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ABBREVIATIONS

The abbreviations used in this wofk are in agreement
with the recommendations of the editors of the
Biochemical Journal (Riochem J (1978) 169 1~27)

except The followingi-

BHK~21/03% Baby Hamster Kidney cells (clone 13%)

BHK-21/PyY Polyoma virus transformed baby hamster
kidney cells

BrdUrd Bromodeoxyuridine

BSS Balanced Salt Solution

DNase Teoxyribonuclease

HAP Hydroxyapatite

5MC or mBCyt 5-Methyl Cytosine

mRNA Messenger Ribonutleic Acid

rDNA Hibosomal Deoxyribenucleic Acid
R-M systom Restriction-modiiiceTion System
RSE Reticulocyte Standerd Buffer
SAM S~adenosyl-L-metunionine

SAH S~adenosyl-L-hemozycteine

SDhS Sodium dodecyl suiphate

SsC . 0.15M NaCl, 0.015%M trisodium

citrate pHT7.0

Except in the case of possible ambiguity the 'd' (deoxy-~)
prefix and the phosphate residues in the 3!', 5'-linkages

AT s
)

have been omitted in DNA seqguences.
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SUMMARY

The level -of 5-methyl cytosine residues is higher in
the DNA of polyoma~-virus-transformed BHK-21/PyY cells
than in the DWA of the non-transformed BHK-21/Cl3 cells.
The 5-methyl cytosine residues arise as a result of the
transfer of methyl groups from S-adenosyl-L- methionine
to DNA cytosine moleties by DNA methylases located in

nuclei of these cells.

DNA methylases have been isolated and partially purified
from nuclei of BHK-21/C1l3% and BHK-21,/PyY cells and most
of the propertiess of these twb enzymes appear to be
identical, However slight differences exist in the

. sequences these enzymes methylate in substrate E. coli
DNA as shown by studies of the level of methylation of
pyrimidine isostichs fractionated from the in vitro
methylated substrate, These differences can neither
account for the differences in the in vivo level of DNA
methylation in the two hamster cell lines nor can they
provide any evidence to suggest that the higher level
cf methylation in +the BHK-21/PyY DNA may be due to the
presence of s virus-~coded DNA methylase(s) in these
cells, It seems that the two BHK-21 cell genomes may
be organised differently. Further studies have shown
differences in the arrangements of the itwo genomes with
respect to 5-methyl cytosine residues. The highly

repetitive region of the BHK-21/PyY cell DNA is twice
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as methylated as the corresponding region of the BHK-21/
Cl3 cell DHA. The higher level of wmethylation of the
BHK-21/PyY cell DNA may therefore be due to possible
reiteration of certain sequences containing S—methyl
cytosine which may simply occur less treguently in

the BHK-21/C13 cell genome.

The role of eukaryotic DNA methylation is as yet un-
certain, It has been shown in this work that nucleil
of BHK-21/C1l3 cells contain a SAM~dependent nuclease
which appears to degrade unmethvlated DNA but inactive
towards DNA previously methylated by the BHK-21/PyY DNA
methylase, The biological significance of this enzyme
is unknown and it is not yet certain whether or not
this enzyme is analogous to any of the bhacterial

restriction enzymes.
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1. OQCCURRENCE OF METHYLATED BASES IN DNA

1.1 Historical Background

The ni%rogeneous constituents of DNA were thought to be

only adenine, thymine, guanine and cytosine until 192%

when a derivative of cytosine, a "S5-methyl cytosine" was
discovered among hydrolytic products of tuberculinic acii,
the nucleic acid of the tubercle bacillus (Johnson and
Coghill, 1925). Twenty five years later, 5-methyl cyiosine
was established as a definite constituent of DNA of
mammalian, fish and insect origin (Wyatt, 1950; Wyatt,
1951) and in 1955, another constituent of DNA, a 6-~methyl
adenine was discovered in the DNA of bacteria (Dunn, 1955

a; b). Since these bases (5-methyl cytosine and 6G-methyl
adenine) occur in iow amounts in DNA, they are often referr-

ed to in the literature as "rare" or "minor" bases,.

1.2 Minor Rases and Base~Pairing

Since the publication of Watson and:-Crick's model for the
structure of IWA (Watson and Crick, 1955 a; b), it had been
taken for granted that minor bases take part in normal base
pairing and do mot disrupt the DNA duplex (Bessman et al,
1958). Recznt work has however shown that whilst the above
statement is tfue for 5-methyl cytosine, 6-methyl adenire

residues disrupt the DNA helix.

X=-ray crystallographic analyses of 6-methyl adenine and its
analogues nave shown that the exocyclic amino group is

coplanar with the purine ring and that the C(6)-N(6) bond
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bond has a partial double bond character (Sternglanz and

Bugg, 1973 a: h). This means that the methyl group can

either point to (as in Fig la) or away (as in Fig 1b) from

the imidazole ring.

FPig la. 6«methyl adenine
moleculie (methyl group is
pointing tc imidazole
ring).

Fig 1bU. 6-methyl adenine
molecule (methyl group is
pointirg aviay from
imidazole ringl.

The latier conformation is preferred and this has been con-

firmaed by high resolution n.m.r. studies (Engles and Von

Hippel, 1974). In this arrangement however, the methyl

group interferes with hydrogen bonding tc thymine and con-

seguently dectabilises the DNA helix locally. In view of

this interference by the methyl group, it is therefore not

surprising that the Tm of poly(6Meh)-poly(U) is 41°C lower

than the Tm of poly(A)-poly(U) (Ikeda et al, 1970).

By contrast, S~methyl cytosine residues have been shown to

£ MmN r 3
form perfect Waotoon-Crick



Fig 2. 5-methyl cytosine molecule.

Synthetic DNAs and homopolymer pairs containingAcytosine
substituted at the s6@-position by a methyl group (Fig 2)
invariably melt at higher temperatures than do isomeric

DNA lacking cytosine methylation. Furthermore, buoyant
density studies have shown that methylation interferes with
hydration in the major groove of helical DNA thereby cone

tributing to helix stabilisation (Gill et al, 1974),

) Distribution of Methylated Bases in DNA

1
1.%.1 In Prokaryoies

The minor base, 6-methyl adenine was first discovered in

the DNA of bacteris (Dunn, 1955 a; b; Dunn and Smith, 1958)
and for sometime it was thought that 6-methyl adenine was a
characteristic modification of bécterial DNA, This icea
was discarded when it became apparent that this minor base
occurs in the DNA of other micro-organisms (Kaye et al,
1967) and in certain organisms it is not even detectable
(0da and Marmur, 1966; Vanyushin, 1968). Nevertheless

6-methyl adenine residues remain widespread as minor
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bases in the DNA of many a bacterium cell. The discovery
of 5-methyl cytosine in the DNA of bacteria (Doskotil and
§ormoré, 1965 a3 b) dealt the final blow to the notion of
a qualitative difference in the methylation of bacterial

and animal DNA.

1.3.2 In Eukasryotes

5-methyl cytosine residues occur in most euksaryotic DHNA
(Wyatt, 1950; Dunn and Smith, 1958; Craddock, 1971
Lawley et al, 1972). But the DNA of the blue green alga

Plectonema boryanum contains 6-methyl adenine in addition

to S5-methyl cytosine residues (Kaye ef al, 1967) and in

the DNAs of the micro- and macrc-nuclei of Tetrahymena

pyriformis, 6-methyl adenine residues are the only methylated

bases detected (Gorovsky et al, 1973).

