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The methylation of cytosine residues in DNA is thought to play
an important role in the regulation of gene expression, with active
genes generally being hypomethylated.

The imidazotetrazinones are a novel group of antitumour agents
and hypomethylation has been implicated in their mechanism of
action. Studies have been conducted on the mechanism by which they
cause hypomethylation, using DNA(cytosine-5)methyltransferase
partially purified from murine L1210 leukemia cells. Unmodified
calf thymus DNA does not inhibit the transfer of methyl groups from
S-adenosyl methionine to M.lysodeikticus DNA by DNA(cytosine-5)
methyltransferase. However, when the calf thymus DNA was modified
by alkylating agents such as the imidazotetrazinones or
nitrosoureas, the treated DNA became an inhibitor of the methylation
reaction. This was correlated with the induction of DNA damage, in
particular single-strand breaks, since X-irradiated DNA produces a
similar effect and neither sonication or treatment with the
restriction enzyme Mspl caused any inhibition.

Attempts were made to elucidate the strict structure activity
relationship amongst the imidazotetrazinones for antitumour
activity. The murine colon adenocarcinoma cell line (MACl3) was
treated with DNA extracted from GM892 or Raji cells previously
treated with either the methyl (temozolomide) or ethyl
(ethazolastone) imidazotetrazinone. The DNA extracted from GM892
cells was the most effective growth inhibitor and temozolomide-
treated cellular DNA was a more potent growth inhibitor than that
from ethazolastone-treated cells. The effect was most potent six
hours after drug addition, suggesting a repairable lesion.

The methylation of M.lysodeikticus DNA by DNA(cytosine-5)
methyltransferase was inhibited in a potent and specific fashion by
polynucleotides containing guanine residues. The inhibitory effect
was unaffected by chain length or sugar residue, but was abolished
when the 0-6 residue of guanine was substituted as in
poly[dO —.n-lethylguanine]2 . Potent inhibition was also shown by
polyinosinic and polyxan?hylic acids but not by polyadenylic acid or
by the heteropolymers containing adenine and thymine. These results
suggested that the 6 position of the purine nucleus is important in
binding of the DNA(cytosine-5)methyltransferase to DNA. This was
confirmed using synthetic oligonucleotides as substrates for
DNA(cytosine-5) methyltransferase. Enzym%tic methylation of
cytosine was completely suppressed when O -methylguanine replaces
guanine in 5’-CG-3’ sites.

Key words
DNA alkylation, DNA(cytosine-5)methyltransferase, hypomethylation,
imidazotetrazinones, O -methylguanine.
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1.1 GENERAL INTRODUCTION

The first reported case of a drug being
successfully used to treat cancer was by Listauer in
1865 when potassium arsenite was given to a patient
with leukemia, with beneficial effects. However,
modern cancer chemotherapy started with the use of
nitrogen mustard, which was developed from its use as
a chemical warfare agent. The review by Gilman and
Philips (1946) marks the start of modern cancer
chemotherapy, with many of the analogues of nitrogen
mustard being used in the clinic today. Since then a
large number of clinical trials have been conducted
on a range of different classes of antitumour agents,
including alkylating agents, antimetabolites,
antibiotics and steroids. However, the recurring
problem with the various drug candidates are their
deleterious side effects resulting from a lack of
specificity.

The tumour cell shares many of the biochemical
properties of the host cell and so a general problem
with cancer chemotherapy is to develop specificity.
A strategy suggested by Mihich (1981) to generate
drugs with greater specificity towards tumour cells,
was to develop a better understanding of the
biochemistry of tumour cells in order that new target
drugs may be identified.

One such biochemical target may be DNA(cytosine-
5)methyltransferase and the level of DNA (cytosine-

5)methylation in a cell. Tumours generally have a



decreased 5-methylcytosine content compared to normal
cells and tissues. This has been demonstrated by
Diala et al. (1983) in which the total genomic DNA
methylation was measured in twenty cell lines derived
from different types of human tumours and the
majority had hypomethylated DNA compared to normal
cells and tissues. Further, the 5-methylcytosine
content of DNA from 103 human tumours has been
determined (Gama-Sosa et al., 1983) and the majority
of the metastatic neoplasms had significantly lower
genomic 5-methylcytosine contents than did most of
the benign neoplasms or normal tissues.

However, despite the DNA hypomethylation
generally observed in tumour cells the activity of
DNA (cytosine-5)methyltransferase is often greater in
tumour cells. This was illustrated by Kautiainen and
Jones (1986) in which an increased activity of
DNA (cytosine-5)methyltransferase was demonstrated in
tumorigenic cells compared to non-tumorigenic cells
in culture. An increase in DNA (cytosine-
5)methyltransferase has also been demonstrated in
malignant mouse hepatic tissues compared to control
tissues (Lapeyre et al., 1981).

These biochemical differences form the basis for
gaining a better understanding of the biochemistry of
DNA (cytosine-5)methylation, in the hope that this may
be exploited as a target for the therapeutic inter-

vention of malignant disease.



1.2 Biochemistry of DNA(cytosine-5)methylation

The DNA of prokaryotes contains the methylated
bases §6—methyladenine and 5-methylcytosine (for
example E.coli; Fujimoto et al., 1965). N%-
Methylcytosine also occurs as a product of DNA
modification by the Bcn I methylase (Janulaitis et
al., 1983). The occurrence of 5-methylcytosine in
calf thymus DNA was revealed by Hotchkiss (1948) and
remains today as the only modified base found in
higher eukaryotes. However, there has been a claim
that DNA from human Hela <cells contains 3-
methylcytosine, 1l-methylguanine, 7-methylguanine, N2-
methylguanine and N2-dimethylguanine as well as 5-
methylcytosine (Culp et al., 1970). This was later
discounted by Lawley et al. (1972) who detected 5-
methylcytosine as the only methylated base in Hela
cell DNA.

5-Methylcytosine arises in DNA by the transfer
of methyl groups from S-adenosyl-L-methionine
catalysed by the enzyme DNA (cytosine-5)methyl-
transferase (Borek and Srinivasan, 1966). Figure 1
illustrates the enzymatic reaction by which 5-

methylcytosine is formed in DNA.
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Figure 1: A diagram to illustrate the enzymatic reaction for the
formation of S-methylcytosine in DNA by DNA(cytosine-5)
methyltransferase.



Eukaryotic DNA(cytosine-5)methyltransferase 1is
presumed to methylate cytosine by the same mechanism
as other enzymes which catalyse electrophilic
substitution reactions at the 5=position of the
pyrimidine heterocycle (Starzyk et al., 1982).

Figure 2 1illustrates the mechanism by which
there 1is nucleophilic attack by the enzyme at
position 6 of cytosine to produce a negative charge
at the 5-position; this has the effect of activating
an inert carbon for reaction with an electrophile.
Removal of the proton at carbon-5 and f-elimination

produces 5-methylcytosine and the active enzyme.

1.3 Activities of DNA(cytosine-5)methyltransferase

Two activities of DNA (cytosine-5)methyl-
transferase have been suggested as a mechanism by
which patterns of DNA methylation can be changed
(Riggs, 1975; Holliday and Pugh, 1975); de novo
methylation and maintenance methylation. The theory
behind these two activities has been reviewed by
Doerfler (1983), Razin and Szyf (1984) and Adams
(1990). The principle of these two activities of
DNA (cytosine-5)methyltransferase 1is summarised in

figure 3 and will now be discussed.
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Figure 2: A diagram to illustrate the proposed mechanism for the
formation of 5-methylcytosine in DNA by DNA(cytosine-5)
methyltransferase.
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Maintenance methylase

Experiments with asynchronously growing cells,
i.e. mouse fibroblasts L929 (Adams, 1971), Chinese
hamster ovary cells and a human cell 1line derived
from a retro-orbital haemanginoma (Woodcock et al.,
1982) have indicated that enzymatic methylation of
DNA occurs shortly after replication of DNA.
Further, it has been demonstrated by Wigler et al.
(1981) that patterns of DNA nmethylation are
inheritable. They showed this by methylating
bacteriophage ¢Xl74 RF DNA and the cloned chicken
thymidine kinase (tk) gene in vitro using M-HpalIl (a

modification methylase from H.parainfluenzae which

methylates the internal
cytosine residue of 5'-CCGG-3').

3'-GGCC-5"
After introduction of these DNAs into tk™ cultured
mouse cells and cultured for twenty five cell
generations, they showed that methylation at HpaIl
sites was maintained.

The  proposal that a maintenance methyl-
transferase activity exists was further supported by
the work of Gruenbaum et al. (1982). They showed that
hemimethylated DNA was the preferred substrate for

DNA (cytosine-5)methyltransferase from mouse ascites



tumour cells. Therefore, after replication of a
5'-mCG-3"
3'-GmC-5' dinucleotide, an unmethylated 5'-CG-3' in
the daughter strand of DNA will be paired with the
5'-mCG-3" in the parental strand. Subsequent
methylation of the newly synthesised 5'-CG-3' ensures
the maintenance of the pattern of DNA methylation.
However, if enzymatic DNA methylation is blocked at
this stage, then after another round of DNA replica-
tion, the result is a daughter strand containing a
hemimethylated site 5'-mCG-3'

3'-GC-5"
and an unmethylated daughter strand. Therefore,
through an inhibition of maintenance methylation a
loss of methyl groups can occur and the pattern of
DNA methylation can be changed.

A possible mechanism by which DNA methylation is
blocked may be through the presence of DNA binding
proteins, for example methylated DNA binding protein
(Meehan et al., 1989). If maintenance methylation is
in fact blocked by protein factors, one would expect
hemimethylated sites to exist in vivo. This has in
fact been shown to be true with the existence of
hemimethylated sites in the chick vitellogenin gene
(Saluz et al., 1986).

This model assumes that in vivo the methyl-
transferase becomes associated with the DNA at or

near the replicating fork. However, maintenance



activity of DNA(cytosine-5)methyltransferase can be
demonstrated in vitro using a hemimethylated DNA

substrate.

De novo methylase

The de novo methyltransferase activity of
eukaryotic DNA (cytosine-5)methyltransferase can
introduce a new pattern of DNA methylation in DNA not
previously methylated. A genome-wide de novo
methylation of DNA is seen in early mouse embryos
(Fahner et al., 1982; Lock et al., 1987). De novo
methylation may be allowed to occur after removal of
any constraints imposed on the methyltransferase such
as DNA binding proteins. The new pattern of DNA
methylation formed by de novo methylation would be
capable of being passed on to the next generation by
maintenance methylation.

