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Abstract

An Oﬁ-alkylguanine DNA alkyltransferase (OG—ATase)
activity has been discovered in Aspergillus nidulans. To
determine whether the low level of 0®-ATase activity was
responsible for the sensitivity of A. nidulans to the
alkylating agent 1-methyl-3-nitro-l-nitrosoguanidine
(MNNG) , the heterologous expression of the Escherichia
coli ada® gene was attempted. The ada’ gene, downstream
of the SV40 early promoter on the plasmid pSV206C, was
co-transformed into A. nidulans along with the
transforming plasmid pDJB3. Two ada* strains, Asl3 and
Asl5, were obtained in which stable integration of the
ada*t gene had occurred. Transcription of the gene was
initiated from the SV40 early promoter and an active
protein species was produced, as detected by in vitro
assay. The level of Ada protein expression was
calculated to be approximately 70 and 100 fold greater
than endogenous 0%-ATase levels of A. nidulans. The
stability of the ada’ gene complex through meiosis was
studied. The results indicated that the two ada‘ strains
varied in their ability to transmit the ada gene complex
to F; progeny. In Strain Asl13, the ada* gene was closely
linked to the pyr4' gene from the co-transforming vector
pDIB3. 1In strain Asl5, the ada* gene was not detected in
any progeny from the sexual cross. The level of ada™’
expression did not appear to increase the resistance of

A. nidulans to MNNG.



The endogenous 0%-ATase activity of A. nidulans was
further characterised. Analysis by in vitro assay
indicated that the activity was involved in the repair of
0%-A1kG lesions only. This protein activity was analysed
by fluorography, which indicated that two protein species
were present. The molecular weights were calculated to

be 18 and 16.5 kD

An adaptive response to alkylating agents was
discovered in A. nidulans mycelium by pretreatment with
low concentrations of MNNG. The biochemical basis to
this response was monitored by measuring any changes in
0%-ATase levels induced by pretreatment with MNNG. Two
different adapting conditions were used. Exposure of
mycelium to an adapting dose of MNNG for 17 hours brought
about a 4 fold increase in 0®-ATase levels compared to
control extracts. Analysis by fluorography of the
protein species present in these extracts indicated the
presence of a new protein species, whose molecular weight
was calculated to be 21 kD. A shorter, 3 hours exposure
to an adapting dose of MNNG brought about a 100 fold
increase in 0%-ATase levels. The activity, as
characterised by in vitro assay, was shown to be involved
in the repair of both 0%-A1kG and Alk-PT lesions. The
phosphotriesterase (PTase) activity characterised in this
species is the first such activity to be demonstrated in
a eukaryotic organism. The molecular weight of the PTase

activity was calculated to be 19.5 kD.
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Chapter 1
INTRODUCTION

1.1 A Review of Mutation Research

The heterocyclic bases present in DNA are reactive
species and form a target for reaction with many physical
and chemical agents which produce base damage and loss.
Spontaneous decay of DNA, by depurination or depyrimidin-
ation, has been shown to occur and account for the loss
of thousands of bases per day in the genome of a
mammalian cell (Lindahl, 1982). The cell, in its defence
against such processes, has many DNA repair mechanisms.
These form intricate repair pathways to ensure the
integrity of the genetic material. These DNA repair
processes vary in the type of damage recognised. Some
DNA repair processes act on one specific lesion and some
mechanisms remove many different types of abnormal DNA
bases. 1In this respect nucleic acids are the only
macromolecules to undergo repair processes and as a
consequence of the DNA damage which escapes these
processes, an increase in mutation frequency results. In
single cell microorganisms and lower eukaryotes,
mutations produce a change in phenotype/genotype or
possible cell death. In higher eukaryotes, mammals for
example, mutations can produce tumours of various types,
which are frequently fatal if left untreated. Modern
medical science has a battery of agents, both physical
and chemical, to treat neoplasia. With many diseases
prevention is more desirable than treating the clinical

disease. To this end a concerted effort has been



directed towards finding a mechanism by which cancer
develops in man. It is hoped that with an understanding
of the mechanisms by which cancer arises, the occurrence
of the disease may be reduced. The development of
neoplastic cells and the occurrence of mutations within
cellular DNA has produced a vast volume of information on
the effects of DNA damaging agents.

The relationship between the development of cancer
in man and exposure to environmental agents has long been
established. Hill (1761) correlated the incidence of
nasal carcinoma with snuff taking and several years later
Pott demonstrated a link between scrotal cancer in
"chimney sweep boys" combined with poor hygiene. This
lead to the compulsory washing of such boys in Sweden.