Plant DNAs are more methylated %han'animal DNAs and the
relatively high amount of S5-methyl cyincine in plant DNA
seems to be a specific phylogenetic acquisition as
Archegonitae develop into contemporary forms of Angiosperms
(Vanyushin, 1968). Thus wheat germ DNA contains 27% of
its cytosine residues as 5-methyl cyvtosine (Chargaff and

Davidson, 1955).

In mammals the level of DNA cytosine methylation vary from
organism to organism in the range of 0.5-2,0 mole%. In
'fish this level is about 1.5-2.0 moles per 100 moles of
cytosine residues whilst in some insects and crustacea,
the level is very much lower - only 0.1 mole®% (Vanyushin

et al, 1970). In Drosophila, methylated bases seem to be
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found in the satellite DNA sequences ( Dawid, I.R.,

personal communication).

1.3.3 In Viruses snéd Bacteriophages

Phage DNA, l1lilke bacterial and animal DNAs contain methyl-
ated bases. 6-methyl sdenine residues appear in the DNAs

of bacteriophage T5n., and T, . and the Salmonella C

+
bacteriophage (Dunn and Smith, 1958). The DNAs of Ty,
T2, T4 and T7 possess both 6-methyl adenine and 5-methyl
cytosine residues (Gold et al, 1964). llowever, bpacterio-
phages TB’ TS and TG are devoid of detectahle base methylation

in their DNAs {(Gefter et al, 1966).

‘ The DWNA of the bacteriophage ¢X174 has only one methylated
base (a 5-methyl cytosine residue) in ito 5,375 nucleotide
genome and this methylated base plays =n important role in
the final steps of virus maturétion (Fozain et at, 1975;
Friedman and Razin, 1976). In the DN& of the A phage,
the minor base appears as S-methyl cytosine (0.08 mole%)

(Ledinko, 1964).

The DNAs of the animal viruses polyomé and Herpes simplex
have no detectable methylated bases (XKaye and Winocour,

1967; Low et al, 1969).. Recently in 1877 Sharma and

Biswal confirmed that no detectable H-methyl cytosine
residues are present in mature Herpes Simplex type 1 virions.
However 5--methyl cytosine residues exist in the intracellular
replicating viral DNA,. These 5-~methyl cytosine residues
were not contributed by RNA or cellular DNA contamination.

It has therefore been suggested that methylation might be

necessary for replication of viral DNA and that mavure



virions may have an enzyme which destroys the methyl donor

pool (Sharma and Biswal, 1977).

1.4 The Relationship of DNA Methvlation to DNA Synthesis

In prokaryotes, DNA synthesis is almost immediately followed
by methylation. (Billen, 1968; ILark, 1968), DNA methylat-
ion was therefore thought to. be responsible for keeping the
stability of nascent DNA during replication. However this
may not be the case as E. coli grown in methionine~free
medium continued for some time to synthesigze DNA that was

undermethylated (fLark, 1968).

In eukarydtes9 Rurdon and Adams, 1969 reported a delay
between DNA synttesis and methylation and experiments by
Kappler in 1970 suggested that this delay might be between

1 and 2 minutes in mouse adrenal cultured cells. Studies
done on DNA metnylation during %he mitotic cycle of Pavsarum

polycephalum, s myxomycetes whose nuclei undergo natural

synchronous division,have shown that methylation of DNA
occurs not onlii during the S-~period but during the G, pericd,
a time when essentially no synthesis of DNA takes place
(Evans and Zvans, 1970). Previously in 1969, Burdon anda
Adams had made 2 similar report from stﬁdies on methylation
of cytosine regidues in synchronously dividing mouse fibro-

blasts 1929,

-mYTf\‘V\ +(‘
v Ol v

period of the cell cyecle have been well
studied. Farly replicating DNA is more methylated than
late replicating DNA (Adams, 1971; Couings, 1972;

Schneiderman and Billen, 1973) and rapidly reannealing DRA



synthesized very early in the S-period of the cell cycle
(Comings and Mattoccia, 1970) is highly methylated (Brahic
and TFraser, 1971; Sneiderman and Billen, 1973). Methylation
in the S-period of the cell cycle has been examined by a
visual DNA fibre autoradiography (Moliter et al, 1976).

When mouse L1929 cells received shorv pulses of radiocactivity
from 3H-—thymid‘ine and'Lw[methy1»3H} methionine, their DNAs -
after autoradiography using thc fibre spreading technique
showed that the pattern of repilication was identital to that
of methylation. However when these cells were lahelled
throughout the S-period the DNA fibre was vniformly labelled
with JH-thymidine whilst the label with L-[methyl--H]
methionine appeared to show distinct intervals of 8-20um

in the autoradiographic pattern. These gaps corresponding
to 23-50 Kilo base-pairs (and 10% of the total genome)

escaped methylation. \

2, DNA METHYLASES

2.1 DNA Methylases in Prokaryotes

2.1.1 DNA Methylation at the Polynucrleotide Level,

The discovery of minor bases in DNA (Wyatt, 1950; Wyatt,
1951; Dunn, 1955 23 b) stimulated interests in studies on
DNA methylation and the search for 2 mechanism of methylation,
Although it had been known since 1958 that the deoxyribo-
nucleotide triphosphate of 5-methyl cytosine could quantit-
atively replace dCTP as a substrate for the enzyme DNA
polymerase (Bessman et al, 1958), it was not until after

the discovery of glucosylation of DNA of the T-even bacterio-

phage at the polynucleotide level, that it was suggested



that the incorporation of methyl groups might take place
after polymerisation in the biosynthesis of DNA (Kornberg
et al, 1961). Later studies with bacterial cells
.irradiated with ultraviolet light at a dosage which was
sufficiently high to inhibit DNA synthesis, showed th=at ths
incorporation of methyl groups continued at a significant
rate even after the inhibition of DNA synthesis (Ryan and

Borek, 1964;: Srinivasan and Borek, 1964).

2.1.2 Properties of Prokaryvotic DNA Methylases

The S5-methyl cytosine residues in DNA arise as a result of
the donation of methyl groups from S-adenosyl-L-methionine

to DNA cytosine moieties and this reaction is catalysed by
the enzyme DNA methylase(S~adenosyl-IL-methionine : DNA
(6-aminopurine) methyl transferase, EC 2,1.1.37) (Geld et al,
1963%), The trivial name DNA methylase will be used through-

out this Invrodustion.

DNA -~
methylase”

DNA + S-~adenosyl-IL-methionine methyl-DNA <

S—~-adenosyl~TL~
homocysteine

The enzymes catalysing the methylation of DNA have been

purified from Q;cherichia coli strain W (Gold and Hurwiiz,

1964 a; b) and Bacillus subtilis strain 6633 (0da and

Marmur, 1966). - The methylation reaction does not require
the presence of divalent cations and the requirement of

Swadenosyl-L-methionine (SAM) as a methyl donor cannot be
met by other methyl donors. S»édenosylemhomocysteine is

a potent inhibitor of this reaction. The substrate



specificity of the DNA methylase isolated from B. subtilis
6633 cells is quite different from that of E. coli W cells.
The former enzyme transfers methyl groups from S-~adenosyl-L-
methionine to cytosine residues in native and heat de-
natured DNA {(Oda and Marmur, 1966). The DNA methylase from
~E. coli W cells however, methylates adenine and cytosine
residues in hcat denatured DNA only (Gold and Hurwitz, 1964

a; b). '

2.1.3 Binary Nature of Prokaryotic DNHA Methylase

In section 2.1.2, E. coli W cell DNA methylase has been shown
to methylate cytosine and adenine residues in substrate DUA.
From theoretical considerations, it seems unlikely that oniy
one DNA methylase can achieve the methylatvion of cytosine
(which involves formation of carbon-carbon hond) and the
methylation of adenine residues (which cequires a nitrogen-
carbon hbond). It is therefore conceivable that two different

DNA methylases exist in bacterial cells.