In order for a fully unmethylated site in duplex
DNA to appear requires two rounds of DNA replication
in the absence of DNA methylation (see figure 3).
After one division the DNA in the daughter strand
will be hemimethylated and after two divisions half
of the genes in the next series of daughter strands
will be unmethylated. Other mechanisms of demethyla-
tion have been suggested, as the above mechanism is a
slow process and does not seem sufficient to explain
the rapid demethylation seen in some systems, for
example the globin gene in stimulated erythroleukemia

cells (Razin et al., 1986).



Demethylation of DNA has been suggested to occur
through a demethylase enzyme (Gjerset and Martin,
1982) . However, doubts have been placed on the
credence of these observations since no statistical
treatment was applied to these results and the
observation has not been substantiated by other
workers.

Razin et al. (1986) suggest from their work a
mechanism for demethylation whereby 5-methylcytosine
is replaced with cytosine. In these experiments
mouse Friend erythroleukemia cells were stimulated to
differentiate with 5 mM hexamethylene bisacetamide
and 12-20 h after treatment the proportion of -CG-
dinucleotides methylated fell transiently from over
80% to as low as 40%. At the same time these cells
were induced with hexamethylene bisacetamide they
were labelled with deoxy[5-3H]cytidine and the
density label S5-bromodeoxyuridine. The newly
replicated DNA (heavy-light) was separated from the
parental DNA by isopycnic centrifugation. In the
induced cells there was a drop in the 1level of
DNA (cytosine-5)methylation which corresponded with
the incorporation of deoxy[5-3H]cytidine into light-
light DNA and this did not occur in the non-induced
cells. 1In parallel experiments, deoxy[G—3H]adenosine
was not incorporated into light-light DNA. During
the period of de novo DNA methylation that follows
the demethylation, the [3H] label was removed from

the DNA. Therefore, they suggest that the



demethylation occurs as a result of 5-methylcytosine
being replaced by cytosine, possibly through the
action of a glycosylase. However, Adams (1990) was
unable to confirm this base exchange mechanism of
demethylation, i.e. there was no reduction in the
proportion of cytosines methylated in MEL cells
prelabelled with [l4C]deoxycytidine and stimulated

with either DMSO or hexamethylene bisacetamide.

1.4 The site of methylation by DNA(cytosine-

S)methyltransferase.

In eukaryotes 5-methylcytosine is found
predominantly in the dinucleotide 5'-CG-3'. Dosko&il
and 'éorm(1962) showed that S5-methylcytosine occurs
predominantly as the dinucleotide 5'-mCPu-3', but
they were unable to identify the purine moiety.
However, the earlier work of Sinsheimer (1955), who
analysed dinucleotides from a DNase I digestion of
calf thymus DNA showed that >90% of the 5-methyl-
cytosine residues are found in the sequence 5'-mCG-3‘
and no 5'-mCA-3' was found, although 5'-CA-3' was
abundant. But as pancreatic DNase I acts preferen-
tially on the Pu-Py bond (Young and Sinsheimer, 1965)
other methylcytosine containing dinucleotides cannot
be excluded. Further evidence to suggest that 5'-CG-
3° is the only sequence methylated came from
Gruenbaum et al. (1981b) who inserted nicks into DNA
using DNase I or by sonication and then used these as

primers for E.coli DNA polymerase I using [32P]dGTP,

o 3 n§



dATP, dCTP or dTTP. Only the nucleotide 5' of the
nick was labelled and their data suggested that 5=
methylcytosine is found almost exclusively as 5'-mCG-
3.

However, there have been other reports of
mammalian DNA methylation in other 57-CN-3"
dinucleotides (Gruenbaum et al. 198la; Grafstrom et
al., 1985; Sneider, 1980). A DNA(cytosine-5)methyl-
transferase extracted from rat liver has been shown
to methylate 5'-CA-3' and 5'-CT-3' in SV40 viral DNA
in vitro (Simon et al., 1980) and the bovine thymus
enzyme (Sano et al., 1983) was capable of methylating
the following dinucleotides of M.luteus DNA in vitro,
5'-CG-3"', 5'-CC-3', 5'=-CT-3'" and 5'-CA-3"',

Hubrich-Kihner et al. (1989) carried out studies
on the in vitro methylation of wviral SV40 DNA by rat
liver DNA(cytosine-5)methyltransferase using Maxam-
Gilbert sequencing of DNA. They showed that the
methyltransferase methylates 5'-CA-3' and 5'-CT-3' at
a fifty-fold lower initial rate than 5'-CG-3' but did
not observe any methylation of 5'-CC-3'. However,
Pfeifer et al. (1985) reported that the methylation
of the outer cytosine in 5'-CCCG-3' sequences can
occur by a purified methyltransferase. Therefore, it
was proposed by Hubrich-Kuhner et al. (1989) that the
methylation velocity of DNA(cytosine-5)methyltrans-
ferase towards the substrate DNA decreases in the
order 5'-CG=-3'>5"'"-CA-3'>5'=-CT-3'>5"-CC-3' and that

the methyltransferase makes its base recognition



through the 96 carbonyl and the N-7 group of purine
residues which both protrude into the major groove of
DNA.

This does not mean that eukaryotic DNA(cytosine-
5)methyltransferase can methylate all 5'-CG-3' sites
within a DNA sequence. Bolden et al. (1985) using
single-stranded oligonucleotides has shown that only
one of two 5'-CG-3' pairs 1in a 27mer <can be
methylated by a partially purified DNA(cytosine-
5)methyltransferase from Hela cells. Further, this
methylation was abolished if the other 5'-CG-3' pair
was replaced with a 5'-CA-3'. Therefore, there may be
more complex structural requirements to determine
whether a cytosine can be methylated by the methyl-
transferase and in this case the methyltransferase
may recognise a 5'-CG-3' group as a binding site to
methylate the next 5'-CG-3' group at an appropriate
distance from it.

Further evidence that the methyltransferase is
restricted in terms of which 5'-CG-3' sites are
methylated was produced by Ward et al. (1987) using
an homologous methyltransferase from murine
erythroleukemia cells. They showed that of the ten
available 5'-CG-3' pairs in the 368 base pair 5'-
region of the mouse B-globin gene, only five to six
were methylated, producing one hemimethylated site

and two fully methylated sites. The two sites in the
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complementary pair that were not methylated were
about one hundred base pairs in the 5'-direction from

the -CG- cluster that was methylated.

1.5 DNA methylation and gene expression

A large number of studies have now shown that
active genes are hypomethylated in cells where the
particular gene is expressed and methylated in non-
expressing cell types. This correlation between DNA
methylation and gene activity has been the subject of
a number of reviews (Razin and Riggs, 1980; Razin and
Szyf, 1984; Adams and Burdon, 1985; Cedar, 1988). A
full discussion of those genes which show a
correlation between hypomethylation and gene
expression will not be attempted and the reader is
referred to these reviews which discuss the subject
in detail.

The criterion adopted for saying that a gene is
hypomethylated has generally involved the wuse of
methylation sensitive restriction enzymes. This has
generally not taken into consideration the number of
methylation sites or the region of the gene involved.
The promoter region of a gene 1is a DNA sequence
located in front of a gene (5') and controls gene
expression. The promoter is the binding site of RNA
polymerase in the DNA molecule and serves as the
starting point of the synthesis of mRNA. In DNA
successive nucleotide units are covalently linked by

phosphodiester bridges formed between the 5'-hydroxyl



group of one nucleotide and the 3'-hydroxyl group of
the next. There is frequently a stronger correlation
between gene activity and hypomethylation when the
promoter regions of genes are considered. This is
best illustrated in experiments where the expression
of a gene is studied after in vitro methylation and
introduction into cells by transfection. A number of
examples which illustrate this correlation are shown
in table 1.

However, some studies have shown that there is
no correlation between the expression of a gene and
hypomethylation (see Adams and Burdon (1985) for
further consideration). A number of examples which
suggest that there 1is no correlation between the
expression of a gene and the amount of 5-
methylcytosine are tabulated in table 2.

Further, 5-methylcytosine has not been detected

in the Drosophila genome, despite there existing a

programme by which genes are switched on and off
(Urieli-Shoval et al., 1982). A number of possi-
bilities exist which may explain these discrepancies.
Firstly, the expression of these genes may be
regulated by mechanisms other than DNA methylation.
Secondly, DNA methylation may only be a small part of
the 'trigger' to initiate gene expression. Thirdly,
the expression of these genes may be controlled by a
region a long way from the structural gene and this
region may show a good correlation between hypo-

methylation and gene expression. Fourthly, many of



Table 1.

Correlation between hypomethylation in the

5' and promoter regions of genes and gene expression.

Gene

Reference

Globin genes (human)
Adenine phosphoribosyl
transferase (hamster)

Dihydrofolate reductase
(mouse)

Thymidine kinase (viral)
Chloramphenicol
acetyltransferase

(mouse)

Eukaryotic adenoviral
promoters

Thyroglobulin (human)

Busslinger et al. (1983)
Yisraeli et al. (1988)

Stein et al.
Keshet et al.

(1983)
(1985)

Stein et al. (1983)

Keshet et al. (1985)

Kruczek and Doerfler (1983)

Doerfler et al. (1988)

Libert et al. (1986)




Table 2.

Examples of genes for which there is no

correlation between hypomethylation and gene
expression.
Gene Reference

B-globin (human placenta)

Albumin (rat hepatoma)

Adenovirus 12 in hamster
cells

SV40 or polyoma virus

(African green monkey kidney
cells, Fischer rat embryo
fibroblasts, mouse 3T3 and
primary kidney cells).

Collagen (chick embryo fibro-
blast cells (CEF), CEF trans-
formed by RSV, erythrocytes,
brain and sperm).

Alpha foetoprotein/albumin
(rat hepatoma, kidney)

van der Ploeg and
Flavell (1980)
ott et al. (1982)

Kuhlmann and Doerfler
(1982)

Graessmann et al.
(1983)

McKeon et al. (1982)
Chandler et al. (1986)

Vedel et al. (1983)




these studies rely on the restriction enzymes MspI
and HpaII. These enzymes recognise methylation around
the sequence CCGG which represents approximately 4%
of the total 5'-CG-3' dinucleotides. Therefore, it
is possible that a particular gene may have none or
only a few of these sites.

