofold rotational symmetry, and they cut by hydrolysing a phosphodiester 

bond in each strand in the region (figure 2.1a). Deoxyribonuclease I (DNase I) is a digestive 

enzyme that degrades DNA rather nonspecifically to form short oligonucleotides having 5'- 

phosphate and 3'-hydroxyl termini. The matching of many positively charged groups of the 

enzyme with negatively charged groups of the duplex substrate accounts for the fact that 

double-helical DNA is hydrolysed l(f times as rapidly as is single-stranded DNA. On the 

other hand, the enzyme does not interact intimately with the bases of DNA, so it does not 

discriminate nucleotide sequences well (figure 2.1b).
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A. Restr ic ton  e n d o n u c l e a s e ,  e.g.  EcoRI

- C - T - G y A - A - T - T - C - C - G -  

g,- G - A - C - T - T - A  - A^  G - G - C -g,

B. DNase
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Figure 2.1 - a) Restriction endonucleases. R ecognise specific base  
seq u en ces in double helical DNA and cleave both strands at specific 
places. C leavage sites contain a palindromic two-fold rotational 
symmetry, b) D N ase I. Hydrolyses double- or single-stranded DNA, 
cutting preferentially at sites adjacent to pyrimidine nucleotides. Attacks 
each  strand independently, and sites of cleavage are distributed in a 
statistically random fashion.

Two groups have used restriction enzymes to investigate chromium-bound DNA. In 

1991, Chen and co-workers exposed Chinese hamster ovary cells in culture to potassium 

chromate, a known carcinogen which has been observed to produce DNA-protein cross

links, and examined the effects on the cleavage pattern of EcoRl. They reported that at 

potassium chromate levels above 10 pM, enzyme activity was inhibited. This effect was 

reversed by digestion with proteinase K, implicating DNA cross-links as the causative 

lesion. Reversal of inhibition was also seen after treatment with EDTA, suggesting the 

involvement of the Cr (111) ion, as EDTA has a very high affinity for chelation with these 

ions. The Cr (111) ion is known to form bidentate complexes between DNA and protein, 

although the possibility that these ions directly interact with restriction enzyme activity is 

unlikely as they are kinetically inert and not subject to rapid ligand exchange reactions. 

Further work has shown that plasmid DNA was cleaved by restriction enzymes in the 

presence of Cr (111) ions bound to DNA, supporting the idea that Cr (111) ions interact 

strongly with DNA to modify its structure without inhibiting the restriction enzyme directly.
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The second group [Borges and Wetterhahn, 1991], took different combinations of DNA 

plasmids, restriction enzymes and reducing agents (for the reduction of Cr (VI) through to 

Cr (III)). They found that chromium-DNA complexes formed with glutathione as the 

reducing agent inhibited cleavage by Ndel of the pBR322 plasmid, and enhanced BamHV 

cleavage of SV40 DNA. However, complexes formed with P-mercaptoethanol lead to the 

opposite observations. This suggested that as it is likely that different Cr (VI) reduction 

pathways lead to the formation of different DNA adducts, restriction enzymes can be 

sensitive to the nature of the chromium-DNA adduct. They also saw that DNA supercoiling, 

the nature of the DNA template, and the level of chromium binding were all factors which 

altered the activity of a given restriction enzyme on a chromium-modified DNA template.

Other reports have demonstrated alterations in restriction enzyme digestion of DNA 

by other means, such as the binding of polyamines to DNA [Kirino et al, 1990], or following 

the formation of 8-hydroxydeoxyguanosine, 8-OH-dG (8-oxo-deoxyguanosine, 8-oxodG) 

in DNA [Jones et al, 1990]. Here they found that 8-OH-dG, which may be formed by oxygen 

radicals, at the recognition site almost totally inhibits cleavage by restriction enzymes. 

Attempts at defining and quantifying such changes with other carcinogenic compounds have 

also been made [Puvvada et al, 1993; Balcarovâ et al, 1992; Ushay et al, 1981].

The potential of DNase I has also been investigated, in particular by use of the DNase 

I footprinting assay. Here one end of a DNA chain is labelled with This labelled DNA 

is then cut at a limited number of sites by DNase I. The same experiment is carried out in 

the presence of a protein that binds to specific sites on DNA. The bound protein protects a 

segment of DNA from the action of DNase I. Hence, certain fragments will be absent. The 

missing bands in the gel pattern identify the binding site on DNA. This technique has been 

used to detect site-specific DNA alterations caused by agents such as actinomycin D and 

netropsin [Lane et al, 1983] and, more recently, the anti-tumour agent c/5-diammine- 

dichloroplatinum(II) (cis-DDP) [Schwartz and Leng, 1994].

2.1.3 cis-DDP and UV radiation

In order to investigate the usefulness and sensitivity of nuclease-based assays for the 

monitoring of carcinogen-DNA adducts, cis-DDP and UV radiation were selected as model 

agents. These agents produce well-defined lesions, and in designing experiments of this kind
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one of the primary interests was to establish concentrations of cis-DDP and UV radiation 

which produce detectable changes in these systems, i.e., altering the ability of the nucleases 

to cleave DNA.

NH 2 5 %

NH.
6 5 %

10%

Figure 2.2 - cis-DDP binding to double-stranded DNA. Cis-DDP
produces intrastrand cross-links as its predominant lesion.

Cis-DDP produces as its predominant lesion intrastrand cross-links, primarily 

between two guanine residues to form cis-Pt(NH3)2 d(GpG), accounting for approximately 

65% of such lesions (figure 2.2). Crosslinks between a neighbouring adenine and guanine 

also occur, with adenine always the 5' nucleotide, forming the adduct cis-Pt(NH3)2 d(ApG) 

(25% of all lesions), and also between two guanines separated by one or more bases, cis- 

Pt(NH3)2 d(GpXpG) [Eastman, 1987]. The predominant lesion associated with UV radiation is 

the cyclobutane-type pyrimidine (especially thymine) dimer, as well as 6-4 photoproducts 

[Musk et al., 1989]. Consequently, cross-links between adjacent thymine bases are of particular 

interest in this context.

The restriction endonucleases employed for post-incubations of treated DNA were 

chosen specifically to contain appropriate target bases in their recognition sequences. 

Furthermore, the usefulness of DNase I as a probe for cis-DDP adducts was explored. In all 

these experiments, consideration was given to the size of the DNA target area presented by 

all of these systems. The aim was to consecutively reduce the concentration of the DNA 

modifying agent in order to establish minimum effective concentrations for each of the 

chosen experimental systems.
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2.2 MATERIALS AND METHODS

2.2.1 Equipment and reagents

All salts and buffered substances were of the highest commercially available grade. 

Cis-DDP, agarose, ethidium bromide and bacteriophage lambda DNA were purchased from 

Sigma Chemical Company Ltd., Poole, Dorset, U.K. Restriction enzymes were obtained 

from Gibco BRL, Life Technologies, Paisley, U.K. Plasmid DNA pBR322, PM2 and the 

enzyme DNase I were obtained from Boehringer Mannheim GmbH, Germany. Microcon-30 

microconcentrators were purchased from Amicon Ltd., Gloucestershire, U.K.

2.2.2 Incubation with cis-DDP

Lambda DNA, the plasmid pBR322 (10 yug/ml) and PM2 DNA (8 yug/ml), were 

treated in duplicate with varying concentrations of cis-DDP for 1 - 5 hours at room 

temperature in a volume of 20 /ll\. All solutions were made up in Hepes buffer (15 mM, pH 

6.8). After treatment of DNA, unbound cis-DDP was removed by filtration using Microcon- 

30 microconcentrators and the DNA suspended in appropriate buffers.

2.2.3 UV irradiation

DNA samples were exposed to a UV radiation source (254 nm) at 1 J/mVsec in a 

light-sealed room at room temperature for a variety of lengths of time. The samples were 

placed in small-welled cell culture dishes to provide uniform exposure to the UV source. 

After treatment, the samples were kept in UV-opaque containers and incubated with the 

appropriated enzymes as described below.

2.2.4 Restriction enzyme digestions

Restriction enzymes were chosen according to the relevance of their recognition 

sequences to the target sites for DNA adduct formation by cis-DDP and UV radiation.These 

were as follows:
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cis-DDP: BamYil (Gi GATCC); EcoBl (G1AATTC);

E c o O im  (RGiGNCCY); Pst\ (CTGCAiG);

Kpnl (GGTAC i C); Mspl (C i CGG)

UV radiation: Dral (TXT 1 AAA); Tru9l (TITAA);

Vspl (AT i TAAT); (A i AGCTT)

One unit of enzyme is usually defined as the amount required to digest 1 ng of DNA to 

completion in 1 hour in the recommended buffer (as supplied by the manufacturer, and 

detailed in Appendix A) and at the recommended temperature in a 20 |il reaction [Sambrook 

et al, 1989]. Typically in these experiments 0.2 units of enzyme were incubated with 0.2 pg 

DNA in a 20 pi reaction volume for 1 hour. The optimum temperature for all enzymes was 

37°C, with the exception of Tru9l (65 °C).

2.2.5 DNase I digestions

Post-incubations of cis-DDP-treated DNA with DNase I were carried out in a buffer 

designed to preserve the free Ca^  ̂concentration at 10 pM  [Fabiato, 1988]. The incubation 

mixture contained 0.02 units of DNase I, 50 mM Hepes, 4 mM MgCl2 , 1.04 mM CaClj 

2 H2 0 , 0.5 mM ethylene glycol-bis(p-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA), 

0.5 mM N-hydroxyethyl-ethylene diamine-triacetic acid (HEDTA) and 0.5 mM 

nitrilotriacetic acid (NTA), pH 7.0. Incubations took place at room temperature for 30 

minutes.

2.2.6 Electrophoresis, visualisation of results

The reactions were stopped by addition of loading buffer (containing 40% sucrose, 

0.25% bromophenol blue), and loaded on 15 cm x 15 cm horizontal 0.8% agarose gels, in 

Tris-phosphate EDTA buffer, and run at 2.2 V/cm for 1 - 2 hours. The DNA was visualised 

by staining with ethidium bromide (1 mg/1). Gels were illuminated from below with UV 

light and photographed with a red filter using Polaroid 665 film. Image analysis was carried 

out using PC-Image for Windows version 2.2.01. Graphs were plotted using the results of 

four duplicated experiments and error bars representing the standard error of the means 

included.
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2.3 RESULTS

2.3.7 UV irradiation of bacteriophage A DNA

The restriction enzyme Tru9l, an isoschizomer of the more commonly used Msel, 

cleaves between two thymines in the sequence TTAA, thus being of potential use when 

investigating the thymine dimers associated with UV mutagenesis. The four-base recognition 

sequence of the enzyme means that this enzyme is a “frequent-eutter”, and cleaves 

bacteriophage X DNA (48,502 base pairs) at 195 sites, into 196 fragments, and thus produces 

a smear of DNA when run on a 0.8% agarose gel. What may be seen upon treatment of the 

DNA in vitro with UV radiation is a gradual shift in this smear towards higher molecular 

weight fragments, rather than any defined inhibition of specific fragments at this resolution 

(figure 2.3a).

1 2 3 4 5 ______ 6

Figure 2.3a - UV-induced inhibition of Tru9l 
cleavage of A DNA. This negative image 
illustrates the shift from low to high molecular 
weight DNA with pre-exposure to UV. Lanes 
1&2, control digestion; lanes 3&4, UV pre
treatment, 300 Jm'^; lanes 5&6, uncleaved A 
DNA.
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This inhibition of cleavage is most easily visualised by showing a graph of the image 

analysis data (figure 2.3b). A dose-dependent increase in this effect is seen with 300 J/m  ̂

and 600 J/m  ̂UV irradiation, as the relative amount of low molecular weight fragments 

decreases.

2 0 0  -1

■ • • • u n c l e a v e d  l a m b d a  D N A

  c o n t r o l  T r u 9 l  d i g e s t i o n

  3 0 0  J m ” ^ UV r a d i a t i o n

  6 0 0  J m " *  UV r a d i a t i o n

1 5 0  -

5 0

120 1 5 6 1 9 2

d i s t a n c e  m i g r a t e d  a l o n g  g e l  

( a r b i t r a r y  u n i t s )

2 2 8 2 6 4 3 0 0

Figure 2.3b - Image analysis data plot for UV-induced inhibition
of cleavage of A DNA by Tru9l. This plot of Intensity of DNA 
staining illustrates the shift towands higher molecular weight 
(uncleaved) DNA in the digestion pattern of Tru9\ when the DNA 
is exposed to UV radiation. The higher molecular weight DNA is 
larger, travels more slowly through the gel matrix, and appears on 
the left of these graphs.

The enzyme Vspl, an isoschizomer of Asel also cleaves between two thymines, but 

in the larger recognition sequence ATTAAT. This enzyme cuts less frequently, and cleaves 

A, DNA into 18 fragments. Inhibition of cleavage upon UV irradiation is also seen with this 

enzyme, leading to a shift towards uncleaved, higher molecular weight fragments as above. 

With the increased resolution of fragments, specific inhibition of cleavage at the sites 

necessary to produce specific fragments may be seen. Figure 2.4a shows a graph of image 

analysis data for 600 J/m  ̂superimposed over control digestion.
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Figure 2.4a -Image analysis data plot for UV-induced inhibition of 
cleavage of À DNA by Vspl. This image analysis plot illustrates the 
decrease in low molecular weight fragments and concurrent 
increase in high molecular weight fragments in the digestion 
pattern of Vsp\ after pre-exposure of DNA to UV radiation.

By comparing areas under curves for the high molecular weight peaks (fragments 

larger than 3000 base pairs) with those for low molecular weight peaks (fragments smaller 

than 3000 base pairs), a figure for “effect” can be determined and plotted against increasing 

UV “dose” (figure 2.4b). In this way, a dose-dependent shift from low to high molecular 

weight fragments is seen.

d o s e  o f  UV r a d i a t i o n  J m  )

Figure 2.4b - Dose-response curve for inhibition of Vspl cleavage 
of A DNA by U V radiation. Increasing d o ses  of UV lead to an 
increase in relative amounts of high:low molecular weight DNA 
when X DNA is post-digested by Vspl.
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Some evidence for this UV-induced inhibition of cleavage may be observed with the 

enzyme Dral which, although containing adjacent thymines in its recognition sequence, 

cleaves between a thymine and an adenine (TTTi AAA). Figure 2.5 shows a dose-response 

curve plotted in the same way as described above. In this case, the relationship is also 

evident, although in a less pronounced manner than with Vspl. Hindlll, which cleaves further 

away from two adjacent thymines (Ai AGCTT) gave no observable inhibition in this way 

(data not shown).

3 0

2 5

■<uÏ

I

6 0 0 8 0 0 1000 12000 200 4 0 0

d o s e  o f  UV r a d i a t i o n

Figure 2.5 - Dose-response curve for inhibition of Dral cleavage 
of A DNA by U V radiation. Increasing d oses of UV lead to an 
increase in the relative amount of high:low molecular weight DNA 
when A DNA is post-digested by Dral.

2.3.2 Platination of A DNA

The restriction enzyme BamHl cleaves between two adjacent guanines in the 

recognition sequence GGATCC, making it useful in the study of cis-DDP adduct formation. 

BamUl cleaves lambda DNA into six fragments, with the lengths in base pairs of 16841, 

7233, 6770, 6527, 5626 and 5505. Treatment with cis-DDP for one hour prior to post

incubation with BamHl resulted in marked changes of this cleavage pattern. In order to rule 

out any direct inhibitory effect on the enzyme by residual cis-DDP molecules, unbound cis- 

DDP was removed by filtration using Microcon-30 microconcentrators, and the DNA 

resuspended in an appropriate buffer. Figure 2.6 shows a shift to higher molecular weight
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bands as cleavage sites are inhibited, with concurrent loss of low molecular weight bands. 

Modifications of BarnWl cleavage were clearly observable after administration of cis-DDP 

at concentrations of 50 jjM. Calculation of molar ratios gives a figure equivalent to 1.8 total 

cis-DDP molecules to each DNA nucleotide. At higher levels of cis-DDP, changes in the 

electrophoretic mobility of DNA due to the unwinding and shortening of the double helix 

started to occur [Cohen et al., 1979].

100
  Control BamHI digestion
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Figure 2.6 - image analysis data plot o f modification of BamHI 
cleavage of A DNA by cis-DDP. This data plot of DNA staining 
intensity illustrates the decrease in low molecular weight 
fragments in the digestion pattern of BamHI after one hour pre
incubation with 0.05 mM cis-DDP.

The enzyme Pstl recognises the sequence CTGCAG and cleaves between the adenine 

and the guanine residues, thus being of use for investigating the secondary adduct associated 

with cis-DDP. After platination of one hour, inhibition of Pstl cleavage is seen at 

concentrations of around 100 pM (figure 2.7), equivalent to a molar ratio of 3.6 total cis- 

DDP molecules to DNA nucleotides. Such calculations are theoretical only, and of course 

do not take into account actual platinum binding to DNA. Nonetheless, they provide a useful 

indication of minimum effective concentration for these experiments.
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Figure 2.7 - Image analysis data plot o f modification of Pstl 
cleavage of A DNA by cis-DDP. This data plot illustrates the shift 
from low to high molecular weight fragments in the digestion 
pattern of Psfl after one hour incubation with cis-DDP.

Experiments with the enzymes Mspl (CiCGG) and Kpnl (GGTACiC), which 

contain targets for platination within their recognition sequence but outside their cleavage 

site, exhibited no such inhibition of cleavage (results not shown). EcoO\09\ (RGIGNCCY) 

would have been expected to demonstrate similar effects to those seen with BamWl, although 

the four fragments generated in X DNA failed to do so. The reasons for this are unknown.

2.3.3 Inhibition of BamHI cleavage of A DNA

Having shown that cis-DDP can inhibit BamHI cleavage of X DNA, the influence of 

duration of platination and concentration of cis-DDP on inhibition of enzyme digestion were 

determined. Firstly a concentration dependence was investigated, with a fixed incubation 

period of one hour. The “percent inhibition”, taken as the response in this and subsequent 

experiments was measured by taking the area under the curve given by image analysis (as 

a function of DNA concentration) for each peak (fragment) of DNA. In the control digestion, 

all of the DNA is present as the expected fragments, and scores 0%. The percentage of the 

total DNA present as high molecular weight unspecified fragments in the post-incubation 

digestions was taken as the percent inhibition (100% for total lack of enzyme cleavage). This
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IS given as:

%inhibition = /concentration of DNA present as unspecified fragments 
' total concentration of DNA

X 1 0 0

Figure 2.8 shows the effect of cis-DDP concentration in this system. A hyperbolic 

curve is described in this dose-response relationship, reaching a plateau at approximately 

200 pM.
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Figure 2.8 - Effect of cis-DDP concentration on inhibition of 
Bam HI cleavage of A DNA. A hyperbolic dose-response  
relationship is seen  for the concentration-dependent inhibition of 
BamHI cleavage after one hour platination. A threshold is seen  at 
around 20 - 40 pM cis-DDP, with a plateau at around 200 pM.

A similar experiment was carried out with a fixed concentration of 100 pM cis-DDP, 

and a variety of different incubation times. This time-dependent inhibitory effect is shown 

in figure 2.9. Again a hyperbolic dose-response relationship is seen, with the plateau phase 

occurring at approximately 5 hours. This agrees broadly with previous work done on 

platinum binding [Balcarova et al., 1992; Ushay et al, \9S\].
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Figure 2.9 - Effect of incubation time of cis-DDP on inhibition of 
Bam HI cleavage of A DNA. A hyperbolic dose-response  
relationship is seen  for incubation time of 100 pM cis-DDP on 
inhibition of SamHI cleavage. A threshold is seen  at around 30 
minutes to 1 hour, with a plateau at around 5 hours.

2.3.4 Platination of pBR322 DNA

The large number of lambda DNA restriction fragments generated by BamHI and 

other restriction enzymes complicates accurate quantification of the observed changes in the 

cleavage patterns. Coupled with the need to measure a number of different DNA fragments 

is a secondary effect of platination of high molecular weight DNA, namely the platination 

of DNA interfering with the ability of the intercalating agent ethidium bromide to interact 

with the DNA. The reduction in intensity of ethidium bromide staining requires that any 

comparisons must be standardised by internal controls.

Because it is circular, plasmid DNA, particularly when it contains only one cleavage 

site for the chosen endonuclease, may prove more amenable to quantification of DNA 

cleavage. A series of experiments using the plasmid pBR322, which has only one cleavage 

site for both BamHI and Pstl, was carried out in analogous way to those mentioned above. 

Any inhibition of DNA cleavage induced by cis-DDP adducts should result in a decrease in 

the amount of linearised plasmid DNA accompanied by the reappearance of the intact
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supercoiled form of the plasmid. The intensity of staining of this intact supercoiled form may 

be directly measured by image analysis of agarose gels, and taken as a single measurement

response.
10 11 12 13

ML, ;

Figure 2.10a - Negative showing effect of increasing cis-DDP concentrations on Bam HI 
cleavage ofpBR 322 DNA. Lanes 1&2 are the control, uncleaved plasmid sam ples, wüh the 
majority of the plasmid in the supercoiled form. Lanes 3&4 show BamHI cleavage, with all 
of the DNA in the linearised form. Lanes 5&6 show cleavage after 1 hour pre-incubation with 
0.5 pM cis-DDP; lanes 7&8 with 1.0 pM cis-DDP; lanes 9&10 with 2.0 pM cis-DDP; lanes 
11&12 with 3.0 pM cis-DDP and lanes 13&14 with 4.0 pM cis-DDP. With increasing 
concentration of cis-DDP, the intact supercoil becom es more prominent.

As demonstrated in figures 2.10a and 2.10b, treatment of pBR322 with increasing 

concentrations of cis-DDP led to an increase in the amount of supercoiled DNA. This effect 

became apparent at concentrations of cis-DDP around 1 /uM after incubation for one hour. 

On the basis of molar ratios, assuming that all cis-DDP is bound to DNA, it is estimated that 

there are 74 molecules of cis-DDP per 1000 nucleotides under these conditions.
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Figure 2.10b - Effect of cis-DDP concentration on intensity of 
supercoil staining after BamHI digestion of pBR322 DNA. 
Inhibition of enzym e activity leads to increased quantities of the 
intact supercoil. A threshold is seen  at around 1 - 2 pM cis-DDP 
(1 hour incubation).
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Figures 2.1 la and 2. lib  shows the results of similar experiments with Pstl. With this 

enzyme, 4 pM is the concentration at which the effect first became apparent in this system, 

equivalent to an estimated 296 cis-DDP molecules per 1000 nucleotides.

I f .  ' v ;

Figure 2.11a - Negative showing effect of increasing cis-DDP concentrations on Pstl 
cleavage ofpBR 322 DNA. Lanes 1&2 are the control, uncleaved plasmid sam ples, with the 
majority of the plasmid in the supercoiled form. Lanes 3&4 show Pst\ cleavage, with all of 
the DNA in the linearised form. Lanes 5&6 show cleavage after 1 hour pre-incubation with 
1.0 pM cis-DDP; lanes 7&8 with 2.0 pM cis-DDP; lanes 9&10 with 4.0 pM cis-DDP; lanes 
11&12 with 6.0 pM cis-DDP and lanes 13&14 with 8.0 pM cis-DDP. With increasing 
concentration of cis-DDP, the intact supercoil becom es more prominent.
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Figure 2.11b - Effect of cis-DDP concentration on intensity of 
supercoil staining after Pstl digestion of pBR322 DNA. Inhibition 
of enzyme activity leads to increased quantities of the intact 
supercoil. A threshold is seen at around 4 - 5  pM cis-DDP (1 hour 
incubation).
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A time-dependent effect, with the plateau phase at approximately 5 hours may also 

be demonstrated in this system for both enzymes, as figure 2.12 shows with BamWl.

t i m e  h o u r s

Figure 2.12 - Effect of incubation time on intensity o f supercoil 
staining after BamHI digestion o f pBR 322 DNA. Inhibition of 
enzym e activity leads to increased quantities of the intact 
supercoil, At constant cis-DDP concentration (1 pM), a clear 
dependence on incubation time is demonstrated. A plateau for 
this effect is seen  at around 5 hours.

2.3.5 Inhibition of DNase I by cis-DDP

An attempt was made to quantify the effects of cis-DDP DNA adducts on DNA 

fragmentation by DNase I. The enzyme cleaves throughout the DNA molecule at irregular 

intervals, forming single strand breaks which, if present in close proximity on opposing 

strands, can lead to the break up of the double-stranded DNA molecule. The activity of the 

enzyme is dependent on Câ  ̂ concentration, and careful buffering conditions must be 

maintained. Under mild conditions, with enzyme concentrations in the range of 0.01 units 

per 100 ng DNA and 10 fjM free calcium, plasmid PM2 DNA is only partly digested and a 

large proportion of the DNA is present in the linearised form.