In fact, evicence for the binary nature of bacterial DNA
that heterologous methylation with extracts of E, coli B
cells can lead to incorporation of methyl groups in adenine
bases in substrate DNA whilst extracts of E. coli W and K12
cells methylate both adenine and cytosine residues in any
substrate DNA including E. coli B DNA which naturall

i x
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Another evidence for the binary nature of bacterial DNA
methylases stems from studies with DNA methylases from T2
bacteriophage infected cells. An increase in host DNA
methylase activity has been reported after infection by

T, bacteriophage (Gold and Hurwitz, 1964 c). This report
has been confirmed by Fujimoto et al (1965) who discovered
that when extracts of T, infected E. c¢oli B cells were
employed as methylating enzyme with either homologous ur
heterologous DNA as subsfrate, there was an elevation of
adenine residves methylated over fhe level produced by
extracts from non-infected cells, But extracts of Tz
infected E. coli K12 cells caused a profound change in the
ratio of adenine to cytosine bases methylated. This change
was initiated by a 10-fold increase in the activity of the
adenine methylase. Thus it is only the activity of the
adenine methylace that is enhanced by the bacteriophase

infection.

2.1.4 Study of Phage Induced DNA Methylase

E. coli B cells are useful and important "tools" in the
study of the presence of a phage-~directed DNA cytosine-
methylase in bacterial cells. B. coli B cells have nc
methylated cyfosine residues arnd they are devoid of DNA
cytosine methylases (Dosko®il and Sormord, 1965 a; b;
Fujimoto gﬁ al, 1965). The detection of this enzyme after

phage infection is therefore an ohvious proof of the
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presence of a phage-directed methylase, However, E. coli

B cells can be made to synthesize DNA cytosine methylase by
introducing into them the genes controlling the methylation
of cytosine from E. coli K12 cells. It was only atfter the
transfer of such genes that the DNA cytosine methylase was
observed in the hybrid recombinant cell (Mamalak and Boyer,
1970). A high level of 5-methyl oyfosine was found in the
DNA of E. coli B cells aftef the transfer into -these cells of
the (N3) druvg resistant factor (Hattmamnet al, 1972). The
appearance of the cytosine methylase in the hybrid E. coli B
(N3) cells has oeen confirmed by in vitro studies which show
that extracts from these cells methylate adenine and cytiosine
residues in substrate DNA whilst extracts of E. coli B cells

(without the N3 drug factor) methylate only sdenine residues.

2.1.5 Specific Phage-Directed DNA Methylases

Hausmann and Gold (1966) reported a 100-fold increase in
the methylating capacity of extracts of E. coli B cells,

6 minutes aiter infection by T, bacteriophage. De novo
protein synthesis is necessary for this increase to cccur
and the properties of the DNA methylase of the phage To=in-
fected bacteria suggest that it is a new phage directed DNA
methylase, T# and Tl phage-infected E, coli B cells
showed increases in host DNA methylase activity but these
were smaller increases compared with the increase in the

T2 phage infected cells. T, and A bacteriophages had no

{
effect on the host DNA methylases (Hausmann and Gold, 1966).
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Bacteriophage T3 induces in E. coli cells the synthesis of
a specific enzyme which breaks down S-adenosyl-methionine
into thio-methyl adenosine and homoserine ( Gefter et al,
1966). Hence infection by this bacteriophage leads te ‘he

suppression of DNA methylation.

The presence of a specific phage-directed DNA cytosine
methylase has been observed in @X174 bacteriophage infected
E. coli B cells. After infection of these cells, S-methyl
cytosine residues appeared in the host DNA which before had
only 6-methyl adenine residues. A DNA methylase isolated

and partially pucified from-fhese infected cells methylated
DNA from uninfected cells but not DNA from infected c¢ells as
all the potentiay sites in the latter DNA had been uwelthylated

already in vivo (Razin et al, 1970).

When Xpl2 bacteriophage infects Xanthomonas oryzae colls,

it induces the activity of an enzyme that is responsiltlie Tor
the unusual occcurrence of methylated bases in Xpl2 phage

DNA (Tsong-Tel and Jenn, 1976). A1l the cytosine residues
in Xpl2 phsge DNA are methylated (Erhlich et al, i975;
Tsong-Teh andé J=nn, 1976). However unlike DNA methylzses,
this enzyme methylates cytosine residues at the nucleotide
level before polymerisation of the DNA.® The methyl donor
in this enzymic reaction is not derived from the thio -
methyl carbon of methionine but rather the 3%-carbon of
serine (Tsong-Teh and Jenn, 1976). Based on these charzct-

eristics it cannot be classified as a DNA methylase.
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2.2 DNA Methylases from Mammalian Sources

2.2.1 Solubilisation of DNA Methylases from Chromatin

Burdon et al in 1967 were the first to report that DNA
methylase ia mamaalian cells 1s associgted with nuclear
chromatin. They assayed the enzyme activity in chromatin
isolated from Krebs II ascites tumour cells. In 1968,
Sheid et al and Kalousek and Morris working independently
with cell free homogenate of rat liver and rat spleen con-
firmed that DNA methylase is associated with the nuclear

insocluble fraction - chromatin.

Later work with rat liver nuclei showed tnzt DNA methylase
can be solubilized from chromatin but only under stringent
extraction conditions involving freezing and thawing a

number of times followed by streptémycin sulphate precipitat-
ion (¥slousek and Morris, 1969 bh). This genievement has led
to the partial purification and studies of the nature of
interaction with substrate DNA of DNA methylases from a
nunber of mammalian sources (Drahovskﬁ znd lorris, 1971 a,

b; Rey and Veissbach, 1975; Sneider, ehb al, 1975; Turnbull

and Adams, 1976; Cato and Burdon, 1S77)

2.2.2 Purification of Mammalian DNA Methylases

DNA methylases have been vurified from a number of sources
ranging from rat spleen and liver cells (Xalousek and Morris,

1969 b; Morris and Pih, 1971), Xrebs II ascites cells
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(Turnbull and Adams, 1976) to cultured cells such as
Novikoff rat heptoma cells (Sneider et al, 1975) Hela cells
(Roy and Weissbach, 1975) and BHK-21 cells (Cato and Burdon,
1977). The purification steps employed aré fairly similar
and they involve ammonium sulphate precipitation, gel fil~
tration, DEAE~cellulose, phosphoceliulose and hydroxyapatite
column chromatography. Hithertc, no report of a DNA
methylase purification to apparent homogeneity has been made
by any group of workers. ©SD3 polyacrylamide gels of the
enzyme at the final purification step are heavily contamin-
ated with other proteins (Sneider et al, 1975; Turnobull and
Adams, 1975). The estimated molecular weight of the DNA
methylase from HeLa cell nuclei was 120,000 (Roy and
Weissbach, 1975). DNA methylase from Xrebs II ascites cells
when passed through Ultragel ACA3%4 Column produced a number
of peaks of enzymic activity, the most prominert of which
corresponded to a molecular weight of 240,000, When this
peak activity was examined further on SDS poly=zcrylamide gels
a prominent band corresponding to molecular weight of 80,000
was obtained (Turnbull and Adams, 1976). It has therefore
been suggested that the active form of the DNA methylase
might be a dimer or possibly a Treimer (Turnbull and Adams,

1976).

2.2.3 Properties of DNA Methylases from Mammalian Sources

The methyl groups incoporated into cytosine residues in
animal DNAs like methylated bases (5-methyl cytosine
and 6-methyl adenine) in bacterial DNA, are derived from

methionine (Brown and Attardi, 1965; Winocour et al, 1965
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Burdon, 1966; Sneider and Potter, 1969).