Although many studies have shown a correlation
between undermethylation and gene expression, they do
not establish whether the undermethylation is a cause
or a consequence of transcriptional activation. One
way that this question has been addressed has been to
test the ability of 5-methylcytosine to interfere
with the binding of transcription factors.
Transcription factors may bind to specific sequences
in target promoters and are required for the
expression of a particular gene. For example, the
transcription factor Spl is required for the
expression of many viral and cellular genes including
housekeeping genes, which encode proteins needed for
the basic metabolic processes 1in the cell. Spl
activates transcription by binding to specific sites,
generally a short distance wupstream from the
initiation site for RNA synthesis. The recognition
sequence for Spl is 5'-GGGGCGGGGC-3' and most of the
known transcription factor binding sites contain a
5'-CG-3' dinucleotide. The most pertinent evidence
to indicate that methylation can Dblock gene
expression by interfering with the binding of trans-

cription factors is summarised in table 3.



Table 3.

Evidence to indicate that 5-methylcytosine

can block gene expression by interfering with the
binding of transcription factors.

Factor

Reference

Major late transcription
factor to the major late
promoter of adenovirus.

E2 factor to the adenovirus
E2 promoter.

Factor to its binding site
in the promoter of the rat
tyrosine aminotransferase
gene.

Cyclic AMP-responsive element
binding protein to the cyclic
AMP-responsive element.

A factor to the late E2A
promoter of adenovirus type 2

Transcription factor AP-2 to
proenkephalin promoter

Watt and Molloy (1988)

Kovesdi et al. (1987)

Becker et al. (1987)

Iguchi-Ariga and
Schaffner (1989)

Hermann et al. (1989)
Comb and Goodman
(1990)




However, there is some evidence to indicate that
cytosine methylation is not involved in the binding
of transcription factors. This evidence has been

summarised in table 4.

1.6 An alternative explanation for the effect of

cytosine methylation on transcription.

As well as blocking the binding of transcription
factors there 1is some evidence to 1indicate that
cytosine methylation may have an effect on gene
expression through the formation of inactive
chromatin.

The chromatin of eukaryotic nuclei can be
fractionated into regions which have various sensi-
tivities to the action of nucleases 1in vitro.
Actively transcribed genes are generally found in the
highly sensitive fraction of chromatin and contain a
small proportion of 5-methylcytosine. It is
generally believed that an inactive gene containing
5-methylcytosine will adopt a nuclease-inaccessible,
condensed conformation which may be reversed if the
gene becomes transcriptionally active (Adams et al.,
1990). When a gene is transfected into an animal cell
it associates over 8 h to form chromatin (Graessmann
et al., 1985; Buschhausen et al., 1987). A number of
reports have been studies on the effect of in vitro
methylation on gene expression after introduction
into cells by transfection. However, genes

containing a high proportion of 5-methylcytosine form
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inactive chromatin and so an inhibition of the
activity of transfected DNA by methylation is
frequently seen. In this case the site of methyla-
tion in the gene may not be important, with methyla-
tion at the 3' end of the gene being as effective as
at the 5' end (Busslinger et al., 1983; Keshet et
al., 1985).

In support of the theory that 5-methylcytosine
affects the formation of chromatin, Murray and
Grosveld (1987) have shown that a minimum length of
DNA free of 5-methylcytosine is required for trans-
cription of the gamma-globin gene. Further, trans-
cription of the gene occurs if all 5'-CG-3' dinucleo-
tides are removed from the promoter region. This
suggests that a sequence-specific transcription
factor is not involved but rather the inhibition of
transcription may be due to binding of a methyl-
cytosine-binding protein which seeds the formation of
inactive chromatin. Along the same lines, Ben-Hattar
and Jiricny (1988) have shown that methylation of any
one of four 5'-CG-3' sites in the promoter region of
the Herpes simplex tk gene reduced the transcription
of the gene in Xenopus oocytes. All four sites 1lie
within a nuclease hypersensitive and therefore active
region of chromatin. Therefore, a reduced transcrip-
tion brought about by methylation may occur as a
result of a change in the chromatin assembly rather
than through an interference with the binding of

transcription factors.



What is the evidence for the existence of a
methylcytosine-binding protein, which may be involved
in seeding the formation of inactive chromatin? A
protein isolated from human placenta has been shown
to bind preferentially to 5-methylcytosine-rich DNA
(Huang et al. 1984). More recently, Meehan et al.
(1990) have purified a protein which binds to DNA
containing greater than 15 5'-mCG-3' dinucleotides.
These proteins may ensure suppression of transcrip-
tion by stabilising a higher order folding of
chromatin.

Studies on CpG islands also sﬁpport the theory
that DNA methylation is correlated with a change in
the structure of chromatin rather than the binding of
transcription factors. CpG islands are DNA sequences
in which the dinucleotide 5'-CG-3' is abundant and
non-methylated. A number of tissue-specific genes do
not observe the inverse correlation between methyla-
tion and gene expression and these gene promoter
regions are within CpG islands, which remain clear of
detectable methylation in both expressing and non-
expressing cell types (reviewed by Bird, 1986; Bird,
1987). Tazi and Bird (1990) have studied the
chromatin structure in the vicinity of transcription
sites and they revealed that CpG island chromatin was
different from the main form of chromatin: almost
devoid of histone H1l; histones H3 and H4 were heavily
acetylated; and regions of nucleosome-free DNA were

present. A lack of histone H1l suggests that CpG



island chromatin 1is not tightly packaged since
histone H1 is known to participate in the folding of
chromatin (reviewed by Pederson et al., 1986). It has
been proposed that acetylation of histones may be
important in transcriptionally active chromatin
(Allfrey, 1977) which may explain the high level of
acetylation of histones H3 and H4 seen in CpG island
chromatin.

Although CpG 1islands are normally free of
methylation even when the gene is transcriptionally
silent in the animal, it has recently been observed
for cells grown in culture, in particular mouse
NIH3T3 and L cells, that greater than half of the
islands are heavily methylated (Antequera et al.,
1990). The methylated islands were those present in
genes that are probably not required in culture and
it follows that these cell lines may have lost the
ability to express a high proportion of the genes
available for expression in the animal. These
results suggest that methylation has a major role in
suppressing the transcription of CpG island-
associated genes. Further, they found that the
presence of 5'-mCG-3' dinucleotides at the a—globin
CpG island and at eight other randomly selected CpG
islands protected the cleavage of the dinucleotides
5'-mCG-3' in the nucleus by MspI. As Mspl can cleave
5'-mCG-3' in protein-free DNA, they concluded that
methylation of CpG islands causes an alteration in

chromatin structure. Therefore, these results



support the theory that DNA methylation is correlated
with a change in the structure of chromatin rather
than with transcription.

It is clear from these observations that the
role of DNA methylation in gene expression is complex

and that generalisations cannot easily be made.

1.7 DNA methylation and cancer

There is a large amount of experimental evidence
which demonstrates altered levels and patterns of DNA
methylation in tumour cells (reviewed by Riggs and
Jones, 1983; Jones, 1986; Adams and Burdon, 1985). A
general trend has been observed for tumour cells to
contain hypomethylated DNA when compared to the
normal cellular counterparts. Diala et al. (1983)
measured the percentage of 5-methylcytosine in twenty
cell 1lines derived from different types of human
tumours and found that the majority of the tumour
cells had decreased levels of methylated DNA compared
to the ﬁormal tissues. 1In a larger study reported by
Gama-Sosa et _al. (1983), the 5-methylcytosine content
of 103 human tumours was determined. Normal tissue
had an average of 4.37% cytosines methylated, whilst
the cytosines in DNA from primary malignant tumours
and metastases were 4.06% and 3.92% methylated
respectively.

However, care must be taken when considering
data from tumour cells grown in culture as the

methylation status of these cells may not necessarily



reflect the situation in the animal. For example, it
has been observed by Shmookler-Reis and Goldstein
(1982) that the longer human diploid fibroblasts are
maintained in culture, the more hypomethylated the
DNA becomes. Further, it has been shown by Antequera
et al. (1990) that in permanent cell 1lines (mouse
NIH3T3 and L cells), CpG islands have become
methylated that are normally non-methylated in cells
of the animal. Therefore, by some unknown mechanism
cells in culture  may have a disturbance of those
factors which are normally involved in the
maintenance of the pattern of DNA methylation.

An important question to ask at this point is at
what stage in the development of a tumour does the
DNA cytosine lose its methyl groups? This question
has been addressed by Bert Vogelstein and colleagues
in particular with respect to the development of
colon cancer in humans. It was shown be Feinberg and
Vogelstein (1983a) that the DNA from three out of
four primary human colonic tumours and one lung
carcinoma was substantially hypomethylated at
specific sites within growth hormone and globin
genes. These observations were particularly
significant because they were compared with normal
mucosal tissue which was removed at the same time
from the region in the vicinity of the tumour.
Feinberg and Vogelstein (1983b) extended their
studies to the methylation status of the two cellular

oncogenes, c-Ha-ras and c-Ki-ras. They compared



primary human carcinomas with adjacent analogous
normal tissues and showed that the c-Ha-ras gene was
hypomethylated in six from eight carcinomas (five
colonic adenocarcinomas and one small cell 1lung
carcinoma) whilst the c¢-Ki-ras gene was hypo-
methylated to a lesser extent in two colonic adeno-
carcinomas. The degree of hypomethylation appeared to
be greater in the metastases than in the primary
tumours suggesting that a further 1loss of methyl
groups may occur through the metastatic process.

In a further study by Goelz et al. (1985) the
DNA from 23 human neoplastic growths was examined,
including benign colon polyps and malignant
carcinoma£7$;s shown to be hypomethylated at specific
sites within growth hormone, gamma-globin, a-
chorionic gonadotrophin and gamma-crystallin genes.
The DNA from benign polyps was hypomethylated to a
degree similar to that in malignant tissue and they
concluded that the loss of methyl groups in human
colonic tumours occurred at a stage early in the
development of the benign adenoma.

Further, it has been shown by Feinberg et al.
(1988) that on average there was a reduction in the
content of 5-methylcytosine in colon adenomas and
adenocarcinomas of between 8 and 10% respectively
when compared to normal tissues. In these studies
there was no significant difference between benign

and malignant tumours.
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A similar investigation has been carried out on
the methylation status of various stages of neoplasia
in the human prostate (Bedford and van Helden, 1987).
These investigations were not carried out to the same
extent as those with colon <cancer described
previously, but it was shown that the proportion of
5-methylcytosine in DNA was significantly lower in
prostates with benign prostatic hyperplasia and in
metastatic tumour than normal prostate tissue. These
results add support to the theory that hypomethyla-
tion occurs at an early stage in the development of a
tumour and they further suggest a correlation between
hypomethylation and a worsening pathological
condition from normal (i.e. normal - hyperplasia =
metastatic cancer).