The first carcinogen to be discovered using animal
test systems was in the 1930’s. A potential pesticide 2-
acetylaminofluorene (2-AAF) was found to produce tumours
in the liver of laboratory rats. Since then a variety of
carcinogenic compounds have been discovered in a variety
of animal test systems.

Boveri in 1914 suggested that cancer was of clonal
origin and that DNA was the critical target (Boveri,
1914). The somatic mutation theory stated that cancer
cells arise from normal ones by a process of somatic

mutation.

1.1.1 Mutation research
Much work has been conducted into the nature of

inducing mutations in the DNA of organisms following



exposure to a variety of agents. Mutagens can be divided
into a number of groups, for example:

(a) ionising radiation e.g. X-rays

(b) ultra violet (U.V.) radiation

(c) chemical compounds, for example alkylating

agents.

Charlotte Auerbach, in her book Mutation Research

(1976) , divided the study of mutagenesis into five

distinct periods.

Period 1. (1900 - 1927) This period produced the concept

of mutation and mutation rates.

Period 2 (1927 - 1938) The start of this period was
heralded by the work of H.J. Muller who discovered
the mutagenic action of X-rays upon irradiation of
the fruit fly Drosophila melanogaster (Muller,
1930). This allowed the mechanisms of mutagenesis
to be probed and the development of the target

theory.

Period 3 (1938 - 1953) This period was characterised by
the discovery of chemical mutagens in the form of
mustard gas in Scotland and urethane in Germany
(Auerbach, 1976). During this period the intro-
duction of microorganisms for experimentation

allowed the mutagenicity of U.V. light to be shown.

Period 4 (1953 - 1965) The elucidation of the structure

of DNA by Watson and Crick, (1953) allowed



description of mutations in terms of nucleic acid
chemistry.

Period 5 (1965 - 1991) The salient points from this
period include:-
(a) The discovery of alterations in the structure of

DNA which give rise to mutations.

(b) The cellular effects in the role of mutagenesis.
(c) The discovery of DNA repair mechanisms and their

effects upon mutational events.

Mutagens can be divided into several classes

dependent upon their mechanism of activity on DNA.

1.1.2 I Physical Mutagens

(i) Effect of Heat

Although this medium is not used for mutational
analysis, it cannot be disregarded for its role in
"spontaneous" mutational events. Guanine, adenine and
cytosine all contain exocyclic amino groups and the loss
of these groups (deamination) results in the conversion
of these bases to xanthine, hypoxanthine and uracil
respectively. Deamination processes are also pH
dependent, strong alkali promotes the conversion of
cytosine to uracil (Ullman and McCarthy, 1973). The
products of deamination are potentially mutagenic during
DNA replication (Lindahl, 1982). For example the
presence of uracil in DNA, normally a coding nucleotide
in RNA, has biological significance. E. coli defective
in the repair (or removal) of uracil from DNA show an

increase in the incidence of spontaneous mutations at



specific sites (Duncan and Weiss, 1982). The
incorporation of uracil into DNA results in G-C to A-T
transitions.

The deamination of adenine and guanine occurs at a
slower rate than that of cytosine. Hypoxanthine in DNA
can potentially mis-pair with cytosine during DNA
replication. This results in A-T to G-C mutations. The
presence of xanthine in DNA has been shown to form

unstable complexes with cytosine or thymine.

(ii) X-irradiation

The effect of ionising radiation is to produce
excited or ionised species. These can produce direct and
indirect DNA damage. Direct effects result from the
interaction of the radiation with DNA. Indirect effects
are produced by the interaction of the reactive species
produced in the medium surrounding the DNA. The
radiolysis of water, which in comparison to other
molecules produces a "large target", gives rise to a
variety of chemical species . Such species are short
lived, electrically neutral and highly reactive radicals
and include H* and OH*. The presence of water forms a
hydration sphere around a molecule whose presence
contributes to the indirect effects of ionising radiation
(Hutchinson, 1961). The presence of oxygen in the
radiolysis of water has been shown to give rise to the
O,H®* radical, hydrogen peroxide and the hydrated

electron.



(iii) U.V. Radiation

The introduction of ultraviolet (U.V.) radiation to
produce DNA damage aroused interest in DNA repair
processes. U.V. radiation is highly mutagenic because
the energy is directly absorbed by the heterocyclic ring
structures present in DNA. The biological consequences
following ultraviolet light exposure represent the most
studied systems of mutagenesis. Organisms have had to
contend with the effects of solar radiation and
consequently developed a range of repair mechanisms to
repair such defects. It has been proposed that
terrestrial life during the pre-Phanarozic era was
hindered by the excessive solar U.V. light (Berkner and
Marshall, 1964).