Cis-DDP bound to DNA caused marked alterations in DNase I cleavage leading to 

the reappearance of the open circular and supercoiled forms of the plasmid (figure 2.13a).
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Figure 2.13a - Negative showing effect o f cis-DDP concentration on D Nase I 
digestion of PM 2 DNA. Lanes 1&2 are untreated plasmids; lanes 3&4 are plasmids 
treated with the enzyme, with a substantial proportion of the DNA present in the 
linearised form. Lanes 5&6 show DNase I digestion after pre-incubation with 0.5 pM 
cis-DDP; lanes 7&8 with 1.0 pM cis-DDP; lanes 9&10 with 2.0 pM cis-DDP. With 
increasing concentration of cis-DDP, there is a decrease in the linearised form of the 
plasmid.

By calculating the ratio of these open circular and supercoiled forms of the plasmid 

to the total concentration of PM2 DNA, a dose-response relationship may be plotted (figure 

2.13b). These changes were dependent on the concentration of cis-DDP, with first effects 

becoming apparent at approximately 0.5 /uM (calculated by molar ratio to be approximately 

22 molecules cis-DDP per 1000 nucleotides).
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Figure 2 .1 3 b -  Effect of cis-DDP concentration on proportion of 
open circular and supercoil after DNase I digestion of PM 2 DNA. 
Inhibition of enzym e leads to an increased proportion of open 
circular and intact supercoiled forms of the plasmid. A threshold 
for this effect is seen  at around 0.5 pM cis-DDP (1 hour 
incubation).
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Finally, DNase I was used to probe the presence of DNA adducts arising from cis- 

DDP in À DNA. This generates a large number of fragments as with frequent-cutting 

restriction enzymes, however in this case there are many more, smaller molecular weight 

fragments after digestion with DNase I. Under conditions of mild cleavage (see above) the 

DNA was fragmented to a smear of low molecular weight fragments. When the DNA was 

exposed to cis-DDP prior to post-incubation with DNase 1, the enzyme became unable to 

cleave normally, and a concentration-dependent increase in the amount of high molecular 

weight DNA remaining uncut was detectable (figure 2.14a).

10 11 12

Figure 2.14a - Negative showing effect of cis-DDP concentration on D Nase I 
cleavage of A DNA. Lanes 1&2 are the enzyme DNA controls. Lanes 3&4 show  
the digestion patterns after pre-incubation with 50 nM cis-DDP; lanes 5&6 with 
100 nM cis-DDP; lanes 7&8 with 500 mM cis-DDP; lanes 9&10 with 1.0 pM cis- 
DDP. Lanes 11&12 are the uncleaved DNA controls.

This leads to a gradual shifting of the smear of DNA bands from smaller fragments 

to larger ones with increasing concentration of cis-DDP. First effects were readily visible 

after treatment of lambda DNA with 50 nM cis-DDP for one hour (figure 2.14b). It can be 

estimated that this concentration of cis-DDP is equivalent to less than 2 molecules per 1000 

nucleotides. A time-dependence for these effects was also demonstrated, again reaching a 

plateau at approximately 24 hours (results not shown).
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Figure 2.14b - Image analysis data plot of effect of cis-DDP  
concentration on the inhibition of DNase I cleavage o f A DNA. A 
shift from low to high molecular weight fragments becom es more 
pronounceid with increasing concentrations of cis-DDP (1 hour 
incubation). The first effects are readily seen  at 50 nM cis-DDP.

2.4 DISCUSSION

2.4.1 Detection of DNA adducts by restriction enzymes

Restriction endonucleases (“restriction enzymes”) recognize specific base sequences 

in double stranded DNA and cleave both strands of the duplex at specific places. If a 

restriction enzyme finds its recognition sequence blocked by a carcinogen-DNA adduct, it 

will be unable to cleave the double-stranded DNA. This should then be detectable by gel 

electrophoresis. In order to probe this idea, known carcinogens with well understood adduct 

formation profiles (UV radiation and cis-DDP) were reacted with DNA in vitro, and 

appropriate restriction enzyme digestions were carried out in order to detect the predicted 

inhibition.

UV irradiation of bacteriophage X DNA forms pyrimidine (especially thymine- 

thymine) dimers as its primaiy lesion. The ability of enzymes which cleave between two 

thymines to fully digest the DNA was increasingly compromised with increasing dose of UV 

radiation. This was found to be detectable with both the frequent cutting 7>w9I, which
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generated a smear of 196 fragments, and Vspl, which generated a discrete pattern of 18 

fragments resolved in an agarose gel. The lower limit for detection of these effects was, 

however, a relatively insensitive 300 J/m .̂ Such an effect was also seen with Dra\, which 

cleaves adjacent to two thymine residues, although this was found to be less sensitive again, 

with a lower limit of detection at approximately 600 J/m^. In these cases, by using a 

frequent-cutting enzyme such as Tru9\, a relatively large DNA “target” is presented (195 

recognition sites x 4 base recognition sequence = 780 base pairs), however quantification 

of “hits” on this target is problematic.

Platination of X DNA by cis-DDP leads to inhibition of cleavage of both BamHI 

(G i GATCC) and Pstl (CTGCA i G), which contain the primary and secondary DNA adducts 

formed by the compound respectively within their recognition sequences. Quantitative 

analysis of this effect was improved by simplifying the system with the use of plasmid DNA. 

Here, there is a more easily quantifiable lesion. Similar inhibition of cleavage of the two 

enzymes was demonstrated in plasmid pBR322 DNA. In both instances, a dependence on 

concentration and time of exposure to cis-DDP is seen for this inhibitory effect. Using this 

simplified plasmid technique, the lower threshold for detection has been calculated by molar 

ratios to be in the region of 74 molecules cis-DDP to 1000 nucleotides. This system, whilst 

more easily quantifiable, presents only a very small target size, as there is only one 

recognition sequence for the enzyme (6 base pairs).

The mechanism by which the DNA adduct causes this inhibition of restriction 

enzyme cleavage is not entirely clear. However, in addition to the physical blocking of the 

recognition sequence by the bulky adduct, previous work [Balcarovâ et al, 1992] has 

demonstrated that it is reasonable to assume that inhibition of the linear diffusion of 

restriction enzymes along the DNA in addition to the mechanism associated with a structural 

distortion of the recognition sequence may be associated with this inhibition of enzyme 

action. The possibility of a direct inhibitory effect on the enzyme by cis-DDP is obviated by 

removing excess (unbound) cis-DDP before restriction enzyme digestion.

2.4.2 Use of DNase I

Deoxyribonuclease I (DNase I) degrades DNA rather nonspecifically to form short 

oligonucleotides, but does not discriminate nucleotide sequences well. Applying the
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principles of the restriction enzyme experiments (above) to DNase I, with both plasmid and 

bacteriophage X DNA, the lower limit of detection of cis-DDP adduct-induced enzymatic 

inhibition is reduced, down to less than two molecules per 1000 nucleotides. Concurrent 

with this increase in sensitivity is an increase in target size for lesion detection. The enzyme 

cuts frequently and irregularly along the length of both strands of DNA, and provides a 

useful sample of the entire DNA molecule. Previous work [Lane, 1983] has suggested that 

cleavage inhibition occurs at a given base due to stearic blockage of the nuclease probe by 

the adduct from that site. These results are also consistent with that observation.

In view of the need for a simple to use, quick and cost-effective technique for the 

identification of carcinogen-DNA adducts, an exploration of the usefulness of enzyme-based 

assays for such purposes is timely. The results of these range finding studies suggest that 

DNase I might be a promising candidate for the development of such techniques. In principle 

this method could be used to study any mutagen which binds to DNA in an equilibrium 

fashion. In view of the relatively poor sensitivity achieved thus far, however, it is clear that 

much further work in improving and refining this technique is required before considering 

its usefulness in biomonitoring. In order to study DNA adducts in ex vivo isolated DNA, it 

may be necessary to combine nuclease post-incubations with methods suitable for the 

sensitive detection of DNA fragmentation. Any changes in the extent of DNA fragmentation 

observed upon post-incubation with nucleases will be indicative of the presence of DNA- 

adducts and may warrant further examination by using more specific techniques.
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CHAPTER 3 -  OPTIMISATION OF RANDOMLY AMPLIFIED 

POLYMORPHIC DNA (RAPD) FINGERPRINTING

3.1 INTRODUCTION

3.1.1 Genomic DNA fingerprinting based on the polymerase chain reaction

Since the advent of the polymerase chain reaction (PCR) in 1985 [Mullis and Faloona, 

1987; Saiki et al., 1985], it has become one of the most widely used techniques in molecular 

biology, been the subject of a US$200 million buy-out and court case, and has made a Nobel 

Prize winner of its “inventor”, Kary Mullis. This is due to its remarkable speed, specificity, 

flexibility and resilience. The unusual origin of the concept, namely the California highway 

system, justly stands among the great stories of scientific discovery [Mullis, 1994]. 

Applications of PCR are now so widespread that books and journals are devoted solely to 

them, and the acronym of the polymerase chain reaction has entered the language as a noun 

(“running a PCR”), a verb (“PCR-ing up a gene”), and an adjective (“a PCR-able 

fragment”).

In 1990, two papers published simultaneously in Nucleic Acids Research described 

a modification of PCR that generated a simple and reproducible “fingerprint” of complex 

genomes, using single arbitrarily chosen primers. The techniques were described as 

Arbitrarily-Primed PCR (AP-PCR) [Welsh and McClelland, 1990] and Random Amplified 

Polymorphic DNA (RAPD) fingerprinting [Williams et al., 1990]. Whilst there exist 

methodological differences between the two techniques, the basic principle of both is 

identical. Unlike standard PCR, which utilises two oligonucleotide primers of specific 

sequence, designed to flank and amplify a chosen segment of the template DNA, AP- 

PCR/RAPD requires a single primer, of random or arbitrarily chosen sequence, to generate 

a fingerprint of many different, unknown segments of the template DNA (figure 3.1).

The method relies on the selective amplification of genomic sequences that, by 

chance, are flanked by adequate matches to the arbitrarily chosen primer. Different template 

genomic DNA sequences display electrophoretic banding patterns in their fingerprints with
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a number of differences that are inversely proportional to the extent of similarity of the two 

genomes. Such differences can be exploited in ways largely analogous to the uses of 

restriction fragment length polymorphisms (RFLP), including applications in genetic 

mapping, taxonomy, phytogeny, ontogeny and cancer.

Arbitrary primer

3 '^

<  3'

Genomic DNA

Ampiification

Genomic DNA
J  C

Eiectrophoresis

Figure 3.1 - Scheme for RAPD fingerprinting. The arbitrary primer binds 
to both strands of genomic DNA, generating a discrete fragment when 
found within an amplifiable distance of each other on opposite strands, 
under conditions of low stringency. The array of fragments produced can 
be separated by gel electrophoresis to generate a unique banding 
pattern or “fingerprint”.

To perform such an assay, a single random primer is mixed with genomic DNA in 

the presence of a thermostable DNA polymerase, magnesium ions, deoxynucleotide 

triphosphates and a suitable buffer, and is then subjected to temperature cycling conditions 

typical of PCR. The products of the reaction depend on the sequence and length of the 

oligonucleotide, as well as the reaction conditions. The reaction conditions differ in 

comparison to standard PCR in that rather than the primers annealing to the template DNA 

at relatively high stringency so that only the desired sequence is amplified, AP-PCR/RAPD 

is based on the ability of the reaction to generate a reproducible array of products when the 

annealing temperature is performed at low stringency.

At this appropriate annealing temperature, the single primer will bind to sites on 

opposite strands of the genomic DNA that are within an amplifiable distance of each other
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(e.g. within a few thousand nucleotides), and a discrete DNA fragment is produced. The 

presence or absence of this specific product will be diagnostic for the oligonucleotide 

binding sites of the genomic DNA. It is likely that polymorphisms for the ability to form 

particular fragments result from deletions, insertions, or other rearrangements in the regions 

from which the fragments are amplified, sequence divergence in primer binding sites, and 

even point mutations that affect the ease of in vitro DNA synthesis between these binding 

sites [Berg et al, 1994]. Exploiting DNA fingerprinting for mutation detection based on these 

polymorphisms is an exciting new line of research, and the present work aims to investigate 

the potential of RAPD fingerprinting in the context of detecting mutations in micro

organisms (chapter 4) and humans (chapter 5).

3.1.2 Optimisation of the RAPD protocol

In general, the arrays of RAPD products obtained are highly reproducible, given 

well-optimised and uniform amplification conditions, although a number of concerns 

regarding reproducibility have been published [Berg et al, 1994; Ellsworth et al, 1993; Meunier and 

Griment, 1993]. Variation has been noted between different thermostable DNA polymerases, 

different brands of Taq DNA polymerase, different commercial temperature cyclers, and 

even between identical samples assayed some months apart. However, many reports of lack 

of reproducibility are often attributable to sub-optimal or non-constant amplification 

conditions, regarding parameters such as magnesium ion concentration, activity of DNA 

polymerase, DNA quality, or annealing temperature [Berg et al, 1994]. In general, investigators 

have found the RAPD method to be a very sensitive, efficient and reliable technique, 

especially in such fields as detecting diversity in a range of microbial species, and for 

identifying individual strains of these species.

In order to accurately set up the RAPD protocol for use in our laboratory, conditions 

must first be optimised thoroughly. This chapter describes the optimisation for both bacterial 

DNA (Escherichia coli) and yeast DNA (Saccharomyces cerevisiae). Factors known to 

markedly affect the patterns of RAPD fragments obtained are levels of MgCl2 , dNTPs, 

primer, Taq polymerase, and template DNA.
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3.2 MATERIALS AND METHODS

3.2.1 Equipment and reagents

All chemicals and reagents were of molecular biology grade as certified by the 

manufacturer. DNA extractions were performed using the Puregene^^ DNA isolation kit, 

purchased from Flowgen Instruments Ltd. A programmable thermal cycler equipped with 

a heated lid (PTC-100 with Hot Bonnet) was purchased from MJ Research Inc. 

Deoxynucleotide triphosphates and Taq DNA polymerase (with appropriate reaction buffer) 

were obtained from Stratagene, Cambridge. Stoffel fragment and buffer were obtained from 

Perkin Elmer. Oligonucleotide primers were purchased as “Arbitrary 10-mer kits” from 

Genosys Biotechnologies Inc., categorised by G+C content and avoided complementary ends 

and complete palindromes. The kits purchased contained the following primers:

50_01 : GTGCAATGAG 70_01 : CATCCCGAAC 70_11 : GTCTCGTCGG 

50_02: CAATGCGTCT 70_02: CAGGGTCGAC 70_12: GGCCTACTCG 

50_03; AGGATACGTG 70_03: ACGGTGCCTG 70_13: GTGTAGGGCG 

50_04: TCCCTTTAGC 70_04: CGCATTCCGC 70_14: CGGGTCGATC 

50_05: CGGATAACTG 70_05: GAGATCCGCG 70_15: GCCCTCTTCG 

50_06; AGGTTCTAGC 70_06: GGACTCCACG 70_16: CAGGGGCATC 

50_07: TCCGACGTAT 70_07: ATCTCCCGGG 70_17: GAGACCTCCG 

50_08: GGAAGACAAC 70_08: CTGTACCCCC 70_18: GGCCTTCAGG 

50_09: AGAAGCGATG 70_09: TGCAGCACCG 70_19: GCTCTCACCG 

50_10: CCATTTACGC 70_10: CAGACACGGC 70_20: TGCACGGACG

RAPD reactions were separated on agarose (Bio-Rad) gels and visualised with ethidium 

bromide. The sizes of the amplified fragments were estimated from co-migrating molecular 

size markers (123 base pair ladder, Gibco Life Technologies), and is described in detail in 

Appendix B. E. coli B (JTS254), C (DP732) and K-12(JTS7) were provided by Dr. Dick 

Pinney, Microbiology Dept, School of Pharmacy, and S. cerevisiae “LeuZ” (RAB 83-5C, 

HO can"̂  ura '̂  ̂met^  ̂'̂  his '̂  ̂ lep^) and “Leu2 ” (DBY747 transformed with lacZ: leu2', his', 

trp', ura^) were provided by Dr. Brendan Curran, Dept, of Biological Sciences, Queen Mary 

and Westfield College.
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3.2.2 Preparation of template DNA

An overnight culture of E. coli (10  ̂ cells/ml) in nutrient broth was pelleted by 

centrifugation and the supernatant removed. The pellets were incubated with the Cell Lysis 

Solution (Tris-EDTA and SDS) at 80°C for 5 mins. RNase A solution was added (20pg/ml), 

and incubated for 15 mins at 37°C, then the Protein Precipitation Solution (ammonium 

acetate) was added, the solution vortexed, and the precipitated proteins pelleted by 

centrifugation. The supernatant was added to isopropanol and the precipitated DNA was 

recovered by centrifugation and washed with 70% ethanol. Finally the DNA was 

resuspended in the DNA Hydration Solution (Tris-EDTA) and stored at 4°C.

For S. cerevisiae, 1 ml of an overnight culture (approx 10̂  cells) in rich medium (2% 

glucose, 2% bacto-peptone, 1% yeast extract) was centrifuged and the pellet washed with 

distilled water. The pellet was resuspended in “yeast lysis” solution (0.5 ml of 20 mM 

EDTA, 20 mM Tris-HCl pH 7.6, 50 pi SDS) containing a few glass beads (425 - 600 

microns, acid-washed. Sigma Chemical Co.) in a 1.5 ml Eppendorf tube, and the solution 

whirli-mixed for 5 minutes before being centrifuged once again. Two phenol/chloroform 

(25:24:1 isoamyl alcohol) extractions were performed on the aqueous layer, and the DNA 

was precipitated with two volumes 100% ethanol plus 50 pi 3M sodium acetate. The pellet 

was dried with 70% ethanol and resuspended in 50 pi TE (Tris-EDTA) buffer and stored at 

4°C.

The DNA concentration was determined fluorometrically using the Hoechst 33258 

assay [Cesarone et al, 1979]. The dye, a bisbenzimidazol, binds to the minor groove of DNA. 

The dye-DNA complex has a strong fluorescence at 455 nm, when excited at 350 nm. The 

optimal final concentration of the dye is 0.5 pM, which works well with DNA 

concentrations of up to 5 pg/ml. The dye-DNA complex is stable for approx. 30 minutes at 

room temperature. The DNA concentrations obtained in this way are described in detail in 

Appendix C.

3.2.3 Amplification protocol

RAPD assays were carried out in 25 pi volumes that, unless otherwise specified, 

were based on the “standard” conditions of Williams et a l, 1993 as a starting point for
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optimisation experiments for this system. These standard conditions are described as 

containing 25 ng of genomic DNA, 2 mM MgCl2 , 200 pmol primer, 0.5 units Taq DNA 

polymerase, 100 pM each of dATP, dCTP, dGTP and dTTP in 10 mM Tris HCl (pH 8.8), 

50 mM KCl, 0.1%w/w gelatin. The PTC-100 thermal cycler with hot bonnet was 

programmed for 35 cycles of dénaturation at 94°C for 1 min, annealing at 36 °C for 1 min 

and extension at 72 °C for 2 mins, using the fastest available ramp times between each 

temperature setting. After amplification, 5 pi aliquots were electrophoresed in 1.6% agarose 

gels at 85 V for 1.5 hours, stained with 1 pl/ml ethidium bromide and photographed under 

UV light. The 123 base pair ladder was used as size marker in all gels.

3.3 RESULTS

3.3.7 Identification of suitable primers fo rE. coli

Only a subset of arbitrarily chosen primers yield informative RAPD profiles under 

standard conditions. In order to evaluate which of our primers may be useful in generating 

RAPD fingerprints for optimisation and subsequent experiments, all 30 listed 10-mers were 

run against E. coli K-12 DNA under conditions borrowed from Williams et a l, 1993. A 

summary of the resulting fingerprints is given in figure 3.2 (a, b and c).
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Figure 3.2a - Summary of RAPD fingerprints generated by 
primers 50_01 to 50_10 with E. coli. The bar chart 
illustrates the number of bands in each of the fingerprints 
generated with the above-named primers.
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Figure 3.2b - Summary of RAPD fingerprints generated by
primers 70_01 to 70_10 with E. coli. The bar chart 
illustrates the number of bands in each of the fingerprints 
generated with the above-named primers.
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Figure 3.2c - Summary of RAPD fingerprints generated by
primers 70_11 to 70_20 with E. coli. The bar chart 
illustrates the number of bands in each of the fingerprints 
generated with the above-named primers.

A number of the primers tested gave fingerprints of between 1 and 15 amplification 

products, primarily those containing seven guanine and/or cytosine bases (70% G+C 

content). It is suggested that to support DNA amplification under standard conditions, 10- 

mer primers should contain at least four G+C bases, ranging up to 80% for efficient
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fingerprint generation [Williams et ai, 1993]. These results indicate that for the described 

reaction parameters, 10-mers containing seven G+C bases are of greater value than those 

which contain only five. Subsequent experiments with 60% G+C and 80% G+C primers did 

not indicate that 10-mers with seven G+C bases gave sub-optimal results (data not shown).

Whilst there were several primers that could have been chosen for the optimisation 

experiments, a small “library” of seven was chosen to prevent the process from becoming 

unwieldy by having too many samples per reaction. The seven primers chosen for the library 

cover a wide range of easily reproducible banding patterns, and consist of 50 01 

(GTGCAATGAG), 50 02 (CAATGCGTCT), 70 01 (CATCCCGAAC), 70 03 (ACGGTGCCTG), 

70 04 (CGCATTCCGC), 70 06 (GGACTCCACG) and 7010 (CAGACACGGC). As may be seen 

in figure 3.3, the resulting patterns are quite clearly distinguished, and range from 1 to 10 

bands per fingerprint, with DNA fragments in the range of 290 to 3755 base pairs in length.

- •

A

a  •
Figure 3.3 - Negative image of RAPD library fingerprinting ofE . call K12. 
Lane 1 is the 123 bp ladder used for sizing the fragments. Lane 2 is the 
fingerprint achieved with primer 50_01; lane 3 with 50_02; lane 4 with 
70_01: lane 5 with 70_03; lane 6 with 70_G4; lane 7 with 70_06; and 
lane 8 with 70 10.

3.3.2 Optimisation

The starting point for the optimisation experiments was the “standard” conditions 

laid out by Williams et al, 1993 (see 3.2.3). Variations of individual parameters within this
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standard were then carried out as described below. The results are plotted as a function of 

“mean number of bands generated”. For each set of reaction conditions, RAPDs were carried 

out in quadruplicate for both the primers 7010  (ten fragments) and 70_13 (fifteen 

fragments), and the number of distinct bands seen in each fingerprint were counted and 

averaged (expected average 12.5 fragments). Graphs were plotted using the results of four 

experiments and error bars representing the standard error of the means included.

a) Magnesium ions

Magnesium ion concentration is an important variable for the reproducibility of the 

technique. As the magnesium concentration increases, some DNA segments are amplified 

more efficiently, while others are amplified less so. Figure 3.4 shows a typical experiment 

varying the magnesium concentration. At low concentrations the polymerase does not work 

sufficiently, and no amplification is detected. As the concentration increases, bands are 

amplified with varying efficiencies, peaking at around 3 to 4 mM, while at higher 

concentrations, some of these fragments are lost from the fingerprint. The optimum was set 

at 3 mM, compared with Williams et ai, who recommend 1.5 mM excess over nucleotide 

concentration (i.e. 2.3 mM).

E

0.0
0.0 1.5 4 . 5 7 . 53 . 0 6.0

m a g n e s i u m  c o n c e n t r a t i o n  ( m M )

Figure 3.4 - Effect of varying magnesium concentration on RAPD  
fingerprinting. Using variations of Mg from the standard 
conditions of Williams eta!., 1993, and primers 70_10 and 70_13.
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b) Deoxynucleotide triphosphates (dNTPs)

As may be seen from figure 3.5, approximately 100 pM of each deoxynucleotide 

triphosphate is sufficient to generate a meaningful RAPD. An optimum for these 

experiments appears to lie in the range 150 - 200 pM. Higher concentrations of dNTPs result 

in the unexpected failure of amplification of many of the bands. No effect on relative 

intensities of amplified bands due to dNTP concentration has previously been reported, 

although the effect shown here appears to be reproducible for this system.

