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SUMMARY

The DNA of eukaryotes has been shown 1o contain the
minor bhase 5—methylcytdsine- This arises by the enzymic
modification of cytosine already incorperated into DNA.
The distribution of methylation in chromatin is not random
but there are distinct methylated and unmethylated domains,
one such unmethylated domain consists of transcriptionally
active DNA.

The work undertaken during the tenure of this award has

been to examine the eflTfects of chromatin structure and

chromatin constituents upon DNA methylation, with the aim of
finding a specific inhibitor of methylation which may be
responsible for the undermethylation of itranscribing regions
of chromatin.

When the distribution of methyl groups in chromatin is

examined, it is found thalt nucleosomal corc DNA is euriched
in these groups when compared to linker DNA. This DNA is
also enriched im the bases cytosine and guanine.

When nuclei from log phase cells are methylated in vitlro
with the endogenous methylase, the methyl groups are added

predominantly to core DNA. As DNA synthesis is mnot coutinuing

in vitro, and most of the methylation has already occurred
in vivo, the methylation in these nuclei is "delayed methylation!
Evidence is presented that this methylation is occurring in
the nuclear matrix, and the methylation pattern observed
simply reflects the pattern in vivo.

But when mouse ascites methylase is added to these nuclei,
the methyl groups go on to linker DNA, showing that this DNA
is more susceptible to methylation than core DNA. These two
cbservaltions suggeslt that the methylation pattern found
in vivo 1s moet a function of chromatin structurc, and it is
thought that nucleosomes bind to DNA enriched in éytosinc and
guanine, and that the enrichment of mcthylcytosine is a
consequence of this.

This idea is reinforced by several lines of cvidence:
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i) Histones are very effective inhibitors of DNA
methylation in vitro when added to a methylase assay.
ii) Chromatin is a poor acceptor of methyl groups

compared to DNA. Core particles,which have a higher histone

to DNA ratio,are nol as good acceplors as chromatin.

iii) When native mouse DNA and histones are reconstituted
into chromatin, the macleosomes are again found on methyl
rich and cylosine and guanine rich DNA.

When transcriptionally competent chromatin is examined,
the DNA is found to be deficient in 5-melhylcytosine compared
to total chromatin. When muclei from log phase cells ate
incubated in vitro the methylation occurs predominantly in
the fraction of chromatin containing transcribing regions.

As this fraction is also thought to comtain DNA associated
with the nuclear matrix it is not certain which DNA is being
methylated.As the methylation in isolated nuclei is mnot
affected by extraction with 0.2 M NaCl, which removes all

of the soluble DNA methylase, this methylation is a product
of a bound DNA methylase which is thoughtlt to be in thc
nuclear matrix.

- Adding soluble DNA methylase to muclei in vitro resultls
in an elevated methylation of DNA in this fraction, and
again the methyl groups are being added to transcribing

{(matrix) chromatin.

When the. effects of nmuclear non-histone proteins on
DNA methylation in vitro arc cxamined no inhibition is observed
by either high mobility group proteins or nuclear non-histone
proteins in geueral.

These resulis suggest thalt there are no specific proteins

in transcribing regions which inhibit DNA methylation in vivo.
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I.1l. The presence of mefhylated hasecs iu DNA
ITelelaMethyvlated bases in bacterial DNA

The first observation of a minor base in bacterial DNA
was the detection of S—mcthylcytosine (msc; Fig. la) imn
tubercle bacilli (Johnson & Coghill, 1925). This discovery
was not confirmed until 1965 (Doskogil & %ormova, 1965}
and m5C has since been found in many bacteria (Oda & Marmur,
19663 Vanyushin et _al., 1968). The amount of mQ present
in the DNA is usually low, ranging from 0.02 - 0.2 molc %.

In 1958 a second minor base was discovered in the DNA
of the bacterium Escherichia coli 15T (Dunn & Smithy; 1958)
and was found to be N6—methyladenine (m6A, Fig. 1b). This

modification occurs at a level which is normally highcr than
m5C, cege 0.5 = 0.7 mole % for E.coli and Serratia marcesens

(Jones & Walker, 1963; Vanyushin et al.,” 1965) and has been

Found in a wide range of bacterial species.

These modifications are also found in the DNA of myco-
plasmas (Razin & Razin, 1980).

Both these modifications may be present in the same
species oxr one or both may be absent.

Recently a third modified base was discovered, the base
Nhumethylcytosine (macl Pig. lo), in the DNA of Bacillus

centrosporus {Janulaitus et ale, 1983).

LTel.2. Methylated pases in viral DNA
Methylated bases have also been found in the DNAs of

many viruses, e.g. in the Xanthomonas baotériophage Xp-12

= .
all the cytosines are prescunt as m”C (Kuo et al., 1968),

and the bacteriophages T, and C of E,coli and Salmonella spp

contain mPA (Duon & Smitﬁ, 1958). The Tgyen Phages have
the related base 5=-hydroxymethylcytosine substituted for
cytosine (Wyatt & Cohen , 1953).

MBC has also been found in the DNA of several aunimal

viruses, c¢.g. Herpesvirus saimiri (Desroisiers et al., 1979),

adenovirus type 12 (Sutter & Docrflor, 1980); mouse mammary
Tumor Virusi(Cohen; 1980) but only when the viral DNA is

5
integrated into the host's DNA and m”C has not been found

in mature virions (Low et al., 1969; Gunthert et al., 19763




-
la. 5-methylcytosine (m”C)

1b. N6—methyladenine (mGA)

L _ . s
Lee N —methylcytosine (m'C)

1d. 7-methylguanine (m7G)

Figure 1. Methylated Bases in DNA.




von Acken et al., 1979) with the exceplion of Trog virus 3
(Willis & Granoff, 1980).

Othen modificatioﬁs found im bécteriophages include the
glycosylated derivative of 5-hydroxymethylcytosine in phage,T6
(Wyatt & Cohen, 1953) and the base 7-methylguanine (Fig. 1d)
in the phage DDVI of Shigella dysenteriae (Nikolskaya et al.’
1976). ‘

I.1+s3s Methvliated bascs in eukaryotic DNA

In contrast to prokaryotes the only detected modified
base in the DNA of higher eukaryotes (excluding insccts) is
moc (Hotchkiss; 1948; Wyatt, 1951l; Vanyushin et al., 1970).
The level of modification varies greatly between species,
the amount of m°C is very low in imnsects, 0.002 mole % in
locust (Wyatt, 1951), 0.03 mole %.in mosquito (Adams et al.,
1979) and very high in plants, varying between 4 and 8 mole %
(Wagner & Capesius, 1981; Shmookler et al., 1981). The
level in most other species lies between these two extremes
at 1-2 mole % (Wyatt, 1951; Tewari & Wildman, 1966;

Vanyushin et al., 1973a).

The minor base m6A was ounce thought to be present only
in the DNA of prokaryotes but has since been found in several
species of protozoa, e.g. Tetrabymena spp (Gorovsky et Ei,,'1973§
Hattman et al., 1978a) and m6A but no mBC has been found in

Paramecium zurelia (Cummings et al., 1974). M6A has also

been found inChlamydomonas reinbardi (Hattman et _al., 1978b)

and even in higher eukarvotes as trace amounts have heen

found in the mosquito Aedes albopictus (Adams et al., 1979).

Deobagkar et al. (1982) have reported finding substantial

amounts of the bases m5C, m6A and even m7G in the DNA of

the mealy bug (Planococcus spp),but this resulil may be
artifacltual due to the presence of phenolic oxidases which
these authors state could lead to the production of these
modifications.

The only eukaryotes (except possibly some insects) not

known to have methylated bases are the fungi {CGuseinov et al.

1972).




In eukaryotes DNA is mnot. limited to the nuclecar rcegion
but is also found in organelles, and m50 has been found in
chloroplast DNA (Burton et al., 1979). M2C was also reported
in the DNA of mitochondria (Nass, 1973) but this is strongly
fcontested (Dawid, 1974; Cummings et al., 197k4; Groot &

Kroon, 1979).

1.1.4. DNA methylatlon as a post-synthetic event

When does DNA methylation occur? Does it occur beforxe
or alter DNA synthesis?

It has been shown that there is no in vivo methylation
of deoxycytidine triphosphate (Rubery & Newton, 1973) and
no amnation of deoxythymidine triphosphate (Sneider &
Potter, 1969). This indicates that the methyl groups are not
incorporated as deoxy~5-methylcytidine during DNA synthesis.

The exception to this is provided by Xanthomonas bacteria

when undergoing infection by phage XP-12 (Wang et al., 1982).

The observation that cylosine can be methylated after
incorporation into DNA (Burdou & Adams, 1969) and the
discovery of specific DNA methylases (Kalousek & Morris, 1968;
Drahovsky & Morris, 19713 Turnbull & Adans, 1976) indicate
that DNA methylation occurs alt the polymer level, i.e. after
DNA synthesis.

l.1.5., The stability of methylatcd bascs in DNA

The presence of methylated bases in DNA suggests that
these modifications either possess or have possessed a
defined function, therefore they should be stable from
generation to generation.

There are several mechanisms by which methylated bases
could be removed from the DNA: i) the action of specific
demethylases, ii) deamination of m°C to give thymine, iii)
an excission repair mechanism and iv) replication of DNA
without subseqguent methylation.

Burdon & Adams (1969) found mo net loss of moC as the
ratio of mSC/T of DNA in cultured mouse cells remained constant

over several cell generations.




Deamination of m50 to give T has been shown to occur
in the E.coll lac I gene (Coulondre et al., 1978) and is
thought to be responsible for the 'mutational hbtspots'
found in this gene., A high abundance of G,C —2A,T transition
mutations also occur in the 55 RNA genes of some plants
(Goldsborough et al., 1982) and are thought to occur by
this method. In vextebrate DNA the very low frequency of
the dimaclecotide CpG may also be explained by the deamination
of moC (Bird, 1980). Support for this idea is provided by
the high frequencics of the dinucleotides TpG and CpdA, and
the observation that CpG is highly methylated in vertebrate
DNA (Section I.2.3).

Two mechanisms exist by which alkylated bases can be
removed from DNA, i) an eXcision  repair mechanism which
removes bases that do not occur naturally in DNA (Warren
et al., L9793 Marghison & Pegg, 1981) and ii) a specific
demethylase which removes the methyl group from 06—methyln
guanine (Pege & Hui, 1978). Neither of these mechanisms
removes mSC but a demethylase activity has been reported
in crude nuclear extracts of murine erythroleukaemia cells
(Gjerset & Martin, 1982) though the loss of m5C observed
may have been due to a nuclease activity.

That m50 is stable in DNA has been shown by Wigler
(1981) who shiowed thatl the in vitro methylation of @Xl74 RFDNA
is stable over 25 ccll generabtions when it is reintroducecd
into cultured mouse cells.

Specific demethylations actually occur in vivo in respounse
to hormoues (Section I.N.l1) but these events require the
replication of DNA (Compere & Palmiter, 1981; Colgan et ala.,
1982; Meijlink et al., 1983)£ and so occur by replication of
DNA without subseqguent methylation.

I.1.6. The effect of methyvliation on DNA stability

The basc m6A can exist as two wotational isomers, cis
and trans (Fig. Qa), the preferred configuration being
Ni-cis-N -methyladenine. 1In this configuration the nitrogen

attached to carbon six camnmot participate in the formation
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of hvdrogen bonds with thymine, thus causing a local de-
stabilization of the double helix  subsequently lowering

the melting temperature TTﬁJ (Vanynshin’ 1968;s Engel &

von Hippel, 1978). When mﬁA is present in a poly (dA.dT).
poly (dA.dT) copolymer distinct kinks in the structure

are thought to occur (Fig. 2b). When the configuration is
Nl-trans N ~methyladenine the methyl group lies in-the ma jor
groove of the double helix and does not affect the base
pairing.

The methyl group of mBC lies in the major groove and
actually stabilizes the double helix ,thus raising the Ty
(Gill et al., 1974).

Recent evidence has shown that DNA can exist as a left
handed double helix (%Z-DNA) at high concentrations of NaCl
(> 2.0 M) and is the prelferred siructure Tfor DNA having

',.

alternate residues of C, or more particularly m5C; and G
(Behe & Felsenfeld, 1981; van Lier et al., 1983). 2z-DNA

has been detected in the polytene chromosomes of Drosophila

(Nordheim; et al., 1981). The low freguency of CpG in verilebrate
DNA would tend to exclude the possibility of Z-~-DNA formation, .
but Z~DNA has been detected in the metaphase chromosomes of
primates, including man (ViegasmPequignot et at., 1983),
though some evidence that these results are due to artifacts
caused by acid fixation has been found (Hill & Stollar, 1983).

T.1e7« The effect of methylation on apparent base composition

The melting temperature (Tm) of DNA is dependent upon
the base composition, i.e. DNA with a high C + G content has
a high Tn. As m5C stabilizes the double helix a high level
of mSC would give a high apparent C + &G e.g. in the bacterio-
phage XP-12 the Ty is 6.1°C higher than animal DNA of the
same { + [ content (Ehrlich et al., 1975)s When DNA is
centrifuged on a neutral caesium chloride gradient its
buoyant densit& (i.e. apparent C + & content) decreases as
the level of m°C increases (Gill et al., 1974). This
anomalous behaviour is useful for detecting the presence of

moC (Dawid et al., 1970).




Similarly poly(mGA}poly(U)copolymers have a Ty of
about 1500 (Tkeda et al., 1970) which compares to a Ty of
5600 for poly{A). poly(U)copolymers. :

-
T.1.8. The distribution of m”’C in the eukaryotic genome

The m5C residue s in eukaryctic chromosomes are not

distributed at raﬁdom throughout the genome but occur in

long tracts of DNA interspersed with uadecwethnyloled (eghons
(Molitor et al., 1976). The methyl deficicnt DNA makes up
about 10% of the total DNA in mouse L929 cells (Molitor et al.,
1976) and about bU% in sea urchin (Bird et al, 1979). 1In

the nuclear DNA of Physarhm polycephalum this mcthyl deficient
DNA makes up about 80% of the genome (Whittaker & Hardmean,

1980). Thus there is a wide variation in the amouunt of the
methyl deficient regions. {See also Bird, 1984).

This methyl deficient DNA is highly enriched in unique
and lowly repetitive sequences (Browne et al., 1978; Boehm
& Drahovsky, 1979;-Drahovsky et al., 1979) including the
transcriptionally active gene sequences (Davie & Baundcers,
1981; Naveh~Many & Cedar, 1981). This DNA is also enriched
in tramscriptionally active repetitive sequences such as
1the hislone genes (Bird & Taggart, 1980) though the distri-
bution of ribosomal RNA genes between these domains depends

upon the organism (Bird, 1984).

The methyl rich DNA consists of highly repetitive sequences such as
gatellite DNA (Brahic & Fraser, 1971; Schneidermann & RBillen, 1873):
foldback and interspersed repetitive sequences (Brahic & Fraser, 1971:
Drahovsky et al., 1979; Whittaker et al., 1981) and the inactive
amplified ribosomal RNA genes (Tantravahi et al., 1981). Satellite DNA

is however undermethylated in sperm {Sturm & Taylor, 1981:
1983a).

Adams et al.,

The functions of this highly methylated satellite UNA
are unknown hut these sequences have been found clustered
at the heterochromatic centromeres and telomeres of chromosomes

in mammals (Lubit et =l., 19743 Schunedl et al., 1975; Lubiti




et al., 1976; Schreck et al,, 1977}, and may play a role

in chromosome alignment at meiosis (Peacock gt _al., 1975).

I.2. 'DNAIﬁethylases

I.2.1. Prokarvotic DNA methylases

I.2.1.1. Methyvlases involved in restriction-modification

The restriction-modification systems of prokaryvotes
are characterised by, i) endomucleases which produce double
stranded brcaks in DNA, and ii)’ methylases , which modifly
the DNA at specific sites. Methylation of the DNA prevents
cleavage by the corresponding nuclease.

There are three classes of restriction systems and their
properties are summarized in Table 1.

Class I systems are high molecular weight, multisubunit
enzymes which show DNA melhylating as well as endonuclease
activity and require ATP and AdoMet for activity (Lauten—
berger & Linn |, 19723 Eskin & Linn , 1972as l972b). Class IX
systems consist of separate methylases and endonucleases of
relatively low molecular Weight_(Roberts; 19763 Roberts,
1980; Modrich , 1982). Class ITII systems arve similar to
class I systems but consist of only two subunits (Reiser &
Yuan, 1977; Bachi et al., 1979).

All three systems have specific recognition sites, but
differ in their modes of cleavage. The recognition sites
for class I systems are complex, €.g. for EcoB the sequence
is

*
TGA{NS%TGCT
ACT(NB)ACGA

where N8 is an eight base variable sequence. The site of
methylation is marked by an asterisk (Ravetch et al., 1978},
The sites of cleavage are usually found at least 1000 hp
from the recognition site (Yuan, 1981).

The class-IT enzymes recognize simple four to six base

palr palindromic sequences, e.g. for EcoRlL the sequence is

L oy
GAATIC

CTTAAG
* 1
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and the Hpa Il enzymes recognize

i
CCGE

GGEF

where the asterisk indicabes the base methylated and the
arrow lthe site cleaved by the muclease (Mann & Smith, 1978;
Roberts, 1980).

Only three class III systems are known (Yuan, 1981).
These are BEcoPl, EcoPl5 and HinF III. Their recognition
gites are distinct from the other classes in that methylation

occurs on only one strand, e.g. for EcoPl the site is

*
AGACC

TCTGG
and the cleavage occurs about 2h.26 base pairs away on the
3' side of this site (Bachi et al., 19793 Yuan, 1981},

An important lesson to be learned from these restriction—
modification systems is that enzymes can recognize and inter-
act with short DNA sequences and that this recognition is
profoundliy alfected by the presence of methyl groups.

JT.2:.1.2. The dam and dem methylases

The DNA of I.coli has many more methylated bases than
can be accounted for by the restriction-modification
methylases (Vanyushin el al., 1968; Mamelak & Boyer, 1970).
The level of mGA in wild type B.coli is 0.5 mole % and matants
have been isolated which have only 0.08 mole%, all of which
can be accounted for by the EcoB methylase (Marinus & Morris,
1974)., ‘These mubants (ggé—mutants) lack an enzyme which
methylates the sequence GATC, and in wild type E.coli all
these sequences are methylated (Hattman et al., 1978a; Geier
& Modrich, 1979; Razin et al., 1980).

Similarly.for E.coli € most of the methylation (m5G
residues) can be accounted for by the action of the dcm
protein which methylates all of the CC(A/T)GG sequences at
the internal C (Schlagman et al., 19763 Razin et al., 1980).
Other scquences must also be methylated in E.coli C as the
cC(A/T)CG sites can only account for 50% of the m°C residues
(Razin & Friedman, 1981).

The possible functions of this methylation are discussed

.in Section T.3,




“:7132”

IT.2.2. BEukaryotic DNA Mmethvlases

Te2+2.1, Occurrence and properties

Eukaryotic DNA methylases have been purified from
many sources, e.g.: rat spleen (Kalousek & Morris, 1968),'
rat liver (Dratovsky & Morris, 1971), Hela cells (Roy &
Weisbach, 1975),Jbovine thymis (Sano et_al., 1983) and
tuman placenta (Pfieffer et _al., 1983).

A1l the methylases so far studied have similar properties
high molecular weight (130,000 ~ 180,000 Daltons), all are

¥

inhibited by high salt concentrations and all have the ability
to methylate DNA from the same source as the enzyme,

These enzymes can also methylate both hemimethylated
DNA {maintenance, methylation) and unmethylated DNA {de novo
methylation) though the latter occurs ait a slower rate than
the former (Gruenbaum et al., 1982}, This de novo activity
can be stimalated by brief digestion of the methylase using
trypsin (Adams et _al., 1983b).

These enzymes all catalyze the transfer of a methyl
group from S-—adenosylmethionine to the 5% position of cytosine
in DNA, no other product has been found and no other cofactor
is required for activity.

The actual mechanism of action is unknown but studles
by Drahovsky and Morris (1971) suggested that the enzyme
forms a complex wilth the DNA and then moves along the DNA
remaining attached to 1he molecule between successive
methylations. This mechanism of action has also been proposed
by Simon et al.(l978),though the ascites enzyme is not thought
to work in this way (Turnbull & Adams, 1976). Santi et al.,
(1983) suggest that the enzyme binds covalently to cytosine
at posgition 6 producing a carbanion at carbon 5 which
nucleophilically attacks the methyl donor AdoMet (Fig. 3).

Most of the methylation in eukaryobtes occurs after a
lag of about two minutes alter DNA synlhesis (Burdon & Adams,
1969; Kappler, 1970; Hotta & Hecht, 1971; Adams, 1974) but
much of the methylation is still not complete after several
hours (Burdon & Adams, 1969; Adams, 1971; Bvans et_al., 1973;
Adams, 1974; Geraci et al., 197h; Kiryanov et al., 1980).
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Although initiation of methylation occurs shortly after DNA
synthesis it does appear that Okazaki fragments are ligated
prior to methylation (Hotta & Hecht, 1971; Adams, 197k;
Drahovsky & Walker, 1975). In certain instances it appears
that methylatien occurs well beyond the end of S-phase
(Adams , 1973; Evans et al., 1973) but this methylation does
not continue into the next cell cyecle as the methylation
which ocecurs in isolated nuclei is on mnewly synthesized DNA
(Adams & Hogarth, 1973; Bird, 1978).

There is5 now evidence for two types of DNA methylases
"in the nuclei of mouse L9929 cells, i) a 'soluble'! form which
can be extracted using 0./t M NaCl, and ii) a 'bound'! form
which cannot be extracted even using 2 M NaCl | and which is
thought to be bound to the nuclear matrix (Qureshi et al.
1982). An intercsting hypothesis is that the 'bound!
methylase may be responsible for the methylation which occcurs
al DNA replication and the 'soluble'! methylase responsible
for the delayed methylation, though tlhere is mo evidence to
support this idea.

There are no restriction enzymes in higher eukaryotes
comparable to those found in prokaryotes and ummethylated
DNA is stable in vivo., e.g. the DNAs of polyoma virus (Kaye

& Winocour, 1967) and Herpes simplex virus (Low et al. 1969).

I.242¢2¢« The sequence specificity of eukaryotic DNA methylases

Unlike prokaryotic DNA methylases; the methylases of
eukaryotes do not have specific multibase recognition seguences’
but it is known that methylation does not occur at random
in vivo.

Using isotich analysis (a method involving depurination
of DNA followed by two dimensional chromatography of thé
pyrimidine tracts) most of the m5C in mammalian DNA is Cound
associated with monopyrimidines, i.e. with cytosine (Sneider,
19723 Browne & Burdon, 1977; Browne et at., 1977). A
considerablec amount of m5C is also found at the 5! ends of
CT isotichs (Sneider, 1972) though this method involves

distinguishing between CT and TC using nucleases which is
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nat too specific. In general the scquences which are
methylated are found to be CpPu, PypCpPu, and PupCpTpPu.
Sinsheimen (1955) found that m5C occurs predominantly.
"at CpG dinucleotides and this has been confirmed by the use
of restric¢ition nucleases which will not act if +the C of
the CpG is methylated (Wsalwijk & Flavell, 1978; Bird et al.,
19793 McGhee & Ginder, 1979; Rae & Steele, 1979) though some
CpC is also methylated (Sncider, 1980).
When purified DNA methylases are used to methylate DNA
in vitro the predominant sequence methylated is also CpG :
(Browne et al. , 19773 Simon et al, 1978; Sano et al.,1981; 1983);
though Simon et al. (1983)have found considerable methylation
of CpA and CpT. .
The distribution in plants is somewhat different as
there 1s more mBC: up to 30% of the cyfosines can be m5C.
This mEC is found imn the sequences CpG, CpA and CpT and even
in CpC (Gruenbaum et al., 1981). These authors suggest that
the methylation in non CpG sequences must be in the general
sequence CpNpG so that these sites can be inherited (they
are palindromic) and they found that over 80% of these sites

are methylated in vivo. -

I.3. Possible Tunctions for DNA methvlation in prokarvotcs

¥t was discussed in Section 1.2.1.]1 that some of the
methylation in bacteria has a specific function in restriction-
modification syétems. Only a small proportion of the methyl-~
ation is inveolved in these systems and the majority is a
product of the dam and dcm methylases (Section IT.2.1.2).
What are the possible functions of this methylation?