The DNA methylases isolated so far from mammalian sources
have the ability to methylate both single and éoublem
stranded DNAs (Roy and Weissbach, 1975; Turnbull and Adams,
1976; Sneider et al, 1975) but heat-denatured DNAs (i.e.

~ single-gtranded DNAs) are much better methyl acceptors than
native NNA. Generally, homologous DNAisa poorer substrate
than heterologous DNA (Roy and Weissbach, 1975; Sneider
et al, 1975; Turnbull and Adams, 1976; Kudryashova and
Vanyushin, 1976). In vitro studies with isolated DNA
methylases show that synthetic copolymers (dC)n, (dG)n.(dC)n
are not methylated (Sneider et al, 1975). However the
alternating double-stranded (dG.dC)n.(dG*dC)n and the randomn

single-stranded (dG.dC)n are methylated to a small extent

(Roy and Weiesbach, 1975; Sneider et al, 1975).

2.2.4 Seguences Metnyiated by Mammalizn LVA Methylases

S-methyl cytosine does not occur randomly in mammalian DNA.
It tends to Le flanked by purines {Smith and Markham, 1952;
Shapir»o and Chargaff, 19560). In mammals, cytosine residues
are preferentially methylated when in the doublet CpG
(Dosko&il and Sorm, 1962; Grippo et al, 1968). But the
level of methylation seems to depend not simply on the
proportion of CpG pairs. One report exists of a low 1evel
of methvlation of cytesines in the sequence CpT (Sneider, |
1972). DNA methylase isolated from mammalian sources have

been used to modify cytosine residues in substrate DNA and



- 16 ~

analyses of the methylated products reveal identical pattern
of methylation of pyrimidine fragments as obtained from
studies of in vivo methylation of a number of vertebrate

DNAs (Browne and Burdon, 1977; Browne éﬁ al, 1977).

Difficulties arising from the sequencing of a whole
eukaryotic genome have hampered the search for the sitc and
sequence specificity of DNA methylases. So far, studiec
done in this field oomprise(analyses of the pyrimidine
isostichs methylated in vivo or in vitro by DNA methylase
preparations (Sneider, 1972; Tosi ef al, 1972; Nase, 1973;
Vanyushin and K.rnos, 1977). . Recentiy the oocyte 55 DNA in

Xenopus laevis has Dbeen scequenced and all the CpG doublets

are probably methylated (G. Brownlee, private communication),

Nearest neighbour bases to the 5S5-methyl cytosine residue have

heen determined om Micrococcus luteus DNA methylated by Hela
cell DNA methylase and the results obtained have been com-
pared with base analyses of in vivo methylated Hela cell
DNA (Roy and Weissbach, 1975). The 5‘.neighbours can be
either G or C while the 3' neighbour is always a G. The
sequence worked out is thus p(G/C)pmCpG. It has not been
established whether this répresen%s an ambiguity in recog-
nition site or whether the trinucleotides pGpmCpG and
pCpmCpG occur on opposite strands within a non palindromic
sequence.

In
fact in the conditions (Bollum, 1966) used in that experiment

the pancreatic DNase digested producits consisted of only
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40-50% dinucleotides, the remainder being mostly tri-

nucleotides and mononucleoctides,

2.2.5 The Mechanism of Action of DNA Methylase from
Mammalian Sources

Various attempts have been made to work out a mechanism of
action of DNA methylase on subatrate ILNA but the proposals
put forward have been unsuccessiul in explaining the action

of the enzyme at the molecular Jevel.

The distribution of 5-methyl cytosine in mammalian DNA is
not random (Smith and Markham, 1952; Shapiro and Chargaff,
1960). The DNA methylases transfer methyl groups to
specific deoxyribonucleotide residues in DNA (Gold and
Hurwitz, 19633 Yarus, 1969). Lgainst this background, and
from results of investigations on binding of DNA methylase
from rat liver to substrate E. coli bNA, a mechanism of
action of DNA methylases has been proposed (Drahovsky and
Morris, 1971 a; b). This mechanism explains how DNA
methylase binds to DNA and appears to move down the DNA
helix, scanning for methylation sites. Once a methylation
site is reached, the enzyme undergoes a conformational
change; thus exposing the binding site for the transfer

of the methyl group from S~adenosyl~i~methionine. After
the appropriate cytosine is methylated the enzyme returns
to its previous state and continues the scan (Drahovskf and

Morris, 1971 b).

Other workers have not been successful in demonstrating this
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mode of action of DNA methylases isolated either from rat
liver nuclei (Adams, R.L.P. personal communication) or

Krebs II ascites cells (Turnbull and Adams, 1976).

2.3 DNA Methylases in Plants

Kalousek and Morris (1969 a) have shown that nuclear extracts
of pea seedling can be used as source of DNA methylase to

methylate DNA in the crude extract.

3. BIOLOGICAT, ROLE FCR DNA METHYLATION

3.1 Different Levels of DNA Methylation

311 Tissue wnd Bnecies Specific Variation

In the DNA of higher animals, there is a species variation

as well as a tissue specific difference in the S5-methyl
cytosine content (Vanyushin et al, 1970, 1973; Xappler,

1971). This variation is independent of the cytosine plus
guanine content of the DNA (Vanyushin et al, 1973).  The
significance of this tissue and species variation in the

level of 5-methyl cytosine content of the DNA is uncertain.

It could be a result of a variable delay between the synthesis
of DNA and its methylation or it might reflect a role of 5-

methyl cytosine in cellular differentistion.

3,1.2 Differences in 5-methyl Cytosine TLevels During

Development

There is a lower degree of methylation of sperm DNA as com-
pared with somatic cell DNA in fish and mammals (Vanyushin
et al, 1970) and since DNAs of sperm and somatic cells have

identical base composition in terms of pyrimidine clusters
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and nearest neighbour bhase sequence, it might he that sperm
DNA of vertebrates are actually under methylated and that the
deficiency in methyl groups is made uvp on or after oocyte
fgrtilization. This observation if confirmed may be relevant
in the interpretation of the role of methylation in the
expression of genomic activity since it is assumed that the

. Sperm genome is totally repressed (Rossi et al, 1975).

e

The methylation of DNA during erbryogenesis of sea urchin
has been studied in detail by Scarano who showed striking
changes in the rate of methionine uptake by embryos of

Sphaerechinus granularis and Parencentrotus lividus at

various stages of development (Scarano, 1969). These changes
have been linked indirectly to changes in 5-methyl cytosine
content in the DNA of the developing sea urchin embryos.

Tosi and Scarano, 1973 have revorted- that nuclei of the

developing sea urchin Parencentrotus lividus embryos will
meth&late their own DNA in vitxo but methylation is
stimulated 20-fold by trypsin. This effect is noticeable
at the blastula stage but not the gastula. This could
therefore account for a different arrangement of DNA histone
proteins during development0 This view is supported by
studies which show that between feritilization and the blastulza
stage, 40-60% of the newly synthesised proteins are rapidly
transported to the nucleus where they associate with
chromosomes (Kedes ¢t al, 1969). The trypsin activation
may . therefore be a mere unmasking of DNA methylation sites

as trypsin is known to digest peptide bonds adjacent to
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basic amino acids in DNA-~histone complexes (Whitlock and
Simpson, 1977). Alternatively, tﬁe differential methylation
at various stages in the development of the sea urchin embryo
can be accounted for by the synthésis of specific DNA
methylases during embryogenesis; some of which are sensitive

- to tryptic digestion.