1 5 . 0  -1

E

0.0
0 100 200 3 0 0 4 0 0 5 0 0

d N T P  c o n c e n t r a t i o n  (piM)

Figure 3.5 - Effect o f varying total dNTP concentration on RAPD  
fingerprinting. Using variations of total dNTPs from the standard 
conditions of Williams et al., 1993, and primers 70_10 and 70_13.

c) Primer concentration

Concentration effects of the arbitrary 10-mer primers, specifically in this case 7010 

and 70_13, are shown in figure 3.6. At low concentrations (below approx. 50 pmol) it 

becomes difficult to detect amplification products by ethidium bromide staining, whilst at 

higher concentrations (above 200 pmol) smearing of the bands becomes evident. The 

optimum concentration was set at 100 pmol.
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p r i m e r  c o n c e n t r a t i o n  ( p m o l )

Figure 3.6 - Effect of varying primer concentration on RAPD  
fingerprinting. Using variations of primer from the standard 
conditions of Williams et al., 1993, and primers 70_10 and 70_13.

d) Taq DNA polymerase

1

0  5 .U  -

1  2 . 5  -

0.0
5 00 10 20 3 0 4 0

T a q  D N A  p o l y m e r a s e  c o n c e n t r a t i o n  ( U / m l )

Figure 3.7 - Effect o f varying Taq DNA polymerase concentration 
on RAPD fingerprinting. Using variations of enzym e from the 
standard conditions of Williams et al., 1993, and primers 70_10  
and 70 13.
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Optimizing conditions for a single thermostable DNA polymerase from a single 

source before testing other enzymes was considered a sensible starting point, for reasons 

which are discussed further on. Using Taq DNA polymerase purchased from Stratagene, the 

effects of varying enzyme concentration may be seen in figure 3.7. Too low a concentration 

leads to inadequate amplification, while at higher levels smearing of bands as well as 

irreproducible artefactual bands are produced in the fingerprint. The optimal level for this 

enzyme was taken as 25 Units/ml (0.625 U per 25 pi reaction tube).

e) Template DNA concentration

The concentration of genomic template DNA has been described as being the most 

important variable in a RAPD reaction [Williams et ai, 1993]. This is why, with DNA 

extraction procedures often producing DNA of widely different purity, is essential to 

determine the concentration of the genomic DNA accurately, so that the correct 

concentration is used in the RAPD assay. Too little template DNA gives incomplete and 

irreproducible fingerprints. Too much template DNA may result in smears or in a lack of 

clearly defined bands in the gel. Williams et al. state that a genomic DNA concentration of 

25 ng gives reproducible amplification for a wide variety of templates. The optimum for this 

system was found to be 50 ng (figure 3.8).

1 5 . 0

■S 1 2 . 5

I
7 . 5
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g  2 . 5

0.0
0 2 5 5 0 7 5 100 1 2 5 1 5 0

t e m p l a t e  D N A  c o n c e n t r a t i o n  ( n g )

Figure 3.8 - Effect of varying template DNA concentration on 
RAPD fingerprinting. Using variations of template from the 
standard conditions of Williams eta l., 1993, and primers 70_10  
and 70 13.
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f) Thermal cycling profile

The most significant aspect of the temperature cycling profile for RAPD analyses is 

the annealing temperature. The reaction takes place at low stringency, and typically for these 

experiments, the annealing temperature is set at 36°C. A temperature even as high as 40°C 

is too high to obtain good amplification products with many 10-base primers (figure 3.9). 

Annealing temperature may also affect the relative amounts of amplified bands. 35 cycles 

were typically used, although published reports show success with both greater and fewer 

than this, and also with both longer and shorter step times. No final extension time, nor a 

“hot-starf ’ protocol is shown to be beneficial for RAPD amplification (results not shown).

1 5 . 0

1 2 . 5

10.0

7 . 5

5 . 0

3 8 4 03 4 3 6

a n n e a l i n g  t e m p e r a t u r e  (*C)

Figure 3.9 - Effect of varying annealing temperature on RAPD  
fingerprinting. Using variations of annealing temperature from the 
standard conditions of Williams et a!., 1993, and primers 70_10  
and 70 13.

3.3.3 Reproducibility

Reports indicate that whilst an individual thermostable DNA polymerase obtained 

from a single manufacturer gives easily reproducible RAPD fingerprints, there is significant 

variation between both different enzymes and also brands of the same (e.g. Taq) DNA 

polymerases [Meunier and Grimont, 1993]. It is of great importance that the brand is standardised 

for all comparative experiments. Significant variation is seen between Taq DNA polymerase
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purchased from Stratagene and from Perkin-Elmer’s^w/>//Tfl^ (figure 3.10). Stratagene’s 

Taq and TaqVXus produce fingerprints with 70 07 that share common fragments 3627, 2144, 

1317 and 1018 base pairs long. Ta^Plus, however, also produces an additional 2499 base 

pair fragment, as does Perkin-Elmer’s AmpliTaq. AmpliTaq also shares the 2144 and 1018 

base pair fragment, but contains the unique 1535 base pair band.

2144

0

Figure 3.10 - Negative image showing 
variation in RAPD fingerprints achieved with 
different Taq DNA polymerases. All 
fingerprints are based on the primer 70_07  
with E. coli K12. Lane 1 is Stratagene Taq 
DNA polymerase; lane 2 is Stratagene 
faqPlus DNA polymerase; lane 3 is Perkin- 
Elmer AmpliTaq and lane 4 is Perkin-Elmer 
Taq DNA polymerase, Stoffel fragment.

Also investigated was Perkin Elmer AmpliTaq DNA polymerase, Stoffel fragment 

(Stoffel fragment). This enzyme is encoded by a modified form of the Thermus aquaticus 

DNA polymerase gene which has been inserted into an E. coli host. The modified gene 

encodes a 544 amino acid fragment lacking the N-terminal 289 amino acid portion of the frill
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length AmpliTaq DNA polymerase. The broad magnesium optimum for Stoffel fragment 

reduces the need for magnesium optimisation experiments and is reported to increase the 

optimization of multiplex PCR and RAPD reactions [Sobral and Honeycutt, 1993]. Stoffel 

fragment produces just the single fragment in its RAPD fingerprint with 70 07, 516 base 

pairs long (figure 3.10). Such results are borne out throughout the range of primers tested, 

figure 3.11 shows typical RAPD fingerprints obtained with Stoffel fragment. Whilst low 

molecular weight fragments were amplified, they were seen also to produce smears. Few 

fragments above 800 base pairs were successfully amplified with Stoffel fragment in these 

RAPDs under the optimised conditions.

0

Figure 3.11 - Negative image showing typical 
RAPD fingerprints achieved with Taq DNA  
polymerase, Stoffel fragment. Lane 1 is the 
123 bp ladder; lanes 2 - 5 are E. coli K12 
amplified with primers 70_13 (2&3) and 70_15 
(4&5).
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Once the above-mentioned conditions had been optimised and satisfied, it was found 

that for a given template DNA and 10-base primer under a standard pre-programmed RAPD 

temperature cycling profile and electrophoresis/staining of the gel, the RAPD fingerprints 

achieved were highly reproducible. This was also seen from operator to operator (results not 

shown). A further variable for consideration, not tested in this laboratory, is variation 

associated with thermal cycler manufacturers. Meunier and Grimont, 1993 and others report 

significant differences in RAPD fingerprints where the only variable was the make of 

thermal cycler used. This may be associated with ramp times and/or tightness of thermal 

control. The same thermal cycler was used for all experiments reported herein. To my 

knowledge no experiments have been done comparing two or more thermal cyclers of the 

same model for variation, although this must be assumed to be minimal.

To test for reproducibility, RAPD fingerprinting of duplicate DNA preparations from 

different cultures of the same strain was routinely carried out. High reproducibility was 

achieved when the samples were run under optimum conditions (results not shown). One 

further point of note is that while samples tested within a few days to weeks within each 

other were highly reproducible, this was not the case with RAPDs run several months or 

more apart. Typically, the longer molecular weight fragments were found to be absent in 

these long-term samples, and often there was smearing at the lower end of the molecular 

weight scale. The reason for this is unclear, although may be associated with storage 

conditions of the template DNA, or subtle differences among commercial enzyme 

preparations over a longer period of time, even from the same supplier [Berg et al, 1994].

3.3.4 Identification of E. coli strains

RAPD fingerprinting is currently regarded as one of the best methods for 

discriminating among strains of a microbial species. It compares favourably with, and is 

often deemed superior to, traditional typing techniques [Berg et al, 1994]. Having established 

which primers give informative fingerprints, and optimised the reaction conditions, the 

library of RAPD primers was used to screen three strains of E. coli in order to confirm that 

this technique would be suitable for further development.
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50_01 70_01

B C K B C K

70-04 70_10

B C K B C K

Figure 3.12 - Negative image showing strain identification o fE . coli by RAPD  
fingerprinting. Lanes 1 - 3 are E. coli strains B, C and K12 amplified with the 
primer 50_01; lanes 4 - 6  with 70_01; lanes 7 - 9  with 70_04; and lanes 10 -12  
with 70 10.

Figure 3.12 shows the RAPD library profiles of DNA extracted from three E. coli 

strains (B, C and K-12) with four arbitrary primers (50 01, 70 01, 70 04, 70 10). This 

example shows the clear differences (and similarities) between strains of the same microbial 

species. Whilst there were a number of bands common to all three of the strains, there were 

several that were either uniquely present or absent from an individual strain compared to the 

other two.

3.3.5 Identification of suitable primers for S. cerevisiae

As with E. coll, the extracted yeast DNA was tested with the 30 commercially 

prepared arbitrary primers under standard RAPD conditions (the Williams et al., 1993 

“starting point”), and as with the bacterial DNA, only certain of the primers produced 

meaningful RAPD fingerprints (figure 3.13a, b and c).
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Figure 3.13a - Summary of RAPD fingerprints generated  
by primers 50_01 to 50_10 with S. cerevisiae. The bar chart 
illustrates the number of bands in each of the fingerprints 
generated with the above-named primers.
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Figure 3.13b - Summary of RAPD fingerprints generated
by primers 70_01 to 70_10 with S. cerevisiae. The bar chart 
illustrates the number of bands in each of the fingerprints 
generated with the above-named primers.
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Figure 3.13c - Summary of RAPD fingerprints generated
by primers 70_11 to 70_20 with S. cerevisiae. The bar chart 
illustrates the number of bands in each of the fingerprints 
generated with the above-named primers.

As expected, these showed completely different banding patterns when compared 

with the bacterial fingerprints. 22 out of 30 primers tested produced one or more RAPD 

fragments, up to a maximum of 12 per fingerprint. In order to allow for convenient 

comparison with the bacterial patterns, the same seven primers as above were chosen for the 

primer library.

3.3.6 Optimisation

The optimised E. coli RAPD reaction conditions were taken as the starting point for 

the S. cerevisiae optimisation experiments, and each of the parameters examined in turn as 

above. A striking degree of homology between the two species in terms of the optimum 

conditions was seen, with only subtle alterations to the E. coli protocol being required (data 

not shown). The major factor proved to be genomic DNA concentration, with an increase 

to 3 pg/ml being required to generate reproducible fingerprints using yeast DNA. The 

magnesium ion concentration had to be raised to 4 mM to improve results. Sometimes an 

increase in the annealing temperature to 38 or 40°C improved the clarity of the yeast 

amplification products, but it was decided that for simplification, the same temperature 

cycling program would be kept as stated above.
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3.3.7 Reproducibility

Accurate determination of the DNA concentrations extracted again proved to be 

essential as this was the most sensitive component of the reaction, and the quality of 

extracted DNA proved to be variable. Otherwise, eukaryotic RAPD fingerprinting of the 

yeast S. cerevisiae proved to be highly reproducible under optimised conditions.

3.3.8 Identification of genetic modification

Having successfully optimised the RAPD assay and used it to distinguish between 

species and strains, the next goal was to test the effectiveness of the technique in 

distinguishing between DNA extracted from organisms of the same strain, but with artificial 

genetic modification.

Figure 3.14 - Negative image o f RAPD library 
fingerprinting of S. cerevisiae. Lanes 1 - 7 (top) show  
RAPD library fingerprints for Leu2+, whilst lanes 8 - 
14 (bottom) show fingerprints for Leu2-.
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The wild-type yeast Leu2+ has been transformed by the LacZ expression vector to 

form the Leu2- organism, which is now missing the Leu2 gene, as well as being classified 

as His', and Trp'. The primer library was run against both DNA types to generate RAPD 

fingerprints (figure 3.14).

The majority of amplified fragments are common between the wild-type and 

modified DNA samples, although a number of alterations may be seen. Polymorphisms 

between the two samples are detected in the fingerprints generated by five out of the seven 

primers in the library. This demonstrates the ability of the RAPD assay to detect relatively 

subtle changes in eukaryotic DNA.

3.4 DISCUSSION

3.4.1 Optimisation of RAPD fingerprinting for microbial genomes

Since their publication in 1990, the widespread use of the RAPD or AP-PCR 

techniques is a testament to their ease, versatility and reproducibility in the genetic mapping 

and genomic fingerprinting of a wide range of species. The method has become immensely 

useful for many studies of epidemiology and infection control, microbial population genetics 

and evolution, and microbial molecular genetics, in addition to its great utility in studies of 

higher organism genome organization and plant and animal breeding [Berg et al, 1994].

In this study, the aim was to set up the RAPD assay in our laboratory, and to optimise 

the reaction conditions for both E. coli and S. cerevisiae. The critical importance of 

obtaining and maintaining standardised conditions was observed in the experiments varying 

the concentrations of all the reaction components (magnesium ion, dNTPs, primer, DNA 

polymerase, genomic template DNA). The magnesium ion concentration and the amount of 

genomic template DNA were seen to be especially important parameters in achieving 

optimal results. The importance, therefore, of accurately determining the amount of DNA 

extracted from each of the bacterial or yeast preparations was clearly evident.

These two parameters were also unique in their effects on RAPD fingerprints at 

extremes of concentrations. The other variables in the reaction mixture, when their 

concentrations diverged from the optimum, gave rise to gradual changes in the banding
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patterns. Certain (predominantly high molecular weight) fragments would be absent, 

reproducibly, and the number of absent fragments would increase the more the conditions 

differed from the optimum. With magnesium ion concentration and the amount of genomic 

template DNA, however, there was a more chaotic effect on the RAPD fingerprints. As the 

concentration diverged from the optimum level, fragments of all molecular weights would 

potentially be absent, in a seemingly haphazard fashion. Furthermore, unique and 

predominantly unreproducible fragments would often appear in the fingerprints. The further 

the conditions differed from optimum, the more pronounced this effect became.

The underlying mechanisms for these chaotic effects are poorly understood, although 

it is known that Mg^  ̂ concentration affects the reaction differently at high and low 

concentrations. Higher concentrations of Mg^  ̂stabilise double-stranded DNA and prevent 

complete dénaturation of the product at each cycle, reducing yield. Excess Mg^  ̂could also 

stabilise spurious annealing of primer to incorrect template sites, resulting in larger amounts 

of undesired products and lower specificity. On the other hand, very low concentrations 

(less than 0.5 pM) impair the extension reaction as the ion is a required co-factor for the 

enzymatic activity of most DNA polymerases.

The temperature cycling parameters are also significant for RAPD fingerprinting, 

especially the temperature of annealing. Unlike standard PCR, the annealing of the primer 

to the template takes place at low stringency, so the temperature must be kept low (36 - 

40 °C). Even small alterations within this band can lead to significant differences in 

amplification products with these small primers. The protocol followed in these experiments 

used the relatively lengthy temperature “hold” times of 1 minute (denaturing), 1 minute 

(annealing) and 2 minutes (extension). This is a fairly common operating procedure. There 

have been reports published with far shorter run times with equivalent or even improved 

efficiency. One such example for alfalfa genomic DNA [Yu and Pauls, 1992] used a 5 second 

dénaturation step at 94°C, 30 second annealing step at 36°C and a 60 second extension step 

at 72°C. An extensive investigation into shortening the running time for this protocol was 

not carried out.

A number of further modifications to the basic RAPD technique have also been 

previously described. These include pre-treatment of the genomic DNA with RNase [Yoon 

and Glawe, 1993] and using combinations of primers [Micheli et al, 1993; Williams et al, 1993; Welsh 

and McClelland, 1991]. Neither of these suggestions were tested in the context of these
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optimisation experiments.

3.4.2 Choice of primers

The essence of the RAPD technique is the arbitrary nature of the primer sequence. 

This random choice of primer must still be taken within certain restrictions, however. There 

are several commercial primer kits available, such as those used here, which avoid 

complementary ends and complete palindromes. Such kits are sold according to their G+C 

content, which is important in achieving amplification products. A ten-base oligonucleotide 

primer should contain at least four G+C bases [Williams et ai, 1993]. Primers nine bases long 

require at least five G+C bases for efficient amplification and ethidium bromide detection. 

Oligonucleotides shorter than nine bases may also be used, however smaller amounts of 

amplified products are obtained and staining methods of greater sensitivity are required to 

detect the products [Caetano-Anollés et al, \99\]. Such a modification to the basic technique, 

utilising primers of as few as five bases, has been termed DNA amplification fingerprinting, 

or DAP, by its authors.

In these optimisation experiments, commercially-purchased 10-mers were used, and 

a G+C content of 70% was found to be more likely to generate a RAPD fingerprint of the 

required complexity for our template DNAs. This is in agreement with a number of 

published reports. The ability of an arbitrarily chosen primer to anneal on opposite strands 

of DNA within an amplifiable distance of each other occurs by chance. At the low annealing 

temperature that is a feature of this technique, it seems that guanine and cytosine bases in the 

primer favour such low stringency, regardless of the G+C content of the whole genome.

The contribution of individual nucleotides in the primer has been determined by 

Williams et a l They found that nucleotide changes at the 3 '-end caused nearly complete 

changes in the banding pattern, as compared to an “original” primer. A change in the 

nucleotide at the 5 '-end had a smaller effect. In most cases, the RAPD assay produces widely 

different fingerprints as a result of a single base change in the primer. Effectively, by making 

this alteration in the primer, single mismatches are introduced in the primer-genomic DNA 

duplex at both of the sites that define a DNA segment, and detectable amplification is 

prevented [Williams et al, 1990]. By inference, a single base change in the genome may also 

prevent amplification by introducing a mismatch at just one end of a DNA segment. This
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forms the basis of Chapters 4 and 5 of this thesis.

3.4.3 Validation of optimised RAPD fingerprinting in microbial genomes

With the RAPD assay optimised for fingerprinting E. coli and S. cerevisiae in the 

laboratory, the chosen primer library was run with a variety of different source DNAs to 

confirm the suitability of the technique to distinguish between similar genomes. Entirely 

different RAPD fingerprints were seen between bacteria and yeast, as expected. Three 

bacterial strains were clearly distinguished, although certain fragments were found to be 

common to two or more of these. Subtle genetic modification of the yeast was also detected, 

however with many common amplification products. In these pilot studies, then, species, 

strain and genetic modification were detectable using the RAPD fingerprinting assay under 

our optimised conditions.

A great deal of work has been carried out using the RAPD assay on both these and 

other microbial species since the publication of the technique [Berg et al, 1994, van Belkum, 

1994]. Specifically, Saccharomyces species and strains [Molnâr et al, 1995], and E. coli strains 

[Cavé et al, 1994, Brikun et al, 1994] have been typed by RAPD analysis. The objective of this 

work, however, was not in the fields of phylogénies or genotyping, but instead in the 

exploitation of RAPD fingerprinting in mutation detection.

3.4.4 Nature of complementarity of annealing

At the low stringencies of annealing that are a feature of RAPD fingerprinting, a 

perfect 10-base match between primer and target is not necessary for subsequent 

amplification. Indeed, this complementarity can be estimated from amplification 

probabilities based on the size of the genome in question.

Consider a genome comprising a random sequence of an equimolar mixture of the 

four nucleotides. Sequences complementary to an arbitrary oligonucleotide primer of length 

n bases will occur with probability p  = 4‘"; two copies of the sequence arranged in inverted 

orientation at a particular distance suitable for amplification will occur with probability p  

= 4’̂ ". Many distances between primer binding are suitable for amplification of the 

intervening sequence. For distances between 500 and 3500 base pairs, the probability of
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obtaining at least 1 of the possible 3000 distances is/> = 3000 x 4'^”. For a given genome of 

complexity C (base pairs), the expected number of occurrences, b, is the following:

b = (3000 X 4-2")C

For example, for a primer-target hybrid o f n=  10 complementary base pairs we 

would expect to see b = 0.0129 bands per primer from E. coli (C = 4.6 x 10  ̂bp), and b = 

0.0327 bands per primer for S. cerevisiae (C = 12 x 10̂  bp). However, an average of 

approximately 8 bands per primer is generally observed with both genomes. To amplify 8 

bands to detectable levels, the average number of complementary bases in the primer-target 

hybrid can be calculated from the above equation to be 7.6 bp for E. coli, and 8.0 bp for S. 

cerevisiae [adapted from Williams et al, 1993].
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CHAPTER 4 -  USE OF RAPD FINGERPRINTING FOR 

MUTATION DETECTION IN E , coll.

4.1 INTRODUCTION

4.1.1 RAPD fingerprinting in mutation detection

RAPD fingerprinting provides information-rich and highly reproducible patterns of 

DNA fragments that reflect differences in template sequence. This fingerprinting is achieved 

by PCR under conditions where low specificity priming is encouraged (i.e. high divalent 

cation concentration and low temperature). The sequence of the primer is chosen arbitrarily 

and the primer interacts with the genomic template at sites where the interaction is 

moderately stable [Welsh et al., 1995], RAPD fingerprinting is straightforward and 

reproducible. Several hundred reproducibly selected DNA fragments can be examined 

simultaneously, making it a powerful tool for the detection and evaluation of certain 

phylogenetic and ontogenetic phenomena. The versatility of this technique stems from the 

simple nature of the information present in the fingerprint, the high throughput of the 

method, and the ease with which they may be generated.

The alteration of a single nucleotide in a 10-base RAPD primer leads to marked 

changes in the fingerprint of a given template, and hence nucleotide changes in the genomic 

DNA should have the same effect on RAPD fingerprints as those observed for changes 

within the primer. Theoretically therefore, single base-change mutations in genomic DNA 

could possibly be detected by this method [Williams et al., 1990]. The presence of a single 

RAPD band would be diagnostic for a sequence totalling 20 base pairs (2 x 10 bp primers) 

in the target genome, and an average of ten amplified bands per primer would mean each 

primer is diagnostic for 200 base pairs in the template. This is in contrast to techniques such 

as restriction fragment length polymorphism (RFLP), which is diagnostic for 12 base pairs 

per probe-enzyme combination [Williams et al., 1993]. The related AP-PCR has been used in 

the detection of y-ray-induced DNA damage in fish embryos [Kubota et al, 1992]. An 

adaptation of the method termed “sequence-specific gene signature” has been used to scan
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for single base mutations in a 569 base pair portion of the myosin light chain gene in humans 

[Pena et al, 1994].

RAPD fingerprinting also has the advantage that little knowledge of the biochemistry 

or molecular biology of the species under study is necessary. Furthermore, this method does 

not require functional selection based on a specific target gene, unlike established 

mutagenicity tests such as the Ames test for bacteria, or the hprt test in mammalian cell 

lines. Such mutagenicity tests rely on the detection of changes in a particular phenotype 

which can be traced back to specific alterations in the governing genes. Here only a small 

target is investigated; mutations in the vast majority of the genome have no effect on the 

phenotype and are not detected. RAPD fingerprinting obviates the need for this and takes 

a sample fi*om the genome as a whole.

In order to investigate the potential of RAPD fingerprinting in mutation detection, 

a system was chosen of relevance to human cancer, and where the mutagenicity of an agent 

is well established, namely ultraviolet (UV) radiation-induced mutagenesis in E. coli.

4.1.2 Ultraviolet (UV) radiation-induced mutagenesis

UV radiation is a potent DNA-damaging agent and a known inducer of skin cancer 

in experimental animals and humans. There is strong scientific evidence to suggest that most 

non-melanoma human skin cancers are induced by repeated exposure to sunlight. UV 

radiation is unique in that it induces DNA damage that differs from the lesions induced by 

any other carcinogen. The prevalence of skin cancer on sun-exposed body sites in 

individuals with the inherited DNA repair disorder xeroderma pigmentosum (XP) suggests 

that defective repair of UV-induced DNA damage can lead to cancer induction [Ananthaswamy 

andPierceall, 1990].

The major lesion induced in DNA by UV radiation is the formation of dimers 

between two pyrimidine bases on the same strand, forming a non-coding lesion. Various 

repair pathways have been demonstrated in E. coli cells, most of them non-mutagenic, 

including photoreactivation, excision repair, and post-replication repair [Yashin and Miehl- 

Lester, 1991]. The only error-prone pathway in E. coli is the SOS repair pathway. This 

represents the last attempt by the cell to repair the DNA at the expense of inserting incorrect 

bases, resulting in a mutation [Hutchison, 1987].
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Before SOS repair begins, DNA polymerase tries to overcome the non-coding lesion 

by inserting any base opposite it. However, the proof-reading function of the enzyme 

recognises the base and cuts it out. This process of inserting and excising non- 

complementary bases generates free nucleotides and single stranded DNA. These act as the 

inducing signals for SOS repair. Induction of the din (DNA damage-induced) genes inhibit 

the proof-reading activity of the 3' to 5' exonuclease. Any base that has been inserted 

opposite the non-coding lesion will be retained, therefore there is a 75% chance of a 

mutation taking place. The SOS repair pathway is the main pathway to mutagenesis and 

carcinogenesis [Ossannaand Peterson, 1987].

To evaluate the potential of RAPD fingerprinting in this context, E. coli cells have 

been exposed to a variety of doses of UV radiation. After mutations were allowed to become 

“fixed” in the bacterial lines (on selective and non-selective media), the DNA was isolated 

and RAPDs were carried out with an arbitrary primer library (figure 4.1). By comparing the 

amplification patterns of “wild-type” with “treated” at increasing doses, an indication of the 

suitability of RAPD for such mutation detection may be gleaned.