Despite these observations which indicate that
DNA loses methyl groups at an early stage in the
development of a tumour, not all tumours are actually
hypomethylated. Table 5 summarises some of the papers
which indicate that tumours or their associated genes
are in fact hypermethylated.

Therefore the evidence to date suggests that the
majority of tumours and tumour cell lines are hypo-
methylated and where there is hypermethylation of a
particular gene this generally occurs in the presence
of genomic DNA hypomethylation (see Silverman et al.

(1989) with respect to the calcitonin gene).
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A possible explanation for the hypermethylation
observed in some regions of DNA in tumour cells is
that they represent the location of tumour suppressor
genes. The short arm of chromosome 11 in humans is
thought to harbour tumour suppressor genes and this
is the region where hypermethylation of the
calcitonin gene (Baylin et al., 1986) and other genes
in human cancers has been demonstrated (de Bustros et
al., 1988). The hypermethylation and inactivation of
tumour suppressor genes may be a further mechanism
for the development of a tumour. For example, in
Wilms' tumour the non-expression of a tumour
suppressor gene in chromosome 11 may be responsible
for the development of the tumour (Weissman et al.,
1987).

It would appear therefore that DNA methylation
is involved in the development of tumours, whether
this 1is hypomethylation and the expression of
aberrant genes or hypermethylation and the "inactiva-
tion of tumour suppressor genes. However, it is not
known whether a tumour occurs as a result of
alterations in the level of methylation or whether
the change in methylation occurs as a consequence of

other factors involved in tumour development.
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1.8 Inhibition of DNA methylation by chemical

agents.

Cell transformation 1is a multi-stage process
(Farber, 1984) involving at 1least three stages:
initiation, promotion and progression. Initiation is
believed to result from the fixation of promutagenic
DNA damage which arose via exposure to chemical
carcinogens or by radiation or by spontaneous events
such as error-prone DNA replication. Clonal
expansion of the initiated cells leads to
preneoplastic development and possibly the formation
of benign tumours. The production of a malignant
tumour from a benign tumour may involve a further
genetic change followed by clonal expansion.

Chemical carcinogens can initiate the
transformation of cells to the neoplastic state. It
has been shown previously that DNA (cytosine-
5)methylation is involved in gene expression.
Therefore an alteration in the pattern of DNA
methylation produced by chemical agents may be
responsible for the aberrant expression of genes seen
in cancer. It is possible that an interference with
DNA methylation may affect the carcinogenic process
at the initiation, promotion and progression stage.

Chemical carcinogens may disrupt the proportion
of 5-methylcytosine in DNA Dby one of three
mechanisms: reaction with the enzyme; reaction with

the DNA substrate; or interaction with the cellular
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metabolism involved in the control of DNA
methylation. The latter has limited relevance to this
thesis and will not be discussed further.

Reaction with the enzyme

DNA (cytosine-5)methyltransferase contains thiol
groups within cysteine residues at the active site
(Bestor et al., 1988). These thiol groups are
reactive sites for a number of carcinogens which may
cause inactivation of the enzyme. A complete
irreversible inhibition of rat 1liver DNA(cytosine-
5)methyltransferase was produced after in vitro
treatment with MNNG, whilst a similar treatment of
the DNA substrate did not produce any inhibition
(Drahovski' and Wacker, 1975). However, the drug
concentration used was 2 mM and whether these results
are significant for such a potent carcinogen is
dubious.

Cox (1980) also demonstrated that MNNG caused
inactivation of DNA(cytosine-5)methyltransferase by
direct interaction with the protein, but once again
this was at high concentrations of the drug. In
these experiments it was shown that the thiol group
is a ©possible site for inactivation of the
methyltransferase as 0.1 mM iodacetamide, which is
known to react with thiol groups of proteins, caused
about 45% inhibition of the methyltransferase in
vitro. Cox (1980) further illustrated that

carcinogens which do not react with sulfhydryl groups
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such as N-nitrosodiethylamine, N-nitrosodimethylamine
and methylazoxymethanol have no direct effect on the
activity of the methyltransferase.

Acrolein, the reactive metabolite of cyclo-
phosphamide, which 1is known to react with thiol
groups causes a 30-50% 1inhibition of methyl-
transferase activity in vitro at a concentration of
10 uM (Cox et al., 1988). Chan et al. (1983) tested
the ability of a number of carcinogens to inhibit

DNA (cytosine~5)methyltransferase in vitro and

demonstrated a 50% inhibition with 4.3 mM N-acetoxy-
N-acetyl-2-aminofluorene, 47 mM MNU and 2.8 mM MNNG.
The thiol containing compounds dithiothreitol, §B-
mercaptoethanol and reduced glutathione when added to
the assay mixture in increasing amounts protected the
enzyme from carcinogen damage. Consequently, intra-
cellular thiols may play an important role in
protecting DNA enzymes from damage.

The above examples demonstrate that certain
chemical agents which react with thiol groups can
inactivate DNA(cytosine-5)methyltransferase.
However, large concentrations of drug were used to
produce an effect using in vitro enzyme preparations
and it is unlikely that such concentrations could be
attained in the cell. Intracellular glutathione
protects the cell from this form of carcinogen damage
by a scavenger-type reaction (Chasseaud, 1979).
Therefore, it is unlikely that an inhibition of

DNA (cytosine-5)methyltransferase by this mechanism is



a particularly significant carcinogenic event, which
would also depend on the relative rate of methyl-

transferase turnover.

Reaction with DNA

A number of carcinogens have been shown to
interfere with DNA(cytosine-5)methylation through
reaction with the DNA substrate. Initial experiments
were carried out by Drahovskf’and Morris (1972) in
which they showed that chemical modification of
E.coli DNA by complete depurination with formic acid,
by deamination of deoxycytidylate residues with
sodium bisulphite or by alkylation of deoxyguanylate
residues with dimethylsulphate abolished the ability
of the DNA to accept methyl groups by transfer from
rat 1liver DNA(cytosine-5)methyltransferase. These
results did not provide many clues to indicate a
particular site of modification responsible for the
inhibition of the methyltransferase. However, as one
would expect these results do suggest that cytosine
and guanine residues are of some importance.

Contrary to these observations, Pfohl-Leszkowicz
et al. (1983a) showed that alkylation of chicken
erythrocyte DNA or poly(dG-dC) .poly(dG-dC) with up to
100 mM dimethyl sulphate had no effect on the ability
of beef brain DNA(cytosine-5)methyltransferase to
methylate this substrate, despite the level of modi-
fication of guanine to 7-methylguanine being as high

as 30% and 40% respectively. However, modification



of these substrates with MNU produced methylphospho-
triesters and 0f-methylguanine in addition to 7-
methylguanine. A 1% alkylation of the bases in DNA
or poly(dG-dC).poly(dG-dC) by MNU caused a 40% and
38% inhibition respectively of their ability to
behave as substrates for DNA (cytosine-
5)methyltransferase.

Acrolein (the reactive metabolite of cyclophos-
phamide), as well as being able to inhibit DNA(cyto-
sine-5)methyltransferase by reaction with critical
sulfhydryl groups, is able to cause a reduction in

the ability of M.lysodeikticus DNA to accept methyl

groups by transfer from rat bladder methyltransferase
(Cox et al., 1988).

Hemimethylated DNA prepared from treating mouse
embryo cells in culture with 1low levels of 5-
azacytidine (2 uM) has been used as a substrate for
maintenance methylation. In this assay methyl groups
are transferred specifically to cytosine residues in
the hypomethylated strand (Taylor and Jones, 1982).
Treatment of such a DNA substrate with a wide range
of carcinogens has been shown to inhibit in wvitro
methylation by mouse spleen DNA(cytosine-5)methyl-
transferase (Wilson and Jones, 1983). The most
potent inhibitor of DNA methylation was nitrogen
mustard followed 1in order by NAAF, 1,3-bis(2-
chloroethyl)-1l-nitrosourea and MNNG,. However, all
the agents investigated which covalently react with

DNA caused an inhibition of the methyltransferase to



some extent, including EMS, ENU, ENNG, 9-amino-
acridine and benzo(a)pyrene diolepoxide. | The
induction of alkali-labile sites and single-strand
breaks by depurination with weak acid (pH 1.6) or by
UV-irradiation of bromouracil-containing DNA also
reduced its ability to accept methyl groups in vitro,
but the methyltransferase reaction was considerably
less sensitive to thymine dimers or to double-strand
breaks. The degree of methyltransferase inhibition
that‘they observed with the carcinogens was greater
than that which could be accounted for by alkali-.
labile DNA 1lesions and therefore it is 1likely that
the carcinogen-DNA adduct may have played a role.

There are a number of possible mechanisms which
may account for the inhibition of the methyl-
transferase produced with these carcinogens.
Firstly, the carcinogen may react with important
binding sites for the methyltransferase. Secondly,
large bulky carcinogen adducts may prevent the
scanning action of the enzyme. Thirdly, the
carcinogen adduct may increase the attraction between
the methyltransferase and the DNA substrate.

The inhibition of enzymatic DNA (cytosine-
5)methylation by reaction of N-substituted aromatic
compounds with DNA has been investigated in some
detail. One such compound, 2-(acetylamino)fluorene
is a potent liver carcinogen, which after
administration and metabolic activation in rats (see

Singer and Grunberger, 1983 for discussion of



metabolism) produces the following adducts in DNA;
70% non-acetylated C-8 guanine adducts (N- (deoxy-
guanosin-8-yl)-2-aminofluorene or dG-C8-AF and 30%
acetylated adducts (24% N-(deoxyguanosin-8-yl)-2-
acetylaminofluorene or dG-C8-AAF and 2% 3-
(deoxyguanosin-N2-yl) -2-acetylaminofluorene or dG-N2-
AAF) (Kriek, 1974; Westra et al., 1976).

2-(N-Acetoxyacetylamino) fluorene or AcO-AAF is a
model of the wultimate carcinogen AAF, in that it
reacts with DNA to give essentially the acetylated
adducts whilst N-hydroxy-2-aminofluorene or N-OH-AF
is a model of AAF which reacts with DNA to give the
non-acetylated adducts dG-C8-AF (Tang and Lieberman,
1983).