No differences exist in the level of 5-methyl cytosine
residues in DN during developmental stages after blastula

in Xenopus laevis compared with the 1.6 mole% found in the

liver DNA of the adult frog (Baur and Kréger, 1976). How=-
ever when limb buds incubated 11 days after gestation
differentiate from blasteme into recvgnisable cartilaginous
bone, anlagen, differencesin 5-methyl cytoesine level were
found in the DNA isolated from these stages of late develop-
ment (Baur and Krbger, 1976). Oéher interesting information
on DNA methylation has been obtained from studies on Xenopus
laevis oocytes. Amplified, extra-~chromosomal DNAs coding

for ribosomal RNA in the amphibian occcytes, which are trans-
ceripticnally active are not methylated whereas the correspond-
ing somatic +DNA is highly methylated (4.5 mole%) (Dawid

et al, 1970). However both DNAs have tlie same general
structure (Brown and Dawid, 1968; Gall, 1968) and both
comprise of alternating transcribed regions of constant
length and non-transcribed "spacersd of variable length

~

(Wellauer et al, 1974).
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o I Deamination of S5-methyl Cytosine at the Polynucleotide
Level

It has been suggested that methylation of cytosine‘at the
5-carbon position followed by deamination at the 6-carbon
position could give a thymine residue arnd thus a GC pair
could be changed into an AT pair aftér replication. Such

- base modifications if they occur in promotor regions can
lead to heritable changes in basze sequence and could control
the activity of structural genes (Scarano, 1971; Scarano

et al, 1977). .In vivo experiments with developing sea
urchin embryos cultured in the presence of Lm[CDB] methionine
showed that a proportion of DNA thymine is synthesized at
the DNA polymer level (Scarano, 1971). This therefore
provides circumstantial evidencc that heritable changes
occur in base'sequence during embryonic develcpment. Other
workérs have not been successful in demomstrating the trans-
ition of cytosine to thymine by methylation and deamination

(Burdon and Adams, 1969; Sneider, 1973; Geraci ot al, 1974},

3.1.4 Different TLevels of 5S5-methyl Cviosine in DNA During
Aging
Investigation of the 5-methyl cytesine level in the DNA of

salmon has shown that it changes directionally in 21l the
somatic tissues (liver, kidney, spleen, muscles) and falls
1.5 to 2 times with age (Berdyshev et al, 1967). The
change in the content of 5S-methyl cytosine is not coupled

with changes in the composition and primary structure of
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DNA. In view of these changes the acceptor capacity of
nuclear DNAs of young (1 month) and old (28 months) rats

were studied in vitro. DNA methylases from cells of young
rats methyiate DNA from nuclei of brain of o0ld rats con-
siderably more than homologous DNA from these young ravs
(Kudryashova and Vanyushin, 1976). According to Holliday
and Pugh's hypothesis, the methylation of recurring sequences
in DNA may be a unique biological clock which successivoly,
replication after replication, countsoff the number of cell
divisions (Holliday and Pugh, 1975). Based on this hypothesisg,
one would expect DNA methylation to increase noticeably with
age. But studies mentioned above point in the opposite |

direction.

3.1.5 Induced Changes in 5-methyl Cytosine Level in DNA

DNA methylation has been reported to respond to hormonal
regulation (Remarov et al, 1976). Eight hours after inter-
peritoneal injection of hydrocortisone the level of 5-methyl
cytosine in rat liver DNA rose by 76% over the normal even
though the molecular population of hydrocortisone~treated
and non-treated liver DNAs were identical. It has also
been reported that hydrocortisone stimulates the‘trans—
cription of DNA (Lang, 1968). It has therefore been
suggested that induced hyper-methylation of DNA under the
influence of hydrocortisone might take part in the
functional acti?ity of the cell as the hyper-methylation

concerns not merely the structural but apparently the
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regulatory gene (Romanov et al, 1976).

The level of DNA methylation of a polyoma virus transformed
baby hamster kidney cells is higher by 2-fold than the level
of DNA mesthylation in the non-transformed hamster cells
(Rubery and Vewton, 1973; Nass, 197%; Browne and Burdon,

. 1977). DNA cof baby hamster kidney cells transformed by
~adenovirus dype 12 (Ad 12); the HA12,”7 cell line, is highly
methylated than the non-~transformed hamster cell DNA
(GUnthert et ali, 1976) and so is the RNA rouse sarcoma

virus transformed BHK-21 cells (Nass, 1G73). Recent studies
have shown that the level of 5-methyl cytosine in rat
hepatoma cell DNA is the same as thét in rat liver DNA

(2.4 mole%) (Singer et al, 1977). Tt hzs therefore been
argued that the abnormal methylation of DNA is not necessarily
correleted with cancerous growth - a view shared by Grant

et al (1973) who showed that the 5-methyl cytosine content

in a mouse non-necoplastic cell line is the same as that of

the neoplastic line derived from i%t.

3.1.6 Changes in DNA Methylation of Brein Cells During

Development of @ Conditioned Relflex

During the development of a simple feeding conditioned reflex,
there was a 15-26% increase in the level of S-methyl cytosine
residues of the DNA of brain cells. This increase was
temporarily linked to the activation of the cell genome in
different brain regions. In the case of long-term memory,
there was a 10% increase in the level of S-methyl cytesine

in the DNA of those regions (cortex, hyppocampus) which are
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directly associated with the formation of a conditioned.
reflex (Vanyushin et al, 1977). These differences were
reported to reflect a change in the level of DNA methylation
during learning. The drawback to this experiment is
primarily the method used to determine the S-methyl cytosine'
level, This consists of perchloric acid digestion of un-
labelled DNA and subsequent separation of the bases on thin-
layer chromatographic plates ané elution of the spots
followed hy analyses by U.V spectroscopy. This technigue
gives results that are‘nonnreproducible. In fact the
differences in S5-methyl cytosine level might only be due to
errors introduced by the technique ﬁsed, Secondly if the
levels reported are real, it might be necessary to classify
the character of DNA'methylation during a more prolonged
development such as "automisation" of cenditionsd reflexes,

forgetting and acute fading of developed habits.

3.1,.7 Methylation of Mitochondrial DNA

Contrasting reports have been made about the level of methylation o
mitochondrial DNA. Whilst Nass, 1973 reported that the

ievel of 5-methyl cytosine residues in mitochondrial DNA

of mouse I cells and variants of BHK cells studied were
ﬁne—fourth to one-fourteenth the level in nuclear DNA of

these cells, Dawid, 1974 reported that no S-Eethyl cytosine
residues exist in the mitochondrial DNA of HeLa and Xenopus
laevis cells. On the other hard, Vanyushin and Kirnos (1976,

1977) after studying the base composition, pyrimidine
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clusters and character of methylation of mitochondrial and
nuclear DNAs from mammals, fish and hirds, reported that
despite species differences in G+C content and low pyrimidine
clustering of mitochondrial DNAS,.OH the whole, the methyla-
tion of mitochondrial DNA surpass by 1.5 = 2 times the
methylation in nuclear DNA. In the studies described, the
eitraction of mitochondrial DNA was carried out under *the mest
meticulous conditions to avoid nuclear DNA contaminatior.
Examination of the final mitochondrial DNA preparation under
the electron microscope showed circular shapes of contour
lengths 4.5 - 5.5um which fit in with known shapesand

lengths of mitochondrial DNA (Vanyushin and Kirnos, 19706;
1977). From the above data, it ié difficult to establizh
whether mitochcndrial DNAs.are more/less methylated than
nuclear DNA. However, like nuclear DNA methylation,
mitochondrial DNAs are species specific in their gross con-
tent of S5-methyl cvtosine residues. It can therefore he
suggested that this might have some biological significance.
Sagér and Kitechin, 1975 have postulated that mitochondrial

DNA might be iuvelved in restriction-modification mechanism.