UV Light

E. coli
overnight culture 
10® cells/ml

10 cells/ml

DNA extracted overnight culture of 
surviving cells

suspension plated out

Figure 4.1 - Scheme for UV irradiation ofE . coli. An overnight culture of
bacterial cells was diluted and exposed to various doses of UV radiation. 
The suspension was plated out onto nutrient agar and the surviving cells 
grown as an overnight culture in nutrient broth. DNA was extracted from 
the bacteria and utilised for RAPD fingerprinting.
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4.2 MATERIALS AND METHODS

4.2.1 Equipment and reagents

All chemicals and reagents were of molecular biology grade certified by the 

manufacturer. The library of arbitrary primers (Genosys) was as follows:

50_01 (GTGCAATGAG), 70_01 (CATCCCGAAC), 50_02 (CAATGCGTCT), 70_03 (ACGGTGCCTG), 

70_04 (CGCATTCCGC), 70_06(GGACTCCACG), and 70_10 (CAGACACGGC).

RAPD reactions were separated on agarose (Bio-Rad) gels and visualised with 

etbidium bromide. The sizes of the amplified fragments were estimated from co-migrating 

molecular size markers (123 base pair ladder, Gibco Life Technologies), see Appendix B.

E. coli K-12(JTS7), UV radiation source and bacterial culture equipment were 

provided by Dr. Dick Finney, Microbiology Dept, School of Pharmacy.

4.2.2 UV irradiation o fE. coli

All experimental procedures were performed under sterile conditions. Samples were 

run in duplicate. E. coli K-12 cells were grown overnight in nutrient broth at 37°C. On the 

following day the cells (lOVml) were pelleted and resuspended in DM base (Davies-Mingioli 

base; contains salts (0.7% %  K^HPO^; 0.3% %  KH^PO^; 0.05% %  NagCgHgO/H^O; 

0.01% %  MgSO^ 7 H2 O; 0.1%% (NH^^SQ ; pH 7.0), but no glucose, to prevent the cells 

from dividing [Davies and Mingioli, 1950]). The cell suspensions were diluted to 10  ̂cells/ml, 

and exposed to a UV radiation source (254 nm) at 1 Jm'^sec'* for between 0 and 100 seconds. 

The effect of UV radiation on cell viability was determined by drop-plate viable counts. A 

20 pi aliquot of a known dilution of a subculture was pipetted onto an appropriately labelled 

nutrient agar plate and incubated at 37 °C overnight. From the number of colonies counted 

after incubation, the difference in the number of organisms per ml of culture between control 

and UV-exposed cells was estimated.

All samples of bacterial cells were grown overnight at 37°C in nutrient broth to 

allow the “fixation” of any mutations in the bacterial genome. From these overnight cultures, 

0.1 ml of the 10̂  cells/ml solution were spread on both nutrient agar (NA) plates, and NA 

plates containing 20 pg/ml rifampicin (Sigma Chemical Co.) and grown overnight at 37°C.
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Isolated colonies from each plate were further grown overnight in nutrient broth at 37°C and 

set aside for extraction of genomic DNA. The bacteria were stored in liquid nitrogen for 

future use.

4.2.3 Extraction of genomic DNA

An overnight culture of E. coli cells (10  ̂cells/ml) was pelleted by centrifugation and 

the supernatant removed. DNA extractions were then performed using the Puregene™ DNA 

isolation kit, and the DNA concentrations determined by the Hoechst 33258 assay as 

previously described (section 3.2.2 and Appendix C). The DNA was stored in TE (Tris- 

EDTA) buffer at 4°C.

4.2.4 RAPD amplification protocol

The parameters for the RAPD protocol were those determined during the 

optimisation experiments described in chapter 3. RAPDs were carried out in 25 pi volumes 

that contained 50 ng of genomic DNA, 3 mM MgClj, 100 pmol primer, 0.625 units Taq 

DNA polymerase, 200 pM each of dATP, dCTP, dGTP and dTTP in 10 mM Tris HCl (pH 

8 .8 ), 50 mM KCl, 0.1%w/w gelatin. The PTC-100 thermal cycler with hot bonnet was 

programmed for 35 cycles of dénaturation at 94°C for 1 min, annealing at 36° C for 1 min 

and extension at 72°C for 2 mins, using the fastest available ramp times between each 

temperature setting. After amplification, 5 pi aliquots were electrophoresed in 1.6 % agarose 

gels at 85 V for 1.5 hours, stained with 1 pl/ml ethidium bromide and photographed under 

UV light. The 123 bp ladder was used as size marker in all gels (see Appendix B).

4.3 RESULTS

4.3.1 UV irradiation ofE. coli

Viable counts were taken before and after UV treatment of the bacteria, and the 

effects of these doses of UV radiation on E. coli cell competency determined. Figure 4.2
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shows a graph of UV dose against cell survival. There was marked cell death at all doses 

tested (10 J/m\ 50 J/m  ̂and 100 J/m^), as expected for such a potent germicidal agent. Even 

at the highest dose (100 J/m^) however, there were sufficient surviving cells to produce 

colonies for DNA extraction when grown overnight at 37°C. Viable count data is given in 

Appendix D.

1000

100

0.1

0.01
200 4 0 6 0 8 0 100

d o s e  o f  UV r a d i a t i o n  ( J m " * )

Figure 4.2 - Graph showing cell death o fE . coli by U V  radiation. 
Marked cell death w as observed at all d oses of UV radiation 
tested.

4.3.2 Comparison of RAPD fingerprints from untreated and UV-irradiated DNA

Alterations in RAPD fingerprints produced by the primer library under optimised 

conditions are seen in one of three ways. There is either the gain or loss of a band (or a 

change in its intensity), or both. In some patterns, there is a simple alteration of a single 

amplification product, in others there is a more complicated pattern of gains and losses, in 

others there is no change. Examples of all of these events are shown with those bacterial 

cells grown on nutrient agar.

a) Appearance of new amplification products

In figure 4.3, RAPD fingerprints of E. coli DNA exposed to 0 (control), 10, 50 and 

100 J/m  ̂are shown with the primer 70 03. The control sample has a fingerprint containing 

seven fragments of DNA, ranging from 290 to 3354 base pairs in length. At 10 J/m  ̂a new
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fragment, 933 base pairs in length is generated. At 50 J/m ,̂ further fragments of 844, 1709 

and 1932 base pairs are observed, and at 100 J/m ,̂ bands 2184 and 2340 base pairs long are 

seen.

Control 10J/m^ 50 J/m^ 100 J/m^

2340
2184
1932
1709

Figure 4.3 - Negative image showing effect of U V  
radiation on RAPD fingerprinting of E. coli K12 with 
primer 70_03. Lane 1 is untreated control; lane 2 is 
10 J/m^ UV; lane 3 is 50 J/m^; lane 4 is 100 J/m^.

Figure 4.4 shows the same bacterial DNA samples with fingerprints obtained using 

the primer 50 0 2 .
Control 10J/m^ 50 J/m^ 100 J/m^

1877

1739
1420

Figure 4.4 - Negative image showing effect o f UV  
radiation on RAPD fingerprinting o fE . coli K12 with 
primer 50_02. Lane 1 is untreated control; lane 2 is 
10 J/m^ UV; lane 3 is 50 J/m^; lane 4 is 100 J/m^.
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In the control sample, a single band, 1420 base pairs in length, is seen. At the lower 

doses, no changes in RAPD patterns are observed, but at the highest dose (100 J/m^), new 

fragments 1739 and 1877 base pairs long are also seen in the fingerprint.

For these new bands to appear in the array of amplification products, a mutational 

event is assumed to have occurred, directly as a result of the UV irradiation of the bacteria 

and subsequent error-prone repair. Due to the nature of UV-induced mutagenesis in E. coli, 

it is likely that an alteration in the genomic template has resulted in either a new primer 

annealing site being generated within an amplifiable distance of another on the opposite 

strand.

New bands also appeared in RAPD fingerprints of these DNA samples produced 

with the Stoffel firagment enzyme, although less clear amplification patterns were observed 

as described earlier in the text (data not shown).

b) Disappearance of amplification products

Figure 4.5 shows RAPD fingerprints produced by using the primer 70 06. The 

control sample shows a pattern of nine DNA fi-agments, ranging fi*om 500 to 3270 base pairs. 

At the lowest dose (10 J/m^), two fragments, 2841 and 2131 base pairs, are missing fi*om the 

original control pattern. These bands are also missing from the higher dose DNA samples.

This figure illustrates an occasional difficulty associated with this technique. As can 

be seen, lane 1, containing the untreated sample, contains more total DNA than the UV- 

exposed samples in the other lanes. This makes accurate analysis problematic, as a purported 

polymorphism may be a symptom of the disparity in total DNA present. This was held not to 

be significant in most of the samples tested, however to avoid such doubts, only clearly 

evident polymorphisms were reported.
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Control 10J/m" 50 J/m" 100 J W

2640

1785

Figure 4.5 - Negative image showing effect of UV  
radiation on RAPD fingerprinting of E. coli K12 with 
primer 70_06. Lane 1 is untreated control; lane 2 is 
10 J/m^ UV; lane 3 is 50 J/m^; lane 4 is 100 J/m^.

Primer 7010  gives a RAPD fingerprint consisting of ten fragments with the control 

sample, ranging from 467 to 3596 base pairs. No changes were seen in the fingerprint until 

100 J/m\ when the largest fragment, 3596 base pairs, is missing (figure 4.6). In an analogous 

way to the appearance of new bands discussed above, it is assumed from what is known about 

this mutational system that an alteration in the primer annealing site has resulted in the 

inability of the particular primer to bind, and has thus compromised amplification of the 

product.

Similar disappearances of amplified products were also seen with Stoffel fragment 

(data not shown).
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Control 1 0 J W  50 J/m^ 100 J W

1374

Figure 4.6 - Negative image showing effect o f UV  
radiation on RAPD fingerprinting o fE . coli K12 with 
primer 70_06. Lane 1 is untreated control; lane 2 is 
10 J/m^ UV; lane 3 is 50 J/m^; lane 4 is 100 J/m^.

c) Concurrent appearance and disappearance of amplification products

Figure 4.7 shows the RAPD fingerprints for primer 50 01, with the control sample 

consisting of five fragments ranging from 353 to 2804 base pairs. Here a more complicated 

pattern emerges. At 10 J/m ,̂ there is the appearance of a new 1033 base pair fragment, whilst 

at 50 J/m\ a new 1388 base pair fragment is present. At the highest dose, this 1388 base pair 

fragment is absent, whilst new 1614 and 2868 base pair fragments are seen, with a concurrent 

loss of the 2804 base pair fragment.
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Control 10J/m^ 50 J/m^ 100 J/m^

-  . ' V -

2868
2804
2321

1614
1388

1033

676

353

Figure 4.7 - Negative image showing effect of UV  
radiation on RAPD fingerprinting of E. coli K12 with 
primer 50_01. Lane 1 is untreated control; lane 2 is 
10 J/m^ UV; lane 3 is 50 J/m^; lane 4 is 100 J/m^.

Similarly, figure 4.8 shows RAPD fingerprints obtained using the primer 70 01. 
Control 1 0 J W  50 J/m^ 100 J W

Figure 4.8 - Negative image showing effect o f UV  
radiation on RAPD fingerprinting o f E. coli K12 with 
primer 70_01. Lane 1 is untreated control; lane 2 is 
10 J/m^ UV; lane 3 is 50 J/m^; lane 4 is 100 J/m^.
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The control sample consists of seven fragments in the range 792 to 3597 base pairs. 

At the highest dose tested here, there is the disappearance of the 792 base pair band coupled 

with the appearance of a new 541 base pair fragment. What is unable to be determined by this 

method is whether this apparent loss and gain of similarly sized fragments are independent 

mutational events, or whether there is a mobility shift of the same amplification product. 

Confirmation by other means such as Southern hybridisation would be required.

d) No observed change in RAPD fingerprint

Control 10J/m^ 50 J/m^ 100 J W

Figure 4.9 - Negative image showing effect o f U V  
radiation on RAPD fingerprinting o fE . coli K12 with 
primer 70_04. Lane 1 is untreated control; lane 2 is 
10 J/m^ UV; lane 3 is 50 J/m^; lane 4 is 100 J/m^.

Figure 4.9 highlights the point that frequently no alterations are observed in RAPD 

fingerprints in this system by showing the patterns resulting from primer 70 04 in this 

experiment. No changes are seen at any dose to the fingerprint resulting from the control 

sample, consisting of eight fragments ranging from 465 to 3755 based pairs.
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A summary of all observed results obtained with the primer library against control and 

UV-irradiated bacterial DNA samples is given in figure 4.10 and tables 4.1a and b.
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Figure 4.10 - Stacked bar chart illustrating the cumulative number of 
polymorphic changes with RAPD library fingerprinting. Increasing dose  
of UV irradiation of E. coli leads to an increased number of polymorphic 
changes in the RAPD fingerprints achieved with the extracted DNA and 
the chosen library of primers.

Primer Untreated 10 Jm " 50 Jm " 100 Jm "

50_01 2804
2321
1614
676
353

plus 1033 plus 1388 plus 2868  
minus 2804  

plus 1614 
minus 1388

50_02 1420 plus 1877 
plus 1739

70_01 3597
2879
2575
1319
1134
851
792

minus 792 
plus 541

70_03 3354
2727
1112
753
457
404
290

plus 933 plus 1932 
plus 1709 
plus 844

plus 2340  
plus 2184
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Primer Untreated 10 Jm ^ 50 Jm ^ 100 Jm-2

70_04 3755
3226
2958
2636
1217
873
697
465

70_06 3270
2841
2640
2131
2005
1785
841
655
500

minus 2841 
minus 2131

7 0 J 0 3596
3086
2827
2391
1978
1625
1374
767
603
467

minus 3596

Table 4.1a - Summary table of ail observed results with RAPD library fingerprinting of control and 
UV-irradiated E. coll K12 DNA using Tag DNA polymerase.

Primer Untreated 10 Jm = 50 Jm " 100 Jm "

50_01

50_02

70_01

70_03 150 plus 258

70_04 461

308

215

minus 461 minus 308  

minus 215

70_06 275 plus 487

70_10 185

Table 4.2b - Summary table of all observed results with RAPD library fingerprinting of control and 
UV-irradiated E. coll K12 DNA using Tag DNA polymerase, Stoffel fragment.
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4.3.3 Dose-dependence of UV radiation

It was clear from empirical observations that the likelihood of obtaining polymorphic 

bands in the RAPD library fingerprints increases with dose of UV radiation the organism was 

exposed to. In order to establish a dose-response relationship for this phenomenon, a useful 

indicator of “response” needed to be determined. This was done by assigning the response as 

the number of alterations in fingerprints across all primers at a certain dose, as compared to 

the untreated control. In this way, a simple relationship may be demonstrated for UV-induced 

mutagenesis of E. coli, as detected by RAPD fingerprinting (figure 4.11).

20

oE

I
80 1000 20 40 60

d o s e  o f  UV r a d i a t i o n  ( J m " * )

Figure 4.11 - Dose-response relationship for UV-induced 
mutagenesis in E. coli, as detected by RAPD fingerprinting. 
Assigning the number of polymorphic differences in RAPD 
fingerprints as the “response”, a linear relationship is 
demonstrated for UV-induced mutagenesis in E. coli at the d oses  
tested.

4.3.4 Rifampicin selection of mutants

As well as those grown on nutrient agar as described above, bacterial cells which 

survived UV irradiation were grown on a selective medium, namely rifampicin-containing 

plates. Colonies found to grow are known to be mutants, as wild-type E. coli are unable to 

survive. A graph of mutant frequency for increasing dose of UV radiation on E. coli on this
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selective media may be plotted (figure 4.12). Spontaneous mutation frequency was calculated 

as 1 in 2  X 1 0 ' \  and this was found to increase in a dose-dependent manner with exposure to 

UV. Viable count data is given in Appendix D.

g  1 0 0 0  -
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d o s e  o f  UV r a d i a t i o n  i J m " ^ )

Figure 4.12 - Graph showing mutation frequency of E. coli 
resulting from exposure to UV radiation. Mutants were selected by 
exposing rifampicin-sensitive cells to UV radiation, and counting 
the number of mutant colonies able to survive on a rifampicin- 
containing medium.

RAPD fingerprinting with the primer library was carried out as above, and the 

fingerprints compared as described. All of the observed polymorphisms resulting from 

rifampicin-selected samples corresponded exactly with those grown on a non-selective 

medium. Figure 4.13 illustrates this by showing RAPD fingerprints from rifampicin-selected 

DNA samples. An identical appearance of 933 base pair (10 J/m^), 844, 1709 and 1932 base 

pair (50 J/m^) , 2184 and 2340 base pair bands for primer 70 03, and disappearance of the 

3596 base pair band (100 J/m^) for primer 7010 were observed. This was found to be the case 

for all primers tested (not shown).
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Control 10J/m^ 50J/m^ 100 J W

* * 1 * W  *  - +  _ r  «I*»>W* * » » * 4» ^

Figure 4.13 - Negative image showing effect 
of UV radiation on RAPD fingerprinting of E. 
coli K12 mutants selected by rifampicin. Lanes 
1 - 4 (top) are control, 10 J/m^, 50 J/m^ and 
100 J/m^ UV radiation with primer 70_03; 
lanes 5 - 8  (bottom) are the sam e with primer 
70 06.
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4.4 DISCUSSION

4.4.1 Detection of mutations by RAPD fingerprinting

Mutations in the genome of the template DNA may affect the subsequent RAPD 

fingerprint in four ways: i) by altering the ability of the primer to anneal, ii) by altering the 

distance between the two primer annealing sites, iii) by altering the ability of the polymerase 

to extend, or iv) by altering the relative amounts of the targets for amplification. Of these four 

different types of mutations, only the third does not have solid experimental support [Welsh et 

al., 1995]. The other three can also be classified by their localisation relative to the annealing 

arbitrary primers: at the aimealing sites, between the annealing sites, and outside the annealing 

sites.

Mutations which occur at the primer annealing site may result in the loss or gain of a 

band, or a change in its intensity. This is caused as a result of mutations in the annealing site 

which alter the stability of the primer-template interaction. The impact of a mutation on the 

kinetics of such an interaction are difficult to predict, although a single base change is more 

likely to have a profound effect on primer stability for shorter primers, though intermediate 

band intensities are commonplace. Deletions or insertions of just a few bases underlying a 

short primer (such as the 1 0 -mers used here) are likely to entirely eliminate the product from 

the fingerprint.

As was calculated in section 3.4.4, for the E. coli genome to generate the numbers of 

fragments routinely seen with the arbitrary 10-mers used in RAPD fingerprinting, an average 

complementarity of only 7.6 bp per primer-template hybrid would be expected. In this case, 

a single base change may be sufficient to destabilise the interaction and result in the absence 

of the product. Similarly, as a full 10-base complementarity is not required for the primer to 

anneal, it may be that there is a higher probability for a single base mutation to generate a 

novel binding site, and, potentially, a novel fragment.

The precise nature of the mutation cannot be assessed fi*om the sequence of the RAPD 

product because the sequence underlying the primer is always altered to exactly match the 

primer sequence during amplification. Therefore, the product will contain at both ends the 

arbitrary primer sequences, rather than their genomic target sequences. The exact sequence 

differences at the primer binding sites underlying these polymorphic bands needs to be
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determined by an alternative approach [Welsh et al, 1995].

Small deletions or insertions between two primer-template interaction sites result in 

a mobility shift of the amplification product. It must be determined if such an alteration in the 

fingerprint is due to a mobility shift of a single band, or else a concurrent loss and gain of a 

new band of similar, but not identical, molecular weight. Sequencing-style, denaturing 

polyacrylamide gels can usually resolve up to a 0 .2 % difference in molecular weight, so all 

deletions and insertions in products smaller than 500 bases can be detected. Single base 

substitutions, however, cannot be detected by this method. In principle, such mutations present 

in the amplified genomic sequences could be detected by single-stranded conformational 

polymorphism (SSCP) [McClelland et al, 1994]. This combined approach has been used to detect 

somatic single base substitutions in liver cancer [Yasuda et ai, 1996].

Mutations outside the region between the primer-template interaction sites may also 

be investigated by arbitrary DNA fingerprinting. Due to the quantitative nature of the 

amplification levels achieved, when two fingerprints are compared, the ratio of intensities of 

any particular band depends on the relative representation of its corresponding template 

sequence in the population [Welsh et ai, 1995]. Thus, when an amplified fingerprint band 

originates from a region where ploidy changes, the intensity of the band will change to reflect 

an alteration in allelic composition [Peinado et ai, 1992].

The use of arbitrary DNA fingerprinting in cancer research and in relation to human 

genetic disease will be discussed in greater detail in Chapter 7.

4.4.2 Detection of mutations in E. coli

In E. coli, more than 50% of the UV-induced mutations are transitions of G C to A T 

or A T to G-C. Insertions or deletions of one base pair account for 10-15% of UV-induced 

mutations, whilst only around 5% are seen to be deletions larger than a few base pairs 

[Hutchison, 1987]. This is important in relation to RAPD fingerprinting, as any observed 

alterations are likely to be the result of single base changes. The loss and/or gain of bands 

described above are therefore likely to be due to genomic mutations resulting in the inability 

of the primer to anneal to a previous binding site, or else the generation of a new site at which 

it may anneal (within an amplifiable distance of another site on the opposite strand).

The stringency of annealing is kept low, so that there need not be a perfect match of
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all ten bases in the primer-template interaction for amplification to occur. A frequently 

observed result, using ethidium bromide-stained agarose gels, is rather than a clear distinction 

between the presence or absence of a band, there is rather an improvement or decline in the 

intensity of the band. This may be a result of the mutation altering the stability of the primer- 

template interaction, without changing absolutely a primer’s ability to anneal.

By classifying alterations in the RAPD patterns as losses and/or gains in bands (or 

significant increase/decrease in signal) and assigning this as the “response”, a clear dose- 

response relationship may be demonstrated for UV radiation mutagenesis as detected by 

RAPD fingerprinting (figure 4.11). RAPD fingerprinting can clearly demonstrate a dose- 

dependence in the nature of UV-induced mutagenesis in E. coli. However, the doses of UV 

radiation used in these experiments were relatively high, leading to significant cell death 

(figure 4.2), The likelihood is, at such doses, that any surviving cells will be mutants. This 

assumption is supported by the experiments carried out using rifampicin as a selective agent.

Growing the cells surviving UV treatment on an agar plate containing rifampicin 

results in the selection of mutants resistant to the antibiotic. Only cells which contain a 

mutation within the rpoB gene, which codes for a subunit of the bacterial RNA polymerase, 

will be resistant to rifampicin and grow unhindered. RAPDs from DNA extracted from these 

cells were compared with those from unselected colonies, and no significant difference was 

seen between the RAPD fingerprints of these two populations. From this it may be inferred 

that any survivors of UV irradiation at these doses are likely to be mutants, whether they are 

selected for or not. This neatly demonstrates both an advantage and disadvantage of this 

technique. Firstly it is evident that, given the number of mutational events detected by RAPD 

fingerprinting, mutations throughout the whole genome, rather than a single gene, are revealed. 

However, despite the detection of these mutations outside the phenotypically selected gene, 

characterisation and localisation are not achieved.
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CHAPTER 5 -  USE OF RAPD FINGERPRINTING FOR 

MUTATION DETECTION IN HUMAN DNA

5.1 INTRODUCTION

5.1.1 Mutagenicity testing in human DNA

Genotoxic effects of environmental and industrial chemicals are usually evaluated 

in model systems in which cells are exposed to relatively high concentrations of the test 

compound. The potency of a compound to induce gene mutations is mostly determined with 

the use of bacteria, lower eukaryotes, or cultured mammalian cells, because in these 

environments appropriate systems exist for selection of mutant cells carrying a mutation in 

a defined gene [van Zeeland et al., 1995]. There are also some recently developed techniques 

which allow the analysis of gene mutations induced in vivo in somatic cells of some organs 

of experimental animals [Jansen et al, 1994]. The frequencies of the observed genotoxic effects 

are usually compared to the exposure concentrations of the test chemical. However, such 

comparisons between different assay systems are difficult due to possible differences in 

penetration and distribution between organs and cell types.