DNA damage resulting from U.V. irradiation is
related to the absorption of this energy within the
cyclic rings of DNA. The optimum absorption for U.V.
light within DNA bases occurs at a wavelength of 260nm
and results in the formation of many adducts in DNA
(Kittler and Léber, 1977). Pyrimidine dimers (PD) are
formed from the saturation of the 5-6 double bonds to
produced a four membered cyclobutyl ring between the
bases (Setlow, 1968). These pyrimidine dimers are
extremely resistant to the effects of pH and temperature.
The formation of these dimers has been shown to be
dependent upon the nucleotides flanking the potential
dimer site. Dimer formation is greater when adenine
flanks 5’ and 3’ of the T"T site than when the adenine is

3’ and guanine is 5’ to the T"T site (Gordon and



Haseltine, 1982). However the formation of pyrimidine
dimers following U.V. irradiation of oligonucleotides of
known sequence produced some unusual results (Gordon and
Haseltine, 1982). The nucleotides immediately flanking
the site of dimer formation could not account for the
dimerisation in the sequences where PD formation was
greater in 5/-TGAAATTGTTAT-3’ > 5/~CTATATTGATTA-3’ >
57 -TGGAATTGTGAG-3'.

Other pyrimidine dimers have been shown to occur in
DNA following exposure to U.V. light. Such dimers are
characterised as being alkali labile; dimer formation
occurs between adjacent cytosine and thymine residues in
DNA (Lippke et al., 1981). The resulting pyrimidine-
pyrimidine [6-4] lesion (6-4 dimer) occur when the
cytosine is 3’ to a pyrimidine. Examples of 6-4 dimers
include CC, TC and TT and such lesions are formed several
times more slowly than cyclobutyl-type pyrimidine dimers
(described above). The formation of 6-4 dimers requires
greater doses of U.V. light. The frequency of formation
of 6-4 dimers within U.V. irradiated DNA occurs TT > CT >
CC. It has been reported that the frequency of
occurrence of 6-4 dimer lesions within some DNA sites is
equal or greater than the occurrence of cyclobutyl TT
dimers (Brash and Haseltine, 1982). The 6-4 lesion may
have biological significance since the formation of these
dimers occurred in five mutational "hot spots" within the
E. coli lacI gene and accounted for greater than 30% of
the nonsense mutations produced. It was proposed that

greater correlation exists between the occurrence of 6-4



lesions in DNA and the frequency of nonsense mutations in
U.V. irradiated DNA than for the formation of other
pyrimidine dimers (Brash and Haseltine, 1982).

Pyrimidine hydrates have been shown to be produced
by the addition of water across the 5-6 double bond. The
formation of cytosine hydrate is significantly greater in
single stranded DNA. These lesion are short lived and
dehydrate readily to form the parent bases. The presence
of such lesions affect the coding properties of the DNA
during transcription by RNA polymerase.

Thymine glycols (5,6-dihydroxydihydrothymine) are
formed by the saturation of the 5-6 double bond (Demple
and Linn, 1982). This is one of the major lesions formed
following the exposure of DNA to ionising radiation and
E. coli contains specific enzymes that remove these

lesions (discussed below).

1.1.3 II Chemical Mutagens

Mustard gas, bis-(2-chloroethyl)-sulphide, the
poison gas of World War I was the first chemical mutagen
isolated. 1Its mutagenic properties were discovered prior
to the start of World War II in studies on the fruit fly
D. melonagaster (Auerbach, 1948). Mustard gas is very
unstable and reacts rapidly with tissue, hence its
pharmacological properties were compared with that
produced from exposure to X-rays. The administration of
mustard gas causes burns to the skin which were slow to
heal. The site of application of the mustard gas to the

skin would breakdown after several years had passed.



The largest group of chemical mutagens and
carcinogens studied are the alkylating agents. Before
discussing the properties of alkylating agents, the
salient features of other compounds which cause mutation

of DNA sequences will be discussed.

(i) Base Analogues

Base analogues, compounds with structural
similarities to DNA bases, when incorporated into
replicating DNA cause mutations by mis-pairing.
Mutagenesis by the incorporation of base analogues in DNA
can occur via two mechanisms:-

(a) Mistakes in incorporation, base pairing occurs
with a non-complementary base when the analogue is first
incorporated into DNA.

(b) Mistakes in replication, the presence of the
base analogue mis-pairs in subsequent replications to
produce the incorporation of the incorrect base.

The production of thymine analogues from the
halogenation at the 5th position in uracil, for example
5-bromouracil (5-BU), results in the incorporation of
cytosine in replicating DNA. This produces transition
mutations (Benzer and Freese, 1958). The adenine
analogue, 2-aminopurine (2-AP), in the imino form of the

molecule, base pairs with cytosine (Ripley, 1981).