Salas et al. (1979) showed that treatment of
chicken erythrocyte DNA with AcO~AAF inhibited the
transfer of methyl groups by rat brain DNA(cytosine-
5)methyltransferase. Pfohl-Leszkowicz et al. (1981)
investigated the mechanism of inhibition in more
detail and showed that the enzymatic methylation of
chicken erythrocyte DNA-AAF, that contained 5% of
modified bases was approximately 15% of the control.
Further, they found that the AAF-modified DNA had a
higher affinity for the enzyme than the native DNA.
It was suggested that the inhibition may be due to
bulky AAF-guanine residues on the substrate DNA,

which may prevent the scanning action of the enzyme.
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Pfohl-Leszkowicz et al. (1982; 1983b) compared
the enzymatic methylation (rat brain DNA(cytosine-
5)methyltransferase) of chicken erythrocyte DNA
modified by AcO-AAF and MNU. They showed that the
inhibition of methylation was much greater for MNU-
alkylated DNA than for DNA-AAF; 50% inhibition was
achieved with 0.15% of modified bases for the MNU-
methylated DNA compared with 0.9% for DNA-AAF.
However, AAF-modified DNA was capable of inhibiting
the enzymatic methylation of wunmodified DNA in
competition assays, whereas MNU-alkylated DNA did not
inhibit the methylation of native DNA (Pfohl-
Leszkowicz et al., 1983b). This illustrates two
mechanisms by which modified DNA may inhibit
DNA (cytosine-5)methyltransferase. Firstly, with MNU-
modified DNA the specific sites of alkylation
prevents the methyltransferase from recognising
binding sites. Secondly, with AAF-modified DNA the
bulky AAF groups bound to guanine in DNA may block
the mechanism,(és proposed by Drahovskf'and Morris
(19719, by which the methyltransferase 'walks' along
the DNA.

The conclusion that bulky adducts in DNA are
capable of inhibiting the action of DNA(cytosine-
5)methyltransferase has been complicated by the
report of Pfohl-Leszkowicz et al. (1984). They
investigated chicken erythrocyte DNA modified in
vitro with N-2-aminofluorene which gives only the

deacetylated adduct dG-C8-AF. They observed that DNA



modified in this way was hypermethylated compared to
native DNA when treated with the methyltransferase,
which contrasts with the hypomethylation observed
with DNA-AAF. They suggest that the deacetylated
adduct changes the secondary structure of the DNA in
such a way to facilitate the mechanism by which
DNA (cytosine-5)methyltransferase 'walks' along the
double helix.

There is a discrepancy between these results and
those observed by Ruchirawat et al. (1984), in which
the aminofluorene adduct severely impaired the
methylation of the polynucleotide poly(dC-dG)-AF.
This observation would add support to the theory that
bulky adducts inhibit the movement of the
methyltransferase and as a consequence reduce the
extent of enzymatic DNA methylation. However, the
results of Pfohl-Leszkowicz et al. (1981, 1984) in
which DNA-AAF was hypomethylated and DNA-AF was
hypermethylated by DNA(cytosine-5)methyltransferase
are supported by the report of Boehm et al. (1983).
They showed that treatment of murine cells in culture
with N-AcO-AAF, which produces AAF and AF adducts in
DNA, produced two sets of cells, one with
hypomethylated DNA and one with hypermethylated DNA.

5-Azacytidine is a potent inhibitor of enzymatic
DNA methylation, which is also thought to act through
its effect on the DNA substrate. However, the
mechanism of 1inhibition is different from those

examples previously discussed, in that a covalent



complex is believed to form between the methyl-
transferase and the DNA containing 5-azacytosine.
The evidence which led to this conclusion will now be
reviewed.

5-Azacytidine differs from cytidine only by the
replacement of the 5-carbon atom with a nitrogen and
can be incorporated into both RNA and DNA in place of
cytidine. The treatment of cultured mouse embryo
cells with 5-azacytidine in which a 5% substitution
of cytosine residues by 5-azacytosine occurred,
resulted in greater than 80% inhibition of DNA
methylation (Jones and Taylor, 1980). 5-Azacytidine
has been used to inhibit the methylation of newly
replicated DNA to prepare hemimethylated DNA, which
is a good substrate for DNA(cytosine-5)methyl-
tranferase (Jones and Taylor, 1981). The best in
vitro substrate for the methyltransferase is produced
using low concentrations of 5-azacytidine
(approximately 2 uM), in which the extent of

substitution of 5-azacytosine for cytosine is in the

oe

order of 1-2 and approximately 60% of the
methylation sites are in the hemimethylated state
(Jones and Taylor, 1981; Taylor and Jones, 1982).
However, DNA containing higher 1levels of 5-
azacytosine (5% of total cytosine) was a poor

substrate for DNA(cytosine-5)methyltransferase in

vitro and resulted in the formation of a tight
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complex between the methyltransferase and the DNA
substrate, which could not be dissociated (Taylor and
Jones, 1982).

Evidence for a tight binding of the methyl-
transferase to DNA containing 5-azacytosine was also
provided by Tanaka et al. (1980). These authors
observed a rapid decrease 1in extractable methyl-
transferase activity after treatment of Ehrlich
ascites cells in culture with 5-azacytidine.
Further, DNA prepared from E.coli K12 cells which had
been grown in the presence of 5-azacytidine (10
pg/ml) has been shown to cause irreversible inhibi-
tion of bacterial DNA(cytosine-5)methyltransferase in
vitro (Friedman, 1981).

The mechanism of inhibition of DNA(cytosine-
5)methyltransferase by DNA containing 5-azacytosine
is thought to be the same for bacterial and mammalian
enzymes (Santi et al., 1983; Santi et al., 1984). It
was proposed that the methyltransferase adds to the
6~carbon atom of 5-azacytosine in the manner for the
normal enzymatic reaction (figure 2) to form the 5,6-
dihydropyrimidine adduct. In cytosine this would
produce a negative charge at carbon 5 and activate it
for reaction with the electrophilic methyl group from
SAM. However, with 5-azacytosine the reaction would
be blocked with the formation of the 5,6-dihydro-

pyrimidine adduct. Therefore, it was proposed that
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the 5-azacytosine in DNA blocks DNA methylation by

forming a covalent bond with the methyltransferase,
which consequently depletes the cell of enzyme.

In conclusion it would appear that chemical
agents can inhibit DNA(cytosine-5)methyltransferase
through an effect on the DNA substrate by three
mechanisms: reaction with important binding sites in
the DNA for the methyltransferase; bulky chemical
adducts which prevent the scanning action of the
methyltransferase; covalent bond formation between

the methyltransferase and the modified-DNA.

Effect of carcinogens on DNA(cytosine-5)methylation

in cells.

It has been shown previously that a number of
carcinogens can 1inhibit DNA(cytosine-5)methylation
using in vitro enzyme preparations and isolated DNA.
However, it is important to determine whether these
carcinogens can also inhibit DNA methylation in
living cells and some pertinent examples are
summarised in table 6.

In contrast to these results Krawisz and
Lieberman (1984) showed that MNU and N-AcO-AAF did
not cause any detectable change in the 5-
methylcytosine content of newly replicated DNA in
Raji cells (human lymphoblastoid cell 1line), S49
cells (a mouse thymic lymphoma cell line) and human
diploid fibroblasts even at 1levels of damage that

inhibited replication by 95%. Diala and Hoffman



Table 6.

cells by chemical carcinogens.

Inhibition of DNA methylation in 1living

Carcinogen System Reference

Ethionine Novikoff rat hepa- Sneider et al.
toma cell line. (1975)
Regenerating rat Cox and Irving
liver. (1977) .

Murine Friend Christman et al.
erythroleukemia (1977)
cell line.

MNU Human Raji Boehm ang
(Burkitts lym- Drahovsky (1981a)
phoma) cell line.

Benzo(a) murine embryo Wilson and Jones

pyrene fibroblasts 3T3 (1983)

Temozolomide Human leukemia Tisdale (1985)
cell line,K562.

K562 Tisdale (1986)
Human lympho- Tisdale (1989)
blastoid cell

line GM892.

Ethazolastone Human lympho- Tisdale (1985)
blastoid cell
line GM892.

MNNG Human Raji cell Boehm and

line (Burkitts
lymphoma) .

Drahovsky (1981b)
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(1982) observed no change in the amount of 5-

methylcytosine in the DNA of mouse embryo 3T3 cells
after treatment with the carcinogens benzo(a)pyrene
and methylcholanthrene.

Injection of the carcinogen dimethylnitrosamine
into rats after partial hepatectomy, produced no
effect on DNA(cytosine-5)methylation in rat 1liver,
which 1is the target organ for the carcinogen
(Craddock and Henderson, 1979). However, 1in this
system MMS which does not induce liver tumours caused
an increase in the level of DNA (cytosine-
5)methylation.

Despite the fact that in living cells in culture
and in vivo the effects on DNA(cytosine-5)methylation
may not be obvious, a low level of inhibition of
DNA (cytosine~5)methyltransferase may have occurred

which remained undetectable in the total genome.



CHAPTER TWO

MATERIAL AND ANIMALS




2.1 Purchased Chemicals, Reagents, Materials and

Animals.

Aldrich Chemical Company, Poole, Dorset

25% Tetrapropylammonium hydroxide solution in water

(w/v)
Trimethylsulphonium iodide

2,6~-diaminopurine

Amersham International, Amersham, Bucks, UK

S-Adenosyl-L-[methyl-3H]methionine (83-85 Ci/mmol)
N-[3H]Methyl-N-Nitrosourea (15 Ci/mmol)

T4 Polynucleotide kinase (E.coli B)
[Methyl-3H]Thymidine (79 Ci/mmol)

[6-3H]Uridine (17 Ci/mmol)

American Bionetics Inc. (ABN), Hayward, California,

USA

96—methylguanosine cyanoethyl phosphoramidite

Bantin and Kingman Ltd., Hull, Humberside

BDF; Mice

BDH Chemicals Ltd., Poole, Dorset

Acetic acid, glacial (analar)
Ammonium formate (analar)
Ammonium sulphate (analar)
m-Cresol

Dimethyl sulphoxide (analar) (DMSO)



Diphenyloxazole (scintran) (PPO)

1,4~Di—2—(5fphawloxazolyl)—benzene (scintran) (POPOP)
2-Ethoxyethanol

Ethylenediaminetetraacetic acid, disodium salt (EDTA)
2-Mercaptoethanol

N,N'-methylenebisacrylamide (electran)

Sodium acetate

Sodium dihydrogen orphophosphate (analar)

Sodium dodecyl sulphate (Biochemical grade)

Sodium phosphate (analar)

Trichloroacetic acid (analar)

Bio-Rad Laboratories Ltd., Watford, Herts.