The DNA adduct frequency, or “molecular dose” is a frequently used alternative to 

the exposure concentrations as a marker for comparative studies. Most genotoxic agents 

induce more than one type of DNA adduct, and it is important to assess which of these are 

primarily responsible for the biological effects observed. This has been addressed by 

focusing on the molecular nature of genetic changes, le. the determination of mutational 

spectra [van Zeeland et al, 1995]. A comparison of an adduct spectrum caused by a genotoxic 

agent with the spectrum of base-pair changes caused by the same agent allows the 

identification of those DNA adducts relevant for mutation induction. Such a comparison 

contributes to the characterisation of the types of adducts caused by a class of genotoxic 

agents, which is important for the identification of those DNA adducts that should be taken 

into account in risk assessment procedures.
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5.1.2 HPRT as a marker for gene mutations

The mammalian genome consists of more than 70,000 genes. The mutant frequency 

per gene is in the order of 10'̂  to 10^, depending on the gene involved. These low 

frequencies imply that it is not possible for most genes to be used to identify mutated cells 

in a population of unmutated cells unless a selection system is available that discriminates 

between phenotypically normal and mutant cells [van Zeeland et ai, 1995]. This is further 

complicated by the fact that most of the genes are located on autosomes, therefore each 

somatic cell carries two copies. Only dominant mutations result in cells with a phenotype 

different from that of normal cells. One of the few genes in mammalian cells for which it is 

possible to select mutants from an otherwise wild-type population is the hprt gene, which 

codes for the enzyme hypoxanthine guanine phospho-ribosyltransferase [Cole and Arlett, 1985]. 

Because of its position on the X chromosome, male cells carry only one copy of the gene, 

and female cells have one active and one inactive copy. Cells with a mutation that 

inactivates the HPRT protein are still viable and can be selected from a population of normal 

cells with the use of culture medium containing 6-thioguanine, a purine analogue that is 

toxic for cells with a normal hprt gene, but not those having a mutated one (figure 5.1).

X c h r o m o s o m e

C e l l  w i t h  I n a c t i v e  ( m u t a n t )  hprt  g e n eC e l l  c o n t a i n i n g  n o r m a l  hprt ge n e

6 - t h i o g u a n i n e
/  T o x i c  p u r i n e  a n a l o g u e  \

C e l l  v i ab i l i t yCe l l  d e a t h

Figure 5.1 - Scheme representing the basis of the use of the hprt
gene as a marker for gene mutation. Cells with a mutation which 
inactivates the hprt gene, present on the X chromosome, can be 
selected from a population of normal cells by the use of a purine 
analogue which is toxic to cells with a normal hprt gene, but not 
to those which are mutated.
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The data yielded by mammalian cellular mutation assays such as the hprt assay have 

greatly aided our understanding of the processes underlying carcinogenesis. In the context 

of assessments of the cancer risks associated with foreign compounds, the analysis and 

interpretation of data from cellular mutation assays is indispensable. It rests on the 

assumption that substances which induce mutations in reporter genes such as hprt are likely 

to cause genetic changes in cancer-related genes. Although there is ample reason to believe 

that this is a sensible preposition, direct proof is very difficult to obtain. Mutations in cancer- 

related genes such as cellular proto-oncogenes or tumour suppressor genes cannot be 

analysed using cellular mutation assays, because they do not give rise to readily selectable 

altered phenotypes. Furthermore, only mutations resulting in altered protein functions can 

be screened, while “silent” mutations causing altered protein sequence, but unchanged 

protein function will escape detection. Moreover, the cells used for mutation assays need to 

be able to grow in culture, a requirement which precludes the analysis of mutations in almost 

every tissue affected by malignant tumours in animals and man, with lymphocytes being the 

only exception [Kortenkamp et al, 1997].

5.1.3 Use of PCR-based techniques

Initially, characterisation of the types of mutations found in /zprNdeficient T- 

lymphocytes was limited to Southern blot hybridisation [Southern, 1975] so that mutations 

could be classified as due to large scale alterations (e.g. deletions, translocations, and 

inversions) or presumptive point mutations. Recently, PCR amplification of hprt cDNA has 

allowed the rapid determination of DNA sequence alterations. Sequence information on 

more than 1000 hprt mutants has been used to create a computerised database and includes 

mutations arising both in v/vo and in vitro. Thus small point mutations within the gene 

coding region can be defined by reverse transcriptase (RT)-PCR. More recently, a multiplex 

PCR reaction has been adapted as a rapid screen for deletion mutations and the identification 

of a class of small deletion mutations that may be missed by Southern blot or RT-PCR 

methods [Fuscoe et al, 1994].

These techniques, although of great worth, are still limited to the hprt gene in their 

scope for mutation analysis. PCR also provides an opportunity to overcome the limitations 

of cellular mutation assays by applying selection not to mutated cells but directly to altered
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DNA sequences. In Chapters 3 and 4 the potential of PCR-based DNA fingerprinting for 

mutational analysis was demonstrated in E. coli and S. cerevisiae. In this chapter, samples 

of human DNA, from circulating cells and in culture, as a result of mutagen- and disease- 

related mutations were used.

Positive controls were obtained in order to evaluate RAPD fingerprinting in human 

DNA. DNA samples were obtained with a variety of mutations, as selected by the hprt assay. 

Firstly, samples were obtained from patients with HPRT deficiencies. This enzyme catalyses 

the réutilisation of pre-formed purine bases, and deficiency is associated with two clinically 

recognisable disorders. RJK853 came from a patient with a complete HPRT deficiency, as 

a result of the total deletion of the hprt gene, leading to the clinical condition known as 

Lesch-Nyhan syndrome [Stout and Caskey, 1988]. This is associated with severe neurological 

abnormalities and impaired renal function. GM1899A came from a patient Avith a partial 

deficiency as a result of an error in RNA splicing. The deleted bases encompass the 5 '-most 

17 bases of exon nine [Gibbs et al, 1989b]. Such a partial deficiency results in hyperuricaemia 

and a form of gouty arthritis.

The samples obtained from these individuals, as well as those from lymphoblastoid 

cell lines, exposed to UV radiation in vitro, were investigated by RAPD fingerprinting and 

other related molecular biology techniques. Of critical importance is the sensitivity of such 

an approach. How capable is the technique of detecting the mutant in a population of non

mutants? This chapter attempts to address this problem. Furthermore, is there a way of 

increasing the mutational “window” of RAPD fingerprinting, by conveniently detecting 

mutations within the primer binding domains of the amplified products present in the 

fingerprints? At present, aside from large deletions, RAPD fingerprinting is unable to detect 

mutations other than those which occur within the primer annealing sites. Point mutations 

within an amplified fragment are missed. Techniques to detect these silent mutations would 

further increase the genomic target of this method. In this chapter a battery of restriction 

enzymes is employed on the fragments derived from RAPD fingerprints to investigate any 

mutations eliminating or creating their recognition sequences.
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5.2 MATERIALS AND METHODS

5.2.1 Equipment and reagents

All chemicals and reagents were of molecular biology grade as certified by the 

manufacturer. Arbitrary 10-mer primers for RAPD fingerprinting were purchased from 

Genosys and are listed in section 3.2.1. Primers designed for the amplification of hprt exons 

were also purchased from Genosys, with the sequences obtained from Park et a l, 1995:

hprt2(A):CCTGTAATGCTCTCATTGAAACA hprt2(B):GCTGCTGATGTTTGAAATTAACAC

hprt3(A):GTTTAATGACTAAGAGGTGTTTG hprt3(B):GAAAACCTACTGTTGCCACTAAA 

hprt7/8(A):GTCTCTCTGTATGTTATATGTCCAC hprt7/8(B):TGCGTGTTTTGAAAAATGAGTGAG 

hprt9(A):GCTATTCTTGCCTTTCATTTCAG hprt9(B):CAAACTCAACTTGAACTCTCATC

Electrophoresis of results was carried out on agarose gels and visualised by ethidium 

bromide staining.

Cell pellets were obtained from the laboratory of Dr Jane Cole, MRC Cell Mutation 

Unit, University of Sussex. These are as follows:

a) OKI - the normal non-mutant line

RJK 853 - total deletion, from Lesch-Nyhan patient [Yang et al, 1984]

GM1899A- potential RNA splicing error, partial deletion exon 9, from HPRT- 

deficient patient, Camden Culture Collection [Gibbs et al, 1989b]

b) LB463 - the parental, non-mutant lymphoblastoid cell line 

Mutant #26 - point mutation G^A (544)

Mutant #39 - point mutation GG^AA (207/8), both derived from UVB treatment of 

parental cell line.

All restriction enzymes were purchased from Gibco Life Technologies, and were 

used with the appropriately supplied running buffer according to the manufacturer’s 

instructions.
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5.2.2 Extraction of genomic DNA

All DNA extractions were performed using the PureGene'^^ DNA isolation kit 

(Flowgen). A solution containing 3 to 5 million cells in culture medium or balanced salt 

solution was pelleted by centrifugation and the supernatant removed, leaving behind 20-40 

pi of residual liquid. The tube was vortexed vigorously to resuspend the cells in this residual 

supernatant. The resuspended cells were incubated with the Cell Lysis Solution (Tris-EDTA 

and SDS) at 80°C for 5 mins. RNase A solution was added (20pg/ml), and incubated for 15 

mins at 37°C, then the Protein Precipitation Solution (ammonium acetate) was added, the 

solution vortexed, and the precipitated proteins pelleted by centrifugation. The supernatant 

was added to isopropanol and the precipitated DNA was recovered by centrifugation and 

washed with 70% ethanol. Finally the DNA was resuspended in the supplied DNA 

Hydration Solution (Tris-EDTA) and stored at 4°C.

5.2.3 RAPD amplification protocol

The parameters for the RAPD protocol using genomic template DNA from human 

cells were optimised as for the experiments in chapter 3. RAPDs were carried out in 25 |il 

volumes that contained 50 ng of genomic DNA, 3.5 mM MgCl2 , 100 pmol primer, 0.625 

units Taq DNA polymerase, 150 pM each of dATP, dCTP, dOTP and dTTP in 10 mM Tris 

HCl (pH 8.8), 50 mM KCl, 0.1%w/w gelatin. The PTC-100 thermal cycler with hot bonnet 

was programmed for 35 cycles of dénaturation at 94°C for 1 min, annealing at 36°C for 1 

min and extension at 72°C for 2 mins, using the fastest available ramp times between each 

temperature setting. After amplification, 5 pi aliquots were electrophoresed in 1.6% agarose 

gels at 85 V for 1.5 hours, stained with 1 pl/ml ethidium bromide and photographed under 

UV light. The 123 bp ladder was used as size marker in all gels.

5.2.4 Multiplex PCR protocol

The reaction conditions for the amplification of one or more hprt exons were adapted 

from Park et a l, 1995. PCRs were carried out in 25 pi volumes that contained 100 ng of 

genomic DNA, 2.5 mM MgCl2 , 50 pmol of each primer, 0.625 units Taq DNA polymerase,
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800 jaM dNTPs in 10 mM Tris HCl (pH 8.8), 50 mM KCl, 0.1%w/w gelatin. The PTC-100 

thermal cycler with hot bonnet was programmed for an initial dénaturation of the template 

at 94°C for 5 minutes, followed by 25 cycles of dénaturation at 94°C for 1 min, annealing 

at 52°C for 1 min and extension at 72°C for 2 mins, using the fastest available ramp times 

between each temperature setting. After amplification, 5 pi aliquots were electrophoresed 

in 1.6% agarose gels at 85 V for 1.5 hours, stained with 1 pl/ml ethidium bromide and 

photographed under UV light. The 123 bp ladder was used as size marker in all gels.

5.2.5 Restriction enzyme digestions

Genomic DNA samples as well as RAPD amplification mixes were digested with 

a variety of restriction endonucleases, at the appropriate temperature, for a number of 

different lengths of time. A five to ten-fold excess of enzyme over DNA was typically used 

(compared with traditional measures of activity as described in chapter 2) in order to ensure 

complete digestion. The enzymes used, with their recognition sequences, were as follows: 

Aval (CiYCGRG); BamUl (GiGATCC); Dral (TTTIAAA); Ecom  (GIAATTC); 

Hindlll (Ai AGCTT); Kpnl (GGTACiC); Pstl (CTGCAiG); Pvull (CAGiCTG);

Taql (TiCGA); Xmal (CiCCGGG). For a list of enzyme buffers, as supplied by the 

manufacturer, see Appendix A.

5.2.6 RAPD mixing experiments

Mutant and non-mutant DNA samples, as determined by the presence or absence of 

polymorphic bands in their RAPD fingerprints, were mixed in a variety of concentrations, 

ranging fi"om 100% mutant through to 100% non-mutant. These DNA mixes were then taken 

as the template DNA and subjected to RAPD amplification as previously described. At all 

times, the concentration of total DNA was kept at the optimum level. Determination of the 

presence or absence of the polymorphic bands in question was carried out using image 

analysis software.
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5.3 RESULTS

5.3.7 Optimisation of RAPD protocol for human DNA

The optimised RAPD conditions for S. cerevisiae, as described in section 3.3.5 were 

taken as a starting point for experiments involving human DNA. Optimisation of the various 

parameters was achieved as set out in Chapter 3, with analogous results. Once again, 

genomic DNA proved to be the most influential factor, with the optimum concentration 

determined to be in the range 50 -75 ng per 25 pi reaction tube (results not shown). 

Magnesium ion concentration (3.5 mM) and dNTP concentration (150 pM each) were also 

slightly altered as compared to S. cerevisiae. Temperature cycling conditions remained 

unchanged for simplicity, and as few reproducible differences were observed by varying the 

different components of the program.

Under these conditions, the human DNA samples were assayed by the RAPD 

protocol with the arbitrary 10-mer primers described in section 3.2.1. Seventeen of the thirty 

primers tested gave meaningful fingerprints in this way, although only three of these came 

from primers with a 50% G+C content, agreeing with earlier observations in E. coli and S. 

cerevisiae. A summary of the resulting fingerprints is given in figures 5.2a, b and c.

16 I

50_01 50_02 50_03 50_04 50_05 50_06 50_07 50_08 50_09 50_10

Primer

Figure 5.2a - Summary of RAPD fingerprints generated by 
primers 50_01 to 50_10 with non-mutant (OR!) human 
DNA, selected via the hprt assay. The bar chart illustrates 
the number of bands in each of the fingerprints generated 
with the above-named primers.
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16 -|

12  -

70_01 70_02 70_03 70_04 70_05 70_06 7D_07 70_08 70_09 70_10

Primer

Figure 5.2b - Summary of RAPD fingerprints generated by 
primers 70_01 to 70_10 with non-mutant (OR!) human 
DNA, selected via the hprt assay. The bar chart illustrates 
the number of bands in each of the fingerprints generated  
with the above-named primers.

12  -

O)

Primer

Figure 5.2c - Summary of RAPD fingerprints generated by
primers 70_11 to 70_20 with non-mutant (OR!) human 
DNA, selected via the hprt assay. The bar chart illustrates 
the number of bands in each of the fingerprints generated 
with the above-named primers.

In order to investigate the suitability of RAPD fingerprinting for mutational analysis 

in human DNA, samples were required with known and well-defined mutations as positive 

eontrols. A convenient source for these is via the hprt assay. Human cells containing
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mutations selected by the hprt assay and independently characterised were obtained from the 

laboratory of Dr. Jane Cole. These included deletion mutants from Lesch-Nyhan syndrome 

and other HPRT-deficient patients, and also point mutations derived from UVB treatment 

of parental lymphoblastoid cell lines. DNA samples from these cells were assayed with the 

RAPD primer library described above, and DNA fingerprints compared to parental or non

mutant cell lines. A summary of all observed differences is shown in table 5.1a and b, with 

individual examples shown and described below.

primer control (ORI) RJK 853 GM1899A

70 17 2219 minus 2219
1357
1104
400

70 19 1826 plus 2409 plus 2409
1255 minus 1255
1083 minus 414
808 plus 375
654
538
414
314

Table 5.1a - Sum mary table o f all obsen/ed differences between R APD  fingerprints o f human DNA, 
control and deletion mutants, obtained from patients, as selected by the hprt assay.

primer control (LB463) mutant #26 mutant #39

70 06 1776 plus 1431
1166
665
578
432

70 12 3379 minus 3379
1927
1678
957
812
683

70 18 1066 plus 861
964
440
361
290

Table 5.1b - Sum mary table o f all observed differences between RAPD fingerprints o f hum an DNA, 
control and  point mutants, obtained from cell lines treated with U V  radiation, selected by the hprt 
assay.

116



5.3.2 Deletion mutants ((RJK853, total) and (GM1899A, exon 9))

Samples of DNA containing deletion mutations were obtained from two patients. 

RJK853 contained a total deletion of the hprt gene, whilst GM1899A contained a partial 

deletion, namely exon 9. When RAPD fingerprints were generated with these samples, 

polymorphisms were apparent when compared with a “control” sample from a healthy 

individual. What is unclear is whether these polymorphisms are due to the mutations 

associated with these DNA samples, or simply due to a degree of inter-individual difference 

between the patients. No other control samples were available for this experiment.

Figure 5.3 shows the RAPD fingerprints resulting from the non-mutant control DNA 

sample and the deletion mutant RJK853 using the primer 7019.  The non-mutant sample 

gives a fingerprint consisting of eight fragments ranging from 314 to 1826 base pairs. Several 

alterations may be seen in the RAPD fingerprints of the deletion as compared to the control 

DNA, with the disappearance of the 1255 base pair and the 414 base pair fragments, as well 

as concurrent appearance of new fragments, 2409 and 375 base pairs in length.
ORI RJK853 GM1899A

2409

Figure 5.3 -Negative image of RAPD fingerprints 
obtained with human DNA and primer 70_19. Lane 
1 is the non-mutant ORI sample; lane 2 is the total 
deletion RJK853; lane 3 is the partial deletion 
GM1899A.
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Figure 5.4 shows the RAPD fingerprints of the deletion mutant GM1899A as 

compared to the non-mutant sample using the primer 7017.  The non-mutant fingerprint 

consists of four fragments, 400, 1104, 1357 and 2219 base pairs long, and here the 

disappearance of the 2219 base pair fragment is clearly seen in the deletion mutant.

ORI RJK853 GM1899A

2219

1104

Figure 5.4 - Negative image of RAPD fingerprints 
obtained with human DNA and prim er 70_17. Lane 
1 is the non-mutant ORI sample; lane 2 is the total 
deletion RJK853; lane 3 is the partial deletion 
GM1899A.

Other applications of PCR may also be used to investigate deletion mutations. 

Multiplex PCR is the simultaneous amplification of a number of specifically targeted DNA 

fragments. With primers designed from the published hprt genomic sequence [Edwards et ai, 

1990], and obtained from Park et al., 1995, all exons of the human hprt gene may be amplified 

individually, or, excluding exon 1, concurrently in the multiplex PCR reaction. Including 

exon 1 primers with the remaining set of primers results in the spurious synthesis of non

specific signals, and it is thus amplified separately, if required [Park et ai, 1995]. DNA samples 

from the HPRT-deficient patients may be run in a multiplex reaction to determine (or 

confirm) the nature of the deletion mutation.
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Figure 5.5 shows the multiplex PCR reaction for RJK853 as compared to a control 

sample, and clearly indicates that this sample contains a total deletion of the hprt gene.

ORI RJK853

Exon 7/8

Exon 3

Exon 2

Exon 9

Figure 5.5 - Multiplex PCR  
reaction for hprt axons in human 
DNA. Lane 1 is the non-mutant 
ORI sample, lane 2 the total 
deletion RJK853.

In figure 5.6, GM1899A is seen to represent a deletion of exon 9 in the hprt gene. 

Both of these results agree both with the characterisation of the mutants in the literature 

[RJK853, Stout and Caskey, 1988; GM1899A, Gibbs et at., 1989b] and by Southern blot analysis 

carried out in the laboratory of Jane Cole [personal communication].
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ORI GM1899A

Exon 7/8

Exon 3

Exon 2

Exon 9

Figure 5.6 - Multiplex PCR  
reaction for hprt exons in human 
DNA. Lane 1 is the non-mutant 
ORI sample, lane 2 is the partial 
deletion (exon 9) GM1899A.

5.3.3 Point mutations (26, G-A (544) and 39, GG-AA (207/8))

Samples 26 and 39 were known point mutations which were selected via the hprt 

assay. They were obtained by treating a non-mutant lymphoblastoid cell line (LB463) with 

UVB radiation in vitro. The parental non-mutant cell line was taken as wild-type control, and 

eliminates any problem with inter-individual differences associated with comparing DNA 

samples from different individuals.

The RAPD fingerprint of UV-induced point mutation 26 with primer 7018 is shown 

in figure 5.7. A new fragment, 861 base pairs in length, is seen in the amplification pattern 

as compared to the control, which consists of five fragments ranging from 290 to 1066 base 

pairs in length.
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LB463 3 9 _

Figure 5.7 - Negative image of RAPD fingerprints 
obtained with human DNA and primer 70_18. Lane 
1 is the non-mutant LB463 sample, lane 2 is the 
point mutant 26, and lane 3 is the point mutant 39.

In figure 5.8, the 3379 base pair fragment seen in the control sample is absent from 

the RAPD fingerprint obtained with the point mutant 39 using primer 7012,  although the 

other five fragments, 683 to 1927 base pairs in length, are still present.
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LB463

3379

1927

Figure 5.8 - Negative image of RAPD fingerprints 
obtained with human DNA and primer 70_12. Lane 
1 is the non-mutant LB463 sample, lane 2 is the 
point mutant 26, and lane 3 is the point mutant 39.

5.3.4 Investigation of hprt-selected point mutations by restriction enzyme digestions

Methodologies for the detection of DNA base changes utilising restriction enzymes 

have been proposed [Parry et al., 1990], and investigated [Steingrimsdottir et ai, 1996]. RAPD 

fingerprinting offers a potentially new avenue to consider. Whilst point mutations in the 

primer binding domains are responsible for the alterations in amplification patterns seen, 

mutations in the sequences between the two binding sites are not detected by RAPD 

fingerprinting. Individual amplification products, as part of the RAPD product mixture, may 

be examined by restriction enzymes for mutations within these primer binding domains, 

which lead to the generation of a new recognition sequence for the enzyme.

An example of this is shown in figure 5.9. Here, the amplification products obtained 

by performing RAPD fingerprinting on untreated wild-type control (LB463) and UVB- 

induced point mutated DNA (sample 26) with primer 7017  are shown, and consist of
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fragments of lengths 1357, 1104 and 400 base pairs. No polymorphisms are evident in these 

RAPD fingerprints. By subsequently incubating the product mixture with the restriction 

enzyme EcoRl, there is no effect in the control DNA sample, however with the mutant 

sample, there are a number of changes are observed. The 1357 base pair fragment is cleaved 

into two fragments of 728 and 629 base pairs, whilst the 400 base pair fragment is cleaved 

into fragments of lengths 218 and 182 base pairs.

1104

Figure 5.9 - Negative image of RAPD fingerprints of 
control and muatnt DNA, w/f/i primer 70_17, post
digested with EcoRI. Lane 1 is the fingerprint for 
point mutant 26, undigested, and lane 2 the sam e  
sample post-digested with EcoRI. Lane 3 is the non
mutant LB463 sample, undigested, and lane 4 the 
sam e sample post-digested with EcoRI.

Furthermore, by digesting the genomic DNA before RAPD amplification, these 

observations may be confirmed. Figure 5.10 shows that restriction cleavage between two 

primer annealing sites that would have generated two fragments in the mutant DNA 

fingerprint results in the absence of these fragments from the subsequent amplification 

pattern. These events are summarised in figures 5.1 la  and 5.1 lb.

By this combination of RAPD library fingerprinting and restriction enzyme screening, 

two previously unknown restriction fragment length polymorphisms (RFLPs) have in effect 

been detected in mutant DNA sample 26.
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% vC m

1357

1104

400

Figure 5.10 - Negative image of control and mutant 
R APD fingerprints of human DNA, with primer 
70_17, pre-digested with EcoRI. Lane 1 is the RAPD 
fingerprint of the point mutant 26, pre-digested with 
EcoRI, lane 2 is the non-mutant LB463 sample, pre
digested with EcoRI.

As well as EcoRI, the restriction enzymes ^vol, EowHI, Dral, Hindlll, Kpnl, Pstl, 

Pvull, Taql and Xmal were tested against the RAPD library fingerprints generated by the 

mutant DNA samples 26 and 39, with the above example the only positive result seen (results 

not shown).
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P rim e rs

R estric tion  site

M u t a n t Wild t y p e

RAPD
135 7  bp 110 4  bp 4 0 0  bp 1 3 5 7  bp 1 104  bp 4 0 0  bp

E c o R I
728 bp  6 2 9  bp 110 4  bp 1 3 5 7  bp 1 104  bp 4 0 0  bp

1 357  bp 

1 104  bp1 104  bp

728  bp 
6 2 9  bp

4 0 0  bp

218  bp 

182  bp

Figure 5.11a - Schematic diagram illustrating post-digestion of RAPD fingerprint generated
by 70_17 with point mutant 26 by EcoRI. The mutant and non-mutant RAPD fingerprints 
show no polymorphisms. Upon post-digestion with EcoRI, the mutant 1357 bp fragment is 
cleaved into two smaller pieces (728 and 629 bp), as is the 400 bp fragment (218 and 182 
bp). This does not occur with the non-mutant RAPD fingerprint.
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R e s t r ic t io n  s i te

M u ta n t W ild ty p e
P r im e rs

E co R I

7 28  bp 6 2 9  bp 110 4  bp  218  bp 182  bp 135 7  bp 1 1 0 4  bp 4 0 0  bp

RAPD
1104  bp 1 3 5 7  bp 110 4  bp 4 0 0  bp

M u ta n t W ild ty p e

1 357  bp 
1 104  bp1 104  bp

4 0 0  bp

Figure 5.11b - Schematic diagram illustrating pre-digestion o f genomic DNA with EcoRI
before generating a RAPD fingerprint with mutant and non-mutant DNA samples and primer 
70_17. The mutant sample is cleaved in two places between two primer pairs, and as such 
only one RAPD fragment is generated. No cleavage occurs in these places in the non
mutant sample, and three RAPD fragments are produced.