(ii) Nitrous acid
Nitrous acid (HNO,) produces DNA aberrations by
deamination of guanine, adenine and cytosine (see above).

It is active in non-dividing cells, unlike 5-BU and 2-AP.



As discussed above hypoxanthine and uracil form non-
complementary base pairs during replication. Xanthine in
DNA was proposed to base pair like guanine, however base
pairing was not shown to occur with either of the 2
pyrimidines (Michelson and Monny, 1966). The presence of
this base in DNA may be considered as a nonsense base.
Cross linking of the two DNA strands has been observed in
DNA following treatment with nitrous acid (Geiduschek,

1961).

(iii) Hydroxylamine

Hydroxylamine (NHZOH) was shown to exert its
mutagenic effect in a bacteriophage test system (Freese
and Strack, 1962). Cytosine is the target base and has
been shown to produced G-C to A-T transitions. The
reaction of NH,OH with a polydC template was shown to
result in the incorporation of adenine residues in place
of guanine in experiments using RNA polymerase (Phillips
et al., 1965).

When animal and plant cells are exposed to NH,OH,
chromosomal breaks are produced (Sommers and Hsu, 1962).
It is not known whether the breakages are due to the

direct action of NH,OH or via the formation of radicals.

(iv) Intercalating Agents
In 1947 the acridine dyes, pyronin and acriflavin,
were shown to produce mutations in E. coli. These large
planar molecules intercalate between native DNA bases and
cause perturbations within the DNA structure. The

presence of these molecules during DNA replication causes

10



DNA polymerases to insert and delete bases in order to
satisfy base pair arrangements. Exposure to acridine
dyes has been shown to sensitize cells to visible light
to produce mutations by a "photodynamic action" (Ritchie,
1965). However, when these dyes are given to cells prior
to U.V. irradiation they confer protection against cell
killing and mutation by absorbing the U.V. energy. They
have been shown to reduce the extent of pyrimidine dimer
formation (Alper and Forage, 1974).

The most studied group of intercalating agents are
the acridine mustards (ICR compounds). They have a
bifunctional alkylating activity in the form of 2-
chloroethyl moieties (Ames and Whitfield, 1966). When
ICR 170 was administered to S. cerevisiae in small
quantities frameshift mutations were the major lesions.
However in S. pombe the frequency of these mutations
accounted for only 20-30%. In S. cerevisiae suppressor
mutations occur more readily in meiotic cells compared to

mitotic cells.

(v) Bisulphite

The exposure of DNA to sodium bisulphite (NaHSO;)
causes deamination of cytosine to uracil. This occurs in
single stranded DNA but not double stranded DNA (Shapiro
et al., 1973). Bisulphite acts as a weak mutagen since
the damage produced is efficiently repaired. The study
of bisulphite is of interest since it is used as a
component of many beverages (Lindahl, 1982) and
represents the introduction of a potential mutagen into

the human diet.
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1.1.4 Alkvlating Agents

In chenmistry the term alkylating agent refers to a
compound which reacts at nucleophilic sites and results
in the attachment of an alkyl group to a saturated carbon
atom. The alkylating agents in biological terms are a
diverse series of compounds which are capable of
alkylating large biomolecules for example protein, lipid,
RNA and DNA. Alkylating agents can be divided into two
separate types: "direct acting" and "metabolism
requiring" (Magee and Farber, 1962). Direct acting
alkylating agents react per se or produce an alkylating
species following chemical hydrolysis. The decomposition
of N-methyl-N-nitrosourea (MNU) occurs via alkali
catalysed hydrolysis leading to the formation of
diazomethane. This then gives rise to a carbonium ion
(CH3*) which acts as the alkylating species.

The second type of alkylating agents require
metabolic activation by intracellular enzymes, which
following chemical decomposition, give rise to an
alkylating species. The hepatocarcinogen, dimethylnitro-
samine (DMN), undergoes hydroxylation at the a-carbon
atom by cytochrome P450 dependent, mixed function
oxidases. Following a series of reactions the carbonium
ion is released as the alkylating species.