T.3.1. A wole Tfor methylation in DNA wveplication
If DNA methylation is inhibited in phage #X174 infected

E.coli C cells by nicotinamide, few viable phage particles
are produced (Razin et al., 1975) suggesting a major role ofl
DNA methylation in phage maluralion. The DNA of phage ¢X17H
has one m50 residue in its 5500 mncleotides, this methyl
group being located at the origin of replication very close

to a major promotor {Razin et al., 19703 1975} and is the
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product of a phage induced methylase (Razin, 1973). PFurther
work showed that nicotinamide iphibition resulted in a build
up of multigenome length single stranded tails at the
replication complex (Preidman & Razin, 1976), i.c. tho
circulaﬁiggianded form of @$X174 could not be produced. These
authors therefore suggested that the methyl group acis as
the recognition site for a specific endonuclease which could
be the gene A product. The methyl group does not Ffumnction
as part of a hosl restriction system as E.coli C is deveid
of these systems (Arber & ILimm, 1969). Nicotinamide derived
cofactors are involved in many ccllular processes and il is
thus possible that the nicotinamide is mot only inhibiting
DNA methylation but also the muclease , and therefore its use

presents problems in the interpretation of the results of
Razin ct _al. (1975). '

Ie3.2. DNA methylation and repair

By the use of dam methylase deficiemnt mutants of E.coli
K12 (dam~9) Marinus & Morris (1974; 1975) find that the DNA
of these strains shows an increased sensitivity to both
chemical mutagens and U.V. radiation. The DNA is also found
to have many single stranded breaks. These authors suggest
that the presence of m6A protects Cthe DNA from uucleolytic
degradation but failed to find the nuclease responsible for
this action. The observation that the phage fd grown om
dam=-3 mutants is not degraded when grown on wild type E.coli
K12 would tend to exclude this possibility.

Qgg_ mutants are also hypermutable by the base analogs
2—aminopurine {(an analog of G) and 5~br?mcuracil (an analog
of T). These analogs arve incorporated into DNA and result
in base pairing evrors as 2-AP can base pair wilh T and 5-BU
can base pair with C (Radman et al., 1978). These data
suggest that ggg_ mutants have lost the ability to correct
mismatched bases in their DNA and has prompted the idea
Tthat the m6A residues serve Lo discriminale between the {wo
strands during DNA repair and also provides an explanation

of thec observations of Marinus & Moryis (1974; 1975).-Evidence




for such a system is provided by Glickman & Radman (1980),
Radman (1981) and Pukkila et al. (1983).

T.3.3. DNA methviation and recombination

When the phage A is grown on E.coli arl™ mutants
(arl stands for acoumulation of recombinogénic lesions)
they undergo a much elevated freguency of recombination
events (Korba & llays, 1982a). A high freguency of such
events has also been noted in plasmids from arl mutants and
is associated with partially deficient c¢ytosine methylation
at CC(A/T)GG sequences (Korba & Hays, 1982b). Theze results
suggest thet DNA methylation may play a role in recombination.
As the DNA from arl” mutants is still partially resistant
to the restriction nuclease EcoRIIX, it has been suggested
that the increase in recombination is due to the presence
of hemimethylated sites (Korba & Hays, 1982a) and it has
been shown that hemimethylated duplexes do indeed recombine
more frequently than DNA from g£;+ bacteria.
Hyper-recombination events also occur in ggﬂ“ mitants

of E.coli K12 (Marinus & Komrad, 1976).

I.3.%. Methylation and the Mu—-Mom gene

The temperate bacteriophage Mu encodes an inlevesting
modification function termed Mom {modification of Mu)
(Toussaint, 1976). This modification function is interesting
in two vespects: first,the modification is an acetoamidaiion
(adenine is modified to N =(l-acetoamido)-adenine) (Swinton
el al. cited by Kahman,, 198&); and second, the host's dam
modification methylase is required for Mom expression
(Toussaint, 1977; Khartoon et al. cited by Kahman, 1984).

This suggests that methylation is recquired for Mom expression.
Expression of this gene also requires a ltransactivating
function whic@ igs thought to be a product of the C gene of

Mu (Westmaas et al,,1976; Plasterk et al., 1983). When
regions of the Mu genome at the 5! side of Mom are deleted
the requirement for an active dam function ceases {Kahman ,

1983; Plasterk, 19873) and when the Mom gene is transcribed

from a foreign promoter the need for the transactivator also




ceases (Plasterk et al., 1983). Thus a model involving

both methylation and the transactivating function which act
at a sequence (or Sequences) at the 5' side of the Mom genc,
by which the Mom genelis regulated has been proposed (Kahman
1584). The actual mechanism is upknown but metﬂylation of
the promoter is thought unlikely (Kahman, 1984). This is

the only known case of methylation regulating gene expression

in prokaryotes.

I.4. Possible functions of DNA methylation in eukarvotes

I.4.1. DNA methylation and gene expression

T.4.1.1. General introduction

Many studies have been carried out to sxamine the
methylation of specific genes and to correlate this with
transcription. By the use of restriction nucleases (e.g.
the isoschizomers Mspl and Hpall which recognize the same
sequence but Hpall is sensitive to mothylation) and speccific
gene probes, it has been shown that the globin genes in tissues
expressing these genes are undermethylated with respect to
non-gxpressing tissucs (Waalwijk & Flavell, 1978; McCGhee &
Ginder, 1979; Shen & Maniatis , 16803 van der Ploeg & Mlavell,
1980). This megative correlation between gene expression
and undermethylation is also seen in the ovalbumin, ovo-
transferrin and ovomucoid genes of chicken (Mandel & Chambon,
1979), the mouse immunocglobulin genes (Rogers & Wall, 1981;
Yugi & Koshland , 1981);_the mouse a~fetoprotein genes
(Andrews et al., 1982) and the human growth hormone gene
(Hjelle et _al., 1982).

These observations suggest that methylation may play

a role in 'switching off!'! genes as the inactive genes are

more highly methylated.

There are several complications in this simple scheme.

First, there are certain genes whose methylation is the same

whether the genes are active or inactive, e.g. the lens

§ ~crystallin genes of chicken and the a2(1)~qollagen gene

of chicken (McKeon et al., 1982; Bower et al., 1983)}. Secound,
there are some genes, e.g; the Morrig hepatoma aZu-globulin
gene, which are undermethylated when they are inactive
(Nakhasi et al., 1982) though all these genes are in primary
cancer cells (Section I.h.b) which are hypomethylated when

compared to normal cells. Third, there are large differences



- 20 -

taxonomic phyla (Section I.1.3), how can methylation
regulate genes in insects (very little methylation) and in
plants (up to 30% of the cytosines methylated)?

One possible answer is that not all of the methyi groups
are involved in gene expressiorn, ﬁérhaps the loss of a single
methyl group is sufficient to 'switech on' a gene. Such a loss
woutld be difficult to detect.

Such demefhylations actually occur in the response of
several genes To ithe steroid hormone estrogen in roosters,
e.g. the avian apoprotein II (Colgan et al., 1982) and the
vitellogeniun genes (Wachsmith & Jost, 19763 Wilks et al., 1982;
19843 Meijlink et al., 1983) the demethylation cccurring in
the 5' flanking sequences. One problem is that the demethyl-
altion event occurs subsequently to the onset of transcription,
so it seems that this 1is a consequence rather than a cause
of transcriptional activity.

In conitrast to the above genes this demethylation event
does not cccur in the cstrogen inducible vitellogenin genes
of Xenopus which are expressed when fully methylated (Gerber-
Huber et al., 1983).

T.4.1.2, The use of inhibitors of DNA methylation

Very good evidence that methylation plays a role in
gene expression comes from the usc of the DNA methylation
inhibitors ethiounine and S5~azacytidine. Christman et al.
(1977) Tound thatl lreatment of Friend erythroleukaemia cells
with ethionine results in the expression of the globin genes.
This expression is associated with hypomethylation of these
genes. Ethionine is methionine with an S—~ethyl terminal
group instead of an S-methyl group and gets incorporated
with adenosine to form S-adenosylethionine. This molecule
will inhibit all methyl transferase enzymes which use AdoMet
and thus will inhibit many morc recactions than DNA methylation.
This presents problems in interpreting data resulting from
its use.

B—azacytidine on the other hand only gets incorporated
into DNA and RNA. This base cannot be methylated due to the

nitrogen group at position 5 and less problems are inherent




in its usc.

In mouse thymoma cells the metallothionein-~l gene
(MT-1) becomes sensitive to induction by cadmium and gluco-
corticodlds alter only 5 hours exposure Lo 5-azacylidine.
This response requires the presence of DNA synthesis i.e.
the 5-azacytidine needs to be incorporated into the DNA,
thus suggesting that demethylafion is responsible for the
inducibility of this gene (Compere & Palmiter, 1981).

Treatment with S5~agacytidine also resulis in the induction
of endogenous viruses, e.g. the mouse type C virus (Niwa &

Sugahara, 1981L) and the chicken eV-l virus (Groudinc et al.,1981)

T.4.1.3. The effects of in vitro methylation on gene expression

The effects of in vitro methylation of specific DNAs
can be studied using either the oocyte injection sysiem or
transfection assays.

T%ese studies have been done mainly with viral DNAs
mothylétcd with eithcir the Hpall or the EcoRl methylases.

Using polyoma virus, methylation has no effect upon the
transcription of the geme for the large T antigen (Subramanion,
1982). Similar resultlts are obtained for the SV40 tumscur
antigen, though EcoRl methylation of the Herpes simplex virus
thymidine kinase gene inhibits transcription (Waechter &
Baserga, 1982). In the latter case an adenine residue is
modified (Roberts, 1980) so an artificial sitnation is produced
and this may produce invalid results. In contrast when the
adenovirus type 2 specific binding protein gemne is methylated
and microinjected into ococytes no expression of this gene
is observed whereas the unmethylated gene is expressed
(Vardimon et al., 1982).

The problem with this type of experiment is that the
bacterial methiylase only methylates specific sites and the
gene control region may lack this site. This problem is
demonstrated b& the observation thal methylation of a mouse
retrovirus genome in viitro using Hpall methylase has no effect
on infectivity,but when a rat liver enzyme is used the virus
is no longer infective (Simon et al., 1983).

Other studies involve specific eukaryotic genes, e.g.

the expression of a transfected thymidine kinase gemne is




dependent upon its level of methylation (Christy & Scangos,
1982).

A very significant result comes from an experiment by
Macleod & Bird (1983) who microinjected fully methylated
ribosomal DNA from Xenopus sperm into Xencpus oocytes and.
compared its transcriptional activily with c¢loned ribosomal
DNA. No difference is found, both DNAs are efficiently
transcribed. Thus DNA methylation bhas no effect on trans-
cription of ribosomal DNA. Thesc authors do stress however
that ribosomal DNA is transcribed by RNA polymerase I (not
RNA polymerase IIL) and that this polymerase may be insensitive
To INA methylatiotie

T.h.2. DNA methylation and cellular differentiation

The distribution of m5c in various organisms has been
found to be both species and tissue specific (Kappler, 1971;
Vanyushin et al., 1973a; 1973b; Ehrlich et al., 1982) and it
has thus been suggested that methylation may play a role in
cellular differentiation. The fact that in general sperm
DNA has less m°C than somatic cell DNA (Vanyushin et al.,
1970; 1973a3; Kaput & Sneider, 1979; Sturm & Taylor, 1981)
prompts the idea that differentiation involves an increase
-dn DNA methylation. Xaput & Sneider (1979) suggested that
sperm DNA is strand asymmetrically methylated, so thal when
a cell differentiates those genes not reguired would have
the other strand methylated, and those required would be
demethylated due to cell division.

In vivo studies have on the other hand shown a selective
loss of methylation during development. There is a 35% loss
of methylation during differentiation of rabbit embryos
(Manes & Manzel, 1981), and loss of methylation in the ribosoma
genes accompanies the onset of gene activily in the early

development of Xenopus laevis (Bird et al., 1981). This loss

is not found in sea urchin (Pollock et al., 1978; Bird et al.,
1979) and no changes in methylation are found in the early
development of mouse (Singer et al., 1979).

. These observations apparently contradict the fact that

spexrm DNA is less methylated than somatic cell DNA.

Two lines of evidence provide an answer to this contra-

diction. First, it has becn shown that the level of methylatio:
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of specific genes in sperm which are mot being expressed,
e.z. the rabbit P-globin gene (Waalwijk & Flavell, 1978),
and the chicken ovalbumin genes (Mandel & Chaﬁbon; 1979), is
higher than in ithe somatic cells in which these genes are
expressed,’whereas tﬁb genes for housekeeping funciions,

adenine phosphoribosyltransferase and dihydrofolate reductase

are methylated to the same extent in both sperm and somatic
cells (Stein et al., 1983). Second, the increase in methylation
in somatic cells is due to the methylation of satellite DNA
which is undermethylated in sperm (Sturm & Taylor, 1981ij;

Adams et al., 1983a;Sanford et al., 1984).

Thus differentiation is associated with a selective loss
of methylation in specific genes accompanied by an overall
increase in methylailtion levels.

It is unknown at present wvhether these changes in methyl-
ation are a result or a cause of cellular differentiation,
but they are mot related to the process of meiosis (Rahe et al.,
1983).

Further evidence for a role of methylation in differeunt-
iation comes from the use of 5~amacytidine. Treatment of
cultured mouse embryo cells with this drug results in marked
changes in the differentiated state of these cells (the drug
induces the production of muscle cells) (Jones & Taylor 1980).
Differentiation can also be induced in Friend ervthroleukaemia

cells (Creusot et _al.., 1982).

4

T.%.,3. DNA Methyiation and X-chromosome inaclivalion

The mammalian female karyotype diffexrs from the male in
that it has two X—~chromosomes instead of an X and a Y
chromosome., It has been known for many years that onc of
thesé X—~chromosomes is inacthtive (Ohno ct al., 1959; Lyon,
1961l) and it appears in the nucleus in a highly condensed
form ('barr' body) as part of the heterochromatin., The
reasons for this inactivity are unknown but it has been
suggested that INA modification might be involved (Riggs,
1975; Sager & Kitchin 1975). Riggs propdsea that each X-
chiromosome has an inactivation centre and that during embryo-

genesis this centre becomes inactive by methylation, thus
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'switching off' the entire chromosome. Evidence that in-
activation might depend upon an intrinsic property of the
chromosome comes from studies showing that deactivation

does not invalve regulatory proteins and does not involve
chromosome-chromosome interactions (Kahan & deMars, 1980).
That this intrinsic property may be methylation has been
shown by Mohandas et al. (1981l). These authors lreated
mouse-human hybxrid cells deficient in the enwyme hypoxanthine:
guanine phosphorihosyitransferase (HPRT—) wi.th Sj-~azacytidine
(Section I1.4.1.2 for action) and obtained HPRY? revertants.

Many similar experiments have been carried out with the
same result (Graves, 1982; Jones et al., 19823 Shapiro &
Mohandas, 1982).

Other supportive evidence comes from trausformation
experiments, when DNA from 5-azacytidine treatecd cells is
used to transform HPRT cells, many HPRT' vevertants are
obtained (Mohandas et al., 1981; Venolia et al.,1982).

One problem with this simplistic scheme is that the
expression of other X-linked loci,, such as the phosphoglycero-
kinase and glucose-6-phosphate dehyidrogenase genes is mot
affected by B-azacytidine {(Stein et al., 1983).

T.4. b, The effect of methylation on viral expression

When a virus infects a cell the viral DNA can integrate
into the host's chromosomes and become a provirus. If this
provirus is inactive the viral DNA is found to be extensively
me thylated (Desreisiers et ﬁl.; 19793 Sutter & Doerflerr, 1980;
Hynes et al., 198l; Fradin et al., 1982). Thus methylation
can be correlated with non-activity of the viral DNA.

Part of the integrated viral DNA can also be in an
active form as in viral induced tumourigenesis and in this
form the DNA is found to be undermethylated, €.g. murine
mammnary tumour proviecus in mouse thymomas (Mermod et al. 1983)
and avian sarcoma provirus in permissive chicken cells
(Cuntaka et _al. 1980).

Treatment of cells containing proviruses with 5-azacytidine
results in deintegration of the viral DNA and production of

virus particles of the mouse type C virus (Niwa & Sugahara,




1981) and results in expression of the stiructural genes of
the chicken eV-1 virus (Groudine et al., 1981).

" In contrast to integrated wviral DNA no methylation can
be detected in mature viral particles (but see Section I.1.3)
(Low ¢t _al., 1969; Desroisiers et al., 1979; Suiller &
Doerfler, 1980; Youssoufian et al., 1982).

I.4.5., The maternal inheritance of DNA in Chlamydomonas

chloroplasts

In the chloroplast of the green alga Chlamydomonas reinhardi:

the genetic material is inherited from the female gamete
(Sager, 1954). The DNA in the female gamete undergoes a
density shift comsistent with DNA methylation before zygotle
formation (Sager & Lane, 1972) and the DNA of malc origin
is degraded shortly after zygote formation. These observ-
ations led to the proposal that the maternal DNA becomes
modified which protects it from mnucleolytic degradation
(Sager & Lane, 1972; Sager & Ramanis, 1973).

The discovery that maternal DNA becomes extensively
methylated (Burton et al., 1979; Sagexr et _al., 1981) and the
distovery of a site specific endonucleoclytic activity (Burton _
et al., 1977) led to the proposal that a restriction-modificatie

system exists in Chlamydomonas which resembles the type I

systems described in Sectiom I.2.,1.1., This nucleolvtic
activity has not yet been extensively purified and character-
ized though it seems to produce single strand nicks in DNA
and excission of single stranded regions, forming Ygaps? in

the DNA (Sager et al., 1984).

1.4.6. DNA methvlation and carcinogenesis

Treatment of eukaryotic cells with chemical carcinogens

leads to a pronounced demethylation of the DNA in these cells

(LaPeyre & Becker, 1979; Wilson & Jones, 1983) suggesting a
role for DNA méthylation in the prevention of cancer. Further
evidence comes from the ohservations that the DNA in cancers
is generally hypomethylated (Feinberg & Vogelstein, 1983a)

and that hypomethylation accompanies 5S5-awvacytidine induced

tumourigenesis (Harrison et _al., 1983).
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What this role may be is unknown but the discovery of
specific cellular oncogenes {Siehelin et al., 1976; Spector
et al., 1978) and the observations that DNA may play a role
in gene expression (Section I.l4.1) suggests that methylation
may help to kcep these genes inactive (or at a low level of
activity). An inverse correlation between the activity of
oncogenes and methylation has been found in human cells
(Feinberg & Vogelstein, 1983b) and in mouse cells (Gattoni
et al., 1983).

A similar patterm of methylation and activity is found

in tumourigenic viruses (Section T.l4.4).

T.Uh.7. Aging

In general the DNA in tissues from old animals has
less m°C than DNA from young animals (Vanyushin et al., 1973b;
Romanov & Vanyushin, 1981) which suggests a possible role for
DNA methylation in aging. Scarano (1969) proposed that m5C
may be deaminated to form thymine and that if this were to
happen in a progrémmed manner Lhis mechanism.could be used
" as a timing device (Scarano, 1969; Tosi et al., 1972). Such
deaminations do occur in vivo but there is mo evidence for
such a programme (Section 1.1.5).

Holliday & Pugh (1975) proposed thalt methylation could
be used to measure the number of generations a cell had
undergone. At each cell division de novo methylation would
occur in a specific DNA sequonce, thus the number of methyl
groups incorporated into this sequence would equal the nunber
of cell divisions. So far no evidence for such a system has

been found.

I.5. Chromatin structure

I.5.1. The nucleosome concept

When chromatin from interphase rat thymus nuclei is
analysged using an elgctron microscope, a linear argay of
spherical bodies 70 A in diameter comnmnected by 15 A long
strands is observed (Olins & Olins, 1974). This same
structure is seen in chromatin depleted of histone Hi(Oudet
et al., 1975).
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These observations have been supplemented with studies
using nucleases, e.g» the action of the endogenous nuclear
Ca2+/Mg2+ dependent rat liver nuclease on chromatin produces
a series of bands when the DNA is electrophoresed on agarose
gels (Hewish & . Bourgoyme 1973). This pattern is also
seen using micirococcal nmuclease (Noll, 197Ha). Tﬁese bands
form a regular repeating pattern and are multiples of
180-230 base pairs.

Cross=linking studies of histone aggregates in solution

(Kornberg :& Thomas, 1974) led to the proposal that chromatin

is a regular repeating sbtructure in which the basic umnit is
a histone octamer associated with about 200 base pairs of DNA,

termed a nucleosome (Kormberg, 1974).

I.5.2. The nucleosome !'core!

Studies with nucleases has shown that the DNA repeat
length of nucleosomes is 185 base pairs in rat liver (Axel
et al., 1975) and in duck erythrocytes(Sollner~Webb &
Telsenfeld, 197%}. This repeat length is not comnstant bui
varies between different species (Compton et al. 1976;
Noll, 1976; Lohr et al., 1977), different tissues (Spadafora
et al., 1976; Thomas & Thompson., 1977) and even in single
cell types (Kormberg, 1977).

Purther digestion of nucleosomes produces a relatively
nuclease resistant particle with 140 base pairs of DNA
(Sollner-Webb & Felsenfeld, 1975)}. This 'core' particle
has been found to be invariant between differemnt species
(Morris; 1976a; Thomas & Thompson, 19773 Lohr et al.; 1977).
More recent: studies have shown that the length of DNA in
the core particle is in faclt 146 base pairs (Lutter, 1979;
Bryan et al., 1979).

‘ Neutron and X-ray scattering patterns of isolaled core
particles in solution show that cores are oblate structures
50 g in heighit and 110 3 in diameter with the DNA confined
to two rings on the outside (Pardon et al., 1977; Richards
et al., 1977) and contaiu lwo each of the histones H2A,
H2B, H3 and H4 (Bently et al., 1981; Finch et al., 1981).
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"I.5+3. The inbernal structure of the 'core!

Limit digests of core particles with nucleases have
given a lot of information about the arrangement of DNA in
the core. With staphlococcal nuclease digestion, fragmenls
of DNA from 40 to 140 base pairs at 10 basc pair intervals
are produced (Camerini-Otero, 1976). DNase I, DNase II
and the endogenous Ca2+/Mg2+ rat liver nuclease all make
single stranded micks al 10.5 base pair intervals (Noll,
1974b; Sollner-Webb ci al., 19763y Bryan ct al.’ 1979;
Lutter, 1979).

The same pattern of nicking by DNage I is seen when
protein free DNA is adsorbed to célcium phosphate (Liu &
Wang, 1978). These results show that the pattern of cutting
is related to the repeat of the DNA duplex, i.e. the DNA
is only exposed on one side. The idea that the DNA in
nucleosomes had 'kinks! at every 10.5 base pairs was also
suggested to explain these results though this has not been
proved (Crick & . Klug, 1975; Sobell et al., 1976).

When the DNase T susceptible sites are mapped they
are found to be symmetrically distributed around a dyad
axis in the mucleosome (Simpson & Whitlock, 1976) and this
observation led to the proposal that mucleosomes could divide
inte two equal halves during DNA wveplication or gene trans-—
eription (Weintraub et al., 1976).

L.5.%4. The role of histone HL

The nuclear conbtent of histone HL is about one molecule
per nucleosomal core particle of chromatin (Rall et al., 1977
Albright et al., 1979) and this histone has several subtypes :
(Smerdon & Isenberg; 1976). These subtypes vary considerablyf
between ﬁifferent tissues of the same organism (Seyedin &
Kistler, 1979; von liolt et _al., l979) and have been related
to the different linker lengths (Morris, 1976b).