5.3.5 Detection limits for RAPD fingerprinting

One of the major questions arising with regard to the potential of RAPD fingerprinting 

in mutation detection is the limit of accurate detection. How capable is the technique in 

detecting the mutant in a population of non-mutants? In order to investigate this, mutant DNA 

(sample 39) was mixed with increasing quantities of non-mutant wild-type DNA (LB463), as 

detected by the presence or absence of polymorphic bands in the RAPD assay. These DNA 

mixtures were then subjected to RAPD fingerprinting as before, and the concentration of 

mutant DNA at which the polymorphic band(s) became visible/invisible was taken as a semi- 

quantitative indicator of lower detection limit.
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1166

Figure 5.12 - Negative image o f RAPD fingerprint 
mixing experiments with primer 70_06 and 
mutant/non-mutant DNA mixtures. Lane 1 is the 
unmixed non-mutant sample LB463; lane 2 contains 
1:100 mutant DNA sample 39; lane 3 contains 1:50 
mutant:non-mutant; lane 4 contains 1:20; lane 5 
contains 1:10; and lane 6 is the unmixed mutant 
sample.

Figure 5.12 shows an example of this with fingerprints from the non-mutant/mutant 

human DNA mixtures described above generated by the primer 70 06. The wild-type DNA 

sample gives rise to a RAPD fingerprint with 70 06 consisting of five DNA fragments 

ranging from 432 to 1776 base pairs. The RAPD fingerprint of the mutant sample gives rise 

to a polymorphic 1431 base pair band. In these mixing experiments, the lowest proportion of 

mutant DNA at which this polymorphic band is detected is at 1 in 50 compared to the wild- 

type DNA (1.5ng mutant in 75ng total genomic DNA). This was the lowest level detected in 

these experiments.
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5.4 DISCUSSION

5.4.1 RAPD fingerprinting of human DNA

The ability to quantify the frequency of mutant cells in peripheral blood of humans 

allows the possibility of identifying individuals exposed to environmental mutagens or 

carcinogens. Several systems have been developed for use as such potential biomonitors and 

include the glycophorin-A gene of red cells and the hprt and human leukocyte antigen genes 

of T-lymphocytes [Albertini et al, 1990]. The hprt clonal assay has been used by many 

laboratories for the quantification of in vivo somatic mutations both in normal individuals and 

populations exposed to ionizing radiation, cancer chemotherapy and other suspected 

mutagens/carcinogens. An advantage of this assay is that mutant clones can be expanded for 

molecular characterisation of the underlying mutation. Knowledge of the types of mutations 

found may provide insights into the specific agent or class of agents to which an individual 

was exposed [Fuscoe et al, 1994]. A disadvantage of this and other similar assays is the fact that 

they rely, similarly to the Ames test in bacteria, in an alteration in a marker gene leading to 

a phenotypic change. Mutations elsewhere in the genome are not detected.

Having established the potential of RAPD fingerprinting to investigate mutations and 

genetic alterations in bacteria and yeast, the next step was to determine the ability of the assay 

to work in human DNA. Under optimised conditions, a sufficient library of primers was able 

to generate fingerprints of appropriate complexity for detection and analysis by agarose gel 

electrophoresis and ethidium bromide staining, similar to those observed in microbial species. 

Although the human genome is many orders of magnitude larger than that of the microbes 

previously tested, RAPD fingerprints generated similar numbers of bands when the products 

were examined in this way. Due to the increase in genomic complexity (C = 3 x 10̂  bp ), 

many more products would be expected to have been produced. Using the equation described 

in section 3.4.4:

h = (3000 X 4-2")C

we would expect that for generation of 8 fragments in a RAPD reaction that full 

complementarity of the 10 base primer-target hybrid would be achieved for these observed 

fragments. It may be that these fully complementary hybrids are amplified preferentially to 

those of lower complementarity, which are undetectable in this system. Larger numbers of
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products have been generated and detected by similar DNA fingerprinting techniques, and 

have been demonstrated using polyacrylamide sequencing gels and silver staining [Welsh et al, 

1995; Caetano-Annoles et al, 1991].

Positive controls were obtained in order to evaluate RAPD fingerprinting in human 

DNA. DNA samples with total or partial deletion mutations were obtained from patients with 

HPRT deficiencies. Both of these types of deletion mutations have traditionally been 

characterised by Southern blot hybridisations, although more recently the multiplex PCR 

reaction has been adapted for investigating the hprt locus [Fuscoe et al, 1994; Park et al, 1995]. 

Confirmation of the mutants involved here was achieved using multiplex PCR, when 

compared to Southern hybridisations and the literature. When RAPD fingerprints were 

generated of these DNA samples, differences were visible for both mutants as compared to 

a non-mutant control. Unfortunately, no intra-individual control samples were available. 

“Control” DNA samples were obtained from a different, healthy patient. Thus these RAPD 

fingerprint polymorphisms observed between DNA containing known deletion mutations and 

those which do not, could not be unequivocally assigned to these mutations. The degree of 

inter-individual differences, and the effect of these on RAPD fingerprints in human DNA is 

unknown. This confounding factor must be eliminated before continuing.

To this end, mutant samples of a different type were also obtained. Lymphoblastoid 

cell lines were exposed to UVB radiation, mutants selected for by the hprt assay, and the point 

mutations characterised at source. These positive controls could then be directly compared to 

the non-mutated parental cell line, as they can be considered as having come from the same 

genetic “individual”.

These /z/>r^selected point-mutated DNA samples also gave rise to polymorphisms 

visible in their RAPD fingerprints. Whether these are a direct result of the mutation within the 

hprt gene is not evident from the RAPD assay, although given the complexity of the human 

genome, the chances are that they are not. Rather, it is likely that the UVB treatment, whilst 

causing a single point mutation within the hprt gene which is then detected using the hprt 

assay, also causes a number of mutations elsewhere throughout the genome. These are 

detected by RAPD fingerprinting, but not by clonal assays such as hprt. This neatly 

demonstrates an advantage of such a genotypic selection system for mutation detection, but 

also its major drawback, namely the need for further experimental procedures to accurately 

characterise the polymorphism.
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5.4.2 Restriction enzyme digestions of RAPD fingerprints

The use of restriction enzymes in PCR-based mutation detection systems have been 

well documented [Steingrimsdottir et al., 1996]. By combining such an approach with RAPD 

fingerprinting, it may be possible to detect mutations within an amplified fragment. Such an 

alteration in the genomic sequence that an enzyme recognition sequence present is mutated 

such that the enzyme no longer recognises it, or else a new recognition site is generated, may 

be detected by restriction enzyme digestion. This was achieved for EcoRI, as described in 

figures 5.11a and b. This, in effect, details the discovery of two novel restriction fragment 

length polymorphisms (RFLPs) within the genome of DNA sample 26.

This combined approach may further increase the genomic target associated with 

RAPD fingerprinting, as point mutations within the primer binding domains may be 

investigated. The basic restriction site mutation method (RSM) [Parry et al., 1990] would also 

be simplified as, when the restriction enzyme is incubated with the post-amplification mix, 

100% cutting efficiency of the small fragment is considerably easier to achieve, and not even 

strictly necessary for meaningful results. However, despite these conceptual benefits, choosing 

a battery of restriction enzymes to utilise in this way is labourions and time-consuming, and 

relies heavily on guess-work and luck. Information about recognition sequences contained 

within a fragment amplified by RAPD fingerprinting, or putative sites for novel recognition 

sequence generation would, ideally, need to be known in advance to simplify this technique. 

These considerations clearly compromise the central advantage of RAPD fingerprinting, 

namely that little knowledge of the biochemistry or molecular biology of the sample being 

studied need be known beforehand. The theory behind RSM, the problems associated with it, 

and potential development of novel techniques based upon it and PCR will be discussed in 

Chapter 7.

5.4.3 Sensitivity of RAPD fingerprinting for human mutation detection

Essential for the prospective worth of the RAPD assay in mutation detection is the 

ability of the technique to detect the mutant in a population of non-mutants. In order to 

investigate this, experiments with mixed templates of mutant and non-mutant DNA were 

carried out. It is reported that when genomic DNA samples from two individuals of the same
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species (or, by inference, mutant and non-mutant cells from the same individual or cell line) 

are mixed in different ratios, most polymorphic bands are amplified in proportion to the 

amount of their respective genomic DNA template [Williams et al, 1993]. These bands may be 

amplified in proportion because they present equally good matches to the primer at their 

respective genomic target sites. Some polymorphic bands, however, may be poorly amplified 

and are detected only when their respective genome is present in several-fold excess over a 

competing genome.

In these mixing experiments, polymorphic bands were seen when there was a 50-fold 

excess of non-mutant over mutant DNA. However, the sensitivity could not be improved upon 

in our system, and with the outcome of an amplification reaction determined in part by a 

competition for priming sites in the genome, it appears that this may be approximately the 

lower limit. It seems clear from these results that the sensitivity of RAPD fingerprinting of 

human DNA is several orders of magnitude away from being a useful genotypic mutation 

assay system.

In isolation, RAPD fingerprinting as a screening method for unknown mutations in 

complex genomes may be fatally flawed. It does, however, provide a useful sample of the 

genome for investigation by more sensitive and well-established screening techniques. Using 

a putative primer library of only 10 arbitrary 10-mers, generating an average of 10 fragments 

of an average 1000 base pairs (a situation which may be readily achieved with a fully 

optimised system), 100 000 base pairs are sampled in this way. It is easy to envisage a scaling 

up of this system, either by a larger primer library, or by more sensitive detection systems, 

thus resolving more fragments per primer. As there is no apparent bias in the derivation of 

these fragments from within the genome, the size of the window provided by RAPD 

fingerprinting for genomic analysis is larger than that provided for by other molecular 

techniques. In combination with a convenient, sensitive screening technique for mutation 

detection within these fragments, a powerful new approach for genotypic mutation analysis 

may be developed.
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CHAPTER 6 -  REAMPLIFICATION OF RAPD BANDS FOR 

FURTHER MUTATIONAL ANALYSIS

6.1 INTRODUCTION

6.1.1 DNA fragments derived from RAPD fingerprinting

The fragments generated by RAPD fingerprinting fall into two categories. Firstly 

there are those which are present in only one of the samples (mutant or wild-type), and may 

be classed as polymorphisms. The appearance of polymorphic bands between “test” DNA 

samples and appropriate controls is diagnostic for DNA sequence variation. This may be due 

to point mutation in the primer binding site; or else deletion, either of an amplified binding 

site itself, or within two otherwise overly remote sites for primer annealing. Either way, the 

variation is such that only one of the samples (mutant or non-mutant) contains the 

polymorphic band.

Alternatively, the ffagment(s) may be present in the fingerprints of both mutant and 

non-mutant DNA. In this case, mutations between the primer binding sites may be present, 

yet missed by RAPD fingerprinting. The central tenet of RAPD library fingerprinting was 

to utilise the primer annealing sites as an arbitrarily-chosen “snapshot”, from across the 

genome, to provide a useful subsection of genomic DNA with which to investigate. 

However, these non-polymorphic bands, which prove negative when taken in this annealing 

site “snapshot” context, may still be analysed further for mutations.

Once a sample of DNA has been identified as being mutated, by the presence of 

polymorphic RAPD fragments, these common non-polymorphic bands may be excised from 

agarose gels and reamplified for further use as probes for a variety of mutation detection 

systems, including single-stranded conformational polymorphism (SSCP) analysis [Orita et 

al, 1989] and chemical cleavage of mismatches (COM) [Cotton et al, 1988].

Previous chapters have demonstrated the importance of developing a 

mutation detection system which is based on genotypic selection of mutated DNA 

sequences. RAPD library fingerprinting generates discrete differences between mutant and
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non-mutant DNA based upon sequence differences in the genome of bacterial, yeast and 

human samples. However, the inability of the technique to characterise the mutation, and the 

inability to detect mutants in a vast excess of non-mutants have proved to be two formidable 

drawbacks.

Despite these problems, the relative ease, flexibility and speed of the technique for 

generating comparable fragments of DNA between mutant and non-mutant populations can 

still be utilised for the techniques mentioned above. These bands are short (100 - 4000 base 

pairs) fragments of DNA which are amplified as a result of the binding of two arbitrary 

primers. They provide a set of arbitrarily-chosen “test” and “control” samples from 

throughout the genome for use in detecting and characterizing mutational events.

In this chapter, attempts are made to reamplify these RAPD fragments in sufficient 

purity and quantity for use in SSCP and CCM analysis. This is done in order to evaluate the 

potential of these techniques in combination for convenient, accurate and sensitive mutation 

detection.

6.1.2 Reamplification of RAPD bands

A number of technical difficulties can be anticipated with the reamplification of 

bands present in RAPD fingerprints. The fragments of DNA required must be excised from 

agarose gels, purified and eluted in an appropriate storage buffer at a concentration suitable 

for subsequent reamplification. Extensive optimisation of the PCR protocol is required in 

order to generate sufficient quantities of the fragment for further analysis by SSCP and 

CCM. Ideally, the design of two distinct PCR primers, 20 to 30 base pairs in length, 

corresponding exactly to the flanking sequences of the fragments on opposite strands of the 

DNA molecule, would be designed for these protocols. However, as no sequence 

information is available in respect of the fragment, the arbitrary 10-mer must be retained for 

the subsequent PCR. Two methods may be utilised in order to shift the dynamic balance of 

the reaction towards the desired product.

The first method of overcoming these problems is booster PCR [Ruano et ai, 1989]. In 

this procedure, the first cycles of PCR are performed with diluted amounts of both primer 

and template, to achieve a constant 10^-fold molar excess of primer to template. For greater
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amplification, the primer is boosted during later cycles. This procedure was devised to 

amplify the desired target several-fold during the so-called screening phase of PCR; those 

initial product molecules would then become the principal template for subsequent 

amplification during later cycles. Booster PCR has been employed to amplify selectively 

GC-rich exons in the p53 tumour suppressor gene and ras oncogene [Phillips et ai,  1992].

Hot-start PCR is a related method which is popular in diagnostics and forensics for 

amplification of dilute DNA samples [Erlich et al.,\99\].  All variants of this technique share 

deliberate exclusion of at least one essential reagent from the reaction mixture. The missing 

component (more usually the Taq DNA polymerase) is added only after the mixture has 

reached a temperature of at least 70 °C. The salient effect of hot-start PCR may be to render 

the DNA template amenable to selective amplification during the first cycle of PCR. Hot- 

start precludes any synthesis of extraneous products arising from non-selective primer- 

template hybridisation at temperatures between 30°C and 60°C, a range in which Taq 

polymerase retains partial activity. Such spurious products would be synthesised during the 

first cycle of PCR if the entire reaction mixture is initially prepared at room temperature and 

then ramped to 94°C. Beginning with the second cycle of PCR, the spurious products could 

be amplified at the expense of the intended target.
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Figure 6.1 - Schematic diagram illustrating the differences between 
“standard” PCR, Booster PCR and Hot-start PCR.
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Background amplification associated with the short (10 base) arbitrary primers used, 

as well as the low stringency of annealing that is a feature of the original RAPD 

amplification procedure represent hurdles to be overcome. Once sufficient quality and 

quantity can be generated in this way, there remains the purification of the PCR products 

before the subsequent analyses can take place.

6.2 MATERIALS AND METHODS

6.2.1 Equipment and reagents

All chemicals and reagents were of molecular biology grade as certified by the 

manufacturer. Agarose, ammonium persulfate, TEMED and ethidium bromide were 

purchased from Sigma Chemical Co. Ltd. 40% acrylamide/bis solution (19:1, 5.0 % C) and 

Silver Stain Plus kit were obtained from Bio-Rad. SpinBind® DNA recovery system was 

purchased from FMC BioProducts, Rockland, ME, USA, via Flowgen Ltd, UK. Primers 

were obtained from Genosys.

6.2.2 Recovery of DNA fragments

Agarose gels with RAPD patterns containing the band(s) of interest were stained 

with ethidium bromide and visualised under UV light through a near-UV-opaque screen. 

This just allows the band to be visualised, and strand breakage of the DNA caused by UV 

irradiation is kept to a minimum. The fragment was excised from the gel and excess agarose 

trimmed before three volumes of Binding Solution (7.2 M sodium iodide, 20 mM 

dithiothreitol (DTT), 0.1 M sodium phosphate, pH 6.0) was added to the slice in an 

Eppendorff tube, and allowed to dissolve at room temperature. The DNA sample was then 

loaded into a SpinBind unit and centrifuged at high speed for 10 seconds. The filtrate was 

collected, reapplied to the unit and centrifuged again a further two times. 400 pi of Sodium 

Iodide Wash Buffer (4.8 M sodium iodide, 20 mM DTT, 0.066 M sodium phosphate, pH

6.0) was added to the unit and centrifuged for 10 seconds. The wash solution was discarded. 

Next, 400 pi High Ethanol Wash Buffer (80% ethanol, 50 mM Tris/HCl, 1 mM EDTA, pH
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8.0) was added to the unit and spun, with the wash solution discarded. The ethanol wash was 

repeated a further two times before the empty unit was centrifuged at high speed for 30 

seconds to remove any remaining ethanol wash buffer. Finally, 50 pi of DNA Elution Buffer 

(10 mM Tris/.HCl, 0.1 mM EDTA, pH 7.6(TE)) at 65°C was applied to the unit and 

centrifuged for 10 seconds to recover the sample.

6.2.3 Reamplification of RAPD bands

Once DNA Aagments were obtained of sufficient concentration to be of use for 

further amplification (at least 10 - 25 ng DNA per 25 pi reaction tube) temperature cycling 

profiles were devised to maximise the chances of obtaining a good, uncontaminated product. 

Starting with the optimised RAPD protocol (see 5.2.3), modifications were made to lower 

the magnesium concentration, lower the primer concentration and increase the annealing 

temperature, to bring the protocol closer to a “standard” PCR reaction. Other techniques 

such as “booster” and “hot-start” PCR were tested to try and overcome the generation of 

poor quantity product and unwanted bands. Reaction components such as Mg^ ,̂ primer and 

template concentration were also optimised. The final protocol which gave the most 

consistent results to this end was as follows. Amplifications were carried out in 25 pi 

volumes (subsequently scaled up to 100 pi for increased production) containing 10-25 ng 

template DNA, 3.0 mM MgClj, 75 pmol primer, 0.625 units Taq DNA polymerase, 200 pM 

each ofdATP, dCTP, dGTP, dTTP in 10 mM Tris HCl (pH 8.8), 50 mM Kcl, 0.1% w/w 

gelatin. The thermal cycling profile consisted of 5 minutes at 95°C prior to addition of Taq 

polymerase (“hot-start”) followed by 25 cycles of dénaturation at 94 °C for 1 minute, 

annealing at 45 °C for 1 minute and extension at 72°C for 2 minutes. The last step was a 10 

minute final extension at 72°C.

Confirmation of successful amplification was carried out by running a small quantity 

(5 pi) of product on agarose minigels, and products purified directly from the PCR mixture 

using the SpinBind® PCR purification system. Here the PCR mixture was combined with

1.5 volumes Sodium Iodide Stock Solution (8 M sodium iodide, 22 mM DTT), loaded into 

the SpinBind unit and incubated at room temperature for 1 minute. The unit was centrifuged 

at high speed for 10 seconds, the filtrate re-applied to the unit and repeated a further two 

times. Subsequently, 400 pi of ice cold Low Ethanol Wash buffer (55% ethanol, 122 mM
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NaCl, 22 mM Tris/HCl, 2.2 mM EDTA, pH 7.5) was applied to the unit, spun and repeated 

twice before spinning the empty unit for 30 seconds to remove any remaining ethanol wash 

buffer. Finally the DNA was eluted in 50 pi TE.

6.2.4 Single Stranded Conformation Polymorphism (SSCP) analysis

For SSCP analysis, a 5% polyacrylamide gel was used with a low cross-linking ratio 

of 39:1 acrylamide/bis. Single stranded DNA was produced by denaturing the samples at 

95 °C for 5 minutes before transferring immediately to ice. Sample volumes in loading buffer 

of 8 pi were loaded onto the gel and electrophoresed at 4 °C in a cold room at 40 W constant 

power for 2 - 4 hours. After one hour, a second batch was run in order to reduce the risk of 

missing shifted bands. A lane of double stranded DNA was run with each batch of samples 

to enable distinction between single and double stranded bands.

The results were visualised by silver staining using the Silver Stain Plus kit (Bio 

Rad). Firstly, the gel was placed in fixative for 20 minutes (50% methanol, 10% acetic acid, 

10% fixative enhancer concentrate), followed by two 10 minute rinses with deionised 

distilled water. Next staining and developing was carried out by placing the gel in a freshly 

prepared solution of silver complex, reduction moderator and image development reagents 

along with the development accelerator solution. The reaction was stopped when the desired 

staining intensity was achieved (approximately 15-20 minutes) by placing the gels in a 5% 

acetic acid solution.

6.2.5 Chemical cleavage of mismatches (CCM) analysis

Hybrids of wild-type and mutant DNA samples were produced by reacting the 

samples together at 95°C for 5 minutes, followed by 65°C for 12 hours, finally stopping the 

reaction by addition of 60 pg mussel glycogen and the stop/precipitation mixture (80% 

ethanol, 63 mM sodium acetate, 20 pM EDTA, pH 8.0), before snap-freezing on dry ice. The 

solution was spun, the supernatant discarded, and the pellet resuspended in TE. The sample 

was then split into two aliquots for treatment with either osmium tetroxide (0.025% osmium 

tetroxide, 3% pyridine) or hydroxylamine (2.3 M, adjusted to pH 6.0 with diethylamine) at 

37 °C for 2 hours. After this time the reactions were stopped by addition of stop/precipitation
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mixture and the sample recovered by ethanol precipitation as before. The samples were then 

incubated in 1 M piperidine at 90°C for 30 minutes, followed by stop/precipitation once 

again. Finally the samples were resuspended in formamide loading buffer (95% deionised 

formamide, 10 mM EDTA, 10 mg/ml xylene cyanol, 10 mg/ml bromophenol blue), heated 

to 95 °C for 5 minutes, snap-chilled and loaded on to a denaturing 5% polyacrylamide gel. 

Visualisation was carried out by silver staining as previously described.

6.3 RESULTS

6.3.1 Reamplification of RAPD bands

There were a number of technical problems associated with the reamplification of 

the excised and purified RAPD bands. These bands were originally generated using single 

arbitrarily chosen 10-mer primers, and the amplification carried out at a low stringency of 

annealing. In these optimisation experiments, a 964 base pair fragment obtained from RAPD 

fingerprints derived from primer 7 0 1 8  with human DNA, non-mutant LB 463 and point 

mutant 26 was used. This fragment acted as a “self-template” for the subsequent PCR 

experiments, using the single primer 7 0 1 8  (GGCCTTCAGG).

Firstly, reamplification was attempted using the identical conditions to the original 

RAPD protocol (see 5.2.3). Figure 6.2 shows the reamplification by the original protocol of 

the 964 base pair fragment described above. Although the product appears as a single band 

of the expected size, there is a significant amount of background DNA concurrently 

amplified. As well as a considerable quantity of primer-dimers at the bottom of the gel, a 

long smear of DNA is seen through the lane of each sample run.
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Figure 6.2 - Reamplification of a 964 base pair 
RAPD fragment using original RAPD protocol. 964 
base pair fragment excised and purified from RAPD 
fingerprint of human, non-mutant LB463 DNA (lanes 
1&3) and point mutant 26 (lanes 2&4) using primer 
70_18.

Similar results are produced when “standard” PCR conditions are applied to the 

amplification protocol (see 6.2.3), as seen in figure 6.3.
1 2 3

964

Figure 6.3 - Reamplification of a 964 base pair 
RAPD fragment using standard P C R  protocol. 964 
base pair fragment excised and purified from RAPD 
fingerprint of human, non-mutant LB463 DNA (lanes 
1&3) and point mutant 26 (lane 2) using primer 
70 18.
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Next, the protocol was amended to include the essential facets of Booster PCR. Here, 

low concentrations of primer (25 - 50 pmol) are used during the first five cycles, followed 

by a primer boost (a further 50 pmol) to allow exponential amplification of the already 

enriched template. Figure 6.4 shows an example of the results obtained with Booster PCR. 

Here, less non-specific product generation is seen, with the absence of a smear, and a 

reduction in primer-dimers, however a number of spurious products are present, particularly 

in the fragment derived from the mutant DNA sample.