Several classes of alkylating agents have been
defined and examples of the main components of such
groups are given in Figure 1.1. The mutagenicity and
carcinogenicity of alkylating compounds can be described

in the following terms:-
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GROUP

| SULPUR MUSTARDS MUSTARD GAS
,CHy-CH,-CL
S
CH,=CH, -CL
Il NITROGEN NITROGEN
MUSTARDS HN,CHZ-EHZ-U MUSTARD
* CHymCH, =L
Il EPOXIDES ETHYLENE OXIDE

HZCWCHZ
0

IV ETHYLENE IMINES HZE EHZ ETHYLENEIMINE

N
H
V ALKYL ALKANE METHYL METHANE
SULPHONATES SULPHONATE
CH,-0-S0,-CH
3 253
2 DIALKYL DIETHYLSULPHATE
SULPHATES
502-(0-CH2—CH3)2
VIl B-LACTONE HZEI‘CH2 B-PROPIOLACTONE
O_C\\O
Vil DIAZO COMPOUNDS DIAZOMETHANE
N= N--CH3
IX NITROSO NH 1-METHYL-3-NITRO
COMPOUNDS 0 1-NITROSOGUANIDINE
CHB- -[‘.-N-NO2



(i) The type of group donated. This can be simple
groups e.g. methyl, ethyl etc. or more complex, bulky
adducts.

(ii) The functionality. This describes the number
of alkyl groups liberated by the molecule. The degree of
functionality of an alkylating compound cannot be
predicted from the structure of the compound. For
example, decomposition of ethyl methanesulphonate (EMS)
liberates an alkylating ethyl species. When two alkyl
groups are bound in the same configuration, for example
the dialkylsulphates, only one of the alkyl groups is
capable of being donated (Auerbach, 1976).

Alkylation reactions can occur via two mechanisms.
One mechanism relies upon the formation of a carbonium
ion, which reacts rapidly with the target molecule to
produce an alkylated product. This reaction mechanism is
termed Syl (substitution, nucleophilic, unimolecular) and
obeys first order kinetics. The rate limiting step in
such reactions is the formation of the alkylating
species.

The second reaction mechanism is referred to as Sy2
(substitution, nucleophilic, bimolecular) and involves
the formation of a transition state, containing both
reactants.

The segregation of the alkylating agents into two
classes dependent upon their reaction mechanism is not
possible since a variety of factors affect reaction

processes. These factors include the nature of the
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compound, the presence of other groups within the
molecule which confer stability and the pH of the medium.

A wide variety of substrates for alkylation exist in
biological systems. These include water, carboxyl and
hydroxyl groups, thiols, amines, heterocyclic bases and
phosphate ions. The major substrate in biological
systems for the action of alkylating agents is water, due
to its high concentration relative to other nucleophiles.
The reaction with water results in a detoxification
pathway. Many of the potential sites for reaction with
alkylating agents remain non-alkylated at physiological
pPH as they can not be ionised (thiols, hydroxyl groups of
sugars) or the resulting alkylation products are labile
(esters of carboxyl groups). The heterocyclic bases in
DNA are highly susceptible to alkylation at physiological
PH, as are the secondary hydroxyl groups present on the
phosphate sugar backbone of DNA.

The reaction of DNA with alkylating agents has been
extensively studied both in vitro and in vivo. The
alkylating agents used fall into two broad classes;
N-nitroso compounds and alkyl alkanesulphonates. The
former can be divided into N-nitroso-N-alkylamines which
yield alkylating species from the alkali catalysed
hydrolysis and N-nitrosodialkylamines which require
metabolic activation to allow the alkylating species to
be liberated (Margison and O’Connor, 1979). Alkylating
agents are capable of reacting with the ring nitrogen and
exocyclic oxygen atoms associated with the heterocyclic

bases and the sites of alkylation identified are
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summarised in Table 1.1 (After Friedberg, 1985). The
structures of the bases are given in Figure 1.2. 1In
addition to the alkylation of the DNA bases, the
secondary hydroxyl groups present in the phosphodiester
linkage can also be alkylated to produce phosphotriesters
(Alk-PT). Two separate stereoisomers can be formed: the
R configuration has the alkyl lesion located in the major
groove; the alkyl group in the S-isomer protrudes

perpendicular from the helix (see McCarthy and Lindahl,

1985).
Table 1.1
Base Site of Alkylation
Adenine N1 N3 N® N’
Guanine N1 N2 N3 N’ 0%
Cytosine N3 N4 02
Thymine NS 02 ot

Alkylation of the hydroxyl groups present in the
phosphodiester linkage yields phosphotriesters.
(Friedberg, 1985).

The formation of alkyl groups in DNA bases can be
divided into those lesions which are located in either
the major or minor groove. Examples of those lesions
located in the minor groove are 3-AlkA, 0%-A1kC and 02%-
AlKkT; alkyl groups located in the major groove include
0®-A1kG, 5-AlkC, 6-AlkKA.

The extent of reaction and the relative amount of
adducts formed in DNA following alkylation damage is

dependent upon the class of alkylating agent and the type
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