Studies on mucleosome structure using micrcococecal nuclease .
have shown that histome H1 is removed from the nucleosome
when the DNA length is decreased from 200 to 140 base pairs
(Noll & Kormberg, 1977; Simpson, 1978). If histone Hl is




removed with 0.35 M NaCl: prior to digestion the linker DNA
is digested wmuach more rapidly than before (Whitllock &
Simpson, 19763 Varshavsky et al., 1976; Noll & Eornberg, 1977).
These studies suggest that histone H1l is in contlact with
the linker DNA. Physical studies on histone HI show that
the molecule has a globular central part with two peptide
"tails' (Chapman et al., 1978) and it has been shown that
the histone spans the nucleosome core touching the linker on
either side {(Cole et al., 1977; Lawrence & Goeltz, 1981;
Frado et _al., 1983).

Chromatin isolated from nuclei in the presence of Mg2+
ions appears as a supercoiled solenoidal structure with a
diameter of 300 2 (Finch & Kiug, 19763 Thoma et al.,1079).
When histone H1l is not present this solenocid opens outl dinto
100 A diameter filaments (Thoma & Koller, 1977). Cross-
linking studies have shown that histone Hl polymers can be
produced which are made up of eight or more histoune Hi
subunits (0Olins & Wright, 19733 Chalkley, 1973) so the
nucleosomal cores must be in close proximity and this suggests
that histone Il is involved in higher ordecr packing of nucleo-

SOmeS .

I.5.5. Nucleosome phasing

Sinece the basic structure of chromatin was elucidated
(Section I.5.1) many situdies have been undertaken to determine
whether there is any relationship between the location of
nucleosomes and the underlying DNA seduence (Zachau & Igo-
Kemenes, 1981). These studies have usually involved relating
the observed micrococcal nuclease cutthing sites in linker
DNA with restriction nucleasc recognition sites,in specific
DNA seguemnces.

The first suggestion that nucleosome locations may be
fized came from studies on the a-satellite DNA of African
green monkey (Musich et al., 1977) though this is strongly
contested (Fittler & Zachau, 1979; Singer, 1979). Recently Zhang
et al.(1983) has shown that there are at least eight differeunt b

phases of nucleosomes on this DNA.




Sinece 1977 many examples of nucleosome phasing have
been demonstrated, c.g. the tRNA gcnes of chicken (Wittig &
Wittig, 1979), +the 5SRNA genes of Drosophila and Xenopus
(Louis et al., 1980; Gottesfeld & Bloomer, 1980), the histone
genes of Drosophila (Samal et al., 1981) and the J, and G

k k
immunoglobulin genes of mouse liver (Weischet el al., 1983).

The concept of nucleosome phasing is atitractive as in
one phase a transcriptional control region (or any other
control region) may be covered by a nucleosome, whereas in
another phase this region is mot covered, so allowing access
to the RNA polymerase complex. This idea is supported by
evidecnece from the 5SRNA genes of Drosophila (Louis et al.,

1980) and in the tRNA genes of Xenopus laevis (Bryan et al.,
1981).

Many criticisms of these experiments have been voiced.
Pirst, micrococcal nuclcase is sequence spccific in its
cleavage of DNA, it preferentially cuts DNA at adenine and
thymine rich regions (Nelson et al., 1979a; Horz & Altenberger,
1981; Dingwall et al., 1981). Second, micrococecal nuclease
will cleave DNA in the core particles and does so at adenine
and th&mine rich regions, so many of the potential *'phases?
will be lost as only ‘the 140 base pairs obtaincd from agarose
gels is examined (McGhee & Felsénfeld, 1983). Third, the
study of repetitive sequences may be misleading due to the
presence of regularly spaced micrococcal nuclease sensitive
sites (Horz et al., 1983). Fourth, the observation that the
nucleosomes in total chromatin are not phased (Strauss &
Prunell, 1980).

These results do mot mean that nucleosomes are not fixed
relative ta the DNA but only that different methods must be
employed. The nucleosomes may be positioned relative to
structural aspects of the DNA. Ilogan et_al. (1983) has shown
that poly(dG).poly(dC} homopolymers are less flexible than
poly(dA).poly(dT) homopolymers suggesting that the [lormer
would be less likely to be found in nucleosomes, thoygh in,
practice neither homopolymer is found in nucleosomes (Simpson
& XKunzler, 1979).

Similarly models of DNA flexibility based upon the

regular spacing of certain dinucleotides have been proposed




(Trifonov, 1980; Zhurkin, 1983). These models have bé&egn
applied to DNA sequences which have been studied for nucleo-
some phasing and the predicted locations of nucleosomes agree
quite well with the locations determined by nucleasc studies

(Mengeritsky &  Trifonov, 1983; Zhurkin, 1983).

I.5.6. The structure of traunscriptionally active chromatin

Two approaches have been used to determine whelher
transcriptionally active chromatin is organized into nucleo-
somes: electron microscopy and digestion with nucleases.

The use of the electron microscope has revealed that the very
active ribosomal RNA genes do not have nucleosomal-like

particles between the RNA polymerase melecules in Oncopeltus

fasciatus (Foc et al., 1976), Xenopus laevis cocyles (Suheer,

1978; Pruitt & Grainger, 1981l), Tetrahymena pyriformis
(Borkhardt & Nielson, 1981; Borchsenius et _al.; 1981), or

Phrysarum polycephalum (Johnson et al., 1978). These genes

are only non-nucleosomal when they are being expressed and
the non-transcribed spacers are always nucleosomal.
Studies with miecrococcal nuclease on the other hand have

shown thatl the =rRNﬁ-dhﬁﬂmﬂ5“ in Physarum and Tetrahymena

has. a repeat length of 180 bhase pairs suggestive of nucleo-
somes (Mathis & Gorovsky, 1976; Piper et al., 1976; Graingewr
& Ogle, L978), though Grainger & Ogle dinterpreted this

as protection of the DNA due to the binding of RNA polymerasc.

With Xenopus laevis a nucleosomal ladder can barely be

detected after micrococcal nmnclease digestion and the ribo-
somal RNA genes are preserved in a high molecular weight
form (Spadafora & Crippa, 1984) showing that proteins are
protecting the DNA from digestion but that these are not

nucleosomes. Recently it has been shown thal in Teltrahymena

the non-transcribed spacers of the ribosomal RNA genes are
packaged into nucleosomes but the coding regions are mot.
(Palen & Cech, 1984).

Histones have been found in the nucleclar regiouns of
Physarum polyvcephalum (Johnson*et al. , 1978) but not in
Xenopus laevis (Labhardt & Koller,, 1982). As little or o

compaction of the ribosomal RNA genes is observed in the

electron microscope then if nucleosomes are present they must




be in a radically altered form (WOOdcock et al., 19763
Scheer, 1978}.
Other highly attive genes such as the putatlive trans-

criptional unit of the silk fibroin gene of Drosophila

melanogaster are also devoid of nuclecsomesm(McKnight et al.,
1976).

Analysis of the DNA sequences represeuted in the mono-

aucleosome fraction of a micrococcal nuclease digest has
shown that virtually all seguences are represented in the
same proporiiom as in the total DNA (Lacy & Axel, 1975;

Kuo gt al., 1976; Gottesfeld . & Butler, 1977; Bloom &
Anderson, 1978) suggesting that all sequences are nucleosomal.

Studies on individual genes have shown thatlt the active globin
genes (Axel, 1976) ovalbumin genes {Garel & Axel, 1976)

and the integrated active leukaemia virus DNA (Panet &

Cedar, 1977) are all nucleosomal. The active histone geunes
in sea urchin show a blurred micrococcal nuclease digestion ladd
showing an altered uucleosomal structure (Spinelli et al.,
1982) and so are similar to the ribosomal RNA genes.

Other characteristics of transcribing chromatin are:
1) an enrichment i; the high mobility group proteins 14 and
17 (Teng et al. 1979; Kuehl et al. 1980)3 2) an enrichment
, 19753
. l979b) and 3) a deficiency ium histone HI1
(Faber et al., 1981; Gabrielli ct al. 1981). When mono-

nuclecsomes from a micrococcal nuclease digest are electro-~

in highly acetylated histones (Ruiz-CaIillo et al.

Nelson et al.

phoresed on gels three distinct subtypes are found (Levy-
Wilson & Dixon, 1979; Miki et _al., 1980). One of these
subtypes has all of the above properties and is eunriched in
active DNA sequences (Levy-Wilsom & Dixou, 1979; Miki

et al., 1980; Egan & TLevy-Wilson, 1981}. The other sub~
types have little or no high mobility group proteins and
are enriched in histone H1 and non-transcriptionally active
DNA seguences. Other methods, e.g. DNase digestion
followed by Mg2+ solubility of tramscribing chromatin have
shown that transcriptionally active DNA is asscociated with
nucleosomes (Gottesfeld &  Partington, 1977; Davie &
Saunders, 1981).




I.5.7. Chromosomal scaffold

In addition to the repeating structure (nucleosomes)
chromatin possesses a wide range of non«histone proteins.
Of these some have been shown to . be responsible for the
maintenance of chromosome structure and are organized into
a structural entity known as the !'chromosomal scalfPold!?
(Adolph et al., 1977&; Paulson & Laemmli, 1977). This
structure can be isolated by treating chromatin or metaphase
chromosomes with 2M NaCl or polyanions (dextran sulphate/
heparin) (Adolph et al., 1977a). This treatment removes all
of the histones and about 70% of the mnon~histones. The
remaining non-histones are organized into a scaffold struciture
which is the same shape as the original metaphase chromosome
(Paulson & Laemmli, 1977; Adolph et al., l977b). Observations
with the electron microscope have shown that the DNA is
attached to this scaffold in loops of between 30 and 90 kilo~
bases in length (Marsden & Laemmli, 1979). Transverse
sections through swollen but unextracted chromosomes show a
star like arrangement of the chromatiﬁ fibre consistent with
a radial loop model (Marsden & Laemmli, 1979; Adolph, 1980).
A central 'core' or scaffold has also been observed in mitotic”
chromosomes by using silver staining and light microscopy
(Howell & Hsu, 1979).

I+ has recently been shown that the scaffold requires
a specific metalloprotein for stability. The histone depleted
structures were specifically and reversibly slabilized with
Cu2+ ions and less specifically with Ca2+ ions (Lewis &
Laemmli , 1982). Two proteins were shown to be involved in

this stabilization, termed Sc, and Sc 170,000 and 135,000

1 2
Daltons). More recently it has been shown using microscopy
that the scaffold is a defined structure and not a non-specific

aggregate (Barnshaw & Laemmli, 1983).

IT.5.8. Nuclear mabrix

When nuclei are extracted using 2M NaCl and treated
with-low amounts of deoxyribonucleases a residual siructure
remains which is terméd the nuclear matrix (Berezney & Coffey,
1974; 19773 Mitchelson et al., 1979). Thia structure accounts
for about 10-20% of the total nuclear protein and about 2-10%
of the DNA (Berezmey and Coffey, 1977)}.
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Electron microscopic analysis of the nuclear matrix
shiows a peripheral shell derived from the pore lamina
elements of the nuclear euvelope (Aaronson & Blobel, 1975;
Gerace & Blobel, 1980) together with an internal framework
to which the DNA is attached. (Berezney, 19803 Pisher et al.s
1982). '

IFurther treatment using nucleases (DNases/RNases)
leaves a structure termed the nuclear protein matrizx which
has less than 0.1% of the total DNA (Berezney & Coffey, 1977),

This nuclear protein matrix has also been shown to be
stabilized by ca”t (Wunderlich & Herlan; 1977) and cu”¥ or
Ca2+ (Lebkowski & Laemmli, 1982). It has been suggested
thal metals play a role in the long range compaction of DNA
in both histone depleted metaphase chromosomes and in inter-

phase nuclei.

;.5.8.1. DNA seguences associatcd with the nuclear matrix

Matrix DNA from Hela cells is highly enriched in ‘
transcriptionally active DNA sequences, as demonstrated by
hybridivation of the total DNA and matrix DNA to an excess
of nuclear RNA {Jackson et al. ; 1981). Similarly the active
ovalbumin and conalbumin gene sequences of hen oviduct are
found in matiix DNA, whereas this is mot seen in hen brain
where these genes are inactive (Robinson et_al., 1982; 1983).
This is also seen with the chicken PB-globin gecnes in
erythrocytes (Hentzen et al, , 1984). These observations
suggest an important role for the nuclear matrix in gene
expression.

Pulese labelling experiments using [?ﬁ]-thymidine have
shaown that matrix DNA is highly enriched in newly synthesized
DNA (Berezney & Coffey, 19753 Keller & Riley, 1976; Miller
et al. 1978; Hunt & Vogelstein, 1981; Aelen et al., 1983).
One minute after rats are injected with [33}-thymidine moxre
than 90% of the tritium is found . in the DNA which rcmains
agssociated with the nuclear matrix. The same result is
observed with 3T3 cells in culture (Vogelstein et al., 1980).

Recently it has been shown that a form of DNA meihylase

is tightly associated with the nuclear matrix {(Qureshi et al.,



1982; Qu;eshi; 1983). This is significant as DNA methylation

is coupled wiilh DNA synthesis (Section r.2.2.1) and so the

methylase would be expected to be located at or near the site of

DNA replication. '
Other seguences which show an enrichment in matrix DNA

are middle~nepetitive sequences in Chinese hamster, mouse

and chicken (Jeppeson & Bankier, 1979; Razin et al., 1979;

Kuo, 1982).

T,6. Chromatin structure and DNA mcthylation

Both chromatin structure and DNA methylation have been
Treported to play a reole in the transcriptional activity of
genes (Sections I.4 and I.5.6) so it is of interest to study _
the relationship between chromatin structinre and DNA methylation.

When the distribution of m50 in the chromatin from
chicken cells is examined it is found thal nucleosomal core
DNA is enriched in this base (Razin & & Cedar, 1977). This
distribution was lost when the chromatin was reconstituted.
Adams et al., (1977) found no such enrichment in the core DNA
in Chinese hamster ovary chromatin but have recently foumnd
an enrichment in mouse 1.929 chromatin (Adams ct al.,l98h).

Chromatin structure can be probed by the use of DNA
methylases and when nucled from chicken erythrocytes are
treated using the E.coli methylase over 95% of ihe methyl
groups are found in nucleosomal linker DNA (Blodl & Cedar,
1976). This suggests thal the linker DNA is more suscepbible
to enzymatic action than core DNA and is in apparent contra-
diction witlhh the noted distribution of mBC. Similarly the
methylase in Friend erythroleukaemia cells has been located
in the linker DNA (Crcusot & Christmen, 1981) though this
conclusion is based on the solubilization of the methylase
using nucleases to digesl the DNA in chromatin and may be
misieading.

These results suggest that chromatin structure can
effect DNA methylation and shows that farther study along

these lines is potentially interesting.
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ATMS

_ Nucleosomes are the basic structural units of eukaryotic
chromatin and the simplistic model of a nuclecsome depicted

as 146 base pairs of DNA wrapped around an octamer of histones
has been useful in elucidating nucleosome slructure. However,
the discovery of histone modifications and high mobility group
proteins associated with nucleosomes in transcriptionally
active chromatin, has led to the idea that nucleosomes are not
Just packaging vehicles, but the slructural basis for the
Functional state of genes.

As DNA methylation has also been implicated in the regulation
of gene activity, particularly those m5C residues located in the
5" regions of genes, it is of interest to determine whether
there is any relationship between chromatin structure and DNA
methylation.

The aims of this work ﬁave been:

(1) To investipate the distribution of m50 in chromatin.

(2) To attempt to methylate chromatin of mouse and insect
cells in vitro and to determine where the methyl groups are
-incoxrporated.

(3) To determine the effects of histones and nuclear nomn.
histone proteins on methylation in vitro.

(4) To establish whether the undermethylation of tramscribed
regions could be a wresult of inhibition of methylation by

proleins associated with these mwegions, and if s¢ which proteins.




TI. MATERIALS AND METHODS




IT.1. MATERTALS
II.1.1. Biological

Mouse L929 cells (Sanford et al., L948) are a cell line

routinely maintained in this deparitment.

Mosquito cells {Aedes albopictus) (Singh, 1967) were

obtained from Flow Laboratories.

IT.1.2., Chemical

All chemicals were analytical grade reagents excepit the

following:

Foetal calf serum

Newborn calf serim
Non=essential amino acids
Mitsuhashi and Maramorosch
Basal medium

Triton X-100 (scintillation
grade)

2, 5-diphenyloxazole (PPO)
(scintillation grade)
Dithiothreitol

DX-80 developer

FX-40 X-ray liquid fixer

Micrococcal nuclease

PMSF (phenylmethylsulfonyl~
fluoride)
Calf thymas histoune

Neurospora crassa endonucleasc

E.coli polymerase T
Balhophenanthreoline-
disulfonate
S—-adenosylmethionine
(chloride salt)
Ethidium bromide

Tween 80 (polyoxyethylene

sorbitan mono—oleate)

Salmon testis DNA

Bio-Cult Laboratories Ltd.,
Paisley, Scotland.

"

Flow Laboratories Ltd.,
Irvice, Ayrshire, Scotland.
Koch-Light Laboratories Ltd.

Colnbrook, England.

1]

Kodak Lld., Manchestex
1]
Boehringer Mannheim House,

Lewes, E. Sussex.

"
n
n

Sigma London Chemical Co.
Ltd., Poole, Dorsect, England.

"

"
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EGTA (ethyleneglycol—bis—
(P-aminoethyl ether) N, N!
tetra—acetic acid)
8~Hydroxyquincline
Agarose (type II)
Deoxyribonucleotides
Ribonucleotides

Thymidine

Hypoxanthine

Aminopterin

Hydroxyurea

m=-Cresol

Ribonucleasc A
Pancreatic deoxyribonuclease
(DNase I)

Whatman No.l paper and
3MM 2.5 cm paper discs
Sephadex G-30

Hyamine hydroxide (1M

solution in methanol)

Puji Rx X-ray Film

Aminex A 6 Resin (sodium
form )
Silver stain reagents

Exonnclease III

' Sigma London Chemical Co.

Ltd., Poclec, Dorset,
England

tt

. Reeve-Angel and Co. Ltd.

London,

Pharmacia, Uppsala, Swedeun .

Tisons Scientific Apparatus

Loughborough, England.

Fuji Photo Film Co. Ltd.,

Tokyo 106, Japan.

BIO-RAD Laboratories Lid.

Caxton Way, Watford K FEnglan
"

Betliesda Research Laborater

ies (UK) Ltd.  Science

Park Cambridge, England.

5'~azadeoxycytidine was kindly donated by Dr A. Piskala,

Czechoslovak Academy of Sciences.

Methidiumpropyl-EDTA.iron (IT) was kindly donated by

Professor P.B. Dexrvan, Division of Chemistry, 6 California

Institute of Technology.

Ascites DNA methylase (purified according to Turnbull &
Adams, 1976) was kindly provided by Dr R.L.P. Adams.
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IT.1l.3. Radiochemicals

Decoxyguanosine 5'- [ - 32-1“ Radiochemical Centre,
trlthSPhate (~3000 Cl/mmole) Amersham. '
Deoxy - E,__, C]-— cytidine
(480 mCi/mmole) "

6 — H]—urldlne (25 Cci/mmole) "
[6 - Hj—thymldlne (23 Ci/mmole) "

Enethyl - 33]—meth10n1ne

(15 Ci/mmole) f
S—adenosyl~L- [methyl - BH]‘
methionine (15 Ci/mmole) ‘ "
[5 - BH ~uridine 5'-triphosphate
(1.0 Ci/mmole) "
[U'_ llC]-toluene (250 nCi. /ml.) Packard Instrument Co. Inc.

- Dowvness Grove, Illinoi=.

IT.1l.4. Cell culture solutions

Glasgow modification of Eagles' Minimal Essential Medium
(MEM) (Busby et al., 1964). The constitueuts are listed in
Table 2. _This medium is supplemented with 10% (v/v) new born
calf scrum and designated EClO.

Basal medium for the culture of mosquito cells {Mitsuhashi
& Maramorosch, 1964). The constituents are listed in Table 3.
This medium is supplemeuted with 10% (v/v) foetal calf serum,
1% (v/v) 200 mM glutamine and 1% (v/v) non-essential amino
acids. The pH was adjusted to 8.0 with 1.0 N NaOH. ‘This medium
is designated as MM.

The constituents of non-essential amine acids are listed

in Table 4.

IT.1.5. Stock Buffers
Buffered Saline Solution (BSS) (Earle, 1943}

NaCl 116.0 mM
KCl 5¢4 mM
NaHEPOu 1.0 mM
Ca012 1.8 uM

phenol red 0.002% (w/v)
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Table 2. Consiituents of Eagles Minimal Essential Medium (MEM)

as used in the Biochemistry Department, Glasgow University

D-glucose 4500.0
L-arginine HCl 126.9
L-cystine 28.5
L-glutamine 584.6
L-histidine HCL RL.O
L—-isoleucine 52+5
I—leucine 525
L-lysine HC T3.1
L-methionine 14.9
L~phenylalanine 33.0
L-threonine . h7.6
L-tryptophan 8.2
L-tyrosine 3642
L-valine h4a.9
D-calcium pentothenate 2.0
choline chloride 2.0
folic acid 2.0
i-inositol 4.0
nicotinamide 2.0
pyridoxal HC1 2.0
riboflavin 0.2
thiamine HCL ‘ 2.0
MgSOu.7H20 2006.0
KC1 LOO.0
NaCl 6400.0
Nall,PO, « 2H,0 1ho.o
Ca012.6H20 264.9

phenol red 17.0




Table 3. Constituents of Mitsuhashi and Maramorosch Basal Medium.:
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Table 4.

Lactalbumin hydrolysate
Yeastolate

CaClQ.RHZO

KC1

Mg012.6H20

NaCl

Na.HCO3

D-glucose

Non~essential gmino acids.

L-alanine
Lwasparagine.Hzo
L-aspartic acid
glycine
L~glutamic acid
L=proline

L-serine

mg{litre
812%5.0
625040
250.0
250.0
125.0
8750.0
150.0
282.6
5000.0

mg/litre

8.9
15.0
13.3

T«5
1,7
11.5
10.5




Buffer M
Tris-~HCl pH 7.8 50.0 mM
EDTA 1.0 mM
dithiothreitol 1.0 mM
sodium butyrate 5.0 mM
glycexrol 50.0% (v/v)

Buffer M' has PMSF in ethanol at 6 mg/ml added at 1% (v/v)

immediately before use.

Stop Solution
godium dodecyl sulphate 1.0% (w/v)

EDTA 2.0 mM
butan~L-ol 5.0% (v/v)
Leaminosalicylic acid 3.0% (w/v)

The ld-aminosalycylic acid is added immediately before use.
Sander& buffers-

Butfer A
Tris-HCl pH 7.0 0.1 mM
Ca012 1.0 mM
Mg012 2.0 mM
2-mercaptoethanol 15.0 mM
sodium butyrate (pH 7.0) 30.0 mM
glycerol _ 10.0% (v/v)

Buffer B
Tris-HCL pH 7.0 50.0 mM
MgCl2 2.0 mM
KC1 25.0 mM
Z2=mercaptoethancl 15.0 mM
sodium butyrate 30.0 mM
sucrose 250.0 mM

Transcription Buffer (TC) (Hay et al.,'l982)
Hepes~NaOH pH 8.0 30.0 mM
ammonium sulphate 100.0 mM
MnCl2 1.5 mM
KC1 6.0 mM
dithiothreitol 1.25 mM

glycerol 12.5% (v/v)
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MPE buffer

Tris~HC1L pH 7.4 15.0 mM
NaCl ' 15.0 mM
KCL 60,0 M
sucrose 0.5 M

Agérose gel buflers

Sample bhuffer

glycerol 25.0% (v/v)
sodium dodecyl sul-

phate R.0% (w/v)
bromophenol bLlue 0.025% (w/v)

Running buffer

Tris-HCL pH 7.7 36,0 mM
NaH2P04 30,0 mM
EDTA 1.0 mM

Scintillation solutions _
toluene/PPO. 5.0 g of PPO per litre of toluene.
toluene/triton/PPO. 5.0 g of PPOQ in 350 ml of triton

X¥-100 and 650 ml of toluenc.