Figure 6.4 - Reamplification of a 964 base pair 
RAPD fragment using Booster PCR. 964 base pair 
fragment excised and purified from RAPD fingerprint 
of human, non-mutant LB463 DNA (lanes 1&3) and 
point mutant 26 (lanes 2&4) using primer 70_18.

964

Finally the Hot-start procedure was added to the PCR protocol. The full reaction 

mixture, minus the Taq DNA polymerase, is incubated at a high temperature (94 °C) so that 

priming from the “wrong” sequences will not occur under the low stringency conditions of 

the first transition from low (“room”) temperature to the first dénaturation step. An improved 

yield of desired product was regularly achieved using this method in combination with a 

subsequent optimisation of magnesium concentration (figure 6.5).
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Figure 6.5 - Reamplification of a 964 base pair 
RAPD fragment using Hot-start PCR. 964 base pair 
fragment excised and purified from RAPD fingerprint 
of human, non-mutant LB463 DNA (lanes 1&3) and 
point mutant 26 (lane 2) using primer 70_18.

Once the basic PCR protocol had been modified for the specific amplification of the 

required fragment, the individual reaction components were optimised Taking the standard 

Hot-start PCR protocol as a starting point, a range of magnesium ion concentrations, primer 

concentrations, annealing temperatures and genomic DNA concentrations were tested to 

determine their optimum levels. This was determined by calculating the percentage of total 

DNA present in each reaction as the required fragment. This was calculated using image 

analysis. The resulting optimisation graphs are shown in figures 6.6a, b, c and d.
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m a g n e siu m  c o n c e n t r a t i o n  (mM)

Figure 6.6a - Optimisation graph for magnesium ion 
concentration in the reamplification of a RAPD band from 
human DNA. Using LB463 DNA and primer 70_18.
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Figure 6.6b - Optimisation grapti for prim er concentration 
in the reamplification of a RAPD band from human DNA. 
Using LB463 DNA an(d primer 70_18.

9 0

6 0

4 5

<
zQ

0 25 5 0 7 5 100 125 1 5 0

tem pla te  DNA co n c en t r a t i o n  (ng)

Figure 6.6c - Optimisation graph for template DNA  
concentration in the reamplification o f a RAPD band from 
human DNA. Using LB463 DNA an(d primer 70_18.
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Figure 6.6d - Optimisation graph for annealing temperature 
in the reamplification of a RAPD band from human DNA. 
Using LB463 DNA and primer 70_18.

6.3.2 Single stranded conformation polymorphisms

The mobility of single-stranded nucleic acid molecules electrophoresed under non

denaturing conditions is determined by both their fragment length and their secondary 

structure which is sequence dependent [Orita et ai, 1989]. A fragment may adopt several 

conformations for any given set of electrophoretic conditions and these are visualised as 

separate bands in the gel. Some or all of these bands may show a shift in a mutated sequence, 

a single base change being sufficient to alter secondary structure and hence mobility.

DNA fragments derived from RAPD fingerprints of human DNA were subjected to 

SSCP analysis. Figure 6.7 shows an SSCP reaction from of a 246 base pair fragment obtained 

from RAPD fingerprints of wild type and mutant 26 DNA samples with the primer 70 06 

(GGACTCCACG). SSCP reactions for a 325 base pair fragment derived from RAPD 

fingerprints of wild-type and mutant 39 DNA samples with the primer 70 09 

(TGCAGCACCG) were also tested (results not shown). The bands were present in both 

template DNA samples and showed no RAPD polymorphisms. They were excised and 

purified as described above.

No mobility shifts using SSCP analysis under these conditions were seen with these 

samples.
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Figure 6.7 - SSCP analysis of a 246 base pair 
fragment obtained from RAPD fingerprints of human 
DNA with primer 70_06. Lanes 1 &2 show the non- 
mutant LB463-derived sample, lanes 3&4 the mutant 
26-derived sample.

6.3.3 Chemical cleavage of mismatches

Heteroduplexes formed as a result of mismatch between mutant and wild-type DNA 

samples can be investigated by CCM. Such mismatched sites are sensitive to specific 

modification by either hydroxylamine (mismatched cytosine residues) or osmium tetroxide 

(mismatched thymidine residues). The DNA strand can then be cleaved at the site of 

modification by piperidine and analysed by denaturing polyacrylamide gel electrophoresis.

Figure 6.8 shows a CCM analysis for a 565 base pair fragment obtained from RAPD 

fingerprints of mutant (26) and wild-type human DNA with primer 70 06. The bands were 

present in both template DNA samples and showed no RAPD polymorphisms. They were 

excised and purified as described above.

No chemical cleavage of mismatched bases under these conditions was seen with 

these samples.
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Figure 6.8 - CCM analysis of a 565 bp fragment 
obtained from RAPD fingerprints of human DNA with 
the primer 70_06. Lanes 1 &2 show the non-mutant 
LB463-derived sample; lanes 3&4 show the mutant 
26-derived sample. Lanes 1&3 were treated with 
hydroxylamine; lanes 2&4 with osmium tetroxide.

6.4 DISCUSSION

6.4.1 Reamplification of RAPD bands

The ability to excise, purify, and reamplify bands from RAPD fingerprints from 

template DNA sources characterised as mutant and wild-type is crucial for their subsequent 

use as probes for other mutation detection techniques. Due to the unusual nature of the 

amplification achieved by RAPD fingerprinting, such reamplification of the fragments poses 

a number of technical problems. Using a DNA fragment excised from an agarose gel as a 

template for a PCR reaction with a 10-mer primer gives rise to considerable contamination 

of the subsequent amplification reaction with non-specific artefacts. Using the original RAPD 

protocol, a large quantity of primer-dimers, as well as a smear, or series of faint bands, were 

present along the length of the gel.

Primer-dimers are template-independent, duplex PCR products composed primarily 

of the primers employed in the PCR reaction. Once initiated, primer-dimers are amplified 

very efficiently and can become the predominant reaction product. High enzyme and primer 

concentrations, and the low annealing temperatures typical of the RAPD protocol, are known 

to increase the frequency of primer-dimers. Subsequent improvements, especially increasing
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the temperature of annealing, led to a reduction, and eventually absence, of these artefacts.

The more standard PCR protocol, however, did not significantly reduce the amount 

of smear seen in the gels. The precise nature of these artefacts is not knovm, although they 

may be at least partially single-stranded products which may have arisen from the annealing 

of amplified DNA strands which have shared homology over only part of their length [Silver, 

1991]. As only a single primer is used to prime synthesis of both strands of DNA, it is clear 

that any DNA fragment amplified in this way will have the same 10-base sequence 

(depending on complementarity) in the same direction on opposite strands at each end. 

Contamination of the fragment when excising from the gel of even minute quantities of non

specific DNA is a major problem. This background DNA may not be present in sufficient 

quantities to be visible by ethidium bromide staining, or may not be resolved from the target 

band by the agarose gel. However, in terms of the PCR reaction, even trace amounts of the 

contaminant DNA can serve as a template, and the partial sequence homology to the desired 

band may lead to interactions between them. Melting and re-annealing of these fragments 

may give rise to partially double-stranded, partially single-stranded hybrid molecules which 

may account for this smear, or faint non-specific bands.

Essential to removing these artefacts is to prevent mis-priming. Booster PCR attempts 

to do so by lowering the primer to template ratio in the first few cycles, before the addition 

of more primer to allow exponential amplification of the target sequence. In the 

reamplification of RAPD bands, the quantity of primer-dimers was greatly reduced, but other, 

non-specific bands were still amplified along with the target, possibly due to the partial 

homology of the fragment to itself as described above.

The Hot-start PCR technique resulted in the least artefactual amplification. The 

addition of the Taq polymerase after a pre-incubation of the other reaction components at 

94° C for five minutes led to an enrichment of the specific amplification of the target 

fragment. This technique prevents the synthesis of any extraneous products, such as those 

described above, at the lower temperatures characteristic of the reaction when the 

components are mixed at room temperature before the initial dénaturation phase.

In addition to these considerations, other components of the PCR mixture also 

required optimisation for the best results in these reamplification experiments. Lower primer 

and magnesium concentrations, as well as increased dNTP concentrations, were found to 

assist in the selective amplification of the intended target.
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6.4.2 Use of RAPD bands as probes

Purified RAPD fragments amplified in significant quantities from both mutant and 

wild-type genomic DNA templates form ideal probes for further mutation detection 

techniques. Although all of the probes examined by SSCP and CCM from earlier RAPDs 

tested negative in these one-off experiments, this preliminary work has demonstrated the 

potential of combining RAPD fingerprinting with established methods of detecting unknown 

mutations.

RAPD library fingerprinting allows for the generation of a sample of genomic DNA 

from throughout the genome in an unbiased maimer. By performing RAPD library 

fingerprinting on genomic DNA samples, wild-type and putative “mutant” samples may be 

distinguished by polymorphisms such as those described in earlier chapters. Further 

information may be obtained with regard to these polymorphisms by sequencing, if 

necessary. To further characterise the degree of mutation present in the altered genome, bands 

may be obtained from RAPD fingerprints of both samples, purified, reamplified and further 

investigated using one or more of the mutation detection techniques described above. Thus 

those mutations missed by RAPD fingerprinting may be detected, enlarging the genomic 

“window” of mutational observation. Final characterisation of any mutations detected in this 

way may be further achieved by sequencing.

It may also be possible to obviate the need for the troublesome purification and 

reamplification of individual bands firom the RAPD mixture. By running this mixture of 

bands directly in the additional mutation detection analyses, a complicated picture may occur 

should any of the bands prove positive for a mutation. This may be resolved by Southern blot 

analysis of any cleaved fragments (restriction enzyme cleavage, CCM) back against the 

original RAPD mixture to determine the origin of these novel fragments. Further work is 

needed to investigate whether this approach is technically viable, yet should allow for 

increased throughput and efficiency of these combined protocols.

In this way, RAPD library fingerprinting forms the basis of an elaborate, yet relatively 

simple to perform mutation assay which allows a screening of the genomic DNA throughout 

its length for qualitative detection of mutational events, followed by detailed mutational 

characterisation of a snapshot of the genome already generated by the screening process.

147



6.4.3 Enzyme mismatch cleavage

In order to avoid the toxic chemicals associated with CCM, the novel method of 

enzyme mismatch cleavage (EMC) [Youil et ai, 1995; Mashal et al., 1995] may be used. This is 

analogous to the chemical cleavage technique in that it cleaves heteroduplex DNA at base 

pair mismatches, however it does not require multiple precipitation steps. By melting and re

annealing wild-type (WT) and mutant DNA in the same tube, heteroduplexes are formed. 

EMC exploits the activity of a bacteriophage T4 enzyme, endonuclease Vll, that cleaves 

heteroduplex DNA at single base pair mismatches and deletions/insertions (figure 6.9). The 

cleavage products can then be visualised by autoradiography after gel electrophoresis [Youil 

et ai, 1995]. This method has been used to successfully identify 81 of 81 known mutations in 

a segment of the mouse P-globin promoter [Youil et al, 1996], and is one of the few techniques 

capable of quickly detecting and locating a single nucleotide mutation within kilobase 

stretches of DNA. Work was carried out with T4 endonuclease Vll in the laboratory at the 

completion of this thesis for a combined RAPD-EMC protocol for mutation detection, 

however results were not available for inclusion herein.
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Figure 6.9 - Enzyme mismatch cleavage. Labelled mutant and wild-type 
DNA molecules are denatured and rehybridised to form heteroduplexes. 
T4 endonuclease VII recognises mismatched bases and cleaves the 
DNA into two fragments, which are separated by gel electrophoresis and 
visualised by autoradiography.
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CHAPTER 7  -  GENERAL DISCUSSION

7.1 GENOTYPIC MUTATION ANALYSIS

Somatic mutations have been detected in genes related to several forms of human 

disease, and in particular in proto-oncogenes and tumour suppressor genes. The clonal 

character of human malignant tumours implies that the original mutation must be present in 

a minute minority of cells in an essentially normal tissue. In most cases somatic mutations 

in disease-related genes do not give rise to a functional change of the mutated cell which 

would allow its isolation or expansion in vitro. Therefore, selection of mutated cells on the 

basis of an altered phenotype has to be replaced by biochemical separation and detection of 

the altered sequence of the gene of interest [Pourzand and Cerutti, 1993]. Such genotypic 

mutation analysis will require large numbers of cells at the outset since the expansion of 

mutated cells is avoided. Genotypic mutation systems are required because the actual 

mutability of a particular nucleotide sequence is expected to vary substantially for different 

genetic loci. Therefore, phenotypic mutation model systems and model genes can only give 

general indications about the type of mutations which can be caused by a particular mutagen.

Genotypic mutation systems have to possess analytical sensitivity which far exceeds 

the requirements for the detection of heterozygous or homozygous mutations in tissues from 

tumours or from patients with hereditary diseases. Average spontaneous mutation 

frequencies per base pair in human cells are estimated to be in the range of 10 * to 10 '° and 

these frequencies increase only 10 to 1000-fold upon exposure to a mutagen. Therefore, 

methods are required which allow the separation and/or distinction of a few altered DNA 

sequences from 10̂  to 10'° copies of the corresponding wild-type sequence in the presence 

of large quantities of cellular DNA. Ideally genotypic mutation systems should allow the 

measurement of the type, frequency and distribution of base pair changes, insertions and 

deletions in any target gene. Genotypic mutation analysis has the advantage that there are 

no silent mutations which escape detection in contrast to classical systems which rely on the 

production of a selectable, altered phenotype [Pourzand and Cerutti, 1993].
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7.2 DNA FINGERPRINTING

DNA fingerprinting is a powerful technique for the comparative analysis of closely 

related genomes and has shown forensic and medical applications [Kirby, 1990]. DNA 

fingerprinting using the highly polymorphic variable number of tandem repeats (VNTRs) 

[Jeffreys et al, 1985] has also been applied for the detection of polymorphisms during 

malignant transformation [Them et al, 1987; de Jong et al, 1988]. These polymorphisms have 

been useful for studies of clonality of tumours, both primary and metastatic [Smit et al, 1988; 

Fey et al, 1988]. DNA fingerprinting of minisatellite loci has also been applied to the analysis 

of somatic genetic alterations in transformations and both quantitative and qualitative 

genetic alterations have been detected in gastrointestinal tumours [Armour et al, 1989; 

Vogelstein et al, 1989]. DNA fingerprinting has also benefited from the advent of the 

polymerase chain reaction [Jeffreys et al, 1990a,b].

A PCR-based DNA fingerprinting technique, termed arbitrarily-primed (AP)-PCR 

[Welsh and McClelland, 1990] or randomly amplified polymorphic DNA (RAPD) fingerprinting 

[Williams et al, 1990] can also be applied for studying genetic alterations associated with 

mutagenesis and carcinogenesis. This approach utilizes PCR amplification with a single 

arbitrary primer generating a number of anonymous DNA bands that provide a fingerprint 

of the cell genome. For a determined set of experimental conditions the pattern of DNA 

bands that is amplified is reproducible. This property of the method is fundamental in its 

demonstrated application for fingerprinting and mapping of DNA polymorphisms in various 

prokaryotic and eukaryotic systems. It is believed that a single primer generates fingerprints 

by recognising variations in the genomic DNA sequence caused by single base changes or 

deletions of a priming site, or by insertions that render priming sites too distant to support 

amplification. The ability of RAPD fingerprinting to distinguish between two sets of closely 

related genomes, and the potential of the technique to detect single base changes and 

deletions in template DNA has been applied to mutagen-induced genomic DNA damage.
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7.2A Applications in cancer research

Arbitrarily primed (AP)-PCR [Welsh and McClelland, 1990] has been studied extensively 

as a complementary and alternative molecular approach to the cytogenetics of solid tumours 

[Welsh ei al, 1995]. The application of AP-PCR allows for an unbiased examination of genetic 

alterations of the cancer cell genome and has led to a better understanding of the genomic 

instability of cancer cells. The genomic fingerprints generated by AP-PCR disclosed the 

presence of ubiquitous somatic mutations in the cancer cell genome. These are the molecular 

symptoms of a defect in mismatch repair that unveiled a new mutator molecular pathway for 

oncogenesis [Ionov et al, 1993].

In addition, it is possible to detect losses or gains in the number of copies of a target 

genomic sequence by the differences in the intensity of the corresponding band in the AP- 

PCR fingerprint [Peinado et al, 1992]. This is based chiefly on a number of beneficial 

characteristics of the procedure. Firstly, the amplified bands usually originate from single

copy sequences instead of from repetitive elements. Secondly, there is no apparent bias for 

the chromosomal origins of the amplified bands and, therefore, fingerprints representative 

of the frill chromosomal complement can be obtained by the use of a few arbitrary primers. 

Finally, the amplification is semi-quantitative in that the intensity of an amplified band is 

proportional to the concentration of its corresponding template sequence.

The degree of aneuploidy of a tumour cell genome is reflected in differences in the 

intensities of AP-PCR bands compared to those from the normal diploid genome from the 

same individual. The possibility of detecting moderate gains of genetic material, such as 

those corresponding to triploidy and tetraploidy [Welsh e ta l, 1995], represents a significant 

technical development because such genomic changes cannot be readily detected by 

conventional allelotyping by RFLP or by typing of microsatellites.

There are obvious direct applications of this strategy, for instance, for cancer 

prognosis. The relative differences in the extent of genomic damage undergone by the cancer 

cell can be estimated by comparing the number of quantitative changes in the AP-PCR 

fingerprints of tumour DNA relative to normal tissue DNA. These arbitrary values, which 

reflect the different degrees of aneuploidy of the tumours, may have a predictive prognostic 

value [Perucho et al, 1995].
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7. 2.2 Detection of mutations by RAPD fingerprinting

RAPD fingerprinting has found wide-spread use in the fields of genetic mapping and 

genomic fingerprinting of a wide range of species. It has been used in epidemiology and 

infection control, microbial population genetics and evolution, microbial molecular genetics 

as well as studies of higher organism genome organisation and plant and animal breeding 

[see Berg et al, 1994]. Little work, however, has been published which utilises its ability to 

distinguish between two closely related genomes in the field of mutation detection. The 

exception to this is the report by Kubota and co-workers in 1992 which suggested a dose- 

response relationship between rates of band loss in fingerprints and irradiated y-ray doses 

in Japanese medaka embryos. They claim various advantages of these fingerprinting 

techniques for the detection of DNA damages induced in germ cells by y-rays. Firstly, the 

arbitrary primer anneals to many sites of genomic DNA, so a large part of the genome may 

be scanned with a single primer. Secondly the technique needs little knowledge of the 

biochemistry or molecular biology of the species under study. The method does not require 

functional selection based on a specific target gene, and thus falls under the category of 

genotypic mutation analysis. Finally, PCR enables the examination of large numbers of 

samples at once and in a short time [Kubota et al, 1992].

This thesis explored the possibilities of using RAPD fingerprinting to detect 

mutations in genomic DNA. RAPD fingerprinting is a reliable and reproducible technique 

when performed under optimised conditions, and before any substantive experiments may 

be carried out, these conditions must be exhaustively determined. The concentrations of 

magnesium ions and of genomic DNA in the reaction tube were found to be of critical 

importance in achieving these optimal parameters. The temperature of annealing is also a 

key feature of this technique. This is set at a far lower stringency, 36 - 40°C, than for 

standard PCR. At this lower stringency of annealing, multiple mismatch annealing may 

occur between the single primer and perfect or imperfect invert repeats in the template DNA 

[Venugopal et al, 1993].

Sets of arbitrary primers for RAPD fingerprinting, with appropriate G+C content, no 

complementary ends and avoiding complete palindromes are now commercially available. 

By running a number of these primers against the template genomic DNA under optimised 

conditions a library of useful primers, giving amplification of between 1 and 15 DNA
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fragments, may be built up. The fingerprints from this primer library may then be used to 

compare closely related genomes. Microbial strain and species, in bacteria and yeast, gave 

clearly recognisable differences in their RAPD library fingerprints. This is in agreement with 

previously published reports of RAPD fingerprinting of bacterial E. coli [Cave et a l, 1994; 

Brikun et al, 1994], Saccharomyces yeast species [Molnâr et al, 1995], the ectomycorrhizal 

fungus Suillus granulatus [Jacobson et al, 1993] and vertebrates such as the tilapia fish [Bardakci 

and Skibinski, 1994], amongst others.

Subsequently, E. coli was irradiated with UV light, a known and well-defined 

mutagen, any mutations were allowed to become “fixed”, and the DNA extracted. Wild-type, 

untreated DNA was compared with mutant DNA by RAPD library fingerprinting. Here, a 

dose-response relationship was seen for increasing losses and/or gains of bands in the 

fingerprint with increasing dose of UV radiation. RAPD fingerprinting is therefore able to 

detect mutagen-induced genomic DNA alterations in bacteria.

Furthermore, this method was tested with human DNA. Samples obtained from 

humans and cultured lymphoblastoid cells were selected as mutants via the hprt assay. For 

both of these types of samples, wild-type and mutant DNA were distinguished utilising the 

RAPD library fingerprinting assay. Deletions and point mutations, as previously defined and 

characterised by other means, led to gross changes in the RAPD fingerprints in cultured and 

circulating human cells, as a result of UV irradiation and inherited genetic disease.

7.2.3 Evaluation in this context: the potential of RAPD fingerprinting

Alterations in the genomic DNA sequence as a result of a mutation lead to a 

modification of the RAPD fingerprint generated by a specific arbitrary primer. This is the 

basis of mutation detection by this method. Mutations which cause such a difference in the 

RAPD pattern do so by either altering the ability of the primer to anneal, altering the 

distance between two primers, altering the ability of the polymerase to extend or by altering 

the relative amounts of the targets for amplification. In experiments with E. coli and human 

DNA, RAPD library fingerprinting detected both point mutations and deletions. Selecting 

for mutants by phenotypically examining mutations in a target gene {i.e. rifampicin 

resistance and hprt), it became clear that the mutations which underlie the alterations in the 

RAPD fingerprints are not restricted to this target gene, and are distributed throughout the
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whole genome. This is a significant advantage over conventional techniques. The relative 

ease, speed, and high throughput of the method also offer considerable benefits.

One of the critical drawbacks is the lack of information produced by RAPD 

fingerprinting. Localisation and characterisation of the mutation responsible for the observed 

polymorphisms must be carried out by subsequent and independent means. This may not 

necessarily be a problem for a mutation screening technique, however. The dose-response 

relationship evident from these experiments may be employed for (semi-?) quantitative 

analysis of the mutagenic potential of a compound or agent. Theoretically, a measure of the 

capacity of an agent to cause genomic DNA mutation in vitro or in vivo may be evaluated 

with exhaustive RAPD library fingerprinting.

Another serious limitation is the fact that RAPD can only detect mutations present 

in both copies of the eukaryotic genome. RAPD markers are dominant markers, because the 

presence of a given RAPD band does not distinguish whether its respective locus is 

homozygous or heterozygous. If it is necessary to identify heterozygous regions, for example 

in genetic mapping, two closely linked RAPD markers, each amplified from a different 

parent, may be used as a pair. Theoretically, a RAPD band derived from a heterogenous 

region should have half the intensity of a band derived from a homozygous region, however, 

the reliability of such quantitation remains to be determined.

The problem then becomes one of sensitivity. Crucial to this hypothetical experiment 

is the ability of the technique to detect the mutant in a population of non-mutants. In defining 

the requirements of a useful genotypic mutation assay above, it was stated that methods are 

required which allow the separation and/or distinction of a few altered DNA sequences from 

10̂  to 10’° copies of the corresponding wild-type sequence in the presence of large quantities 

of cellular DNA [Pourzand and Cerutti, 1993]. In studies on the sensitivity of RAPD 

fingerprinting in this context, it is clear that due to the nature of the kinetics of the RAPD 

amplification reaction, sensitivities in the region of 1 in 10̂  to 10̂  were all that were 

achieved. This very obviously represents a major hurdle to overcome, despite the otherwise 

encouraging potential of the technique, although methods for enhancing the sensitivity have 

yet to be fully explored.
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1.2.4 Use of RAPD probes in combination protocols

The problems of the basic RAPD protocol, used alone, are evident. The idea of its 

use as a simple, quick, accurate, sensitive and information-rich genotypic mutation screening 

technique seems untenable, precisely because of its apparent lack of sensitivity and its lack 

of mutational characterisation and localisation. It need not, however, be discarded in the 

context of mutation detection. By combination with chemical or enzymatic cleavage of 

mismatches, heteroduplex analysis, single stranded conformational polymorphisms, 

restriction enzyme cleavage. Southern hybridisations etc., the precise nature of the 

mutation(s) may be investigated further. In this approach, RAPD fingerprinting may be 

useful as a convenient way of generating a “snapshot” of appropriately sized fragments of 

DNA from throughout the genome. Indeed there are practical benefits from pursuing this 

avenue. The dose-dependent nature of the RAPD polymorphisms and their reproducibility 

allows for convenient examination of mutational targets or “hotspots” across the genome, 

and may allow comparison between different genomes and mutagens.