Bradford dye reagent

Boehringer Corporation Ltd., Lewes, Sussex

S-Adenosyl-L-methionine, HSO4 salt
DNA Molecular weight markers
Lambda phage DNA

Restriction Enzymes -HpalIl, MspI

Fisons Scientific Equipment, Loughborough, Leics.

Acetic acid, glacial

Anmmonia solution, specific gravity 0.88 (analytical
grade)

Boric acid

Citric acid

Formic acid (analytical grade)

Hydrochloric acid (analytical grade)



2-Mercaptoethanol (biochemical grade)

Methanol (HPLC grade)

Optiphase ‘'Hisafe III' scintillation fluid
Optiphase 'MP' scintillation fluid
Perchloric acid (analytical grade)

Sodium cacodylate

Sodium chloride

Sodium hydroxide

Sucrose

Toluene (scintillation grade)

Fluka Chemicals Limited, Glossop, Derbyshire

Phenol
Polycytidylic acid, potassium salt (poly[C])

Polyguanylic acid, potassium salt (poly[G])

Gibco, Paisley, Scotland

Donor horse serum

Foetal calf serum

L-glutamine (200 mM)

Penicillin (10000 IU/ml) and streptomycin (10000
UG/ml)

RPMI 1640 (with 25 mM HEPES and L-glutamine)

Trypsin-EDTA solution (10 x)

IBF Biotechnics, Villeneuve-la-Garenne, France

Ultrogel ACA34



Lancaster Synthesis Limited, Morecambe, Lancs

Carboethoxymethyl dimethylsulphonium bromide

Dimethyl propargyl sulphonium bromide

Millipore UK Ltd., Harrow, Middlesex

Millipore 0.45 um filters

New England Nuclear, Du Pont (UK) Ltd., Southampton,

Hants.
Adenosine 5'-[gamma=-32pP] triphosphate,
triethylammonium salt (6000 Ci/mmol)

Nensorb 20 Nucleic Acid Purification Cartridges

Oxoid Laboratories Ltd., Basingstoke, Hants.

Phosphate buffered saline (PBS) tablets

Pharmacia LKB Biotechnology, Milton Keynes, Bucks.

Agarose -M

Polydeoxyguanylic acid, potassium salt (poly[dG])

Sigma Chemical Company Ltd., Poole, Dorset

Adenine

Albumin, bovine serum
p-Aminosalicylic acid
Blue dextran
Bromophenol blue
6~Chloroguanine
Cytosine

2'=Deoxycytidine, free base



Deoxyribonuclease I
Dithiothreitol

DNA, calf thymus

DNA, calf thymus (single-stranded)

DNA, M.lysodeikticus (1% RNA, 2-4% protein)

DNA, E.coli (1% RNA, 1-2% protein)
Dowex-50 HY form

Ethidium bromide

Ethyl methanesulphonate (EMS)
Glycerol

Glycine

Guanine
H—[Z—thbxyethyl]piperazine-g}—[2—ethanesulphonic
acid] (HEPES)

8-Hydroxyquinoline

Imidazole

L-Methionine-S-methyl sulphonium iodide
3-Methyladenine

S-Methylcysteine

5-Methylcytosine

7-Methylguanine

Methyl methanesulphonate (MMS)
Ninhydrin

N-Nitroso-N-ethylurea (ENU)
N-Nitroso-N-methylurea (MNU)
Nonidet-NP40

Phenylmethylsulphonyl fluoride (PMSF)

Polyadenylic acid (5'), potassium salt (Poly[A])
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Polydeoxyadenylic acid-polythymidylic acid, sodium

salt (Poly[dA] .Poly[dT1)
Polydeoxyguanylic-polydeoxycytidylic acid, sodium
salt (Poly[dG].Poly[dC])

Polyinosinic acid (5'), potassium salt (Poly[I])
Polyuridylic acid (5'), potassium salt (Poly[U])
Potassium chloride

Potassium hydroxide

Protein molecular weight markers cytochrome C, horse
heart (12400), albumin, bovine serum (66000), fS-
amylase, sweet potato (200000), apoferritin, horse
spleen (443000), carbonic anhydrase (29000)
Spermidine

Stannous chloride
N,N,N'",N'-tetramethylethylenediamine (TEMED)
Thymidine

Thymine

Triethylamine

Tris (hydroxymethyl)aminomethane (Tris» base

Xylene cyanole

Whatman Labsales Ltd., Croydon, Surrey

Whatman 3MM chromatography paper

Whatman GF/C glass microfibre filters, 2.5 cm
Whatman DE52 anion exchanger

Whatman DE/81 2.3 cm filters

Whatman Partisil 10SCX 25 cm analytical column
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2.2 Treatment of DNA obtained from Sigma

Due to considerable protein contamination in
Calf Thymus DNA and significant quantities of protein

in M.lysodeikticus DNA, all DNAs obtained from Sigma

were purified before use.

The DNA was dissolved in 50 mM KCl at a concen-
tration of 2.0 mg/ml. In polypropylene tubes, 0.1
volumes of 10% SDS was added to the DNA solution and
to this was added an equal volume of phenol reagent.
The mixture was vortexed for 5 min and then spun at
2000 rpm for 30 min using an Heraeus lab top centri-
fuge. The upper aqueous layer was then removed,
taking care not to remove any of the interfacial
material. The DNA was then precipitated by adding
1.5 volumes of 2-ethoxyethanol. The DNA was then
pelleted by centrifugation at 4000 rpm for 10 min
using an Heraeus lab top centrifuge. Depending on
the amount of contaminating protein the above series
of steps was repeated an appropriate number of times.
The DNA was then washed three times with 70% (v/v)
ethanol/ 2% (w/v) sodium acetate, two times with
absolute ethanol and once with diethyl ether, by
resuspending and sedimenting after each wash. After
removing the excess ether by drying in a water-bath
at 60°C for 10 min, the DNA was suitable for use.

From experience this procedure significantly
increases the ability of the DNA to behave as a
substrate for DNA(cytosine-5)methyltransferase and

was therefore routinely carried out.



2.3 DNA molecular weight markers

Lambda Hind III/EcoRI (kDa)

21226, 5148, 4973, 4277, 3530, 2027, 1904, 1584,
1330, 983, 831, 564, 125.

Lambda Hind III (kDa)

23130, 9416, 6557, 4361, 2322, 2027, 564, 125

2.4 Synthesis of 06-methylgquanine

96—Methylguanine was prepared by the method of
Balsiger and Montgomery (1960) and Demple et al.
(1983).

Sodium methoxide was prepared fresh by slowly
adding 5.0 g sodium to 100 ml of redistilled absolute
methanol. This freshly prepared solution of sodium
methoxide was then slowly added to a flask containing
440 mg 6-chloroguanine. After the 6-chloroguanine
had dissolved, the solution was refluxed for 12
hours. This was then cooled to 4°C and neutralised
by the addition of 6.0 M HCl. Sodium chloride was
then allowed to crystallise out by storing at -20°C
over-night. The solution was then filtered and the
solid precipitate was discarded and the filtrate was
concentrated to dryness using a rotary evaporator
with a water-bath temperature of 60°cC.

The solid residue contains 0®-methylguanine and
NaCl and this was dissolved in a minimum volume of
boiling water, whilst stirring on a magnetic stirrer.
This was then slowly cooled down to room temperature,

allowing the 0®-methylguanine to crystallise out and



leaving the NaCl in solution. The 06-methylguanine

was then separated by filtration and this process of
recrystallisation was repeated a further three times,
to ensure that all the NaCl had been removed.

It was verified by paper chromatography that all
the 6-chloroguanine had been converted to 0®-methyl-
guanine, in which there was a good separation between
6-chloroguanine and 0®-methylguanine.

Solvent system for paper chromatography,
Isopropanol: conc.NH3: HpyO (7:1:2)

The 06-methylguanine was quantitated by its

ultraviolet absorption, a neutral aqueous solution of

Ajgp = 7.9 contains 1 mM 0®-methylguanine.

2.5 Donated Chemicals

Mitozolomide, temozolomide and ethazolastone
were synthesised and donated by May and Baker,
Dagenham, England. They were dissolved in DMSO at a
concentration of 20 mg/ml and were stored frozen at -
20°cC.

Chlorambucil was kindly donated by Professor M J
Tisdale of Aston University.

L—methionine—g—[3H-methyl]methylsulphonium
iodide (specific activity 70Ci/mmol) and a range of
peptides was kindly donated by Mr G M Currie (British

Technlogy Group student).
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2.6 Stock Solutions and Buffers

Ethidium Bromide Reagent

Tris base
EDTA
Ethidium bromide

Adjusted to pH 7.6 with conc. HC1l

Cell Lysing Mediun

Tris base
EDTA, disodium salt
nonidet NP-40

Adjusted to pH 7.5 with conc. HCl

Buffer for Washing Nuclei

Tris base
Sucrose

Adjusted to pH 7.8 with conc. HCl

0.9% Saline

Sodium chloride

Water

ILow salt restriction buffer

Tris base
MgCl,
f-mercaptoethanol

Adjusted to pH 7.5 with conc. HCl
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10 mM
1 mM

5.0 mg/1

10 mM
10 nmM

5.0 ml/1

20 mM

0.25 M

9.000 g

to 1.000 1

10 nmM
10 mM

5 mM



Buffer M

Tris base

EDTA, disodium salt
Dithiothreitol

Glycerol

Phenylmethylsulphonyl fluoride

Distilled water

DNA Methylase Assay Buffer

Tris base
EDTA, disodium salt
Dithiothreitol

Adjusted to pH 7.8 with conc. HC1
5% TCA
Trichloroacetic acid

Distilled water

PPO/POPOP Scintillant

2,5-Diphenyloxazole (PPO)
1,4-Di-2-(5-phenyloxazolyl)-benzene
(POPOP)

Toluene

50 mM

1 mM

1 mM
100 ml
60 mg/1

to 1.000 1

20 mM
1 mM

5 mM

50.0 g

to 1.00 1

4.0 g

0.1 g

to 1.00 1



Phenol Reagent

Phenol 500 g

Distilled water 62.0 ml
m-Cresol 62.0 ml
8-Hydroxyquinoline 0.62 g

Tris-Borate Electrophoresis (TBE) Buffer

(5% concentration)

Tris base 54.0 g/1
Boric acid 27.5 g/1
EDTA, disodium salt 3.7 g/1

Adjusted to pH 8.0

Agarose Gel ILoading Buffer

(6x concentration)

Bromophenol blue 0.25 g
Xylene cyanole 0.25 g
Sucrose 40.0 g
Water to 100 ml

Reagent A (for the Purification of Nucleic Acids

using a Nensorb 20 cartridge)

Tris base 0.1 M
Triethylamine 10 mM
EDTA, disodium salt 1 mM

A stock buffer of 0.1 M Tris-HCl, 1 mM disodium EDTA,
pH 7.7 was prepared. To 100 ml of stock buffer was
added 140 pl triethylamine and this was adjusted to

pH 7.7 with conc. HCIl.