IT.2. METHODS
IT.2.). Cell culture technigues
fTe2.1.1le Growth of cells

Mouse 1929 cells were éeeded at a densily of approximately
5 x 106 per Roux bottle in 50 ml of EC10 and grown as monolayers
al 3700 in an atmosphere containing 5% 002.
Mosquito cells were seeded at a density of approximately
5 x lO6 pPer Roux bottle in 50 mli of MM and grown as monolayers

at 27°Cc.’

IT.2.1+2. Contamination checks

All media and passaged cells werxre checked'regularly for
bacterial, fungal or PPLO infection as followss

a. Baclerial contamination:aliguots were added to bload
agar plates and brain-heart infusion broth and were incubated
at 370C. Results were considered to be negative if no growth

is seen after 7 days.
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b. Fungal contamination: aliquols were added to Saboraud's
medium and cultured at 3200. No growth alter 7 days is assumed
to indicate the absence of fuﬂgal'contaminatioh.

c. PPLO infection: agar plates were seeded with passaged
cells by piercing the agar surface with a charged pasteur
pipette. The plates were grown in an altmosphere of 95% N2
and 5% CO2 at 3700. Infected cells resulted in the occurrence
of the characteristic "fried egg" appearance of PPLO colonies

on examination of the plates under the microscope.

IT.2.1.3. Labelling of cells
With deoxy [U—laC]-cytidineb [%~3ﬂ]~uridine and I?—BH]-
thymidines

These isotopes were added to Roux bottles 24 hours after
seeding at 0.1 uCi, 50 pCi and 50 pCi respectively. No
alterations were made to the medium.

With L~ [methyl-BHJ-methionine:

LY929 cells were growin for 2 days as in IT.2.1.1l. above.

The medium was then replaced with 15 ml of EC containing

3 mM hydroxyurea (to inhibit DNA synthesis),6éOpM hypoxanthine,
10 uM thymidine, 2 M aﬁinopterin and 20 mM sodium formate.
After a further 1 hour at 37°C,250 uCi of L- [ methyl-"H]-
methionine was added and the cells were harvested 3 hours later.
With 5'-azadeoxycytidine (Qureshi, 1983):
L929 cells at stationary phase were subcultured at a
density of approximately 10 x 106 per Roux bottle and incubated

at 3?00 for 10 hours. Bl-azadeoxycylidine was then added
to a final concentration of 1 WM and the incubation was continued

Tfor a further 10 hours after which the cells were harvested.

IT.2.1.4. Harvesting of cells

The medium was decanted and the monolayer of cells washed
in ice cold BSS, the cells were then scraped off the glass
into 10 ml of BSS using a rubber wiper. Cells were pelleted

by centrifugation at 850 x g for 10 minutes at 4°C.
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IT.2.1+5. Preparation ol nucleil

Cells harvested as above were resuspended in 1% (v/v)
Tween 80. These cells were homogenized with six strokes of
a Potter homogenizer and nuclei rccovered by centrifugation
at 850 x g Tor 10 minutes at 4°c.  Nuclear preparations were

checked using a phase contrast microscope.

IT.2.1.6, Preparation of a cell lysate

Cells harvested as above (TIL.2.1.4) were resuspended in
buffer M wminus glycerol and allowed to swell for 10 minutes.
The cells were then gently pipetted up and down in a 1.0 ml
tip (approximately 0.% mm diameter) wusing a Gilsen G-200
pipette. The preparation was checked using a phase contrast

microscope.

IT.2.2. In vitro methylation
JT.2.2.1. Methyvlation of nuclei

Nuclei prepared as in Section II.2.1l.5 were resuspended
in buffer M at a concentration of approximately 5 x 107 per ml.
50 pCi of S-adenosyl~L-— [methyl-—-BHJ-methionine (15 ¢i/wmole)
was added and the nuclei incubated for 3 hours at 3700. In
some experiments 40 units of a partially purified ascites DNA

methylase were added prior to methylation.

II.2.2.2. Methylation of chromatin and DNA
The standard assay mixture (200 pl) contained 0~20 pg
of DNA, 5 pCi of S-adenosyl-L- [ methyl-"H| -methlomine (15 Ci/

mmole), 3 mnmole of mon radiocactive AdoMet and 40 units of

ascites DNA methylase in buffer M, After incubation for 3 hours
at 3700 the reaction was stopped by the addition of 2.0 ml of

stop solution.

IT.2.3+ Digestion of nuclei using nucleases

IT.2.3.1. Micrococcal nuclease

Nuclei in buffer M containing CaCl2 at a concentration of
2 mM were treated with micrococcal nuclease at 500 units per ml
at 3700. Samples were tltaken at several times up to 30 minutes

to which l.5 ml of stop solution was added. Samples were also




- 47 -

taken at these times for elcctrophoresis on 1.5% (w/v)
agarose gels. '

For the production of ‘'core' chromatin particles,miclei
were treated as above until 50% of the DNA was rendered acid
soluble.

II.2.3.2. Pancreatic deoxyribounuclease (DNase 1)

This digestion procedure was the same as for micrococcal
nuclease (Section TI.2,3.1) except MgCl, was used instead of
=

Ca012 and an enzyme concentration of 10 unils per ml.

II.2.4, Purification of DNA for scintillation counting

DNA was purified from nuclei suspended in stop solution
by the following procedure.

The suspensions were healted al 60°C for 20 minutes to
dissolve the nuclei. 100 pg of salmon testis DNA was added
as a carrier DNA for the precipitation step. Probein was
removed from the mixture by extraction with a solution of phenol
(88%); m~cresol (12%) and 8-hydroxyquinoline (0.1%). After
centrifugation at 850xg for 10 mimutes the upper aqueous layer
{containing the DNA) was removed, leaving protein in the
interphase material.

DNA was precipitated by mixing vigorously with 2 volumes
of absolute ethanol. After_centrifugation at B50xg for 10
minutes at -10°C this precipitate was.redissolved in 100 ul
of 0;5 N NaOH. The solution was incubated at 3700 for 1 hour
to digest any RNA in the mixture. The solution was then spotted
onto Whatman 3MM filter circles (2.5 cm diameter); washed four
times in ice-cold 3% (w/v) trichloroacetic acid (10 mi. per
Ifilter) and dried using methylated spirits and ether. The
DNA was dissolved by heating in 0.3 ml of 1M hyamine hydroxide
at 60°C for 20 minutes. 5 ml of toluene/PPO scintillator was
added to the vial and radioactivity assayed using a‘liquid

scintillation spectiromeler.
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IJI.2.5. Double label techunique
Most cells used in this study have had their DNA labelled

with deoxy ,ﬁ;lhcj-cytidine so that in each experiment the

amount of 1 C dpm is directly proportional to the émount of

DNA ,so differenil samples can be easily compared. The methylation
is carried out using S-adenosyl-L- [methylmsﬂﬂ—nmthionine,
theref'ore the amount of methyl groups incoirporated is directly
proportional to the amount of BH dpm. Therefore the relative
methylation of different samples in one experiment can be

easily compared.

The fadicactivity of both 3H and 1&0 can be determined
provided that the amount of 140 in the 3H channel of the
scintillation counter can be determined.

Six samples of 100 pl [U;lhc]-toluene (250 nCi/ml) in
10 ml of toluene/PPO scintillation fluid wexre prepared.
Chiloroform was added to each sample to 0, 50, 100, 200, 300,
and LOO pl. These samples were countéd on the dual label
program of a scintillation counter. A calibration curve of
percentage spillover into the 3H channcl against H a»numbew
was constructed (Fig. 4) so the amount of 38 can now be

determined for any sample.

II.2.6. Sanders! extraction procedure

This preocedure is a modification of the original procedure
of Sanders (1978) as used by Davie & Saunders (1981).

Nuclei were prepared as in II.2.1..5 and resuspended in
buffer A at a comncentration of approximately 5 x 107 per ml.
These macleld were digested with micrococcal mnuclease at 200 units
per ml for 2 minutes at 37°C. The reaction was stopped by
the addition of EGTA to a final concentration of 2 mM. The
nuclei were centrifuged at 850xg for 5 minutes and the super-
natant (S0) was removed. The nuclei were resuspended in 500 ul
of buffer B containing 50 mM NaCl," " recentirifuged and the
supernatant removed (S 50). This procedure was repeated using
buffer B containing 100 mM, 200 mM, and 400 mM NaCl to yield
supernatants S 100, S 200, and S 400 respectively. "The final
pellet was resuspended in 500 pl of buffer B. To each fraction

L5 ml of stop solution was added. Samples were taken at each




Figure 4. Calibration curve for the determination of the

amount of 140 cpm in the 3H chanmel of a liquid

scintillation spectrometer.
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Six samples of 100 pl [b¥140] —toluene (250 nCi/ml) in 10 1

of toluene/PPO scintillation fluid, containing 0, 50, 100,

200, 300 and 400 pl of chloroform respectively, were prepared.
These samples were counted on the dual label program of a
scintillation counter. The % spillover of 140 cpm into the

3I-I channel was determined and plotted againsi H number.

The H number method measures the response produced in any liquid

scintillation sample by the same electron energy and is thus a measure of

the amount of quench in the sample. This method is used with Beckman

LS-8000 series scintillation spectrometers.
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stage in the procedure for electroplioresis on 1l.5% agarose
gels and for scintillation counting.

When nuclei were methylated prior to this extraction
procedure they were washed once in buffer A prior to treatment

with micrococcal nucleasc.

II.2.7. Digestion of nuclei using methidiumpropyl-EDTA.iron (IT)

Nuclei were prepared as in 11.2.1.5 and resuspended in
MPE buffer at a concentration of approximately 5 x ].O7 per mi.

An equal volume of a mixture containing 100 uM methidium-
propyl-EDTA,10 mM dithiothreitol and 0.1 mM ferrous
amnonium suiphate was -  added.

Then EDTA and hydrogen peroxide (30% v/v)} were added to
final concentrations of 1 mM and 0.5 mM respectively. The
mixture was ivcubated for 16 hours at 20°C and the cleavage
reaction was stopped by the addition of 0.1 volume of 50 mM
bathophenanthrolinedisul fonate. Mg012 wvas added to a final
concentration of 20 mM and 1 unit of exonucleasc 11l was added.
After incubation for 10 mimuates atb 3700,2 veolumes of stop
solution was added. '

DNA was purified as in Section IX.2.9 and redissolved in
50 mM tris-HCl pH 8.0 containing 200 mM NaCl and 10 mM MgClg.

The DNA was digested with Neurospora crassa nuclease at 20 pg

per ml for 10 minutes at 3700. The reaction was stopped with
2 volumes of stop solution and the DNA repurified. The base
composition of the DNA was then determined as in Section IT.2.
131.2.

TI.2.8. Preparalion of nuclear non-histone proteins

Nuclei from ascites cells in buffer M¥ were extracted with
buffer MY containing 0.35 M NaCl and centrifuged at 850xg
for 10 minutes., The supernatant was recovered and dialyzed
against buffer M* containing 50% (v/v) glycerol for 2RI hours.

To prepare high mobility group (HMG) proteins i{he un-
dialysed 0.35 M NaCl extract was made 2.5% (w/v) with respect
to trichloroacetic adid and centrifuged at 10,000xg for 10
minutes. The supernatant was neutralized and dialyzed against
buffer MY containing 50% (v/v) glycerol for 24 hours.




IT.2.9. Purification of DNA

Nuclei in buffer M were incubated with ribonuclease A
(boiled Tor 10 minutes before use) at 10 units per ml for 1
hour at 3700; Twa volumes of stop solution were added and
protein was removed as previously described. The adqueous
layef was extracted with a mixture of chioroform (95%),
isoamylalcohol (5%) and centrifuged at 850 x g Cfor 10 minutes.
The agqueous layver was removed and DNA precipitated as previously
described. The DNA was washed twice with absolute ethanol
and dried.

DNA was assayed by the method of Burion (1956).

IT.2.10. Nick-translation of DNA (Maniatis et al., 1975).

50 wCi of deoxyguamosine 5'~ | a-""P]- triphosphate was
put into a siliconiwzed Eppendorl {tube and lyophilized. To
this tube was added 5 w1l of a DNA solution (1 mg/mi) 6 nl
of a solution of dATP, dTTP and dCTP {16 nmM with respect to
each); 3 pl of 500 mM tris-HCl pH 7.5 containing 50 mM MgClz,
1wl of 2% (v/v) 2-mercaptoethanocl and 5 units of E.colj
polymerase I. Water was added to give a final volume of 30 pi.

The tube was dncubated for 1 hour at 12°C and the reaction
was stopped by lhe addition of 2 pl of 0.5 M EDTA and incubation
for 5 minutes at 60°¢.

The reaction mixture was applied te a 5 cm x 0.5 cm column
of sephadex G~50 and eluted with 10 mM tris-HCL pH 7.5 containing
0.1 mM EDTA. The DNA peak was collected and NaCl added (o =a
final concentration of 0.2 M. The DNA was precipitated by the
addition of 3 wvolumes of absolute ethanol and storage at -20°¢C

overnight followed by centrifugation at 10,000xg for 1 hour.

IT.2.11. Base composition analvsis of DNA
II.2.11.1. By enzymatic digestion (Shatkin_ 1969}
50 pl of labelled DNA, 8 ul of 0.4 M tris-HCL pH 8.6

containing 0.2 M'Ca012 and 30 units of micrococcal nuclease
were incubated for 2 hours at 37°C. 34 pl of 0.5 M potassium
phosphate pH 7.0 bulffer was then added to adjust the pll to 7.0.
The digestion was continued by the addition of 2 units of

spleen phosphodiesterase and incubatiﬁg for 1 hour at 3?00.




A further 2 units of spleen phosphodiesterase was added and
the mixture reincubated. This was repeated once more (i.e. a
{total ol 6 units of spleen phosphodiesterase was used).

At the énd of The imcubation, samples of the DNA digest
were applied as single spots to 45 eom k 57 cm sheets of
Whatman No.l paper, prewetted with pH 3.5 acetate buffer (acetic
acid 3.3% (v/v), pyridine 0.33% (v/v), EDTA 0.38% (w/v)), about
10 cm from one end., The paper was clectrophoresed at 3.0 kV
for 75 minmates, dried in air and autoradiographed. The
appropriate radioactively labelled areas of the sheets were
cut out and placed in vials containing 10 ml of water and the
radioactivity assayed using the Cerenkov program of a liquid

scintillation counter.

IT.2.11.2. By acid pyrelysis. (Adams et al.; 1979)

Samples of DNA were dissolved in 150 ul of 98% formic

acid and sealed in thick walled pyrex tubes. The tubes were
heated at 17000 for 2 hours. The tubes were cooled, opened
and the excess formic acid evaporated. The pyrolysed material
was taken up in 100 pl of 20 mM ammonium carbonate (adjusted

to pH 10.0 with ammonia) and appliecd under pressure to a

20 cm x 1 cm column of Aminex A6 (equilibrated at 50°C) at

a flow rate of 1l. 0 ml per minute. 1.0 ml samples were collected
to which was added 10 ml of triton/toluene/PPO scintiliator

and the radiloactivity was assayed.

IT.2.12. Agarose gel electrophoresis (Hayward; 1972)

Samples of DNA were disscolved in agarose gel sample
buffer and layered onto 10 om x 8 cm,L.5% (w/v) agarose slab
gels. The gels were subjected to electrophoresis at 50 mA
for 3 hours. Gels were stained with ethidium bromide at 0.5 ug
per ml for 10 minutes and DNA was visualized using ultraviolet
light.

IT.2.13. Acyvliamide gel electrophoresis

Protein samples were dissolved in a mixture of glycerol
(20% v/v); sodium dodecylsulphate (1% w/v}, 2-mercaptoethanol
(1% v/v) and bromophenol blue (0.04% w/v) and eleclrophoresed
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on a 10 em x 10 em 7% (w/v) slab acrylamide gel at 10 mA for
10 hours. The rumning buffer was 0.12 M sodium phosphate pH 6.5
containing l% (w/v) sodium dodecylsulphate. Gels werec stained

using the silver stain techuique (BIO-~RAD manual).

II.2.1%. Computer analvyses

A mumber of different mouse gene sequences were selected
from the EMBL Nucleotide Sequence Data Library (Release 2) on
a PDP11/3%4 computer.

The C + G content of 100 nucleotide segments were derived
by scoring their frequency of ococurrence starting successively
at nucleotides 1,2 ,.... , N=99 in the N nuclcotides being
analyzed. Tho C + G content of 148 nucleotide segments was
also dectermined.

The bendakility function values for 148 nucleotide segments
were derived by scoring the number of RY and YR dinucleolides
at intervals of 5-6 base pairs slarting successively at nucleo-
tides 1 2,.s4., N=147 in the N nucleotides being analyzed (148
nucleotides being chosen because this is the 'core! repeat

length of mucleosomes) (Zhurkiné 1983},
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RESULTS




Nete: The experiments descrwibed in Sections ITT.2.7,
ITT.2.8,-ITT.4.4, TIIT.5.3 and IIT.5.4 were performed in

collaboration with Dr R.L.P. Adams.

ITT.1. In vivo methylation of DNA in L9929 cells relative

to nucleogsomes

ITT.1.1l. The dislribution of m5C in chromatin

Tn Section T.6 it was mentioned that the nucleosomal
core.- DNA of chicken and calf thymus chromatin is enriched
in m5C (Razin & Cedar, 1977) though a similar enrichmeunt was
not observed in Chinese hamster ovary cells (Adams et al., 197?)
Subsequently I have investigated the distribution of
m5C in the chromatin of mouse L9929 cells and related this
to the predicted flexibility of DNA as determined by the

method of Zhurkin (1983).

IT1.1.2. Core DNA of 1.929 chromatin is enriched in mSC

In the preseni work nuclei were prepared from [E-BH]-
uridine prelabelled L929 cells (Section IT.2.1.5) and these
were treated with micrococcal nuclease until about 50% of the
DNA was rendcred acid soluble (the DNA which remains acid
insoluble is about 140 base pairs in length, Fig. 5) (Section
IT.2.3.1). The residual DNA was purified (Section II.2.9)
and pyrolysed using formic acid o the individual bases which
were separated on a column of Aminex A6 (Scction IL.2.11.2).
The cytosine and methyleytosine fractions were collected and

5C determined (Section LY¥T.1.3). The amount

thie amount of m
of the dimucleotide CpG in the DNA was delermined by nick-—
transiation of DNA in the presence of [a—BzP]—dGTP (Section
IT.2.10}, hydrolysis using nucleases to 3'-monophosphates
(Section II.2.11.1) followed by separation by high voliage
electrophoresis (Fig. 6). The C + G content was also
determined. )

The resulfs are given in Table 5. As can be secn the
nuclease resistant WA is enriched in m50 by 25% compared
to total DNA. This DNA is also enriched in cytosine and
guanine and in the dinucleotide Cpi (this is the DNA methylase




Figure 5. Agarose gel of DNA from total and nucleosomal

core chromatin from L929 cells.
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Lanes: A: DNA from total chromatin
B: DNA from core chromatin

C: Marker. A DNA digested with EcoRI and Hind IIT.

Nuclei were digested with micrococcal nuclease until
about 50% of the DNA was rendered acid soluble. Samples of
DNA remaining acid insoluble were electrophoresed on a 1l.5%
agarose gel (Section II.Q.lQ). DNA was visualized using

ethidium bromide.
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Figure 6. High voltage electrophoresis of 3'-mononucleotides.

Lanes: C: nucleotides from core DNA

T: nucleotides from total DNA

DNA was nick-translated in the presence of deoxyguanosine
51~ [a-32P] -triphosphate (Section IT.2.10) and digested to
give 3'-mononucleotides which were separated by high voltage

electrophoresis (Section IT.2.11.1).
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recopgnition site) and it appears possible that the enrichment
’
in m’C is a result of this enrichment (See also Adams &

Bason, 1984},

Table 5. Base composition of the DNA from total and nucleosocomal

core chromatin from L9929 cells.

Total Core *statistical
chromatin chromatin significance
e 3.69 £ 0.20 (5) .79 ¥ 0.30 (5) p < 0.001
¢ + ¢ 41.67 ¥ 1.53 (11) 45.24 ¥ 1.18 (9) p < 0.001
*0pG 3.37 £ 0.36 (9)  4.23 £ 0.36 (7) » < 0.001

* See Section III.1.3.

+ The statistical fest used is the Student's t test based
on the standard crror of the difference between the means.
The values are the mean % standard deviation. The number

of samples is given in brackets.

IIT.1.3. Calculation of the base composition of DNA
As the DNA was labelled using [6—3H] ~nridine both
cyltosine and m5p will be labelled and the percent mSC is

simply 5
dpm in m“C x 100

dpm in (mBC + C)

‘}'c’r m50 =

Similarly for the CpG. The amount of 32P in each
3t_monophosphate is proportional to the amount of the NpG

in the original DNA. Therefore the amount of CpG is expressed
by
% CpG = dpm_in dCMP X ‘oo
P = dpm in (dCMP + dGMP + dAMP + dTMP)

The percent C 4+ G is obtained by measuring the area
under the peaks in the Aminex A6 separation profile (by
computer integfation) and dividing by the appropriate W
extinction coefficient at pH 10.0 for esach base. These
are: T  3.7; A, 10.45; G, 6.4; C, 5.553 m5C, Loy, This
gives the relative proportions of each base (Figure 15,

page 76 shows an Aminex A6 separation profile).




IIX.1.4. Digestion of DNA with micrococcal nuclease

The type of experiment described in Section ITI.1.2
only gives a valid result if the nuclease used cleaves the
DNA in a random manner. Micrococcal nuclease has two known
specificities, - The primary cﬁtting sites are in adenine
and thymine rich regions of DNA (Nelson et al., 1979a;
Dingwall et al., 1981; Horz & Altenberger, 1981). Micrococcal
nuclease has a high preference for cleavage in the linker
regions of chromatin (Rill & van Holde, 1973; Noll 197ka}
but will also cleave in the core regions at adenine and
thymine rich sites {(McGhee & Felsenfeld, 1983). Il is
therefore necessary to determine that these specificities
are not the cause of the result observed in Section IIT.I1.Z2.
DNA was purified from {G-BHJ,uridine prelabelled LO29
cells (Section IT.2.9) aud digested using micrococcal nuclease.
Samples were taken at several times during the digestion and

the amount of m°C was determined (rable G).

Table 6. 5-methylcytosine content of DNA at several times

of digestion using micrococecal nucleasc.

Percent DNA
rendered acid _ -
soluble *m’c
o 3.62 ¥ 0.03 (3)
10 3.89 ¥ o.22 (3)
23 3.70 £ 0.1 (3)
s 3.59 £ 0.16 (3)

¥See Section ITY.1.3.
The figures are 1The mean ¥ standard deviation. The number

ol samples is given in brackets.

This result shows that the level of mSC does mnot change
over the Ffirst 45% of the DNA made acid soluble. This
suggests that the observed sequence specificity of micrococcal

nuclease applies to the initial endonucleolytic activity but
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not to the subsequent exonucleolytic activiiy.

ITT.1.5. Digestion of chromatin using methidiumpropyl-EDTA .

iron (II)

The problem due to cieavage in the core DNA can be

countered by the use of an agent which is not base specific
in its cleavage and has a preference for linker DNA. Such
an agent is the chemical reagent methidiumpropyl-EDTA.iron (II).
This reagent can intercalate into DNA and in the presence of
oxygen will efficiently cleave DNA (Hertzberg & Dervan, 1982).
This chemical has no observable base speciticity (van Dyke &
Dervan ', 19823 1983)’ it has a strony preference for linker
DNA and it can be used in the presence of low amounts of EDTA
(Cartwright et al., 1983).

When the DNA in chromatin from L9209 cells is digested
using this reagent followed by digestion using exonuclease IIT

and Neurospora crassa nuclease (Section IT.2.7) a DNA fragment

which is about 140 base pairs is produced (Fig. 7). This
DNA is again found to be enriched in mEC {(Table 7).

Table 7. 5—methylcytdsine content of the DNA in chromatin

and methidiumpropyl—EDTA.iron(II) treated chromatitn.