The production of this genomic sample by RAPD fingerprinting results in a number 

of “mutant” and “wild type” probe DNA fragments. These may be purified and reamplified 

individually for specific characterisation, or else the RAPD mixtures for individual primers 

kept in the same tube for high throughput screening mutational analysis. In this way, with 

a library of only 10 RAPD primers directed against mutant and wild type DNA, a genomic 

sample of an average 100,000 base pairs may be generated in a single RAPD protocol, and 

the resulting reaction mixtures taken directly for screening analysis. In laboratories with 

increased facilities, it is easy to envisage a dramatic scaling-up of these figures. In this way, 

a target of 1/1000 of the haploid genome being subjected to mutation screening techniques 

in as little as two steps is readily achievable. Confounding this with the requirement for a 

final visualisation step, as well as a potential characterisation step involving Southern 

hybridisation of probes to the original RAPD fingerprint represent a disadvantage, although 

not an insurmountable one.
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7.3 MISMATCH CLEAVAGE (MC)-PCR

7.3.1 Restriction site mutation analysis

The PCR revolution in mutation analysis has also lead to other proposed novel 

methodologies in which selection is applied not to mutated cells but directly to altered DNA 

sequences. One such example is the use of restriction endonucleases in restriction site 

mutation analysis, RSM [Parry et al, 1990; Bridges et al, 1990]. Here the enzyme will cleave 

‘normal’, unchanged restriction sites (vsdld-type), but leave mutated sites undigested. The 

problem then becomes one of detecting the uncleaved, mutated sequences among the vast 

excess of cleaved, wild-type DNA. When choosing appropriate PCR primers which flank 

the restriction site, digestion of wild-type sequences will destroy the DNA template for 

amplification and will therefore fail to yield a PCR product. Only undigested, mutant 

sequences can serve as a template and will be amplified (figure 7.1).

The fact that RSM obviates the need to grow cells in culture and allows the 

determination of mutations in any DNA makes it a powerful method applicable to the 

biomonitoring of exposed individuals. There are however several limitations of the RSM 

approach, as well recognised by Parry et al and Bridges et a l, which have proven 

problematic and are now thought to present obstacles which are extremely difficult to 

overcome. One essential precondition for the success of the technique is the efficiency of 

restriction digestion. If restriction is not close to 100%, vvdld-type sequences which have 

escaped digestion will give rise to PCR products, thus producing false positive test outcomes 

[Parry et al, 1990]. The practical problems associated with the requirement for highly efficient 

restriction became apparent during experimental studies with DNA constructs [Felley-Bosco 

et al, 1991; Sandy et al, 1992] and with cells [Palombo et al, 1992; Chiocca et al, 1992; Steingrimsdottir 

et al, 1995, 1996]. In extensive studies undertaken by Steingrimsdottir et a l, the technique 

worked well with bacterial DNA and with DNA from donors who suffered from xeroderma 

pigmentosum. However, with DNA from healthy donors, false positive bands appeared 

when the restriction site of Taq\ was used as the mutational target. The origin of these bands 

still remains obscure. DNA damage and méthylation in the restriction site, both factors 

which would have prevented the enzyme from cleaving DNA, could be ruled out as causing 

the problem.
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Figure 7.1 - Outline of the restriction site mutation (RSM) 
technique. A mutation in a restriction enzym e recognition 
sequence situated between two PCR primers leaves the enzym e 
unable to cleave, and the fragment is generated. No fragment is 
produced in the wild-type sample. False negatives, whereby new 
restriction sites may be produced by a mutation, are a problem 
with this technique.

These observations led the authors to conclude that RSM is at present unsuitable for 

population monitoring, however may be of value in mutagen testing with repair-deficient 

xeroderma pigmentosum cells.

Another important result of the studies published so far is that not all endonucleases 

can be utilised in RSM. Some of the endonucleases tested gave inadequate results, either 

because of insufficient digestion or because the corresponding restriction site proved not to 

be a mutational target [Palombo et al, 1992]. Using the thermostable enzyme Taq\, which
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allows continuous digestion of wild-type DNA during PCR, sufficiently small numbers of 

mutant DNA sequences could be rescued fi-om an excess of wild-type DNA [Sandy et al, 1992; 

Steingrimsdottir et a l, 1995].

Yet another problem lies in the fact that mutations within the chosen DNA segment 

can produce a new restriction site thereby providing a substrate for the chosen endonuclease. 

As a result, PCR amplification is prevented, giving rise to false negatives.

7.3.2 A modified approach

One of the many problems of RSM is that the mutational target is predetermined by 

the restriction site of the chosen endonuclease and is, most importantly, small relative to the 

size of the amplified DNA fragment. To enlarge the mutational target, mismatch cleavage 

can be adapted to the basic RSM protocol. Chemical cleavage of mismatches, CCM [Smooker 

and Cotton, 1993] and enzyme mismatch cleavage, EMC [Youil et al, 1995; Mashal et al, 1995] 

both detect mismatches formed between heteroduplexes of wild-type and mutant DNA, and 

cleave to locate a point mutation within kilobase stretches of DNA.

In the modified approach to RSM, genomic (wild-type) DNA would have to be 

hybridised with a set of specially designed probes (up to a few hundred base pairs long) 

containing mutated sequences. Upon renaturation, four populations of duplex DNA will 

form: two types of heteroduplex between probe(s) and genomic DNA, and homoduplexes 

of probe and genomic DNA. An excess of probe ensures that the vast majority of genomic 

DNA will form part of a heteroduplex. As the genomic DNA is hybridised with a mutated 

probe, most heteroduplexes will contain mismatched bases. A few mutants will be 

complementary to the probe and will therefore give exactly matched heteroduplexes. 

Subsequent mismatch cleavage, either chemically or enzymatically, should affect most of 

the heteroduplexes but leave mutated sequences as well as homoduplexes of genomic DNA 

intact. Analogous to RSM, identification of mutated (uncleaved) fragments could then be 

carried out by using PCR. In order to avoid amplification of excess probes the chosen 

primers should be positioned outside the probe sequences (figure 7.2).

Although such a modified approach would enlarge the mutational target and thus 

allow more flexibility in the screening for mutated sequences, the technique is somewhat 

unsatisfactory in that it requires prior knowledge of mutational hotspots in the DNA
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sequence to be analysed. Similar to RSM, it relies heavily on highly effective cleavage of 

mismatched sequences. Furthermore, there is the added complication of traces of uncleaved 

genomic homoduplexes which will give rise to false negative PCR amplifications.
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M u ta n t p r o b e  
( e x c e s s )

H e te r o d u p le x e s  f  
(m is m a tc h ie d )  \

H e te r o d u p le x e s  f  
a n d  t i o m o d u p le x e s  I 
( m a tc h e d )  \

■ m u ta t io n

0  Dénaturation/ 
Renaturation

m is m a tc h e d  h e t e r o d u p le x e s  a r e  c le a v e d

0  Mismatcti cleavage

m a tc h e d  d u p le x e s  r e m a in  in ta c t

I'( 3)  PCR amplification with primer

no amplification only mutant-mutant homoduplexes amplified

Figure 7.2 - A modification of R SM  incorporating cleavage of 
mismatched DNA. Cleavage of mismatched heteroduplexes will 
leave only matched heteroduplexes of mutant DNA probe and 
mutant genomic DNA intact. Uncleaved duplexes are amplified 
using appropriate PCR primers.

7.3.3 A novel approach: mismatch cleavage (MC)-PCR

If genomic DNA were hybridised with a wild-type probe, mismatch cleavage would 

yield a few cleaved heteroduplexes from mutated sequences, among an excess of matched 

heteroduplexes and homoduplexes of probe and genomic DNA. An approach to try and 

identify these cleaved heteroduplexes builds upon a method for the study of sequence 

specific DNA-protein binding and in vivo méthylation patterns, termed ligation mediated 

(LM)-PCR [Mueller and Wold, 1989; Pfeifer el al., 1989]. The method is based on the ligation of
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an oligonucleotide adaptor to phosphorylated 5' ends of target DNA molecules with 

subsequent amplification of target DNA by PCR [Pfeifer et al, 1993]. After hybridisation of 

probes, formation of heteroduplexes and mismatch cleavage, the first step of an adaption of 

LM-PCR to the selection of mutant DNA (figure 7.3) would involve dénaturation of the 

DNA mixture followed by the annealing of primer 1. This must be situated outside the probe 

sequence in order to ensure that only single-stranded genomic DNA fragments, but not probe 

molecules (present in excess), are targeted. Extension of this primer by Taq polymerase 

creates a phosphorylated 5 ' end with a single base overhang which provides a substrate for 

the enzymatic ligation (T4 DNA ligase) of a specially designed adaptor.

C le a v e d  (m is m a tc h e d )  D N A U n c le a v e d  d u p le x  D N A

I(T)Denaturation, annealing of primer 1 
(— and fill in with polymerase (- -  -)
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a n n e a l  to  t h e s e  
s in g le  s t r a n d s

amplification

@ L ig a tio n  of adaptor ( ^  )

n o  ligation

(3 )P C R  amplification using primers 
(— ■ —) and ( T:—  )

no amplification

Figure 7.3 - Mismatch cleavage-PCR. Mismatch cleavage of 
heteroduplexes will leave the majority of heteroduplexes intact. 
The few mismatched probe/mutant genomic DNA duplexes will be 
cleaved. Primer 1 targets only genomic DNA, not probes. 
Extension of primer creates a phosphorylated 5' end, due to its 
length, extension of uncleaved genomic DNA does not. An 
adaptor is ligated to this phosphorylated 5' end, and successfully  
ligated fragments are amplified using appropriate PCR primers.
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This procedure provides each mismatched cleaved fragment with a common end. 

These fragments are then identified by PCR amplification using as primers the large 

oligonucleotide of the adaptor and another oligonucleotide (primer 2) which overlaps primer 

1. The bulk of the genomic DNA which originally formed part of matched heteroduplexes 

does not serve as a substrate for the ligation reaction, because its strands are sufficiently long 

for the polymerase to fall off the template so that double stranded ends are not created. 

Similarly, the vast excess of single stranded probe DNA cannot be ligated because a binding 

site for primer 1 is missing.

This method, which we have termed mismatch cleavage (MC)-PCR [Kortenkamp et al, 

1997], would have considerable advantages over RSM. It would be possible to screen 

stretches of DNA several hundred base pairs long for mutations. Any mutation, and even 

multiple mutations in the analysed DNA segment {e.g. an exon of a proto-oncogene or 

tumour suppressor gene), independent of their location, could be identified. Another 

advantage lies in the fact that in MC-PCR a positive signal {i.e. PCR amplification) arises 

from cleaved mutated sites, and not, as in RSM, from DNA sequences resistant to cleavage. 

Failure of achieving cleavage efficiencies close to 100% will therefore not compromise the 

success of the method.

There also exists the possibility of utilising the mutant and non-mutant probes 

generated by RAPD library fingerprinting as the source DNA for MC-PCR analysis. In this 

way large quantities of appropriately-sized DNA, taken from throughout the genome in an 

unbiased way, may be used with MC-PCR as a screening tool for mutation detection. Such 

a combination of a genomic DNA sampling technique with a method of mutation detection 

would represent a powerful new approach in this field.

The resolvases used for enzymatic mismatch cleavage, in particular T4 endonuclease 

VII, are reported to produce a low amount of background cleavage in perfectly 

complementary DNA [Youil et al, 1995, 1996]. Such unwanted cleavage will produce false 

positive outcomes in MC-PCR. It is thought that secondary structures in matched segments 

of heteroduplex DNA provide a substrate for resolvases [Babon et al, 1995]. It is therefore 

conceivable that unwanted background cleavage may be eliminated by optimising the 

conditions of heteroduplex formation, but further work is needed to address this problem. 

Babon and co-workers have developed a strategy to decrease background cleavage by
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removing homoduplex DNA.

Whether MC-PCR will become useful in genotypic mutation selection depends 

crucially on the effectiveness with which a small number of mismatched heteroduplexes can 

be recognised, cleaved and ligated. It is believed that no attempts have yet been made to 

define the lower limits of detection of CCM or EMC. Assuming mutation frequencies in the 

order of 1 x 10 ^ approximately 10 -100 mutant molecules will have to be identified in 10 

pg DNA starting material. The successful ligation of oligonucleotide adaptors to cleaved 

heteroduplex ends may be another limiting factor.

There can be no doubt that the development and refinement of MC-PCR to such high 

standards is a formidable challenge, and one which was not possible in the time-scale of this 

thesis. In view of the potential benefits, which have been discussed at length, and the 

drawbacks of existing and other novel methods, which have been amply demonstrated, this 

is an opportunity worth pursuing.
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APPENDIX A - RESTRICTION ENZYME BUFFERS

All restricition enzymes used were purchased from Gibco Life Technologies, and 

came supplied with the recommended REACT® buffer, designed to ensure dependable, 

reproducible performance. These buffers were composed as follows:

r e a c t  1 (used for Dral, Mspl and Tru9l) -

50 mM Tris-HCl, 10 mM MgCl2 , pH 8.0

r e a c t  2 (used for ̂ val, EcoO109I, Hindlll, Fstl, Taql and Vspl) - 

50 mM Tris-HCl, 10 mM MgCl2 , 50 mM NaCl, pH 8.0

r e a c t  3 (used for BamRl and EcoRI) -

50 mM Tris-HCl, 10 mM MgCl2 , 100 mM NaCl, pH 8.0

r e a c t  4 (used for Kpnl and Xmal) -

20 mM Tris-HCl, 5 mM MgCl2 , 50 mM KCl, pH 7.4

r e a c t  6 (used for PvwII) -

50 mM Tris-HCl, 6 mM MgCl2 , 50 mM NaCl, 50 mM KCl, pH 7.4
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APPENDIX B- CALCULATION OF DNA FRAGMENT SIZES

Molecules of linear double-stranded DNA tend to become orientated in an electric 

field in an end-on position. These DNA molecules migrate through gel matrices at rates that 

are inversely proportional to the log,g of the number of base pairs. Large molecules migrate 

more slowly because of greater frictional drag and because they worm their way through the 

pores of the gel less efficiently than smaller molecules (figure B.l). By running a standard 

DNA “ladder”, containing a range of known sizes, alongside the DNA sample of interest in 

a gel, a standard curve may be plotted which may be used to size unknown fragments. A 

linear DNA fragment of a given size migrates at different rates through gels containing 

different concentrations of agarose. There is a linear relationship between the logarithm of 

the electrophoretic mobility of DNA and the gel concentration, and thus by using gels of 

different concentrations, it is possible to resolve a wide size range of DNA molecules.

e l e c t r o p h o r e s i s  1 V / c m  f o r  16  h o u r s

1.4%

d i s t a n c e  m i g r a t e d  t h r o u g h  ge l  (cm)

-igure B.1 - The relationship between the size of DNA and 
its electrophoretic mobility. Adapted from Sambrook et al.,
1989.
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I  500

y— 222.2761(log x) + 1027.421

length of DNA fragment (ba te  pairs)

F igure  B.2 - Calibration graph for figure 3.10
using 100 base pair ladder.

distance m igrated through gel (arbitrary units)

Figure B.3 - Image analysis plot for figure 3 .10
showing all relevant DNA fragments.

I  500
y— 300.4217(log x )f  1139.173

I  196

length of ONA fragment (base pairs)

Figure B.4 - Calibration graph for figure 4.3 using

distance m igrated along gel (arbitrary units)

Figure  B.5 - Image analysis plot for figure 4.3
123 base pair ladder. showing all relevant DNA fragments.

1  500
y— 330.1916(tog x)+1248 923

I  100

length of DNA fragment (base pairs)

Figure B.6 - Calibration graph for figure 4.4 using

distance migrated through gel (arbitrary units)

123 base pa ir ladder.

F igure  B.7 - Image analysis plot for figure 4.4 
showing all relevant DNA fragments.
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y— 376.5767llog x»+145l.478

350

 ̂ 200

length of DNA fragment {arbitrary unite}

Figure B.8 - Calibration graph for figure 4.5 using 
123 base pair ladder.

distance migrated through gel (arbitrary units)

Figure  B.9 - Image analysis plot for figure 4.5
showing all relevant DNA fragments.

f  500
»— 315.9196(108 si + 1182.349 

r '-0 .9 9 5 4 3 8

f  196

length ot ON* trigm enl Ihete  pelrtl

Figure B.10 - Calibration graph for figure 4.6

distance migrated through gel (arbitrary units)

Figure B.11 - Image analysis plot for figure 4.6
using 123 base pair ladder. showing all relevant DNA fragments.

y— 304.3709(log x) + 1140.416 
1^-0.990817

10-
length of DNA fragment (bate  pairs)

Figure B .l 2 - Calibration graph for figure 4 .7

distance migrated through gel (arbitrary units)

Figure B .l 3 - Image analysis plot for figure 4 .7

using 100 base pa ir ladder.
showing all relevant DNA fragments.
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I  500
y— 26d.2252(log t) * 1110.461

length of DNA fragm ent (arbitrary units)

Figure B.14 - Calibration graph for figure 4.8

f  75

distance m igrated through gel (arbitrary units)

Figure B .l 5 - Image analysis plot for figure 4.8
using 123 base pair ladder. showing all relevant DNA fragments.

E 500
y— 3ia.7O 80(log x) + 1202.257

length of DNA fragment (base pairs)

Figure B.16 - Calibration graph for figure 4.9

£  50

distance migrated through gel (arbitrary units)

Figure B .l 7 - Image analysis plot for figure 4.9
using 123 base pair ladder. showing all relevant DNA fragments.

y— 141.2072(log x) + 876.5392

g  500

length of DNA fragment (base pairs)

Figure B.18 - Calibration graph for figure 5.3

distance migrated through gel (arbitrary units)

Figure B .l9 - Image analysis plot for figure 5.3

using 123 base pair ladder.
showing all relevant DNA fragments.
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y— 230.5983Uog *) + 943.4498 

r '-0 .9 9 2 9 8 4

5  250

î  ISO

length o t ONA fragment (base pairs]

Figure B.20 - Calibration graph for figure 5.4

distance migrated through gel (arbitrary units)

Figure B.21 - Image analysis plot for figure 5.4
using 123 base pair ladder. showing all relevant DNA fragments.

•i 4 00 y— 186.7855(log *] + 872.2004

i  275

iength of DNA fragment (base pairs)

Figure B.22 - Calibration graph for figure 5.7

distance migrated through gel (arbitrary units)

using 123 base pair ladder.
Figure B.23 - Image analysis plot for figure 5.7 
showing all relevant DNA fragments.

y— 266.4378(log x) + 1051.219 

r^«0.964881

length of DNA fragment (base pairs)

Figure B.24 - Calibration graph for figure 5.8

distance migrated through gel (arbitrary units)

using 123 base pair ladder.

Figure B.25 - Image analysis plot for figure 5. 
showing all relevant DNA fragments.
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I  300
y— 233.6251|log x) + 843.8858 

r*-0.996935

length of ONA fragment (arbitrary unit:)

Figure B.26 - Calibration graph for figure 5.9 
using 123 base pair ladder.

distance m igrated through gel (arbitrary units)

Figure B.27 - Image analysis plot for figure 5.9
showing all relevant DNA fragments.

I  500
y— 213.1698(log xl + 964.7042 

r*-0.977517
2  450

length of DNA fragment (base pairs)

Figure  B.28 - Calibration graph for figure 5.12

distance migrated through gel (arbitrary units)

using 123 base pair ladder.
Figure B.29 - Image analysis plot for figure 5.12 
showing all relevant DNA fragments.
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APPENDIX C - DETERMINATION OF EXTRACTED DNA 

CONCENTRATIONS

The concentration of extracted genomic DNA was calculated fluorometrically using 

the fluorochrome Hoechst 33258 [Cesarone et al, 1979]. The dye, a bisbenzimidazol, binds to 

the minor groove of DNA. The dye-DNA complex has a strong fluorescence at 455 nm, 

when excited at 350 nm. Immediately before use, the molar extinction coefficient of the 

stock solution of the dye needs to be checked. Various dilutions of the the 0.15 mM stock 

solution were made (1:40,1:20,1:10) in phosphate buffer (0.1 M, pH 6.8) in a total volume 

of 1.0 ml, and the absorbance measured at 338 nm. The value should be ^ 40,000 M'  ̂cm'  ̂

at 338 nm).

DNA stock solutions of known concentrations are also used. Concentration can be 

confirmed spectroscopically at 260 nm. A solution of 50 pg/ml yields an absorbance of 1.0, 

absorbance decreases linearly with concentration.

In a volume of 2.0 ml phosphate buffer (0.1 M, pH 6.8), DNA standards were 

prepared ranging from 0.1 to 2.0 pg/ml. To this was added 1.0 ml of 1.5 pM Hoechst 33258 

(in phosphate buffer), and the solution left in the dark for 10 minutes. The fluorescence was 

read at 455 nm, excited at 350 nm.

The optimal (final) concentration of dye is 0.5 pM, which works well with DNA 

concentrations of up to 5 pg/ml (final). The dye-DNA complex is stable for approximately 

30 minutes at room temperature. The fluorescence readings are strongly affected by the 

temperature of the solutions. To ensure reproducibility of measurements, all readings were 

taken at approximately the same temperature (close to room temperature works well).
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Figure C.1 - Spectroscopic trace of DNA solution 
showing characteristic peak at 260 nm.

F igure C.3 - Spectroscopic trace of Hoechst 
33258 stock solution showing characteristic peak 
at 338 nm.

c oncentra tion of ONA (pg/mO

F igure  C.2 - Calibration graph for DNA stock
solution using U V spectroscopy. For DNA 
extractions performed in chapter 3.

y -134 5573x + 19.9387 

r=-0.997451

100

0
0.5 1.0 15 2.0

concentration of DNA (ugAni)

Figure C.4 - Standard curve for fluorometric DNA  
determination using Hoechst 33258. For DNA 
extractions performed in chapter 3.
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concentration of DNA Ipg/ml)

F igu re  C.5 - Calibration graph for DNA stock
solution using U V  spectroscopy. For DNA 
extractions performed in chapter 4.

y=112.1076x + 23 3237 

r^=0999742

% 100

coocentnlion of Df4A (ugW )

Figure C.6 - Standard curve for fluorometric DNA  
determination using Hoechst 33258. For DNA 
extractions performed in chapter 4.

concentration of DNA Ipg/ml)

F igure  C.7 - Calibration graph for DNA stcok
solution using U V  spectroscopy. For DNA 
extractions carried out in chapter 5.

y=1 16,1480k + 20 5908 

r^- 0  999046
200

0
0.0 0.5 1,0 1.5 2.0

concentradon of DNA (ufl/hni)

Figure C.8 - Standard curve for fluorometric DNA  
determination using Hoechst 33258. For DNA 
extractions performed in chapter 5,

concentra tion of DNA (pg/ml)

F igure  C.9 - Calibration graph for DNA stock
solution using U V  spectroscopy. For DNA 
extractions performed in chapter 6,

y»114.3291*+ 22.8202 

f^-0,999358
200

150

concentration of DNA (ugfrni)

Figure C.10- Standard curve for fluorometric DNA 
determination using Hoechst 33258. For DNA 
extractions performed in chapter 6,
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APPENDIX D - VIABLE COUNT DATA

Microbial concentrations can be measured in terms of biomass concentration (dry 

weight of cells per unit volume of culture), or of cell concentration (the number of viable 

cells per unit volume of culture). In studies of microbial genetics and the inactivation of 

cells, cell concentration is taken as the significant quantity. This is usually determined by a 

viable cell count. This involves taking a variety of dilutions of a liquid microbial culture, 

plating out onto solid media, incubating overnight and counting the number of colonies 

which arise. From this, concentrations may be determined and compared.

Table D.l shows the viable count data for E. coli K12 exposed to UV radiation 

(chapter 4). From this, the curve demonstrating the cytotoxic effect of UV irradiation was 

plotted (figure 4.2).

Count o f colonies per plate (average o f three plates)

Dilution control 10 Jm " UV 50 Jm-2 UV 100 Jm^UV

undiluted X X too many 15

lOM X too many 375 1

10-2 too many 438 29 -

10-3 269 53 6 -

10-4 38 4 - -

10-3 5 - - -

10^ 1 - - -

Table D.1 - Table showing viable count data for E. coli K12 exposed to various doses of UV 
radiation. "Too many” means that the plate was too crowded with colonies to count.

173



Calculation of mutant frequency, as selected by growing the bacteria of a rifampicin- 

containing medium, is also done by viable counts (table D.2). From this data, the 

spontaneous mutation frequency (in the rpoQ gene) may be calculated (1 in 2 x Ifr*), and a 

graph of UV-dependent mutation frequency may be plotted (figure 4.12).

Count of colonies per plate (average of three plates)

Dilution NA control RF control 10 Jm ^ 50 100 Jm 2

undiluted X 4 5 12 24

X - 1 3 8

10-2 X ■ - - - 1

10- ^ X - - - -

10"» too many - - - -

10'® -1000 - - - -

IQ-® 198 - - - -

radiation, grown on rifampicin-containing media. “Too many” means that the plate was too crowded 
with colonies to count.
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