3,2 Restriction~Modification (R-M) Mechanism in

Bacterial Cells

Fe2.1 The R-M Mechanism

Studies on bacteriophage-cell interaction have revealed that
bacterial cells contain on the one hand restriction enzymes
which recognise specific set of nucleotides within DNA znd

make a double-stranded cleavage, and on the other hand,
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modification enzymeswhich recognise the same nucleotide
sequence and modify them to prevenf them from being cleaved
(Arber and Dussoix, 1962; Dussoix and Arber, 1962; Arber,
1974).  Paradoxical though this might sound, it simply
means that an unmodified DNA entering a bacterial cell is
destroyed by the cell's restriction enzyme unless this in-
vading DNA has been modified at the restriction sites. The
whole niechanism of restriction and modification can therefore
be viewed as a defence mechanism whereby bacterial cells
defend themselves against the intrusion of foreign DNA -

be it a phage particle or naked DNA. But bacterial cells
do not destroy their own DNA by harbouring a site specific
restriction enzyme and thié is because these sites have all
been modified (Arber, 1974). However, not all modification
Siﬁes are sites for the restriction enzyme (Hattmann et al,

1973).

34242 R-M Nomenclature

The nomenclatural system used in this Introduction is essent-
ially that used by Smith and Nathans, 1973. This system
abbreviates the name of the organism (e;g. E. coli becomes
Eco) and the enzyme specified by a virus or plasmid
identified with a suffix (e.g. Eco P1 or Eco Rl). EcoK

is determined by the genome of E. coli KlEQAEcm B by the
genome E. coli B; Eco Pl by the phage Pl; Rl by the
resistant factors R124 and RY-5; and RII by several

resistant factors e.g. R factor N3. The system hsd
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(host specificity for DNA) is used for the genes determining

DNA restriction and modification activities.

3e2e3 The Products of Modification

The products of modification usually consists of methylation
of the N-6 amino group of adenine residues in a specific DNA
sequence (Meselson and-Yuan, 1962; ‘tiaberman et al, 1972;
Hedgpeth et al, 1972; Haberman, 1974). For example in
the Eco Rl system the sequence below ig recognised and

me thylated

5t - A/TpGPAPAPTPTPCPT/A - 3°
51 ~ T/ApCpTpTpApApGpA/T - 5°
. ' *

* shows methylated hases.

If the adenine residues are not methylated, the restriction

endonuclease cleaves as shown bhelow:-

5! - A/Tpd%ApAprTpOpT/A - 3
31 - T/ApCprTpApAggpA/T - 5

¢ indicates cleavage sites.

In the E co RII system methylation is at the 5-carbon of
cytosine residues (Bigger et al, 1973; BRoyer et al, 1973%).

Another type of modification is gilucosylation of phage DNA
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which protects it from degradation by specific nucleases
in E. coli cells (Revel, 1967). In this Introduction the

products of modification will be limited to methylation.

3.2.4 Classes of Restriction Endonucleases

Restriction depends on an endonuclease that recognises the
same specific DNA sequence as the modification methylase

and .-provided it is unmodified it introduces successive
cleavages in each strand resulting in a double»étranded

break at that sequence or elsewhere in the DNA. The sites

of cleavage are symmetrical. They exhibit two-fold rotat-
ional symmetry zabout an axis perpendicular to the helical axis
of the DNA. The restriction endonucleases can be divided
into two classes:i~

The Class I-typs enzymes require ATP, Mg2+

and S-~adenosyl
methionine as cofactors for their activity. They recognise
specific sites on DNA, however the points of cleavage appear
to be random and the cleavage products are heterogeneous.
Thus no specific fragments can be detected by gel eclectro-
phofesis. Following cleavage the restriction endonuclease
is converted into an efficient ATPase. This class embodies
the B. coli B and X restriction systemS'and the bécteriophage
Pl restriction system (Meselson and Yuan, 1968; Haberman
et al, 1972; Arber, 1974; Haberman, 1974).

The Class II-type enzymesAutilise Mg2+ as cofactor and make
a double stranded cleavage at a defined site which is aiso

the site recognised by the corresponding modification



methylase,

systems (Hedgpeth et al, 1972:
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Bigger et al, 1973; Boyer et al, 1973).

Below is shown a summary of the properties of the two classes:-

Tahle 1:

This class consists of the Eco Rl and Eco RIT
Metz and Davis, 1972;

Classes of Restriction endonucleases

Properties.

- Class II

Cofactor requirements
Molecular Weight

Subunits

Points of cleavage

Products of Restriction

Examples

ATP, Mg<t, SAM
200,000-450,000

3 Y -~ hsdS
a = hsdR
B« dsdM

Remote from
recognition site

Hetexrogeneous
fragments

EcoB Eeo kK
E co PL

Mg2+

80,000-100,000
2

At recognition
site

Discrete
fragments

EcoRL, Eco RII

from Arbver, 1974
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3.265 The "hg Genetic ModelM

A model which explains the R-=M system at the genetic level
has been proposed. This model postulates that the gene
hsdS (S stands for specificity) codes for a polypeptide
which is used in both Testriction and modification in the
recognition of sites. The products of another gene hsdR
(R stands for restriction) is required for restriction re-
action but probably not the modification activity and yct
another gene hsdM (M stands for modification) codes for
proteins required for modification only (Arber and Linn,
1969; Boyer and Roulland Dussoix, 1969; Glover and
Colson, 1969; Glover, 1970) . Hence a modification
deficient (m-) mutant could be r m if the mutation affects
the hsdS gene and this could be lethal in haploid cells as
the restriction enzymes will destroy the unmodified cellular
DNA. In fact this has been found to be the case (Arber,
1965; Arver and Tinn, 1969; Boyer, 1971). The hs gerctic
model has been supported by genetic complementation studies
which suggesi that in the E. coli B'and K R-M system, tuhree
closely linked genes code for three diffusable proteins fof
restriction, rmodification and specificity (Eskin and Linn,
1972). In the K co B system the largesﬁ of the three gene
products, the g-subunit (see Table 1) is required for
restriction but not modification. Hence recognition must
be by one of the smaller subunits (the y subunit which is

the product of the hsdS gene) (Arber, 1974). In contrast;,



in the R~M system R1 and RII, coincident recognition in
restriction and modification is made by a dimeric form of
a single gene product which also exerts the cleavage or

the modification functions respectively (Arber, 1974).

5.3, Other Roles of DNA Methylation in Prokaryotes

DNA methylation in bacterial cells protects DNA from being
degraded by strain specific restriction enzymes (see section
3.2) But ornly a limited number of methylated bases are
involved in the R~} system. Despite extensive studies
there is no evidence that the 6-methyl adenine and S-methyl
cytosine modifications by potent and specific methylases are
related to any other function. Ekperiments in which a |
phage induced enzyme destroys the cell's S-adenosyl methione-
ine supply virtuwally eliminating 6-methyl acdenine and 5-
methyl] cytosine from the DNA, did not show any defect or

alteration in function of the cell (Gefter ¢t al, 1966).