Total Digested tstatistical
chromatin chromatin significance
—
*m2 o 3.60 2 0,09 (5) .46 % o.23 (W) p < 0.001

*¥See Section ITT.1.3.
+See Tablc 5 (page 58).
The figures are the mean * standard deviation. The number of

samples is given in brackets.

These two results taken together effectively eliminate
artifacts due to specificities of micrococcal nuclease
digestion. ‘The problem of imnternal cleavage in core DNA
is also countered by the fact that all the DNA remaining
acid insoluble was used and not simply the 140 base pair

fragment.
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Figure 7. Agarose gel of DNA from total and me thidiumpropyl-

EDTA.iron (II ) digested chromatin.

L—

Lanes; A: DNA from methidiumpropyl-EDTA.iron (II) treated
chromatin.
B: DNA from total chromatin
C: Marker, A DNA digested with EcoRI and Hind III.
Nuclei were treated with the methidium reagent,

exonuclease IITI and Neurospora crassa nuclease as described

in Section II.2.7. Samples of DNA from total and methidium-
propyl-EDTA.iron (ITI ) treated chromatin were electrophoresed
on a l.5% agarose gel (So ction TL:2512)s DNA was visualized

using ethidium bromide.




TTX.l.6., Reconstitution of ‘chromatin

The experiments above have shown that nucleosomes are
associated with C + G and m5C rich DNA., This can be
explained in one of three ways: 1) nucleosomes associate
preferentially with this DNA following DNA replication,

2) DNA mecthylase has a preference for nucleosomal core DNA
and 3) it is possible that nucleosomes located on specific
sequences decrease the propensity of metﬁylcytosines in these
sequences to undergo deamination to Tthymine.

DNA purified from [6—3H] -uridine prelabelled cells
was mixed with an equal mass of total calf thymus histones
in buffer M containing 2.0 M NaCl. This mixture was dialysed
against 500 volumes of buffer M containing 0.6 M NaCl for
2 days followed by dialysis{against buffer M alone for 2 days
at 4°C. The reconstituted chromatin was digested using
micrococcal nuclease and the m50 content of the DNA was

determined al several times (Table 8 and Fig. 8).

Table 8. S5-methylcytosine content of DNA [lrom reconstituted

chromatin at scveral times of digestion using

micrococcal muclease.

Percent DNA

rendered 5

acid soluble *m-C
0 3.76 X 0.10 (&)
10 4.30 £ 0.15 (3)
28 n.87 ¥ o.25 (3)
o _ n.96 X 0.1k (3)
53 5.05 £ 0.23 (3)

*See Section ITT.1.3.
The figures are Uthe mean ¥ standard deviation. The number

of samples is given in brackels.

As belore the DNA in the chromatin which is resistant
5
C

to nuclease digestion is enriched in m thus suggesting that
micleosomes reassociate preferentially with woC (C + G) rich

DNA. This result is in contrast to that of Razin & Cedar (1977) -
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Figure 8. Agarose gel of DNA from reconstituted chromatin

digested using micrococcal nuclease.

Lanes; 1-6: Times of digestion, 0, ,I/f!j 2, O, 15 & 30 mins.
M: Mzn‘k(‘r" A DNA digested with EcoRI and Hind IIT.
Chromatin was reconstituted as described in Section
ITT.1.6 and digested using micrococcal nuclease. Samples
were taken at the above times and electrophoresed on a 1l.5%
agarose gel (b'e(‘ tadons Lle2512) DNA was visualized using

ethidium bromide.




e T

R L

A L e N A

- 6k -

who found that reconstitution of chicken chromatin.resulted
in a random reassociation of nucleosomecs.

As can be seen from Table 8 most of the increase in mBC
content occurs during the First 30% of DNA made acid soluble.
As linker DNA makes up about 30% of the total DNA,this
reinforces the idea that it is indeed the linker DNA that

is undermethylated.

ITT.l.7. Models predicting the locations of nucleosomes on DNA

The DNA of the core particle il chromatin is wrapped
around an octamer of histones (Sectioﬁ T.5.2). Ii is therefore
reasonable to assume that this DNA has a higher degree of
flexibility than linker DNA.

Two models have been proposed to determine the degree
of Tlexibility of a particular DNA sequence. The model of
Trifonov (1980} depends upon the concept that certain base
pairs in DNA form 'wedges'! which 'kink' the DNA in a certain
direction and so will facilitale lhe formation of nucleosomes.
The base pairs which have the greatest tendency to form these
wedges are made up of adenine and thymine residues. This
model has two drawbacks: l).it does not take into account
the 10.5 base pair periocdicity inherent in the DNA of the
core particle and 2) it assumes that all base pairs in a
sequence are equally important. Further work by Zhurkin
(1981) has shown that the periodicities observed by Trifonov
occur largely in protein coding regions of DNA and are a
consequence of the base sequence required to code for proteins.
Zhurkin argues that only those residues at intervals of about
10.5 base pairs are important in the folding of DNA in
nucleosomess. He predicts that the presence ol alternating
purine-pyrimidine and pyrimidine-purine residues at positions
1;5,11,16 cetc, in the nuclcosomo will cnhance Tthe fiexibility
of the DNA and,K so facilitate the formation of nucleosomes
(Zhurkin | 1983).

I1T.1.%1 Application of the model of Zhurkin to specific

gene sequerinces

Specific mouse gene sequences have been analyzed for the

presence of RY and YR dimexrs at intervals of 10.5 bases in
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all possible frames of 148 bauses along the sequeunce (Scction
I1.2.14) and this data has becn plotted for the mouse
P-globin gene (Figure 9).

As was mentioned in Section IIT.1.7 the presence of
these dimers al regular intervals of 10.5 bases will enhance
the flexibility of DNA. Therefore the frame of 148 bases
which has the largest number of dimers at these positions

will be the most flexible region of the pariicular sequence.

Figures 9a and 9b show two reglions of the mouse PB-globin
gene which are typical of the sequences studied. The individual
maxima are shown by arrows and the 10.5 base repeat can be
clearly scen.

The most flexible region predicted for this gene starts
at base number 1437 (Figure 9a). Once the first nucleosome

has been positioned the other nucleosomes should be spaced

at regular intervals of about 200 bases from this starting
pointr and Figure 9c¢ shows that there is a delinite variation

of maxima of about 200 bases.

IIT.1.7.2 The Variation in the C + G contenl along mouse genes

The same gcnes used in Section I1Il.l.7.1 have been
analyzed for the number of C + G residues which are present
in 100-base frames along the sequences (Section TTe2.10)
and this data is plotted in Figure 10. The most obvious
feature ol these plots is the wide variation in C + G content
along the DNA, varying from 20% to 80% C + G (see also
Adams & Eason’ 1984). Oun. these [figures are depictcd the
starting positions of nuclcosomes predicted using the model
of Zburkin (1983). It is clear from these figures that in

many cases the predicted nuclcosome positions coincide with

regions of high C + G contenil, and more importantly’ very
few predicted positions coincide with regions of very low
C + G content.
The actuai C + G content of predicted nucleosome positions
can be calculated using the C + G contents of 1li48-base
frames (not 100-base frames) which start at the same base
as the predicted nucleosome (Table 9). In all cases the

C + G content of the DNA in the predicted nucleosome position
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Figure 9. Predicted flexibility of the Pl-globin gene.

Qa: bases 1200 to 1500
9b: bases 121 to 421
9¢c: bases 50 to 15350

. The bendability function (F'(M)} is derived
by scoriung the fregquency of RY and YR dimers at
positions 1 /5 1l...etc. in lﬁBébase framcs along
the DNA scquence.

The fipgures show this data plotted against
nucleotide number for two regions of the Bl-globin
gene of mouse which arc typical of the sequences
analyzed.

The 10.5 base variation of maxima is depicted
by the arrows. Predicted positions for nucleosomes
are shown by boxes.

In Figure 9c¢ the 200 base variation of regions.
of high predicted flexibility can be clearly seen
{continuous line in figure). The open box represents

a degree of uncertainty in the mucleosome position.

This method is based upon the observation that YR dimers 'kink' the
double helix into the major groove and RY dimers 'kink' the double helix
into the minor groove (Dickerson & Drew, 1981). As these minikinks are
approximately 5 bp apart only those dimers at positions 1, 5, 11, etc.
need to be considered.

F'{M) is simply the number of YR and RY dimers at positions 1, 5,
11 etc. in a given 148 base frame. The maximum value for this function
is 29 and the mean value for a random sequence is 12.5 (Zhurkin, 1983).

The starting position of a nuclecsome is expected where F'(M) is a
maximum as this 148 base frame has the highest bendability. In figure

9a this is o base number 1438,
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Pigure 10, Plot of thec variation in C + G comnteunl aloag

mouse genes.
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10as: MMHZKDB, Mouse pseudo gene for the transplantation
antigen complex H-2KB.

10bs MMBGLY, Mouse gene for Bl-globin

1Oc: MMIGGL  Mouse gene for the constant part of the

y l-~immunoglobulin.

The % C + G was determined by scoring the frequency
of €C and G residues in 100~base frames along the sequencc.
This data is then plotted against nuclectide number.

In the figures The arrvows represent the predicted
nucleosome starting positions as determined by the B! (M)
FPunction of Figure 9. The boxes rvepresent exoms and the

'L in Figure 10L signifiles the start of the messenger RNA.
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Table 9. C + G content of the DNA in predicted nucleosomes

positions on mousc DNA sequences.

Average C + G(%) *Predicted ¢ + G (%)
DNA sequence content of DNA content of nucleo-
somes
MMFI2K B 53 56
MMBGL1 Ly S
MMTGG1 51 54
MMIGLO 51 5l
MMRNXX 53 55.5

* Data determined from the computer prinltout of the C + G

content of 1l48-base frames along the DNA sequence.

Key:

MMHZKB, Mouse pseudogene for the transplantation antigen
complex H-2KB.

MMBGL], Mouse gene for the Bi-globin.

MMIGGl; Mouse gene for the constant part of - yl-immunoglobulin.

MMIGLO, Mouse gene for the constant part of y2B~immunoglobulin
heavy chain. ‘

MMRNXX  ~ Region surrounding the transcription initiation site

for mouse 455 pre-rRNA, including parts of mnon-

transcribed spacer and external transcribed spacers

5t to 18 5 rRNA.
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is higher than the C + G content of the whole sequence.
This increase is small, though it is sufficient to account

for the increase shown in Table 5 (page 58).

ITT.2. In vitro methylation of chromatin

In Section IIT.1 it was shown Tthat the nucleosomal
core DNA is enviched in the bases C + G and also in m5C.
This mBC enrichment may simply reflect the increase in the
C + G content (and the CpG content) or it may be that the
DNA methylase has a preference for core DNA., This section
investigates the effects of chromatin structure on DNA

methylation in vitro.

TIT.2.1. Qptimization of conditions for methylation

In studying the effects of chromatin structure on DNA
methylation in vitro it is important to use a system in
which there are no competing effects occurring, i.e. there
should be n¢o endogenous methylating activity and no methyl
groups present on the DNA at the beginning of the experiment.
Such a system is provided by the insect Aedes albopictus
(mosquito)} the DNA of which has less than 0.02 mol %’m50
(Adams et al., 1979).

Also the conditions for methylation meed to be optimized.

Nuclei from mosquito cells were methylated as described in

Section IT.2.2.1 for various times at 3700. The number of
pmoles of methyl groups incorporated into the DNA was determine
at each time (Fig. 11). The amount of methylation achieved
increases up to 3 hoursi but tails off rapidly between 2 and
3 hours. Thus 3 hours was counsidered a suitable time forxr
methylation in vitro.

As it is the effects of chromatin structure on DNA
methylation that are being studied ,assay couditions need to
be arranged so that The enzyme is 1imiting_ therefore the
substrates need to be in cexcess if possible. Iigure 12 shows
that tinder the conditions used the cofactor AdoMet is in
excess at a concentration above 10 uM. Tor the experimentls
involving methylation in isclated muclei the lower concentratio:

of 1.5 uM (specific activity 15 Ci/mmdle) was used as low
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Figure 1li. Time course of methylation of mosquito nuclei

using ascites DNA methylase.

2.0

1.0 —

pmole methyl groups
incorporated

o I 1
1 2

Time of incubation with
DNA methylase (hours)

o —

Nuclel from mosguite cells were methylated in the
presence of S-adeuosyl—L—[@ethyl~3H] —methionine for -
various times at 3700 using a partially purified ascites
DNA methylase (Section II.2.2.1). DNA was purified and
the amount of pmeles of methyl group incorporated was

determined (Section IT.2.4).
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Figure 12. Dependence of methylation on the concentration

of AdoMet.

Nuclei from mosquito éells {10 ug DNA content) were
methylated using 40 units of ascites DNA methylase in the
presence of increasing concentrations of [methyl—aﬁ]—AdoMet
for 3 hours at 370C- The DNA was purified and the amount of
methyl groups (pmoles) incorporated was determined (Section
II.2.M). The AdoMet was made up by adding increasing amounts
of cold AdoMet to 5pCi (0.33 nmole) of [methy1—3H] ~AdoMet,

Figure 13. Dependence of methylation on the concentration
of DNA.

Increasing amounts of nuclei from mosquito cells
(0-25 pg DNA content) were methylated using 40 units of
ascites DNA methylase in the presence of [pethyl—Bé]—AdoMet
(15 Ci/mmole; 1.5 pM) for 3 hours at 37°C. The incorporation
of methyl groups was determined as before (Section II.Z-h).

Figure 1l4. Dependence of methylation on the amount of DNA

methylase.

Nuclei from mosguito cells (10 pg DNA content) were
methylated in the presence of methyl—BﬂJ—AdoMct
(15 ci/mmole; 1.5 uM) for 3 hours at 37°C. with increasing
amounts of ascites DNA methylase. The incorporation of

methyl groups was determined as before (Section IT.2.4).
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incorporation of counts was sometimes obtained, especially
when using nuclei from log phasc L9929 cells and
endogencus methylase. DBut for the experiments described
in Section IIX.2.6 the higher concentration of 16 pM (2¢i/
mmole) was uscd.

Figure 13 shows that using N0 units of enzyme, a DNA
concentration (in chromatin) of greater than 10 ug/EOO pl
assay is saturating. Figure 184 shows that a good incorporation
of methyl groups is obtained using 40 units of DNA methylase.
more than 40 units of methylase was mnot used due to having

a low supply of the enzyme.

ITI.2.2. The sole product of methylation of DNA in vitro
5C

is m

Mosguito nucleci were methylated as described in Scction
II.2.2.1 and the DNA purified (Section II.2.9). This DNA
was pyrolysed to the individual bases which were separated
on an Aminex A6 columm (Section IT.2.11l.2). Traclious were
collected and the amount of radicactivity in each fraction
was determined (¥Fig. 15).

The figure shows that at least 95% of the radioactivity
incorporated into DNA is in the m5C peaks

ITI.2.3. Methviation of mosquito nuclel

When nuclei from mosquito cells are methylated using
a partially purified ascites DNA methylase (Section IT.2.2.1)
and subscguently digested using micrococcal nuclease (Section
II.2.3.l)i over 80% of the methyl groups are found to have
been added o nuclease sensitive DNA, which is assumed Lo
be linker DNA (Figs. 16 & 17). As there is little or mo
endogenous methylase activity, the methylation that is
ocourring is at previously unmethylated sites (i.e. it is
de nove methylation). This methylation is affected by

chromatin structure.

ITT.2.4., Methvlation of nuclei from stationary phase L9209 cells

Another system which has low levels of endogenous DNA
methylase activity is that of stationary phase L929 cells
(Adems & Hogarth, 1973 Adams 1974). Thc DNA of these cells




Figure 15. The sole product of in vitro methylation

using ascites DNA methyvlase is m>C.

Nuclei from mosquito cells were methylated
using ascites DNA methylase {Section IT.2.2.1).
The DNA was purified; pyrolysed using 98% formic
acid qnd the bases separated on a column of Aminex
A6 resin (Section II.2.11.2). The amount of

radicactivity in each fraction was determined.
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Figure 16. Digestion of in vitro methylated nuclei of

mosquito cells using micrococcal nuclease.

A Tho
Bi~ 3H
ci-  3usthc

Nuclei from deoxy- [Umlhé]-cytidine prelabelled
mosquito cells were methylated in the presence of
S~adenosykl- [m‘ethyl-—BHJ_methionine at 370(} for 3 hours
using ascites DNA methylase (Sectiom IT.2.2.1). The
nuclei were then digested using micrococcal nuclease
(Section IT.2.3.1), the DNA purified and the 3H/ll‘c
ratio determined (Section Iiaz-h).

The amounts of 3H and — C are expressed as a

percentage of zero time.




79

(S93nuiw) Uo11sab1p 4O SWlh

0% 02 0i
i , | | 0
. .
Illl!lllllllllllll -
v .‘flfll!llllllllll:'
‘ = DJ
®
.l/
° . 09
- (8
[ )
00t

31y 0197 40 %

. 1
-2°0 k
- h'0
- 90
- 8°0
L 01

- 'L
-0l
- 97 L

0118y 2y /He

- 81

-0'2

9T QUNSTH




- O] s

Figure 17. Agarose gel of DNA from mosquito chromatin

digested using micrococcal nuclease.

1 2. .5 8. 88

Lanes 1-6: times of digestionj; 0, l/f—.’. 2 6. 15 and 30 mins.

Nuclei from mosquito cells were methylated and
digested as described in Methods (II.2.2.1 and II.2.3.1).
Samples were taken at the above times and electrophoresed
on a 1l.5% agarose gel. DNA was visualized using ethidium

bromide.




has about 4% of the cytosines as m~C {Table 19, page 114).
and about 50% of the CpG dinucleotides are methylated
(Naveh-Many & Cedar, 198L), so the DNA differs from the

insect system in these respects.

Nuclei from stationary phase L9929 cells were methylated
és described in Sectionm ITYr.2.2.1_ in the presence or absence
of ascites DNA methylase, and digésted using micraococcal
nuclease (Section II.2.3.1).

Figure 18 shows that in the absence of added methylase
there is very little endogenous aclivity and no detectable
difference between methylation in core or linker DNA. When
ascites methylase is used, there is a seven fold increase
in the amount of methylatiou achieved. This methylation
is again dec novo methylation and occurs preferentially in

linker DNA,S though many methyl groups are added to core DNA.

ITT.2.5. Methylation of nuclei Trom log phase L9929 cells

Nuclei from log phase cells have an endogenous meihylating
activity and this activity will be in competition with the
added ascites DNA methylase. When these nuclei are methylated

in the absence of ascites methylase the methyl groups are

added preferentially to core DNA as analyzed by micrococcal
nuclease digestion (Fig. 19)., This methylation is exclusively
at hemimethylated sites (Adams & Hogarth. 1973) and this
result reflects the situation seen in vive {Section III.1.2).
When ascites methylase iz added to these nuclei two
effects will occur, 1) hemimethylation due to the endogenous
activity and 2) de uovo methylation due to the added activity.
Figure 20 shows that under these conditions the methyl groups
are added preferentially to linker DNA (the 3I-I/laC ratio
decreaées). Thus the effects of the added methylase are

dominating under the conditions used.

III.2.6. Compafison of the methvlation of chromatin and DNA

1IT.2.6.1. Core particles are poor acceptors.of methvl groups

I{ was mentioned in Section IIT.2 that nucleosomal core

DNA might be a preferred site of methylatlon for the endogenous

o

methylase and that this might explain the enrichment of m
found im the core DNA in vivo (Section III.Ll.2)}.
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Figure 18. Digestion of in vitro methylated nuclei from

stationary phase L929 cells.

Nuclei from deoxy- [U-lué}-cytidine prelabelled
stationary phase L9929 cells ﬁere methylated in the presence
of S-adenosyl~L- [methyiwsﬂa—methionine at 3700 for 3 hours
in the preseuce or absence of ascites methylase (Sectiomn
11.2.2.1). The nuclei were then digested using micracoccal
vuclease (Section II.2.3.1); the DNA purified and the
3/ ratio determined (Section TT.2.k).

Only the ratio is shown on the figure.
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Figure 19. Digestion of nuciei from log phase L9Y2Y cells

after methylation using the endogenous methylase.

3u/14¢c Ratio

o0 X
n
0.4 = 80 ‘
2 et X,
= —® B
O
5 ®:
N .
0.24 & o~
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0,1 - 207
10 20
Time of digestion (minutes)
ai- e
Bs~ 3H
Cegm 3H/ll*c

Nuclei from deoxy- [U—lhé]—cytidine prelabelled log
phase L929 cells were methyvlated in the presence of S-adenosyl-
- [methyl~3é]~methionine at 3700 for 3 hours using the
endogenous methylase {Section IT.2.2.1). The nuclei were
then digested using micrococcal nuclease (Section II.2.3.1).
the DNA purified and the 3H/th ralio determined (Section
IT.2.4). '

The amounts of 3H and 140 are expressed as a percentage

of zero time.
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Digestion of im vitro methylated nuclei from

Figure 20.
log phase LYR9 cells (methyla‘ted using ascites
methylase).
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Nuclei were treated as described in Figurc +9 except

that ascites methylase was used (Section IT.R.2.1).
T
Only the 3H/laC ratio is shown on the figure.(9@3¥f5\00°
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To investigate this_ total chromatin and core chromatin
were melthylated using ascites DNA methylase (Section 1I.2.2.2).
Core chromatin was prepared by treatment of nuclei with
micrococeal nuclease until 50% of the DNA was rendered acid
soluble (Section II.2.3.1), The nuclease action was stopped
using EGTA to chelate the ca** ions. '

Figure 21 shows a plot of pmoles of methyl group
incorporated against pg of DNA in the chyromatin. Total
chromatin is a better substratc for DNA methylase than core
chromatin from boilh staltionary and log phase 1929 cells.
Chromatin from log phase cells is a better substrate than
chromatin from stationary phase cells presumably because
DNA from log phase celils has some hemimethylated sites
which are methylated more rapidly than unmethylated sites
(Section T.2.2.1).

IMgure 22 is a double reciprocal plot of the data in
Figure 21. Irom this figure the Vpgox and kX, of the enzyme

for each subsirate has been calculated (Table 10}.

Table 10. Kinetic parameters for ascites DNA methylase using

chromatin from L9929 cells as substrate.

max km
Substrate pmole/3 hour REDNA/ml
Total chromatin
log phase cells 2.0 17.0
Core chromatin
log phasc cells 1.6 33.5
Total chromatin
stat. phase cells 1.8 38.5
Core chromatin
stat. phase cells 1.6 83.5

The calculated Vmax for each substrate varies only
slightly, and as the lines drawn in Figure 22 wepresent the
best fit based upon linear regression of the data, these

lines could very well all cross the Y axis at the same poiut.

Therefore it is assumed that the vﬁax is the samec for all




Figure 21. Comparison of the methyl group acceptor

ability of various chromatins from
L9929 cells. -

(8—@ ) Total chromatin log phase ceclls
(0__0 ) Core " n 1" n
(m——n) Total chromatin stationary cells

(0——0) Core " " "

Samples of nuclei and core preparations
{Section II.2.3.1) were methylated for 3 hours
(Section IT.2.2.2) and the amount of pmoles of
methyl groups incorporated into DNA was determined.
DNA was assayed by the method of Burton (1956).

Figure 22, LinWeaver-Burke plot of Figure 2l.

The same symbols have been used for each

chromatin sample.
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the substrates. The ascites enzyme has a muach lower affinity
for core chromatin,(fﬂﬁwf km) than for +total chromatin.

The same result 1s observed using chromatin from
mosquito cells (Fig. 23). In this case the double reciprocal

plots cannot be drawn as the plots are linear in Figure 23.

The DNA in chromatin from mosquito cells accepts three times

as many methyl groups as the DNA in chromatin from LS2% cells.

I¥T.2.6.2. DNA is a better substrate than chromatin

DNA was purified from total and core chromatin of
mosquitle and I.929 cells (Section 11.2.9), methylated using
ascites DNA methylase (Section II.2.2.2) and the amount of
moC incorporated was determined (Figs. 24 & 25).