10x Kinase Buffer

Tris base

EDTA, disodium salt
Magnesium Chloride
Dithiothreitol
Spermidine

Adjusted to pH 7.6 with conc. HCl.

TE (pH 7.9)

Tris base
EDTA, disodium salt

Adjusted to pH 7.9 with conc. HCI.

Phenol

The term ‘phenol' was used to describe phenol which

was equilibrated with TE (pH 7.9).

HEPES (DNA repair) buffer

HEPES

dithiothreitol

EDTA, disodium salt
spermidine hydrochloride

adjusted to pH 7.8 with 10 mM KOH

0.5 M
1 mM
0.1 M
50 mM

1 mM

10 mM

1 mM

70 mM

10 mM

50 uM



0.1 M Sodium citrate Buffer (pH 2.7)

Solution A 0.1 M citric acid

Solution B 0.1 M sodium citrate

48.0 ml of solution A was mixed with 2.0 ml of
solution B and made up to 100 ml with distilled
water. Any adjustment in pH that was necessary to

produce pH 2.7 was made using conc. HCl.

0.1 M Sodium Citrate Buffer containing 0.4 M NaCl (pH

3.0
Solution A 0.1 M citric acid
Solution B 0.1 M sodium citrate

46.0 ml of solution A was mixed with 4.0 ml of
solution B and made up to 100 ml with distilled
water. Any adjustment in pH that was necessary to

produce pH 3.0 was made using conc. HCI.

Ninhydrin Reagent

1) Citric acid buffer pH 5.0

205 ml of 0.2 M citric acid

295 ml of 0.2 M sodium citrate

Adjusted to pH 5.0 with 10.0 M NaOH

2) Dissolve 0.80 g of SnCl,;.2H0 in 500 ml of 0.2 M
citric acid pH 5.0

Add this to 20 g of ninhydrin dissolved in 500 ml of

methoxyethanol. Bubble N, (g) through for 30 min.
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Buffer I

Tris base 50 mM
dithiothreitol 3 mM
EDTA, disodium salt 1 mM
BSA 1 mg/ml

adjusted to pH 8.3 with conc. HCL.

2 x HEPES - buffered saline (HeBS)

NacCl 16.4 g
HEPES acid 11.9 g
Na;HPOy4 0.21 g

The solution was made up to 1.000 1 and titrated to
pPH 7.05 with 5.0 M NaOH and then filter sterilised
using a 0.2 uM Acrodisc filter (Gelman Sciences,

U.K.).

Incubation Buffer (Protein/Nucleic Acid Binding

Assay)

Imidazole 0.1 mM
EDTA, disodium salt 20 mM

Dithiothreitol 0.5 mM
S—-Adenosyl-L-methionine 10 uM

Imidazole was stored as a 10 mM stock and S-adenosyl-
L-methionine was stored as a 1 mM stock, 10.0 ml of
each gave the appropriate concentration when made up

to 1.000 1.

Adjusted to pH 7.5 with conc. HC1.
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0.6% Sarkosyl + 0.5 M NaCl

N-Lauroylsarcosine, sodium salt 6.0 g
Sodium chloride 29.2 g

Made up to 1.000 1 with distilled water.

0.5% SDS
Sodium dodecyl sulphate 5.0 g
Distilled water to 1.000 1

EDTA Solution pH 10.0 (Alkaline Elution)

EDTA, disodium salt 20 mM
Sodium hydroxide 40 mM

Adjusted to pH 10.0 by the addition of conc. HC1.

Alkaline Elution Solution

EDTA, disodium salt 5.8 g
Tetrapropylammonium hydroxide 70.0 g
Distilled water to 1.000 1

Adjusted to pH 12.1 by the addition of a high pH

alkaline elution solution.

Acrylamide Stock I Solution

Acrylamide 44.0 g
N,N'-methylenebisacrylamide 0.8 g
Distilled water to 100 ml

The solution was filtered through a Millipore 0.45 uM

filter and then stored in the dark at +4°c.



Acrylamide Stock II Solution

Acrylamide 30.0 g
N,N'-methylenebisacrylamide 0.8 g
Distilled water to 100 ml

The solution was filtered through a Millipore 0.45 LM

filter and then stored in the dark at +4°©°cC.

Reservoir Buffer Stock (10x)

Tris base 0.25 M
Glycine 1.92 M
SDS _ 1.0%

Adjusted to pH 8.3 with conc. HCl.

When required this solution was diluted 10 x.

SDS-PAGE Loading Buffer (5x)

Tris base 0.315 M
SDS 10%
B-Mercaptoethanol 25%
Glycerol 50%
Bromophenol blue 0.5%

Adjusted to pH 6.8 with conc. HCI.
The appropriate volume of this solution was added to
the sample and diluted with water so that the final

volume is 5 X greater.
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Coomassie Blue Gel Stain

Coomassie brilliant blue R 1.37 g
Methanol 250 ml
Glacial acetic acid 50 ml
Distilled water 250 ml

Gel destain

Acetic acid 70 ml
methanol 500 ml
Distilled water to 1.000 1

Electroblot Buffer

Tris base 3.03 g
Glycine 14.41 g
Methanol 200 ml

Adjusted to pH 8.8 with conc. HCl.



CHAPTER THREE:
THE PREPARATION AND CHARACTERISATION

OF DNA(CYTOSINE-5)METHYLTRANSFERASE
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3.1 METHODS

3.1.1 The Preparation of DNA (cytosine~5)methyl-

transferase

The procedure was based on the method described
by Turnbull and Adams (1976), with modifications.
The DNA(cytosine-5)-methyltransferase used in these
studies was prepared from the L1210 murine leukemia

tumour, which was grown in vivo or in vitro.

Growth of L1210 in vitro

This cell line was maintained as a suspension
culture in exponential growth at a density between
0.8 x 10° and 1.0 x 106 cells/ml. Cells were grown
in RPMI 1640 medium (with 25 mM HEPES and L-
glutamine), supplemented with 10% horse serum, under
an atmosphere of 5% COy in aié. Under these
conditions the cells were found to have a doubling

time of 12-14 h.

Growth of L1210 in vivo

The growth of the L1210 tumour in vivo was
carried out by Mr M P Wynter and Mr W A Fleary from
Aston University. 2.0 x 102 cells in a total volume
of 0.1 ml were implanted i.p. and grown for seven
days. The mice used were the BDF, strain of a weight
between 20-25 g and both males and females were used.
After seven days the tumour was removed and suspended

in 0.9% saline.



Partial purification of DNA (cytosine-5)methyl-

transferase

The nuclei were first of all prepared using the
following procedure.

The cells were washed in 0.9% saline at 4°c and
then pelleted by centrifugation at 1500 rpm for 5 min
in an Heraeus bench top centrifuge. The cells were
then suspended in 10 ml of cell 1lysing medium and
homogenised using a Dounce teflon homogeniser for 1
min. The nuclei were then pelleted by centrifugation
at 4000 rpm for 20 min using an Heraeus bench top
centrifuge. The nuclei were then washed by
resuspending and resedimentation in 0.25 M sucrose
buffer. The nuclei were then suspended in 10 volumes
of buffer M containing 0.4 M NacCl. If the nuclei
were not to be used immediately they were stored
frozen at -70°C, in which state the methyltransferase
activity was maintained for at 1least 1 month.
Glycerol present in the buffer at 10% acted as a
cryogenic preservative.

During the preparation of DNA(cytosine-5)methyl-
transferase, all the procedures were carried out on
ice at 49C. The nuclei were suspended in 10 volumes
of buffer M containing 0.4 M NaCl and stirred on ice
for 1 hour. Approximately 2
ml of DE52 slurry in buffer M containing 0.4 M NacCl

was added to bind the DNA, stirred for a further 5



min and was then centrifuged at 3000 rpm for 5 min to
remove the DNA. The supernatant was then made 30%
saturated with respect to ammonium sulphate and
stirred at 4°C for 15 min. This was then centrifuged
at 12000 rpm for 30 min at 4°c, using an AP Pegasus
65 centrifuge. The supernatant was then made to 60%
saturation with respect to ammonium sulphate and
stirred at 49C for 15 min. The suspension was then
centrifuged at 12000 rpm for a further 30 min at 4°c,
using an AP Pegasus 65 centrifuge, after which the
supernatant was discarded and the precipitate was
redissolved in a minimum volume (less than 1 ml) of
buffer M containing 0.4 M NacCl.

This preparation was then applied to a column of
Ultrogel AcA34 (dimensions 350 mm x 25 mm) and the
enzyme was eluted with buffer M containing 0.4 M
NaCl, collecting 1 ml fractions using a Pharmacia
FRAC-100 programmable fraction collector. The
fractions after the void volume (which had been
previously determined using a solution of dextran
blue and sucrose)) were assayed for DNA(cytosine-
5)methyltransferase activity using 10 ul of each
fraction 1in the standard DNA(cytosine-5)methyl-
transferase assay (section 3.1.3). The peak
fractions of highest activity (see fig. 4) were then
pooled and dialysed against buffer M containing 50%
glycerol for 6 hours. This material was then stored

at =20°C and used as the enzyme preparation in this

study.



3.1.2 Determination of the approximate molecular

weight of DNA(cytosine-5)methyltransferase.