A nunber of experiments have been carried out to determine
other roles for methylation but the data available are so
variable that it is not possible to reéeh any further
conclusions. Greenberg and Krasna, 1976 showed that

in vitro enzymically methylated DNA from Bacillus subtilis

and bacteriophage #105 were not different from the un-
methylated DNAs in terms of physiochemical properties and

e et o . - . .
template activity for in vitro asscys involving DNA and
NN

o
pam——



RNA polymerases. Nevertheless methylation of these DNAs
led to 50% decrease in transforming ability in two strains
of B. subtilis tested. Furthermore the ability of G105
DNA to rescue a defective phage strain was decreased 50%
by methylation (Greenberg and Xrasna, 1976). Marinus and
Morris, 1974 reported that the DNA izolated from E. coli
with a mutation in DNA adenine methylase was sensitive to
U.V. and mutagens and contained single-stranded breaks.
The 6-methyl adenine content of the DEA from this mutant
was 0.08 mol% in contrast to the wild-type which contained
0.5 mol% 6-methyl adenine residues. They suggested that
the role of 6-methyl adenine residues is to protect DNA from

nuclease degradation. The occurrence in Diplococcus

pneumoniae of R.Dpn I, an endonuclease specific for methyl-

ated DNA in addition to R.Dpn II another endonuclease
specific for unmethylated DNA (Lacks.and Greenberg, 1975)
suggests that in these cells control and regulation of DNA
methylation is very important and that DNA methylation
might have a role other than that of protecting DNA against

endonucleolytic action.

A biological role of DNA methylation has been established in
the maturation of @¥174 bacteriophage, The #¥174 DNA cone
tains only one methylated base, a 5-methyl cytosine, in the
5,375 nucleotide genome. The methylation process occurs
at a late stage in the phage DNA maturation and it i1s cata-
lysed hy a phagewinduced DNA methylase. It has been post-

ulated that the 5-methyl cytosine moiety in @#X174



bacteriophage DNA is recognised by a specific endonuclease
which mediates the excision of one-genome long viral DNA
which is followed by a ligase activity in the maturation
of the bhacteriophage (Friedman et al, 1977, Friedman and

Razin, 1976).

3.4 R-M Mechanism in Bukaryotes

3.4.1 Fate of Undermethylated DNA in Bukaryotic Cells

Nuclear DNA synthesis is unaffected for several hours in
mouse 373 cellz or 8V40-transformed 3T3 cells deprived of
methionine (Culp and Rlack, 1971). However the newly
synthesised DNAs become 30-40% deficient in their normal
complement of 5Se-methyl cytosine residues. This methyl-
deficient DNAs appear to be stable in vivo and are not

hydrolysed to acid soluble nucleotides.

The fact that methyl-deficient DNAs arc not degraded in
mammalian cellis in contrast to their lability in E. coli
1577 cells (Lark, 1968) perhaps points to +the presence of
a highly organised complex of nucleoprotein (chromatin)

in mammalian cells which might protect.the DNA froﬁ the
extensively organised nucleclytic breakdown seen in
bacterié. Also the methyl-deficient DNAs described above
are hemimethylated (i.e. only one strand of the duplex DNA
is deprived of methyl groups) and if R-M mechanism occurs
in eukaryotes as described in bacteria, then such DNA woula
be protected against endonucleclytic cleavages (Arber,

1974).
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3.4.2 Selective Silencing of Eukaryotic DNA

_While it is debatable whether R~M mechanism exists in
eukaryotié cells, a number of developmental processes have
been observed in eukaryotic organisms for which no mechenisme
are known, These are the processes which have been recently
implicated in R-~M mechanism in eukaryotes in a review by
Sager and Kitchin, 1975. These processes range from
selective (uniparentél) inheritance of chloroplasts (Sager,
1972; Sager and Lane,Ai972; Sager and Ramanis, 1974 aj; b)
and mitochondrial DNAs (Bolotin et al, 1971; Perlman and
Birky, 1974), chromosomal elimination in interspecies
somatic cell hybrids (Weiss and Ephrussi, 1966; Carlile,
1972) to X~chromosome inactivation in placental mammals
(Lyon, 1961; 1968; 1972; Brown and Chandra, 1973%; kiggs,
1975). |

3.4.3 Selective Destruction of DNA in Chlamydomonas

From the above mentioned (section 3.4.2) set of genetic
phenomena, the most extensively studied is the selective

destruction of DNA in Chlamvdomonas. In the sexual alga

Chlamydomones, inheritance of the chloroplast genome is
non-Mendelian (maternal) as a result there is selective
degradation of.the chloroplast DNA of paternal origin thsat
occurs in the zygote (Sager and Lane, 1972). It has been
postulated that the molecular mechanism of this degradation
is a restriction-modification process (Sager and Tane, 1972;

Sager and Ramanis, 1974 a; b). The strongest experimental



evidence yet for R-M system in Chlamydomonas is from

experiments demonstrating modification of maternal DNA
(Sager, 1972; Sager and Lane, 1972; Schlanger and
Sager, 1974). Since maternal DNA is modified it is
'retained but restriction-type enzymes degrade the

paternal DNA which is unmodified.

Recently a deoxyribonuclease activity has been detected

in extracts of Chlamydomonas vegetative cells (Burton

et al, 1977). This ehzyme has some of the properties
of a restriction endonuclease, namely that, upon
cleavage of adenovirus-~2 DNA it produces a discrete

and specific fragmentation pattern (Burton et al, 1977).
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AIMS OF THE PRESENT STUDY

In view of the species and in particular tissue specific
variation in the level of DNA methylation in eukaryotes,
hone of the aims of this study was to determine likely
explanations for the extensive differences in DNA methyl-
ation in two BHK-21 cells routinely grown in this Depart-

ment. These two BHK~21 cells are BHK-21/C1% and

BHK-21/PyY.

A second objective, a more general one, was to determine
whether DNA methylation in eukaryotic cells, like DNA
methylation in prokaryotes, is part of a modification-

cleavage mechanismn.
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MATERTALS
1. BIOLOGICAL
1.1 Cells

‘Hamster BHK-21/clone C13 cells (Macpherson'and Stoker, 1962),
and hamster BHK-21/PyY cells ( S toker, 1964) are cell lines

maintained routinely in this Department.

1.2 Deoxyribonucleic Acids

DNAs from calf thymus, salmon testes, E. coli type IV

(strain B), Micrococcus lysodeikticus were purchased from

Sigma, London Chemical Co. Ltd., Kingston-Upon-Thyme, Surrey.

Phage A and @X174 DNAs were purclhased from Miles Laboratories
Ltd., Stoke Poges, England. oV40 DNA was provided by Mr.
John Logan of this Department and Dr. R.L.P. Adams, also of
this Department, supplied 14O~deoxycytidiné lébelled methyl--
deficient mouse 1929 DNA (Adams asnd Hogarth, 1973) and T~929

bromodeoxyuridine labelled DNA.
Aedes aluopictus was kindly donated by Dr. K. L. P Adams.

1.3 Proteins and Enzymes

Bovine serum albumin Armour Pharmaceutical Co.,
Ltd., Eastbourne, England.
Sl nuclease _ Calbiochem Ltd., Herefcrd,
Ingland.
Alkaline phosphatase Whatmar: Biochemical I.td.,
: Kent.,
Snake venom phosphodiesterase Worthington Biochem Co.,

Freehold, New Jersey.

Calf serum Bio-cult Laboratories Ttd,,
Paisley, Scotland.
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2. CHEMICALS
2.1 Chemical Reagents

Most of the chemicals used were

Analar reagents supplied by

B.D.H., Chemical Ltd., Poole, Durset®, except for the

following:-

Toluene (A.R.) grade
2,5=diphenyloxazocle (P.P.O)
(scintillation grade)

Tween 80

Trichloroacetic acid (T7.C.A.)

Hyamine hydroxide (1M Solution in
methanol)

Trifluoroacetic acid (T.F.A.)
Amino acid mixture

Vitamins

Penicillin

Streptomycin

Tryptose phosphate broth
Kodirex KD 547 (35 x 43 cm)
DX-~80 developer

FX-40 X-ray liquid fixer

Cellulose acetate electrophoresis
strips (90 x 25 cm)

Polygram cel 300 DEAE

Formamide (Fluka)

¥oach-light
Colnbrook,

Laboratories Ltd.,
England.