The results show that DNA accepts ten times as many
methyl groups as chromatin in all these cascs. The methylation
of DNA from core chromatins is only slightly diffcrent from
the methylation ol total DNA, thus showing that the difference
in methylation between total and core chromatin is due Lo

chromatin sitructure and not due teo major differences in the

DNA.

IT7.2.7. Histones inhibit DNA methylation in vitro

Total calf thymus histones and Micrococcus luteus DNA

were mixed at a protein/DNA ratio ranging from 0 to 2.0

in buffer M'. The DNA was then methylated using 40 units
of ascites DNA methylase in the presence of 5 pnCi of
S~-adenosyl-L- [methyl—BH] -methionine (1.5 Ci/mmole) for 1
hour at 3700. The amount of pmoles of methyl groups
incorporated into the DNA was then determined (IFig. 26).

The figure shows that histones inhibit DNA methylation
up to a protein/DNA raltio of about 1.0, thereafter adding
more histone hias little effect.

The histone/DNA ratio of mnative chromatin is also about
1.0 and fhe ambunt of inhibition observed in this experiment
is similar to the difference in the methyl group acceptance

> ability of DNA and chromatin (Section ITI.2.6).
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Figure 23. Methylation of DNA in core and total chromatin

from mosquito cells.

5.0 - .

pmole methyl group incorporated

] ] !
2 4 6 8 10

Amount of DNA (}19)

Total and core chromatin from mosquito cells were
methylated as described in Section IIL.2.2.2 and the number
of pmoles of methyl group incorporated into DNA was determined.

DNA was assayed by the method of Burton (1956).

(0—®): +total chromatin

(0~—0): core chromatin
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Figure 24. Methylation of DNA purified from total and core

chromatins from L9299 cells.

105

pmole methy!l group incorporated

Amount of DNA (ug) -

DNA from itotal and core chromatins of LG29 cells was
methylated as described in Section IT.2.2.2 and the amount
of pmoles of methyl group incorporated was determined, DNA
was assayed by the method of Burton (1956).

The same symbols are used as in Figure 21 (page 88).
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Figure 25. Methylation of DNA purified from total and core

SR

chromatin of mosguito cells.

60 .

401

pmoie methyl aroup
incorporated

N -
L
T -
.

Amount of DNA (19)

DNA was methylated as described im Figure 24 (page 91).
{@&——®): total DNA

(0—0): core DNA




Pigure 26, Inhibition of DNA methylation by histones.
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Micrococcus luteus

calf thymus histones at
0 to 2.0 in buffer M*,

DNA (2 pg) was mixed with total
a protein/DNA ratio ranging from

The DNA was then methylated using

LO uniits of ascites DNA methylasc in the presence of 5 pCi
S~adenosyl=I.- [methyl—BH] -methionine (1.5 Ci/mmole) for

1 hour atl 3700 ion a total volume of 70 pul.

The DNA was

then purified and the amount of pmoles of methyl groups

incorporated was determined (Section II.2.4).
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TII.2.8. Nuclear non-histone proteins -do mot inhibit DNA

methylation in vitro

‘Nuclear non-histone proteins were prepared from ascites
nuclei by extraction using 0.35M NaCl (Goodwin EE‘EL' 1975)
followed by dialysis to low salt. The high mobility group
proteins were obtained by precipitation of the bulk of the
proteins in the 0.35 M NaCl extract by addition of TCA
(50% w/v) to a final concentration of 2.5% (w/v). those
proteins remaining soluble are the HMG proteins (Goodwin.gﬁ al.
1975). The 2.5% TCA supernatant was neutralized and dialysed
to remove the TCA and salt.

Micrococcus luteus DNA was methylated as described in

Section III.2.7 except that the non-histone and HMG proteins
were used instead of the histones (Figure 27) (protein was
determined by the method of Bradford, 1976).

As can be seen no inhibition of methylation by any of

these proteins iIs observed. Thus the difference in methylation
between DNA and chromatin is due mainly to the presence of

histones.

III.3. In vivo mefhylation of DNA in transcriptionally active
chromatin of 1929 cells

In Section I.1.8 it was discussed that the DNA in

transcriptionally active chromatin is undermethylated with
respect to bulk DNA (Davie & Saunders; 1981 ; Naveh-Many &
Cedar, 198l ).

This section discusses some of the methods which have
been used to prepare chromatin from lranscriptionally active
chromatin and presents data on the methylation of DNA in

this chromatin from mouse L3829 cells.

TIT.3.1. Use of DNase I to study transcribing chromatin %

Onc of the problems with studying transcriptionally
active chromatin in a general sense (i.e. not specific genes)
is isolating the transcribing regioms from bulk chromatin.
‘Muny meithods have been used and particular stress.has been
puat on nuclease studies. DNase I has a preference Tor

cutting at transcribing regions initially (Elgin, 1981) so
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Figure 27. Effect of nuclear non-~histone proteins on DNNA

methylation in vitro.
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Micrococecus luteus DNA (2 upg) was mixed with either

nucleaf‘nonmhistone proteins or HMG proteins at a protein/DNA
ratio ranging from 0-6.0. The DNA was then methylated as
described in the legend to Figure 26.

(0 = 0): non-histone proteiuns

(.-————~ O): HMC proteins
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-cau be used to study these regions. DNAse IT {treatment
of chromatin produces nucleosomes which can be sceparated
into tramscribing and non-iranseribing regions as the
former are soluble in the presencc of Mg012 at 2 mM
(Gottesfeld & Butler 1977).

These nuclease methods have been used without a great
deal of success. When nuclei from deoxy— [U—lhcj —cytlidine
prelabelled mosqguito cells were methylated (Section IT.2.2.1)
followed by digestion using DNase I (Section II.2.3.2).
the methylated DNA is digested very rapidly (Fig. 28).
Whether this melhylated DNA is derived from transcriptionally
active chromatin cannot be determined from this experiment
due to the very rapid digestion. When the rate of digestion
is decreased; mo definite change in the 3II/']“LLC ratio can
be seen over the first few percent of DNA that is made acid
soluble.

There are three problems with this type of expeéeriment:
1) DNase I only shows a preference for transcribing chromatin}
2) the accuracy is mnot sufficient to notice a difference in

the 3H/th ratio when only a few percent of the DNA is made

acid soluble and 3) the transcribing regions are lost.

Similar problems have been fTound using DNase 11 digestion.:

ITTI.3.2. Sanders! extraction procedure for isclation of

transcribing chromatin

When nuclei are briefly digested using micrococcal
nuclease this enzyme preferentially cleaves DNA in trans-—
cripltionally active wegions of chromatin (Gottesfeld & Butler,
19773 Bloom & Anderson; 1978). The liberated nucleosomes
from these regions can then be extracted using low'concentratidng
of NacCl (50 mM) and Mg2+ ions (2 mM) (Sanders)19?9). Using
a modified procedure Davie & Saunders (198l) isolated
transcribing nucleosomes from calf thymus nucleid. These nucleos-
somes wWere found to be depleted in histone HI and m5C and
enriched in high mobility proteins 14 and 17. This procedure

has subsequently been used in this work.




— 9'? —

Pigure 28. Digestion of in vitro methylated nuclei from

mosquito cells using DNase I.
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A:  amount of
B: amount of
C: the 3H/lz*c ratio.

Nuclei Ffrom mosquito cells were methylated using
added ascites DNA methylasc (Section II.2.2.1}‘and'subsequently
digested using DNase I (Section IT.2.3.2) fer several lengths
of time. DNA was purified at each time and the amounts of
3H,‘ lLI'C and the 3H/:LLLC ratio were determined.

The figuvres are expressed as a percentage of zero time.




11iT.3.3. In vitro tfanscription of nuclei from 1.929 cells

Defore making extensive use of the Sanders!' procedure
I felt it mccessary to confirm that the nuclcosomes isolated
by this procedure did actually contain actively transcribed
DNA. |

Nueclei from log phase L929 cells were incubated in the
presence of [f}gaﬂ—tﬂ? in order that DNA transcription
1982) (see legend to Table 11).

These nuclei were then extracted as described in Section

should continue (Hay et ak.

II.2.6 to isolate the presumptive transcribing regions. The

amount of radiocactivity in each fraction was theu determined.

As RNA synthesis in the presence of only one ribonucleotide
will mot be'COmpletcd,the nascent RNA should still be associatéﬂ
with its DNA template and should he extracted in the same
fraction in the Sandeérst'! procedure. As can be seen in
Table 11 the DNA in fractions SO0 and S50 has a much higher
3H/luc ratio than the DNA in the other fractions. These
fractions are alsco enriched in the HMG proteins and are
deficient in histone HL (Fig. 29). These fractions were
thus taken to be the itranscriptionally active chromatin
(see also Fig. 30). An enrichment of -H is also seen in
fractions 30 and S50 when three or four riboenucleotides are

used; though this enrichment is smaller (Table 11l. B and C).

-

ITT.3.0. Active regions of chromatin are deficient in m”C

Mouse L9929 cells were labelled in vivo with 50 pCi
ol [b—BH]-uridine for two days and harvested during log
phase., Nuclei from these cells were prepared and treated
using the Sanders! procedurc (Sectiom 1II.2.6). DNA was
purified from each of the fractions and the amount of mBC
in each fraction was determined (Section II.2.11.2). The

result is given in Table 12.




Table 1l1. In vitro Lranscription im nuclei from log phase

L9929 cells.

Sample *% DNA W ‘?Nﬁ*ﬂﬂ BH/JJLC
A ' S 0 1.0 0.68
5 50 7.0 0.67
S 100 - —
S 200 1.0 0.06
s 4oo 0.3 0.12
polict 91.0 0.03
B s 0 1.0 0,70
S 50 6.5 0.68
S 100 - -
S 200 1.0 0.13
s 400 - -
pellet 91.5 0.13
C S G 1.0 0.63
S 50 6.0 0.69
S 100 - -
S 200 1.4 0.22
S 400 0.3 0. th
pellet 91.5 0.48

Nuclei from [Umlhc] ~deoxycytidine prelabelled L9293 cells
were resuspended in TC buffer at a concentration of about
5 x 107

f-C :
To each fraction was added 50 uCi of {5 .-71] ~uridine-

per ml and divided into three fractions.

5'—~triphosphate.

To fraction B the ribonucleotides ATP and CYP were added
to final concentrations of 0.4 mM,

To fraction C the ribonuclcotides ATP, CTP and GTP were
added to T[inal coucentrations of 0.4 mM.

FEach fraction was incubated at 2700 for 5 minutes. The

reaction was stopped by cooling to 0°C on ice and the nuclei

were treated according to the Sanders!? procedure (Section IX.2.6

% c.\m XY rased o % *\olm\ pm fe,covece_c‘;._
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Figure 29. Acrylamide gels of the proteins present in

the fractions of a Sanders' extraciion.

Figure 29a. 7% acrylamide gel.

Lane

1 Markers

2 Pellet fraction

3 S hoo "

4 5 200 "

5 S 100 "

6 8 50 n

7 g (] 1]

8 2.5% TCA sup of pellet Fraction

9 2.5% TCA sup of S MO0 n
10 2.5% TCA sup of S 200 "
11 2.5% TCA sup of S 100 "
12 2.5% TCA sup of .8 50 "
13 2.5% TCA sup of S O "

Figure 29b. 15% acrylamide gel.

Lane
_ 1 pellet fraction
2 8 400 "
3 S 200 "
L 5 100 "
5 S 50 n
6 S o n

Nuclei from L9929 cells were treated as described in
Section IT.2.6. Half of each sample was made 2.5% TCA (w/v)
and centrifuged at 850 x g for 10 mins. The supernatants
were neutralized and dialysed. Samples of these supernatants
and the untreated fractions were electrophoresed omn a 7%
acrylamide gel. The untreated fractions were electrophoresed
on a 15% acrylamide gel also. Gels were stained using the

silver stain technique.
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Figure 29.
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Figure 30. Agarose gel of the DNA present in the fractions

of a Sanders!' extraction.

1l 2. .3 i 0

- Mononucleosome

Lanes: 1, pellet; 2 S 4LOoO; 3 S 200;
L, S 100; 5,5 503 (). S O.
Nuclei from L929 cells were treated as described
in Section II.2.6. Samples of each supernatant and the
pellet fraction were electrophoresed on a l.5% agarose
gel (Section II.2.12). DNA was visualized using ethidium

bromide.
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=
Table 12. Transcribing chromatin is deficient in m”C.-

Fraction @ % DNA in *oC (“/o)
fraction
+
(uﬁdigested) : 20 i} 1.6 0.69
S 100
S 200 }. 5,5 0.63
S L4oo.
pellet 93.0 2.95
+
(dfgested) 2 ?O } 7.0 0.98
5 100
S 200 27.0 2.07
S 400
pellcet 66.0 3.15

*¥*See Section ITIL.1l.3.
tA is nolt digested with micrococcal nuclease whereas B
is digested (2 minutes).
Practions refer to the sufernatants at different salt
concentrations (Section IT.2.6).
“Leetolde W\ page A9,

As can be seen from Table 12, the DNA in fractions S O
and S K50 in Section B is deficient in m5C compared to the
DNA in the other fractions. This result agrees with the
resuli using calf thymas (Davie & Saunders’lQBl).

In part A of the table some DNA is present in the low
salt extracts even though no nuclease action should have
occurred. This is probably due to some endogenous nucleo-
Iytic activity; This DNA is also delficient in msc and
demonstrates that the procedure i1s independent of the vype

of endonuclease used.,.
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It ig interesting that the DNA in the fractions 8 100 -~
S 400 is also deficient in-m5C compared to the DNA in the
pellet, and perhaps this DNA contains another c¢lass of
Eequences with an intermediate level of methylation. It
is also possible that this DNA is a mixture of transcribing

and non—-transcribing DNA.

TTIT.3.5, Location of DNA less than 1 hour old
As DNA dless than 1 hour after DNA synthesis is under~
methylated.relative to fully mature DNA (Section T.2.2.1)

(see also Table 19, page 114)it is important to know where
this DNA is extracted in thé Sanders' procedure (nascent DNA
is unimportant as this DNA makes up less thanes% of the total
DNA) .

Thus deoxy [U—luc]hcytidine prelabelled L9929 cells in
log phase were pulse labelled for 50 minutes with [6~3H]_
thymidine. Nuclei were prepared and were extracted using
the Sanders! procedure (Section IL.2.6). The DNA in each
SH/14

fraction was purified and the C ratio was determined
(Table 13),

Table 13. Locabion of DNA less than 1 hour old in a Sanders!?

extraction.
Fraction f DNA in BH/luC ratio
raction
*a () potal - 12.50
(undigested) S 0 0.20 11.353
S 50 2.00 10.10
S 100 1.65 10.50
S 200 . 2.55 9.50
s Loo 4,80 9.75
pellet 88. 50 10.95
*g (a)rotat - 11.63
(digested) S 0 2.15 9.40
S 50 5.10 10.05
S 100 2.25 : 10.50
8 200 h.65 10,05
S 400 9.15 10.25
pellet ' 76.50 11.85

(a) Total is a fraction of the nuclei immediately after
treatment with microceccal nuclease.

* As in Table 12 (page 103).




The result shows that the DNA which is less than 1
hour old is mnot extracted specifically into any of the
fractions. As these cells were all at different stages
of the cell cycle (they are asynchronous) the DNA which
is synthesized at any given time will represént a Tandom
sample of the total DNA,and thus the different amounts of
mSC in different classes of DNA (Section 1.1.8) will mnot
affect the result.

The conclusion is that the DNA extracted into the S O
and S 50 fractions 1s from transcribing chromatin and this
DNA is deficient in m5C.

IIT.4. Transcribing chromatin is preferentially methylated

in vitro
In Section IXIT.3 it has beeun shown that DNA in ftrans-~
criptionally active chromatin is undermethylated when

compared to the DNA from non-transcribing chromatin. It

is possible that this may be due to aspects of the structure
of actively transcribed chromatin and this section investigates

the methylation of transcribing chromatin in vitro.

IIT.4.1. Log phase L929 cells
Nuclei from deoxy- [U—thJ ~cytidine prelabelled L9229

cells were methylated unging the endogenous DNA methylase

(Section T1.2.2.1) and then extracted using the Sanders'

extraction procedure (Section IT.2.6). The DNA was purified

and the 3H/luc ratio was determined (Table 1h).

Table 14%. Methylation of nuclei from log phase L929 cells
using endogenous DNA methylase followed by

Sanders! extraction.

Fraction % DNA in 3H/ll‘c
fraction ratio
{(undigested) pellet 100 0.075
B s 0
(digested) S 50 } 54 0.10
3 100 ) x
S 200 1007 000)
s Loo
pellet 8’4’00 O 07

*Only the pellet fraction included as there was no DNA in the

other Ffractions.
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The table shows that the DNA in fractions S 0 and $ 50
accepts more meihyl groups per unit amount of DNA than the
DNA in the other fractions, though this DNA does accept
methyl groups.

Thi.s result seems to be in apparenl contradiction to

the in vivo situation (Section IIL.3.4) and it is possible

that some pertubation has been introduced during the
preparation of the naclei.

To try to avoid problems due (o pertubations in nuclear
preparation a cell lysate was prepared. Mouse L929 cells
were suspended in buffer M without glycerol and allowed to
swell for 10 minuntes. The cells were then genily lysed by
pipetbing up and down with a Gilsen-G200 pipette (Section
II.2.1.6).

The lysate was then methylated and extracted as for
nuclei and the 3H/1”C ratio for each fraction wvas determined
(Table 15).

Table 15. Methylation of a cell lysate of log phase L929

cells using endogenous methylase followed by

] .
Sanders’ extraction.

Fraction "% DNA in 3H/lh_C
fraction ratio
*A
(undigested) pellet © 100 0.06
B S O
(digested) S 503 6.0 Q.12
S 100
S 200 12.4 0.05
S 4oo
pellet 81L.6 0.05

*¥ As in Table 14 (page 105).

The result obtained is the same as that for nuclei
(Table 14). This suggests that the DNA extracted into the
3 0 and S 50 fractions is morec suscepitible to methylation
by the endogecnous DNA mecthylase than the DNA in the other

fractions.
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IIT.4.2. Stationary phase L9929 cells

Nuclei and a cell lysate from stationary phase L3929

cells were melhylated in the presence or absence of ascites
DNA methylase and themn extracted using the Sanders! extraction
procedure. When no added methylase was used no detectable
methylation was achieved. The methylation achieved using
added ascites methylase is given in Tables 16 and 17 {page 107)

The result shows that there ig no preferential methylation
in any of the fractions using the added me thylase. This
result suggests thal in non-dividing cells the transcriptionall
active chromatin is not more accessible to added enzymes than

is bulk chromatin. (This may unot be true for endogenous ensymes

Table 16. Methylation of nuclei from stationary phasc

L9929 cells using added ascites methylase followed

by Sanders' extraction.

Traction % DNA in 3H/lLLC
fraction ratio
*A pellet 100 0.28
(undigested)
B S 0 e
(aigested) S 503 12.4 0.23
S 100
3 200 22.6 0.10
S 400
pellet 6l.7 0420

Table 17. - Methylation of a cell lysale from stalbionary

phase 1929 cells using added ascites methylase

followed by Sanders'! extraction.

e
Fraction % DNA in I/t e
fraction ratio
*a pelletl 100 0.03
(undigested)
B : S 0 )
(digested) s 50) 12.0 .03
S100
S200 . 24.5 0.015
shoo
pellet

*As in Table 1% (page 105).
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TIT.4.3. Mosquito cells

Nuclei from mosquito cells were methylalted using the
ascites DNA methylase (Section 11.2.2.1) and then extracted
using the Sanders! extraction procedure (Section II.2.6).

The 3H/luC ratio of the DNA in cach fraction was determined
(Table 18)., In this ecxperiment the extraction with buffer B +
400 mM NaCl has been omitted as at this salt concentration
the nuclei formed a gel which could not be resuspended and
so no samplecs could be taken for {the agarose gel (Fig. 31).

Only 2% of the total DNA has been extracited into the S ©
and 5 50 fractions but this DNA has four times as many methyl
groups per unit length as that DNA which remains in the
pellet.

This shows that the transcribing chromatin is more
susceptltible to a 'soluble! exogenous DNA methylasc presumably
due to its more open siructure. This was not seen with

the nuclei from stationary phase L929 cells (Sectiion ITT.4.2).

Table 18. Methylation of nuclei from mosquito cells followed

by Sanderst! extraction.

Fraction % DNA in 3pythe
Traction ratio
*.A. .
(undigested) pellet 100 0.33
B S0 2.0 1.60
(digested) S 50
5100 8.0 0. 66
S200
pelliet 50.0 Q.38

¥See Table 14 (page 105).




Figure 31. Agarose
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gel of the DNA present in the fractions

of a Sanders' extraction using mosquito nuclei.

Lanes: A

’

1 pellet;

.

-€«— Mononucleosome

digested nuclei; B, undigested mnuclei

2, S 2003 3, S100; 4 S 50; 5 S O.

Nuclei from mosquito cells were treated as described

in Section II.2.6.

Samples of each supermnatant and the

pellet fraction were electrophoresed on a 1l.5% agarose

gel (Section II.Z2.

bromide.

12) » DNA was visualized using ethidium
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ITT. 4.4, DNA methylase is .associated préferentially with S 0.

Nuclei were prepared Ffrom deoxy- [U-IMQJ ~cytidine
prelabelled LY2Y9 cells in log phase. These nuclei were
extracted using the Sanders' extraction procedure. Fractions
S 50 and S 100 and fractions S 200, S 400 and pellet fraction
were pooleds. TFraction S O and the pooled fractions were
centrifuged on 15-30% glycerol gradients at 248,000 x g
for U8 hours at L4OC. .

Fractions from each gradient were collected and assayed
for the presence of DNA {1HC cpm) and DNA methylase (assayed
by the method of Turnbull & Adams, 1976). TFigure 32 shows
the amount of l“c and -H (methyl groups) in each sample
of the gradients. '

With the S 0 fraction five distinct peaks of DNA
methylése can be seen, of these four correspond to peaks
of DNA. The first methylase peak is presumably free methylase
not associated with DNA, whereas the other peaks are due to
methylase bound to the DNA in nucleosomes.

Similar patterns can be seen with the other fractions
though the proportion of low molecular weight DNA is less
than in the S O fraclione.

The relative asmount of methylase in the higher salt
fractions is less than in the $ 0, i.e. the methylase/DNA
ratio is highest in the S 0 fraction. This result shows
that DNA methylase is preferentially associated with DNA
that is extracted into the low salt fractions of a Sanders!

extraction, i.e. with transcriptionally active chromatin.
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Pigure 32. Glycerol gradients of the fractions of

a Sanders! extraction of nuclei from
L9929 cellse.

A: TFraction S 0. .

H: TPractions S 50 and S 100 {pooled).

C: Fractions S 200, S 400 and pellet
(pooled).

M, D, T, Teand P designate mono di’ tri,

tetra and pentanmicleosomes respectively.

Nucledi from deoxy- [U~laé] ~cytidine prelabelled
1929 cells were extracted using the Sanders' extraction
procedure (Section IT.2.6). Pooled fractions were
then centrifuged on 15-30% glycerol gradients at
248,000 x g for 48 hours at 4°c.

Fractions from each grad1ent were collected and
assayed for the presence of DNA ( e cpm) and DNA
methylase activity (assayed by the method of Turmbull &
Adams, 1976). '
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Figure 32«
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ITI.5. Delayed mcthylation

ITL.5.1. DNA methylation is not completed for saveral hours

after DNA synthesis

In Section I.2.2.1 it was mentioned that DNA methylation
occurs rapidly after DNA synthesis,but that at least 20%
of this methylation is still uol complete alfter several hours.
Mouse L929 cells in log phase were labelled with 50 uCi
of [6 -3

Iﬂ_ﬁridine (section IT.2.1.2) for 50 minutes or 2 days
at 3700. The cclls were hérvested at the sawme time and

nuclei were prepared. Another batch of L1929 cells was labelled
for 2 days and harvested when the cells had atiained stationary
phase.,

Half the nuclei in each batch were treated using micro-
coccal muclease until 50% of the DNA was rendered acid soluble.
The remaining DNA was purified and pyrolysed to give the
individual bascs which were separated on an Aminex A6 column
(Section IT.2.11.2). The amount of msc was then determined
(Table 19).