The column of Ultrogel AcA34 was calibrated
against the following standards of indicated
molecular weight - apoferritin (443 kba), f-amylase
(200 kDa), albumin (66 XkDa) and measuring the
absorbance at 280 nm. The void volume (Vo) of the
column was determined wusing blue dextran. By
plotting the log mr versus Ve/Vo, where Ve = elution
volume, a straight 1line was produced for the
standards. Using this formula, the approximate
molecular weight of DNA(cytosine-5)methyltransferase
was determined from its elution volume (data not

shown) .

3.1.3 DNA(cytosine-5)methyltransferase assay.

Each assay contained 20 ug of M.lysodeikticus

DNA (2.0 mg/ml in water), 1.0 uCi S-adenosyl-L-
[methyl-3H] methionine (83-85 Ci/mmol) ‘and the DNA
(cytosine-5)methyltransferase preparation made up to
100 pl with assay buffer. After incubation at 37°cC
for 4 h in a shaking water-bath, the reaction was
stopped by adding 40 ug calf thymus DNA (2.0 mg/ml)
to act as a carrier and 200 ul of 1.0 M NaOH. The
mixtures were then heated to 65°C for 20 min in a
water-bath, after which they were placed on ice and
the DNA was precipitated by adding 80 ul of 5.0 N
HCl04. After at least 1 h the DNA was filtered onto

a Whatman GF/C glass microfibre filter and washed



with cold 5% TCA (w/v) and absolute ethanol. After

air drying the filters overnight, the radioactivity
was determined by adding 8 ml of toluene/PPO/POPOP
scintillant and counting on a Packard Tri-Carb 2000CA

liquid scintillation counter.

3.1.4 SDS-Polyacrylamide gel electrophoresis

Preparation of SDS-polyacrylamide gels for

electrophoresis.

A 7.5% running gel was prepared by mixing the

following:

Acrylamide stock 1 solution 7.5 ml
1.5 M Tris.Cl, pH 8.8 15.0 ml
10% SDS (w/V) 1.2 ml
Distilled water 17.5 ml

The mixture was degassed under vacuum and then
polymerisation was initiated by adding 112 pul of
TEMED and 160 pl of a 10% (w/v) aqueous solution of
ammonium persulphate, with gentle stirring. Using a
25 ml syringe, the mixture was immediately poured
between the plates of a Biorad Protean 16 cm
electrophoresis system and 1left for 1 h to
polymerise. A layer of butanol was layered on the
top of the gel to maintain a straight surface.

The stacking gel was prepared by mixing the
following:

Acrylamide stock II 3.0 ml

0.5 M Tris.Cl, pH 6.8 4.5 ml



10% SDS 180 ul
Distilled water 9.6 ml

This mixture was degassed under vacuum and 48 pl
of TEMED and 60 ul of a 10% (w/v) aqueous solution of
ammonium persulphate was added with gentle stirring.
The mixture was then poured immediately onto the top
of the running gel wusing a syringe wuntil the
substance was 1 cm from the top of the plate. A comb
with 5 mm teeth was inserted between the plates to
provide the wells. The gel was left for a further 2
h to polymerise after which the comb could be removed

and the gel covered with reservoir buffer.

Preparation and running of protein samples on SDS-

PAGE
The protein concentrations of the samples were
calculated by the Bradford method (Bradford, 1976).
The appropriate volume of loading buffer was mixed
with 40 pg of the protein sample and then heated for
10 min at 100°C in a water-bath to denature the
proteins, followed by centrifugation for 30 s using a
microfuge to produce an homogenous sample. The
samples were then loaded onto the gel as well as
molecular weight markers for comparison.
Electrophoresis through the stacking gel was at the
constant voltage of 150 V and 250 V through the

resolving gel, until the blue dye front was 1 cm from

the bottom of the gel.



The gel was then fixed in a 50% TCA (w/Vv)
solution for 10 min, until the blue dye front turned
yellow and then stained for 1 h in coomassie blue gel
stain. The gel was then placed in destain until the
background was almost colourless and the protein

bands were clearly visible.

3.1.5 DNA base analysis by high performance liquid

chromatography (HPLC).

After incubation of M.lysodeikticus DNA in the

standard DNA(cytosine-5)methyltransferase assay, the
DNA was precipitated by adding 0.1 volumes of 2.5 M
sodium acetate and 2.5 volumes of cold absolute
ethanol. The DNA was then pelleted by centrifugation
at 3000 rpm for 10 min using an Heraeus bench top
centrifuge and washed by resuspending and then
resedimentation at 3000 rpm using an Heraeus bench
top centrifuge, three times with 70% (v/v) ethanol,
2% (w/v) sodium acetate and two times with absolute

ethanol and then air dried.

DNA hydrolysis

The DNA (100 ug) was placed in a pyrex glass
tube (150 x 18 mm), to which was added 1-2 ml of 90%
formic acid and the tube was then sealed using an
oxygen/natural gas flame torch. The tube was then
placed within a metal cage and immersed into a
stirring oil bath at 180°c. Hydrolysis of the DNA

was carried out for 25 min, after which the tubes



were removed and allowed to cool for at least 30 min.
The seal was then broken and the formic acid was
removed under a stream of N5(g) whilst warming in a

60°C water-bath.

Isocratic method

HPLC separations were performed on a system
consisting of a Waters Maxima 820 Chromatography
Workstation, a Waters model 510 pump, a Waters
Lambda-Max model 480 Spectrophotometer (at 254 nm)
and a Waters automatic sample injector WISP 710B. A
Whatman Partisil 10SCX column was used with an
isocratic mobile phase of 0.04M ammonium formate pH
2.0. The flow rate was 1.0 ml/min with a run time of
10 min. All buffers were degassed under vacuum
immediately prior to use.

The residue was then redissolved in 0.1 M HC1
and the equivalent of 20 pg of DNA was injected onto
the HPLC column. Fractions were collected every 30 s
directly into liquid scintillation glass vials using
a Pharmacia FRAC-100 programmable fraction collector
and the counts were determined in either Optiphase MP

or Optiphase 'HiSafeII' scintillation fluid.

3.1.6 Determination of protein by the Bradford method

This assay was based on the method described by

Bradford (1976).
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From a stock solution of BSA (0.1 mg/ml) a
calibration curve for a range of protein concentra-
tions was produced by dilution with water, 0.2-25
pg/ml. To 0.8 ml of protein solution was added 0.2
ml of Bradford reagent, which was then vortexed and
then read on a spectrophotometer at 595 nm against a
blank containing water in place of the protein

solution.

3.1.7 Statistical analysis

All results are expressed as mean * standard
error of the mean (SEM) for at least three separate

determinations.
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3.2 RESULTS AND DISCUSSION

The murine leukemia L1210 cell line was used in
these studies as the source of DNA(cytosine-5)methyl-
transferase, because it is a fast growing tumour in
vivo and large quantities of material could therefore
be dquickly attained. It is also a tumour that is
routinely used within the Laboratories at Aston
University and consequently expertise existed amongst
the staff for its maintenance.

The enzyme from this tumour . has not
previously been described but a purification scheme
based on the method of Turnbull and Adams (1976) was
used with modifications. In particular the latter
stages of purification including phosphocellulose
chromatography were not included. Although attempts
were made to purify the enzyme further, these were
abandoned due to substantial loss of enzyme activity.
DNA (cytosine-5)methyltransferase is an unstable
enzyme and activity was lost during the preparation
due to the long procedures and the time to assay
fractions before continuing to the next step in the
protocol. A number of steps were taken to maintain
enzyme activity.

Phenylmethylsd@konyl fluoride (PMSF) is a
protease inhibitor and was included in all stages of
the purification. Dithiothreitol was included to
reduce oxidation of thiol groups within the active
site of the enzyme and the enzyme preparation was

stofed at -20°C in 50% glycerol. Even taking these



precautions, the enzyme preparation had to be used
within three days, due to the rapid reduction in
enzyme activity with time.

In order to maximise activity and reduce the
amount of contaminating protein, only the peak of
enzyme activity from the Ultrogel AcA34 column was
used (fig. 4). However, it can be seen from the SDS-
PAGE profile of the enzyme used in this study (fig.
5), that a large number of components are present.
The intensity profile from the densitometer trace
(fig. 6), confirms that the enzyme preparation is
impure.

It was attempted to extend the purification of
the DNA (cytosine-5)methyltransferase beyond that
illustrated in fig. 5, but various procedures such as
the use of phosphocellulose and DEAE cellulose
resulted in enormous losses of enzyme activity. The
use of dye ligand chromatography with Cibacron blue
F3GA agarose, as used by Bestor and Ingram (1983) was
not attempted and may be a useful 'next step' for any
future work.

The approximate molecular weight of the enzyme
was determined by the crude method of determining the
elution volume of the enzyme on a column of Ultrogel
AcA34 calibrated with a range of standard proteins
(albumin, povine serum (66 kDa), p-amylase, sweet
potato (200 kDa) and apoferritin, horse spleen (443
kDa). The void volume (Vo) of the column was

determined using blue dextran (2x106 Da). By plotting



log mr versus Ve/Vo, where Ve = elution volume, a
straight line was produced for the standards. Using
this formula, the approximate molecular weight of
DNA (cytosine-5)methyltransferase after purification
on the Ultrogel AcA34 column, was shown to be
approximately 95 kDa. The SDS-PAGE profile of the
enzyme (fig. 5), shows the enzyme preparation to be
very impure with a large number of bands present.
One of the prominent bands has a molecular weight
within the approximate region of 95 KkDA.

Ideally, the SDS-PAGE gel should have been run
immediately after the final purification step.
However, due to limitations on time the polyacryl-
amide gel was run between 36-48 h after the final
enzyme preparation step. Therefore, it is possible
that some proteolytic degradation of DNA(cytosine-
5)methyltransferase may have occurred. The two most
prominent high molecular weight bands have a
molecular weight of approximately 120 kDa and 90 kDa.

A wide variation in the molecular weight of
DNA (cytosine-5)methyltransferase from various sources
has been reported by other workers. The one reported
here is slightly 1lower than other mammalian
DNA (cytogine-5)methyltransferases  so far charac-
terised, such as bovine thymus cells Mr 130 kDa (Sano
et al., 1983), human placenta Mr 120 kDa (Yoo et al.,
1987) or Mr 135 kDa (Pfeifer et al., 1983) and Hela

cells Mr 120 kDa (Roy and Weissbach, 1975). None of



these researchers present any information regarding
the electrophoretic purity of their particular enzyme
preparations.

A 