The DNA which is synthesirzed during the 50 minute label
is undermethylated by about 30% compared to DNA in cells
labelled for 2 days. The DNA which is labelled with tritium
in this experiment is that DNA which was synthesized during
the 50 minute labels Thus the methylation observed is the
methylation of DNA made during that time. This shows that
this DNA is undermethylated vrelative to bulk DNA.

It has been suggested that the level of methylation
of DNA from stationary phase cells is higher than in DNA
from log phase cells {Rubery & Newton, 1973; Kumath & Locker |
1982) and in view of the observation Lhat methylation can
take many hours to be completed, a small difference might
be expeclted. Table 19 shows that there is no significant
difference betwecen the methylation of DNA from log phase or
stationary phése cells. Therefore any difference is too

small to be detected by this methad.

B
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Table 19, New DNA is less methyiated than oid DNA.

Incubation conditions *m5C

Total DNA Nucleosomal
core DNA

Log phase cells: 50 minute .
label 2,61; 2.85 4.10; 3.72
Log phase cells: 2 day label 3.88; 4.12 k.96; 5.15
Stationary phase cells 4k.06; 3.58 5.03; 4.87

¥See Scctiom IXIT.1.3 (page 38 ).

tUnreliable result due to bad separation on the Aminex column.

ITI.,5.2. Delayved methvylation occurs predominantly in core
DNA.
Log phase L929 cells prelabelled with deoxy- [U~luq] -

cytidine were incubated in the presence of hydroxyureaj;

hypoxanthine; thymidine, aminopterin and sodium formate and
Labelled using L- [methyl—BH:]—methionine as described in
Section ¥17,.,2.,1.2Under these conditions hydroxyurea inhibits
DNA syunthesiss. The aminopterin and sodium formate are used
to prevent the terminal melhyl group of methionine entering
the one carbon pool (Adams, 1971). Hypoxanthine is added

because the aminopterin inhibits the synthesis of purines.

and the cells slill require to synthesize RNA. The end
result is that the methyl group of methionine is transferred

solely to cytosine in DNA {or to bases in RNA).

The labelled methionine is added 1 hour after DNA synthesis:
is inhibited so the meothyl groups in DNA derived from the
labelled methionine is delayed methylation.

Nuclei were prepared from these cells and treated witlh
micrococecal nuclcase for various times (Section IT.2.3.1).

The DNA remaining acid insoluble at each time was purified
and the 3l-]/]'uc ratio was determined (Figure 33).
As can be seen the BH/lh

showing that the delayed methylation occurring in vivo has

C ratio increases with time

a preference for core DNA.
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Figure 33. Delayed methylation occurs preferentially in

nucleosomal core DNA.
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Nuclei were prepared from deoxy- [U—lhq]~cytidine
prelabelled cells which had been cultured in the presence

of L- [methyl~3ﬂ]~methioninc as described in Section IT1.2.1.2.

These nuclei were digested using micrococcal nucleasec
(Scetion IT.2.3.1) the DNA was purified and the 3H/'lz’c

ratio was detlermined.

'T\w_ bars are W R;mwcks)e- o%' \{cx\\xu, ééto(w\@_(\.




ITTY.5.3. Elffect of salt extraction of muclei on DNA methylatiorl

L929 cells in log phase were incubated for 1 hour in
the presence of 3 mM hydroxyurea (to inhibit DNA synthesis).
Nuclei were prepared ftrom these cells and also from uuntreatoed
cells.and extracted using buffer M containing NaCl at
coucentrations from O to 0.35 M {(this was not a seﬁuential
extraction). The nuclei were then washed twice in buffer M
and methylated in the presence of 5 uCi of S-adenosy-L-
[methyl—Bé]—mathionine (1.5 Ci/mmole)} for 2 hours at 3700.
The DNA was purified and the 3H/l!IC ratio was determined
(Figure 34).

In this experiment both the total methylation that is
occurring and the delayed methylation are being assayed and
Figure 3% shows that the amount of methylation that is-occurring
is the same in the muclei from both treated and untreated cells;
Wheﬁ nuclei are extracted using 0.35 M NaCl the soluble
methylase is extracted (Turnbull C % Adams , 1976; Qureshi
et Ei', 1982). Figure 34 shows that the amount of methylation
decreases hy only‘20% thus showing that most of the methyliation,
both total and delayed methylation,is a product of a tightly
bound DNA methylase.

TIT.5.%. DNA mcthylation is associated with the nuclear matrix

L9929 cells in log phase were grown in the presence of
3 mM hydroxyurea for 1 hour and then hatrvested and nuclei
were prepared. One half of the nuclei were washed three
times with buffer M’ (5 m1) and resuspended in buffer M*.
The other half were washéd twice with buffer m* containiug
0.2 M NaCl {5 ml) followed by buffer M* (5 ml) and re-
suspended in buffex M+. Both hatches were methylated for
2 hours in the presence of 5 pCi S—adenosyl—L—[:methylm3ﬁj—
megﬁiggine (1.5 Ci/mmole). The nuclei were then extracted
WithAM containing 2 M NaCl and centrifuged at 165§OOO X &
for 48 hours. The pelleted material was resuspended in
buffer M containing 5 mM Ca012 and the material digested

using micrococcal nuclease at 1000 units per ml for 1 hour
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Tigure 34. Effect of salt extraction of nucleli on in vitro

methylation.
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Open circles: Cells cultured in the absence of hydroxyurea.

Closed circlesiCells cultured in the presence of hydroxyurea.

1929 cells prelabelled with deoxy- [U;lhfﬂ—cytidine
in log phase were incubated in the presence or absence of
3 wmM hydroxyurea for 1 hour at 3700. Nuclei were prepared
from these cells and extracted using buffer M containing
NaCl at concentrations from O to 0.35 M (not sequentially).
The mucleid were then mcecthylated in the presence of 5 uCi
of S—adenosyluL—[imethyl-Bﬁ]-methionine (1.5 Ci/mmole) fox

o

2 hours at 37 C. The DNA was purified and the BHfth ratio

was determined. (Section II.2.4).




- A untreated muclei
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at 37°C. Samples were taken at each stage of the procedure
and the amount of DNA and the 3H/luc ratio were determined
(Taﬁle 20).

The result shows that there is an enrichment of methylated
DNA associated with the matrix. Very little difference is
seen when the soluble methylase is extracted prior to the

treatment.

Table 20. Methylation occurs preferentially in DNA associated

with the nuclear matrix.

Sample Recovery of DNA 3H/llI'C
(percent) ratio
A Total 100 0.11
B Total 100 0.095
A 2 M NaCl pellet 71 0.16
B 2 M NaCl pellet 39 0.18
A matrix ' 1h 0.22
B matrix T 0.38

o

nuclei extracted with 0.2 M NaCl prior to procedure.

As the previous experimént has shown that all the
methylation that occurs in isolated nuclei is delayed
methylation (Fig. 34) it is concluded that DNA methylation
is a product of a bound methylase activity which is associatled

with the nuclear malrix.

IIT.5.5. Effect o f S—azadeoxycytidine on in vitro ﬁethylation

Indirect evidence supporting the idea that methylation
is a product of a bound DNA methylase comes from the use of
the methylation inhibitor 5~azaoyti§ine. When L9929 cells
are released from stationary phase and cultured for 10 hours
followed by 10 hours in the presence of 1 pM S-azadeoxycytidine,
the soluble melhylase activity decreases by five fold
whereas the bouhd activity increases (Qureshi, 1983). When

nuclei from these cells and untreated cells are methylated
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using the endogenous methylase no difference in methylation

is obsecrved (Table 21).

Table 21. Methylafion of DNA in nuclei from L9929 cells itreated

with 5-~azadeoxycytidine.

Sample pmoles methyl group
incorporated

L9929 nuclei 0.18

L929 nuclel +

asciles methylase 0.21

¥ uza nuclei 0. 20

¥*l.aza nuclei + ascites

methylase 1.00

¥Laza is an abbreviation for 1929 cells {reated with
s5-azadcoxycytidine. '
The amount of DNA in each sample was 1 uge.

This result shows that DNA methylatiom is not a product
of the soluble DNA methylase.

When these nuclei are methylated using ascites methylase
five times as many methyl groups are incorporated into Laza
DNA than into DNA from control cells. This shows that
there are many more hemimethylated sites and sexrves as an

indicator that inhibition of methylation has occurredﬁanEWy

III.5.6. The methylation in Lava muclei is preferventially in
core DNA

Laza nuclei from Section III.5.5 were methylated using

the endogenous methylase and digested using micrococcal
nuclease (Section TI.2.3.1). The DNA remaining acid tnscukle
was purified and the 3H/lhc ratio was determined (Fig. 35).
As can be scen the ratio increases with time thus showing
that when the soluble methylase is inhibited the methylation
which occurs is still similar to the methylation occurring

in control cells (Pig. 19, page 84).
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Figure 35. Digestion of in vitro methylated nuclei
of L929 cells prelabelled with

b—azadeoxycytidine.

A: g

B: n/tlc,

Nuclei froﬁ deoxy- [U~14QJ-cytidine prelabelled
1929 cells which had been labelled with 3j~azadeoxy-
cvtidine (Section II.2.1.3) were methylated in the
presence of S—adenosyl-L—[:methyl-BH] —-methionine
at 3700 for 3 hours using the endogenous methylase
(Section IT.2.2.1). The nuclel were them digested
using micrococcal nuclease (Section II.2.3.1), the
DNA purified and the JH/"C ratio determined
(Section II.2.h4).

The amount of lMC is expressed as a percentage

of zero time.
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IV. DISCUSSTON
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IV.l. Base composition of nucleosomal core DNA

IVels.le Core DNA is enriched in C + G residues

It has been shown :in Section ITT.]1 that the DNA in
nucleosomal core-particles prepared from mouse L9929 chromatin
is enriched in the base m50. This result is in agreement
with the result for chicken and calf thymus chromatin (Razin &
Cedar, 19?7), thoungh these authors found a greater increase.
Such an increase however, was not found in the core DNA from
the chromatin of Chinese hamster ovary cells (Adams et al.,
1977). These authors however, stated that no difference
would have been detected even if all of the m5C had been in
the core DNA of this chromatin, as the methods were not
sensitive enough to detect such an increase. ‘T'he nucleosomal
DNA is also enriched in the bases cytosine and guanine and
in the dinucleotide CpG. The enrichment in m50 and CpG may
simply reflect the enrichment in C + G content (Adams &
Bason, 1984)}.

IVels2e Problems inherent in these studies

Many studics have been carricd out to determine whether
nucleosomes are located on specific DNA seguences in a non-
random manner (Section I.5.5). These sludies have usually
involved the use of micrococcal nuclease to cleave the DNA
between adjacent nucleosomes, and to relate these cleavage
sites to mnearby restriction muclease sites, by examination
of. the bands produced usiung eleotrophoreéis on agarose géls.
These studies have given both positive and negative results
(Zachau & Igo~Kemenes, 198L).

There arc however, scveral problems inherent in these
studies. First, micrococcal nuclease has specificities in
its mode of cleavage of DNA, it cleaves preferentially in
A + T rich regions {Nelson et al., 1979a; Dingwall et al.,
1981; Horz & Altenberger, 1981). Second, this nuclease
will also cleave in the core DNA and does so in A 4+ T rich
regions (McGhee & Felsenfeld, 1983), so many of the potential

'phases! will be lost in studies using this enzyme, as




only the 146 base pair DNA fragment isolaled from agarose
gels is examined.

These problems are inherent in any study when micrococcal
nuclease is used. In the present study, three ways of
-évoidiug these problems were used., TFirst, when 'naked' DNA
is cleaved using micrococcal nuclease, il has been reporied
that the enzyme cleaves preferentially at A + T rich rvregions,
as in chromatin (Nelson et al., 1979%9a; Keene & Elgin, 1981;
Udvardy & Schedl, 1983) and the DNA which remains acid insolublel
is therefore C + G rich (Nelson et al., 1979%9a). In the present
work, when purified DNA was digested until 50% of the DNA
5

was made acid soluble, no enrichment in m”C was seen in the

resistant material (Section ITI.l.4). This suggests that
even though the idnitial endonucleolytic cleavages are in A + T
rich regions, the subsequent exonucleclytic activity is not
selective. This is supported by ithe observation that no
enrichment of calf thymus DNA in C + G during digestion using
micrococcal nuclease is found {R.L.P. Adams, personal
communication). Extensive studies by Cockell et al. (1983)
proVidé further support. Second, when chromatin was digested,
the digestions did not proceed significantly beyond 50% acid
solubility, and intact 146 base pair fragments were not
isolated for study. Rather, that DNA precipitable using 70%
(v/v) ethanol was msed. This DNA contained fragmeﬁts which
were smaller than 146 base pairs (data not shown), thus those

core fragments which are cleaved at A + T rich sites are

recovered as more than one fragment. In this way the loss

of 146 basc pair frames is hopefully minimized, and the
artifact reported by McGhee & Felsenfeld (1983)kfwill be
avoided. Third, an agent which cleaves DNA inné‘random manner
was used Lo digest the DNA in chromatin (Section ITIT.1.5,

page 60). This reagent is methidiumpropyl-EDTA.iron (IT),
which in the presencc of oxygen will cleave DNA {Hertzberg &
Dervan, 1982). Extensive studies using this reagent have
shown that it has no base specificities in its cleavage

(van Dyke & Dervan, i983a; 1983b), and it has a strong

preference for cleavage in the linker regions of chromatin




(Cartwright et al., 1983). By the use of this reagent, I
have shown that a core particle coutaining about 110 base
pairs of DNA can be produced (IFig. 7, page 61). This DNA
is again enriched in m5C'when compared with total DNA
(Table 7T, Ppage 61). The core particle is not thought to be
the product of an endogenous nuclease (e.g. the Ca2+/Mg2+
dependent nuclease) as BEDTA was present in the reaction
mixture at 2 mM. This has little effect on the methidium-
propyl-EDTA.iron (II) reaction (Cartwright et al., 1983).
Thus it appears that nucleosomal core DNA is indeed

enriched in the bases C, G and mEC.

IV.l.3« Reconstitution of chromatin

When mouse I1.929 cell DNA and histones are reconslitated
to give chromatin, and this chromatin digested using micro-
coccal muclease,the resistant DNA is again found to be
enriched in mSC (Table 8, page 63). This result is in contrast
to that of Razin & Cedar {(1977) who found a randomization of
m5C after reconstitution of chromatin. This result suggesté
that nucleosomes are binding preferentially to C + G rich

regions of DNA and suggests that there is some property of

this DNA which favours nucleosome formatior.

IV.l. 4, Application of DNA flexibility models

Two models for DNA flexibility based upon aspects of
the DNA sequence have been described (Trifonov, 1980; Zhurkim,
1983) and these are discussed in Section IIL¢l.7e

The model of Zhurkin has been used for study becaunse of
the reasons outlined in Section IIT.1.7. Also tThe model of
Trifounov does not seem to hold over stretches of DNA longer
than 60 to 100 base pairs, wherecas that of Zhurkin holds over
many kilobases. When this model is applied teo a mouse DNA
sequence,a distinct periodicity of about 10.5 base pairs is
seen (Fig. 9, page 66). If the presence of these RY and YR
dimers at these positions does indeed enhance the flexibility
of DNA in nucleosomes, then the regions of the DNA which
contain this periocdicity #ill be more flexible than DNA not

containing this periodicity. This is becaunse these maxima
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will reinforce each other. If on the other hand maxima

are found outwith this periodicity, they will have a tendency
to oppose the flexibility. TFor the mouse sequences this

is rarely seen. However when an B.coli sequence is analyzed
for this periodicity, maxima are not arranged at 10.5 base
pair intervals, but in some regibns occur seemingly at random
(Fig. 36). This shows that the reinforcement of Fflexibility
is not observed.

The positions of nucleosomes can be predicted on the
basis of Zhurkin's model (Fig. 9, page 66). Zhurkin has
applied his model to DNA scegucnces on which macleosomes have
been located using the nuclease methods described in Section
I.55. On the whole the predictions match the experimental
results (Zhurkin, 1983). Thus this seems to be a valid model
for prediction of nucleosome binding sites.

The DNA sequences used in the flexibility studles have
also been analyzed for the presence of C and G residues in
100 and 148 base frames along the sequences (Fig. 10, page 69).
The figures show that there is a marked variation in the
percent C + G as one progresses along the sequences (see also
Adams & Eason, 1984)., This variation is more obvious in
introns than in exons. In the former, many regions are very
C %+ G pooxr, this is also seen for the 5' regions immediately
preceding the messenger RNA Stafting point. When the locations
of mucleosomes predicted by fthe model of Zhurkin are super-
impoesed onto these figures, it is clear that in many cases
predicted nucleosome positions coincide with regions of high
C + G content, or more particularly, very few predicted
positions occur on regions of very high A + T countent. When
the C + G content of predicted nucleosomes is determined and
compared to the whole sequence, an increase is sgeen. This
increase is small (about 9%) but it is the same as the
increase seen for mouse chromatin (Tabie 5, page 59). Thus
this evidence supports the experimental observation that the

DNA in nueleosomes is C + G rich.
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The bendability function (F'(M)) is derived as
described for Figure 9.
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IVele5s Implications of these studieés

From the previous sections the overall comclusion is
that nucleosomes have a tendency to form on € + G zich
regions of DNA due to the enhanced flexibility of such
regions. How does this compare to other studies on DNA
folding?

The result seems to be in conflict with the results of
Hogan et al. (1983). These authors measured the Young's
modulus (measure of stiffness) of the homopolymers poly(dG}.
poly(dC) and poly(dA).poly{dT) and found that the value for
the former is higher. This shows that poly(dG).poly(dC)
is a stiffer molecule and suggests that it is less likely
to be able to bend around the histone octamer in a nuecleosome
than the poly(dA)}poly(dT) copolymer. Tt has been shown
however, that neither of the homopolymers form a chromatin~
like structure when asscociated with the four core histomes
(Rhodes, 19793 Simpson & Kunzler, 19793 Kunkel & Martinson,
1981). Therefore the result of Hogan et al. (1983) may mnot
be applicable to DNA which has all Tour bases. These same
studies have shown that the copolymers poly{dA.dT).poly(dA.dT)
and i)oly(dG.dC).poly(dG.dC) will both form well defined
nicleosomes,

It is interesting that the flexibility model of Trifonov
(1980) predicts that the poly(dA).poly(dT) copolymer would
be very flexible and capable of forming a nucleosome, whereas
the model of Zhurkin (1983) docs not. This gives further
support for the use of the latter model imn the flexibilitly
studies in Section IIT.1l.7.

An interesting study has been made of the trypanosome
kinetoplast DNA (Wu & Crothers, 1984). A segment of this
DNA behaves anomalously when electrophoresed on agarose gels.
This behaviour has been related to the occurrence of a
bending locus in thec DNA by these authors (Marini et al., 19823
Wu & Crothers, 1984). This bending locus has tracts of a
simple repeat sequence (CA5"6T) symmetrically distributed
about it, with a repeal interval of 10 base pairs. These

sequences are interspersed with C + G rich sequences., Whether
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this 1esullt has any significance to studies on mouse genes
is unclear, but other sequences of this type in kinetoplast
DNA are mot associated with bending loci.

In support of the data in Section IIX.1l, the 5'-region
of the Drosophila Hsp 70 heat shock gene is very A + T rich
(Torok & Karch, 1980) and this region has a very low predicted
flexibility (Zhurkin, 1983). It is in this region that the

DNase I hypersensitive sites are located (Wu, 1980), and it

is perhaps reasomnable to expect that mucleosomes are not
associated with this DNA. Indeed ii has been shown that
nacleosomnes do notlt form readily on DNA containing runs of
A 4+ T residues {Kunkel & Martinson, 1981). Such runs will
occur on C + G poor regions of DNA showing low bendability,
i.e. they are poor in ApT and TpA dinucleotides at the correct
positions. Many such A or T runs are seen in the 5'-region
of the Hsp 70 gene (Torok & Karch, 1980). These runs are
short, but occur many times, and perhaps this is sufficient
to inhibit nucleosome formatiot.

The estrogen-regulated chicken vitellogenin gene also
has a very A + T rich region in the 5' flanking segquence
(Geiser et al., 1983). Im this reéion the eslrogen wreceptor
binds, so it would perhaps be mecessary for this region to
be nucleosome free. It is interesting that all of the A + T
rich regions in this ' flanking scquence can form hairpins
(Ceiser et al., 1983)., This is also seen in the lisp 70 gene
(Torok & Karch, 1980). These observations tie in with the
observation that hairpins do noet asscociate with nucleosomes
(Nickol & Martin, 1983). Structurcs sensitive to single
strand specific mucleases have recently been shown to occur
in the 5! region of the ﬁAPgiobin gene of chiicken in mative
chromatin (Larsen & Weintraub, 1982; Weintraub, 1983), and
may be due to hairpin-like elements. These sites correlate
with the DNasc I hypersensitive sites in this gene.

Furthermore, when micrococecal nuclease is used as a
probe for DNA structure, preferred sites are found at intervals:
of about 200 base pairs, and are located at A + T rich -
segments (Kecne & Elgin, 19813 1984; Udvardy & Schedl, 1983).

It has been suggested that these regions occur in linker DNA.




- 131 -

Thus 1t seems that nuclcosomes woitld not bind to A + T
rich regions of DNA. This model would allow 5' control
regions to be nucleosome free if they had a high content of
A and T residues. This is clearly seen for Hsp 70,
vitellogenin and the Bl-globin geune (of mouse) (Fig. 10,
page 69). This is also predicted for the H2KB complex of
mousc (Fig. 10, pagec 69).

IV.l.6. Alternative explanations

Alternative explanations for the locations of nucleosomes
on C 4+ G rich DNA may exist. Tor instance, the increased
stébility of the CG base pair and the increasecd hydropheobicity
of methylcytosine relative to cytosine may lead o a greater
stability of nucleosomes in C + G rich DNA, as may the
different helical twist angles existing belween adjacent
-bases.

It is even possible that nucleosomes located on specific
sequences decrease lLhe propensity of methyleytosines in these
(stabilized) regions +to undergo deamination. This would
lead to linker regiomns becoming A + T rich as m5CpG die
nucleotides are converted to TpG and CpA (Bird, 1980)}. Such
an explanation would require nucleosomes to have adopted
positions on the DNA which would need to have hesn conserved

for millions of years for a regular pattern to be established.

IVe2. Methylalion of chromatin and DNA in vitro

IV.2.1l. Bffect of chromatin structure on DNA methylation
In Sectiom III.1(page 55) it has been shown that

nucleosomal core DNA is enriched in m5C, C and G.  The possible
reasons for this enrichment are discussed in Section IV.l.h.

An alternative explanation based upon preference of the
methylase for cowre regions of chrvomatin is also possible.
Thercefore cxperiments were performed to test this idea.

When nuclei from mosguito cells are methylated using
ascites DNA methylase, most of the methyl groups are added
to nuclease sensitive (linker) DNA. This result is the same
as that obtained by Bloch & Cedar (1976) who used BE.coli ‘

methylase and nuclei from chicken erythrocytes. This suggests




that the linker DNA is more accessible than the core DNA
to the methylase and is in apparent contradiciion to the
observed distribution of-mBC'iE vivo. 7The same conclusion
as to the accessibility of linker DNA lo enzymes has come
from studies using micrococcal nuclease (Noll, l97ha; Rill &
van Holde, 197k). Thus linker has a more open structure.
When ascites methylase is used to methylale chromatin in
nuclei from stationary phase L9292 cells, the same result is
ocbserved, though with these muclei some methylation occurs
in core DNA. On the other hand, when nuclei from log phase
cells are melhylated using the endogenous methylase the
opposite result is obtained, l.e. the core DNA is preferentially
methylated. This latter result reflects the in vivo distributioj
of mSC in chromatin. However, when ascites DNA methylase is
used to methylate nuclei from log phase cells, linker DNA
is again preferentially methylated (the ratio of BH/laC
now decreases). '

These results tecll us several things about the naiure
of DNA methylation in chromatin. Pirst, methylation using
the endogenous methylase is hemimethylation (Section I.2-2.l)
and lhis occurs preferentiaiiy in core DNA. Second, methylafion
using the added ascites DNA methylase can be both de novo
and hemimethylation. With mosguitce nuclei this action is
de novo, as the amount of methyl groups added by the enzyme
is greater than the amount already present in the DNA (0.5 pmoles:
#g DNA compared with less than 0.l pmole/ug DNA). In this
case the enzyme is methylating the more accessible linker DNA.
Using stationary phase cells the same conclusion can be made,
exceﬁt that very few methyl groups are incorporated compared
to the amount present in wvive (0.2 pmoles/pg DNA compared
with 20 pmoles/ug DNA). Third, the conclusion is that for
some reason the hemimethylated sites in the DNA of log phase
1929 cells-aTE'pfeferentially in core DNA (though many sites
are in linker DNA). _

One possible reason for this is the lag of methylation
at DNA replication (Section I1.2.2.1). Nucleosomes are

positioned on DNA very soon after DNA replication (De Pamphilis -
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Wassarman, 1980; Herman et al., 1981) and perhaps this
process precedes DNA methylation. If so, then the hemi-
methylated sites in the linker DNA will. be more rapidly
methylated than those in the core DNA. "Therefore when

nuclei are isolated, there will be more.hemimethylated sites
remaining in the core DNA than in the linker DNA, and it
is these sites that are me thylated in vitro.

An al fternative explanation is that the methylase has
a higher dffiuity for core chromatin than for linker chromatin. -
This wonld tend to be cxcluded based on the resulfs using
exogenous methylase. Nevertheless a more detailed study
was undertaken.

Chromatin, core chromatin and DNA were methylated using
the ascites methylase under conditions where the methylase
was in excess. The results are given in PFigures 21~25
(pages 87, 90-92). TProm the results several statements can
be made. First, chromatin from log phase cells is a better
substrate than chromatin from stationary phase cells. Second,
core chromatins are a poor substrate for the enzyme. Third,
the DNA from all sources is a good substrate, and there is
little difference betwecen total and core DNA. Fourth, in
all cases the insect substrates are better acceptors of
methyl groups than the L929 substrates. Tifth, DNA is a ten
fold better acceptor than chromatin."

From these results it can be concluded that: one, the
difference between the methylation of total and core chromatin
is mot due to major differences in the DNA, +two, the methylase
does mot have a higher affinity for core chromatin, and three,
the DNA in linker has a lower accessibility to methylase than
the purified DNA.

One of the problems with these comparisons is that the
endogencus methylase does mnot efficiently methylate de novo
sites in vivo (Adams & Hogarth, 1973) whereas the added
ascites methylase does so. This may be due to the endogenous
methylase being in a different environment or in a different
form, and studies on ‘'bound' and *soluble’ forms of methylase

would tend. to support this (Section ITI.5). Alternatively
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the enzyme may have been activated in some way., Stimulation
of methylase activity by limited proteolysis using trypsin
has been reported (Adams et al., 1983b) though this should
not happen during purification of the methylase as the

trypasin inhibitor PMSF is present.

IV.2.2. Effects of proteins on DNA methvlation in vitro

The previous section has shown that chromatin structure
affects methylation in vitro as DNA accepts ten times as
many mecthyl groups as chromatine. Is this difference due to
the chromatin structure or simply due to the presence of
chromatin proteins?

When DNA is methylated in vitre in the presence of
in¢éreasing concentrations of histones, inhibition of methylation
occurs (Fig. 26, page 93). This inhibition increases up to
a protein/DNA ratio {(w/w) of 1.0, thereafter adding more
histone has little effect. The protein/DNA ratio {(w/w) of
native chromatin is alsoc about 1.0. The difference between
the methyl acceptor ability of DNA and chromatin is about
ten fold, this is the same dilference as is obtained when
histones are simply added to a DNA solution at the same
protein/DNA ratio. Thus it scems that it is mainly the
presence of histones which protects the DNA from methylatioun.
This cannot be completely true as linker DNA is also protected
to some extent. The effect of nuclear mon-histone proteins
was also studied. No dinhibition of methylation by the HMG
proteins or the nuclear non-histones in an 0.35 M NaCl
cxtract was observed.

This result is in conflict with the results of Huang et al.
(1984) who showed that HMG 14 inhibited the methylation of
native Micrococcus luteus DNA, denatured M.luteus DNA and
hemimethylated phage XP-12 DNA by more than 90% at a protein/
DNA ratio (w/w) of 2.0. The HMG proteins 1 and 2 had limited
effects on the methylation of M.luteus DNA bul not XP-12 DNA.

As these proteins are purified using TCA, it is possible

that the result observed is due to insufficient dialysis to

remove the TCA. The same result was observed in the present




work, but when the HMG preparation was neutralized prior
to dialysis no inhibition was observed (R.L.P. Adams,
personal communication).

The HMG proteins bind preferentially to nucleosomes
(not DNA) (Weisbrod et al., 1980; Weisbrod & Weintranb, 1981)

so it is possible that no inhibitory effects of these proteins

will be seen in the absence of nuclcosomes. Therefore the
effects of these proteins ou the methylation of chromatin
should be determined. Preliminary experiments from such
experiments show that the removal of non-histone proteins
from mosguito nucleil resulils in an increased methylation of
DNA in chromatlin compared with control mnuclei (data not shown).
Algso when an 0.35 M NaCl extract of mosquito muclei is added
to mosquito nuecledi which are then methylated using ascites
methylase,up to 50% inhibition of methylation is observed
(data not shown), though this did not occur when L929 nuclei
were used (R.L.P. Adams, personal communication). These
experiments using insect cells have problems due to the lack
of HMG lh/;7~1ike proteins in insects (Franco et al., 1977;
Bassuk & Mayfield, 1982).

IV.2.3. Conclusions

Several conclusions concerning in vivo methylation dan
be made based upon these in vitro studies. First, the
preferential methylation of DNA in the nucleosomal core
particle is not due to major differences in this DNA. Secomnd,
DNA methylase does mot have a greater affinity for core

particles than for total chromatin. Third, histones inhibit

DNA methylation in vitro. Fourth, non~histones may need
the presence of chromatin structure (i.e. nucleosomes) before
they affect methylation.

The overall conclusion is that the increased methylation
in core DNA is not due {o preference of the methylase for

core regions of chromatin.
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IV.3. Methylation of DNA in transcriptionally active chromatin

JV.3.1, Isclation of transcribing chromatin

Aé wvas disecussed in Sectiom III.3, one of the problems
with studying transcriptionally active chromatin is the
isolation of these regions from bulk chromatin. Deoxyribow
nuclease I studies were discarded due to the problems outlined
in Section IIT.3.1l, whereas IDNase ITI studies had problems
due to pH changes, though this method worked fairly well
the results obtained from its use were prone to experimental
ETrTOTrSe

The Sanders'procedure {outlined in Sectiom IL.2.6) was
used because of its simplicity and roproducibility. The
method works something like i1he DNase II/Mg2+.solubilitY
method (Gottesfeld & Butlerw, 1977). The enzyme micrococeal
nuclease is used to cleave the chromabin inbo nucleosomes.

The itranscriptionally active nucleosomes are then extracted
from the nuclei using NaCl and Mg2+ ions. The latter are
essential as - the extraction procedure does not work in the
presence of LEDPA. One of the advantages of this procedure
is that the digestion time is relatively unimportant and
does not affect the distribuntion of mucleosomes between the
supernatant fractions (Davie & Saunders, 1981}.

The amount of méterial recovered in the low sali Cractions

increases with digestion at early digestion times, but wreaches
a plateau at aboui 10% of the total DNA (data not shown).
The reason why the nucleosomes are present mainly as mono-
nucleosomes in the SO and S50 fractious (Fig. 30, page 102)
is due to the preferential cleavage sites for this nuclease
in the transcriptioﬁally active chromatin (Gotlesfeld &

Butler, 19773 Bloom & Anderson, 1978).

IV.3.2. Evidence that the nucleosomes in S0 and 550 are

derived from transcribing chromatin

Two lines of evidence are pfovided. FPirst, when nuclei
are allowed to undecrgo transcrlptlon in vitro in the presence
of only one ribonucleotide and then extracted using the

Sanders! exibraction procedure, most of the radioactivity
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(derived from [BH] ~UTP) is found in the fractions S50 and
S50 (Table 11, page 99), thus showing that mascent RNA is
present in {these fractions. Second, when samples of each
extract are. electrophoresed on acrylamide gels, fractions
S50 and S50 are enriched in HMG proteins and depleted in
histone HL (Fig. 29, page 100), this is characteristic of
transcribing chromatin (Section I.5.6).

The problem with these gels is that the HMG 14 and 17
bands run among the core histone bands and only HMG 1 and
2 are visible.

These observations are in agreement with those of Davie

% Saunders (1981). These authors alse showed that transcribing

nucleosomes ‘are enriched in transcriptionally active sequences.

IV.3.3. Characterization of the DNA in fractioms S0 and 550

Nuclei from mouse L929 cells were digested briefly with
micrococcal nuclease and treated using the Sanders! procedure.
DNA was purified and the amount of mBC determined (Table 12,
page 103).

The resulits show that Lthe DNA in fractions S0 and S50
has an mBC dontent of less than 1.0%, i.e. less than 1.0%
of the cytosines are m°C. This compares with 3.5% in total
DNA (Section ITI.1.2). “his result is similar to the result
for calf thyms (Davie & Saunders, 1981) except that the
deficiency is much greater for mouse cells. The DNA in the
intermediate fractions is also deflicient in m50 and may be
due to another class of DNA sequences or may be a mixture
of transcribing and nmon-transcribing DNA. This latter would
only occur if the chromatin has been insufficiently digested,
and the laék of DNA greater than 400 base pairs in length
in the $100-S400 Ffractions would tend to exclude this
possibility.

. The obvious problem in this experiment is that the level
of methylation of total DNA (that DNA present in the pellet
fraction when no digestion has taken place) is lower than
that obtained for total DNA in other experiments. This
latter figure has becen derived using data from many different
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determninations and should therefore be accurate. Figures
as low as 2.9% have occasionally beeu obtained, and thus

the Tigure obtained here may simply be Ffirom the extreme:

end of the normal distribution curve.

The conclusion is that DNA from transcriptionally

active chromatin is deficient in m5C.
As DNA methylation takes more than 1 hour to be completed, -

there will be DNA which is undermethylated compared with

mature DNA and the S0 and S350 fractions may be enriched in

this DNA. Therefore cells were labelled for 50 minutes in

the presence oi‘@ - 3#} ~thymidine and the chromatin was
fractionated as before. The DNA which is labceclled is DNA
less than 1. hour old. This DNA is not preferentially ex-
tracted in any of the fractions of the Sanders?! fractionation.
As the cells wexre asynchronous, the DNA heing synthesized at
any given time will be a wrandom sample of the DNA sequences
present in mouse cells. Thus the different amounts of m5C
in different DNAs will not bias the result (Section I.1.8.).
This result will not be affected by the extraction of nascent
DNA, as this DNA is present in a very small amount. Nascent
DNA is that DNA less than two minutes old, and is not yet
methylated. _ '

IVe3.l4. Methylation of transcribing chromatin in vitro

The mBC content of the DNA in transcribing chromatin
is less than in the DNA in non~transcribing chromatine. This
is not due to a deficiency of methylatable sites, as only
0% of the CpG dinucleotides are methylated in this DNA in
L929 cells (Naveh-Many & Cedar, 198l). The reason that
transcribing DNA is undermethylated may be that the DNA .

methylase simply does not methylate at de novo sites to any
great extent in wvivo. As de movo methylabion can occur in
vitro, the question becomes, why does de novo méthylation

not occur in vivo in transcribing reéions? A possible answer
may simply be fhat the methylase has no access to the un-
methylated sites in transcribing DNA. The effects of chromatin
structure on methylation in vitro were examiﬁéd in Section
IIT.2 and these experiments can be extended to study trans-

cribing and non-transcribing regions of chromatin.
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When nucled from log phase L929 cells are methylated

using the endogenous DNA methylase, aud the transcribing

regions isolated, this DNA is found to .have accepted more

methyl groups than DNA in non-transcribing regions (Table 14, fg

page 105). This seems to be a contradiction to the situaition
seen in vivo. A possible answer is that some perturbation

has been introduced during nuclear preparation. As the use

of a cell lysate of these cells gives the same result (Table 15,
page 106), this shows that mno such perturbation exists, or

that this perturbation is mot a result of nuclear preparation.

When nuclei from stationary phase cells are used, and
methylated using the added ascites methylase, no such difference
is observed (Tables 16 & 17, page 107). The conclusion is

that transcribing chromatin is not more accessible to enzymes

in stationary phasc cells, whereas this chromatin is more
accessible to endogenous methylase in log phase cells., The ‘$f
problem with these experimenis is that the control experiment,
that of log cells and added ascites methylase was not done.
An analogous situation to log phase cells are mosquito cells,
these cells are also in log phase. When ascites methylase
is used to methylate the DNA in these nuclei, most of the
methyl groups are added to transcribing DNA.
Thus it can be concluded that in nuclei from log phase
cells the DNA in transcribing chromatin is more accessible
To methylase in vitro than is non-~transcribing chromatin.
Using L9929 cclls, this methylation is hemimethylation,
and for some reason there are more of these sites in {trans~
cribing chromatin. Using mosquito cells on the other hand,

this methylalion is de movo and suggests that transcribing

chromatin contains mo inhibitors of DNA methylation which
are not present in non-~transcribing chromatin.

A possible reason for th?.presence of more hemimethylated
sites in transcribing reglions ;could be due teo the on-going
transcription. Maybe the tréﬁscriptional proecss compeles
with the methylase, so methylation remains incomplete longer
in the transcribing regions. This would explain why no

difference was observed using stationary phase cells as
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DNA synthesis has stopped and DNA methylation will continue,

s¢o allowing methylation to be completede.

An experiment to test the idea that transcription

competes with methylation was done using g-amanitin to

inhibit transcription in vivo. Nuclei were isolated and the
chromatin was fractionated into transcribing and non-transcribin
regions. The level of melhylation was mecasurcd in each
chromatin. ﬁo results are given, as this experiment un-
fortunately failed to work. Anocther experiment vwhich needs
to be done is to imhibit transcriptiom in vivo, and methylate
the nuclei in vitro using the endogenous methylase. This
would show whether or not the methylation had been completed,
i+.e. the hemimethylated sites had now becn filled.

A trivial reason why the transcribing DNA becomes nmore

methylated in vitro using endogenous methylase, may be due

to the nascent DNA being extracled into the S0 fraction in
the Sanders!' procedure. This DNA would be extensively hemi~
methylated. This latter has becn shown to be the case

(R.L.P. Adams, personal communication). This would explain
the observation that the methylase is preferentially extracted
in the 80 fraction (Fig. 32, page 111). This is in contrast
to Creusot & Christman (1981) who found the methylase

preferentially in non-transcribing chromatin. This again

may be related to the newly synthesized .regions being

extracted into S0.

IV.h., Studies on delayed methylation
IV.4.1. DNA methylation can be delaved
Mauny studies have shown that DNA methylation takes'many

hours to be completed (Section I.2.2.1). In this work it

has been confirmed that the level of methylation in DNA less
than one hour after its synthesis is only 70% of the level

in the DNA from statiovary phase cells (Section III.35.1).

The methylatioﬁ which has occurred is preferentially in the
core DNA of chromatin, thus it is similar to total methylation
in this respect. In contrast to observations.by Rubery &
Newton {1973) and Kunnath & Locker (1982), therec is no

significant difference in the level of methylation between
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log phase and statibnary phase LY29 cells (Table 19, page 114),.
and cousidering that at least -70% of the methylation occurs
within a few minutes of DNA replication, it is not surprisiog
that no difference can be detected. As these cells were
asynchronous, there will not be any gross difference in 1lhe
level of methylation in these cells due to the different
classes of DNA which have different levels of metlhylation.
These DNAs arc known to be replicated al different times
during S-~phase (Adams, 1971; Comings, 1972; Schneiderman &
Billen, 1973).

Duc to an inaccuracy in omne of the figures in Table 19,
it ds difficult to state that delayed methylation occurs
preferentially in core or in linker DNA. Therefore an '
experiment to test this was carried out. L9929 cells in log
phase were incubated in the presence of hydroxyurea for one
hour to inhibit DNA synthesis. Then Le [methyl-BH] ~methionine

was added and the cells incubated for a further 3 hours.

Nuclei were prepared from these cells and digested using
micrococcal nmuclease. The ratio of 3H/luc was determined
at each digestion time (Fig. 33, page 115). This ratio

increases, showing that delayed methylation occurs preferentialL

in core DNA.

IV.h.2. Bffcct of salt extraction

When nuclei IFrom L9206 cells are extracted with low salt

concentrations (0.35 M) most of the DNA methylase activity

is solubilized (Seclion TI.2.2.1). A fraction of the methylase

cannot be solubilized at a salt concentration of 2,0 M

(Qureshi et al., 1982; Qureshi, 1983), In Section T.2.2.1

it is mentioned that this latter activity may be responsible

Tor the methylation which occurs immediately after DNA

synthesis, and the soluble methylase may be responsible for

the delayed methylation. This experiment is designed +o

test this idea. .
I.92% cells were grown in the presence of hydroxyurea for

one hour prior to harvesting. ‘Another batch ofjcells were

not so treated. In this way both delayed methylation and

total methylation can be examined in vitro. The result is
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given in Figufe 34 (pagelll?). As can be seen the amount
of methylation occurring in both batches of nuclei is the
same. This shows that all the methylation thatlt occurs in
isolated nuclei is delayed methylafinn. The nascent DNA
(less than 2 minutes old) is presumably methylated prior to

nuclear preparation. Extraction of these nuclei with increas-~
ing salt concentrations decreases the methylation achieved

by only 20%, the change is the same in both batches of nuclei,
This shows that at least 80% of the delayed methylation is
the product of the tightly bound DNA methylase acbivity
described by Qureshi (1983). As this activity can only be
soluhilized.by extensive treatment with micrococcal nuclease,
it is assumed that this activily is associated with the
nuclear matrix {(Qureshi, 1983). This experiment does nol
study the methylation of mnascent DNA, though as this DNA

has been shown to ‘be associated with the nuclear matrix
(Berezney & Coffey, 1975; Keller & Riley, 1976; Miller et al.,
1978) it is assumed that this methylation is also a product
of the hound activity.

IVelo3. Methylation occurs in the nuclear matrix

The nuclear matrix from L929 cells was isolated by
treatment of muclcei withh 2.0 M NaCl followed by digestion
using micrococcal nucleases The resistant DNA is matrix
DNA {Berezpey & Coffey, 197h; 1977; Mitchelson et als, 1979).

About 10% of the Lotal DNA remains in this fractiou.
When the nuclei are methylated prior to the isolation of
matrix DNA, the methyl groups are found preferentially
associated with this DNA (Table 20, page 118). If the nuclei
are extracted with 0.2 M NaCl to extract the soluble methylase
prior to methylatibn, very little difference is observed.
Therefore the methylation occurring in isolated nuclei is in
the DNA asgociated wlih +the nuclear mabtrix and is a product
of the bound DNA methylase (Table 20, page 118). Some
methylation does occur in non-matrix DNA and this may be

a product of the soluble DNA methylase.
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IVehoele SBtudies using 5-azadeoxyeytidine

When cells are treated wilh 5-azmadeoxycytidine,
inhibition of DNA methylation ig vivo occurs (Jones & Taylor,
1980). This inhibition is thought to invelve irreversible
binding of the methylase to the 5-azacytosine residues in
- DNA (Adams et al., 1982; Creusot et al., 1982; Taylor & Jones,
1982; Santi et al., 1983). Thus it was thought that the
use of this methylation inhibitor might be useful in the
study of bound DNA methylase, and Qureshi (1983) has shown
that when cells are grown in the presence of 5-~azadeoxycytidine
the amount of soluble methylase activity decreases, whereas
the amount of bound activity increases. The conclusion from
this experiment is that the bound enzyme is inhibited due to
binding to the S5-azacytosine residues in DNA, and so more
soluble methylase becomes bound in the matrix to compensate.

Tﬁcrefore this system has been used Lo study the soluble
and bound activities.

When nuclel from cells cultured in the prescuce of
5-azadeoxycytidine (Section IT.2.1.3) are methylated ig vitro
using the endogenous DNA methylase, a slight increase in
methylation is observed when compared to nucledi (from contfol
~cells (Table 21, page 119). This increase is nol five-fold
as might be expected from the observation that five times as
much methylase activily is now bound in the matrix (Qureshi,
1983)., This may be due to the decrease in soluble activity.
Moreover, mo decrease 1s observed, therefore the soluble
enzyme is not responsible for the methylation that is occurring,.
as the soiuble activity is decreased more than five-fold '
under these conditions (Qureshi, 1983).

The control experiment 1s the methylation of these nuclei
using ascites DNA methylase. No increase in methylation is
seen in nuclei from control cells, whereas a five~fold increase .,
is seen with muclei from treated cells. This shows that
DNA methylation has indeed been inhibited by culturing the
cells in the presence of %-azadeoxycytidine. These extra

methylation sites should be hemimethylalion sites due to

there being less than one gemeration since the cells were

released from stationary phase.
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The methylation which does occur in nuclei from
treated cells using the endogenous methylase is ‘also
preferentially in the core DNA (Fig. 35, page 120) and
shows that the methylation is the same as the total

methylation in control cells.

IV.5. Conclusions and further work

The conclusions from Scction IV.j.M are as follows:

One, when nuclei from stationary phase L929 cells are
methylated in vitre using the added ascites enzyme there is
no preference for either transcribing or non-transcribing
chromatin. This methylation is de novo due to there being
no hemimethylation sites in this chromafin. This shows
that there is probably mno specific inhibitors of mecthylation
restricted to specific regions in chromatin. This could be
tested by examining the effects of IMG proteins on the
methyvlation in this system.

Two, using the endogenous methylase in nuclei from log
phase cells, the methylation is preferentially in DNA from
transcribing regions of chromatin. This may be due to the
presence of the transcriptional apparatus inhibiting

|ﬂgN0,
methylatlonqA erefore there will be more hemimethylated

sites imn #Ahis chromatin compared to non-transeribing chromatin.
This could be tested by inhibiting transcription imn vivo

Tor several hours and then methylating in vitro. The methy-
lation should mo longer bé preferential. Alternatively

the DNA extracted into the itranscribing fraction may contain
undermethylated nascent DNA, and this should be examined

in more detail. -

Three, an exogenous (ascites) DNA methylase prefeéerentially
methylates transcribing regions of chromatin in mosquito
nucleli. As this methylation is de movo due to the low
endogenous methylation, the result suggests that this chromatin
is in a more open structure and that no spécific inhibitors
of methylation are present, at least in insects. Again the
effects of non-histone proteins should be examined.

Unfortunately this same experiment - -was not domne using nuolel




from log phase L9229 cells.

-Other experiments relevant to methylation of mnuclei
are described in Section IV.2.2.

Thc methylation which occurs in isolated nuclei is
delayed methylation and occurs in the nuclear matrix
(Section IV.4). Both nascent DNA and transcriptionally
active DNA are in the nuclear matrix. As methylation follows
soon after DNA synthesis (except delayed methylation) the

methylase is also thought to be in the matrix. Experiments

have shown that some methylase is prescent in the matrix and
this is responsible for the delayed methylation and presumably
the rapid methylation. The function of the soluble methylase
is obscure, but may be responsible for the limited amount of
de novo methylation which is thought to occur in wvivo. No
evidence for this is presented, but de nove methylation can

be obtained using a purified methylase. This methylase may
have the restrictions inhibiting de mnovo methylation removed

due to being in a different environment than the soluble

methylase in the muclei, or this may simply be due to using
an excess (40-fold) of purified methylase. This cxcess may
be sufficient Lo overcome any inhibitions barring de nOVo
methylation of chromatin in nuclei.

Experiments to investigate the functions of lhe soluble

methylase should be considered.
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