Fisons Scientific Apparatus
Loughborough, England.

Aldrich Chemical Co.
Middlesex,

Ttd.,

Rio-cvlt Laboratories ILtd.,
Paigliey, Srovland.

n

Glaxo Pharmaceuticals,
London., '

Oxoid Ttd.,; London.

1]
Kodak Ltd,, Manchester.

1]

Y

Oxoid Ltd., London.
Macherey-Nagel and Co.,
Camlab, Cambridge.

Fluorschem ILtd., Derbyshire,’
England.



Agarose (for electrophoresis) Sigma London Chemical Co.
Ltd., Kingston-Upon-Thyme,

_Surrey.
Ethidium bromide "
Dithiothreitol | "
Thymine, adenine, guanine, on

cytosine and 5-methyl cytosine

2.2 Radiochemicals

32

carrier free (supplied in a Anersham
solution ofdil HC1)

L—[methyl~14C] methionine "
(55 mCi/mmole)

[6~°H] Thymidine (23.7 Ci/mmole) | "
Smadenosylew[methyln3HJ methionine "

(500 mii/mmol=; 11.4 Ci/mmole)

2.5 Chromatographic HMaterials

2.3.1 Paper Chromatographic Materials

Whatman No. 1 H.
Ltd. . London

Whatman 52 "
n 3MM . "

2.3.2 Column Chromatograrvhic Materials

Sephadex G25 (medium) Pharmacia Uppsala,

P-orti:ophosphate (52Pi 2mCi/ml) Radiochemical Centre,

Reeve~Angel and Co.

Sweden,

Hydroxyapatite (Bio~gel H,T.P.) Bio-Rad Laboratories,
Richmond, California.

Hydroxyzapatite (Bio~gei H.T.P.) "
DNA grade

DEAE-cellulose (pre swollen) Whatman Biochem.

microgiranular Kent.

Tta.,
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5. STANDARD SOLUTTIONS

3.1 Solutions for Cell Culture

These consist of a mixture of amino acids, vitamins,
inorganic salts and antibiotics of the following compos-

itiong~-

Table 2: Constituents of Fagles Minimum Essential
¥ Medium (M.E.M) As Used in the Biochemistiry

Department, Glasgow University (Busbv et al, 1964)

M,E.M Amino Acid Formulation

R
mg/litre

L-arginine | 126,40
IL~cysteine 24,00
L~glutamine 29z.00
L-histidine HCI 38.70
L-iscleucine 52.50
L~leucine 52.50
L-lysine 7%.10
L~methionine 14.20
L-phenylalamine .5%.00
L-threonine 4'f 6D
Lwtryptbphan 10,20
L-tyrosine %6.20

L~valine 46.90
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M.E.M, Vitamins

mg/litre

D-calcium pentothenate 2.0
Choline choride 2,0
folic acid 2.0
i-inositol 4.0
nicotinamide 2.0
pyridoxal HCL | 2,0
riboflavin ' 0.2
thiamine HC1 2.0

Formulation of Inorganic Salts and Other C omponents (BSS)
(Barle, 1947%)

ng/litre
Cacla, 61,0 393.0
KC1 - 400,0
MgSO4?7H20 200,0
NaCl 6800.0
Nal,P0,.2H,0 140.0
glucose 4500.0
NaHCO3 2240.0
phenol red 17.0
streptomycin ; 100.0

penicillin 100,000 units.



METHODS

1. CELL, CULTURE TECHNIQUES

1.1 Growth of Cells

BHK-21/C13% and BHK-21/PyY cells were grown as monolayers in
80 oz. or 20 oz. bottles, The growth medium consisted

of Glasgow's modification of Kagle's minimum essential

medium supplemented by 10% (v/v) calf serum (Busby et al,
1964), 10% (v/v) tryptose phosphage broth (Difco), penicillin
(100 units/ml) and streptomycin (100ug/ml). Each bottle

7

was seeded with 3 x 10’ cells and grown for 2 days at 77°C

in an atmosphere containing 5% CO,.

The stock culbtures were routinely examined for contamination
by fungi and yeasts using Sabouraﬁd's medium, Bacterial
contamination was monitored with blood agar plates and
mycoplasmal contamination using mycoplasma agar (Flow

Laboratories).

1.2 Labelling of Cells

32

1.2.1 With °“P0, or [6-°H] Thymidine

Cells were labellcd 24 hours aftef seeding. The normal
medium was poured off and fresh medium containing 2 mCi(BgP)
orthophosphate or 1OOuCi'[6—3H] thymidine (26,4 Ci/mmole)
were added, The cells were grown for 48 hours at 3700 in

5% GO, atmosphere.



1.2.2  With L[methyl-l%c] methionine

The method used was a modification-of the method used by
Nass, 1973. Cells growing in logarithmic phase were trans-
ferred into a medium deprived of methionine but containing
2% (v/v) caly serum and 1 uCi/ml Lf[methyl—l4c] methionine
(55 mCi/mmole) a2nd grown for 2 days (approximately 2 cell
generations). 1 mg/ml sodium formate was added to the

medium no reduce the introduction of non-specific label

into bases via the one-carbon pool (Nass, 1973).

1.3 Harvesting of Cells

The culture medium was decanted and the monolayer of cells
was washed with ice cold BSS (see Materials 3.1). The cells
were scraped off using a rubber wiper and collected by centri-

fugaticn at 1,560 rpm for 10 min at 4°0C.

2, ISOLATION OF DNA

2.1 Preparation of Nucleil

Cells harvested as described above were first allowed to
swell in RSB medium [10 mM-NaCl/10mM Tris-HCl, pH7.4/1.5 mM
MgClz] for 10 min. The cells were resuspended in 1% (v/v)
Tween 80 in water and homogenised. The resvlting nucleil
were collected by centrifugation at 2,500 rpm for 10 min.
and washéd tThree times in RSB medium and stored_as a pellet

o) ,
at ~20°0C for less than 4 weeks.
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2.2 Extraction of DNA

DNA was prepared by the method of Hell et al, 1972, The
nuclear pellet was suspended in 20 vol of MUP medium

[8M urea/0.24M sodium phosphate buffer pH 6.8] con-
taining 1% (w/v) scdium dodecyl sulphate, 0.0iM EDTA, pH6.8,
It was sheared in a sealed, filled container with a VWaring
blendor at fuvll speed for 6 periods of 15 sec each, alter=-
nating with 30 sec cooling in ice. The homogenate was then
poured into a ‘thick slurry of hydroxyvapatite (2g of HAP per
1g of nuclei) in MUP and the mixture was stirred gently at
room temperature for 1 hour. The slurry was poured into a
sintered glass funnel (Gallenkamp Sintz glass No. 3) and

the liquid drawn under low suction. The hydroxyapatite was
washed free of RNA and protein with MUP wntil no further
materizal was elnited by E26O and E280 measurements on the
effiuent. Urea was removed by washing with 0.014M sodium
phosphate buffer pH6.8. The removal ¢if urea was monitored
by refractive index measurements on the af fiuent. The DNA
was eluted with 0.4M sodium phosphate 16,3 and dialysed for
18 br. against 10 vol dietilled water at 4°C.  Solid NaCl
was added to a concentration of 0,2M and the DNA precipitated
with 2 vol of absolute alcohol at -20°0 for 18 hr.  The
DNA was ccllected by centrifugation at 16,000g for %0 min.
and dried in air at room temperature. The DNA precipitate
containzd considerable salt and this can be removed by |
extensive dialysis in 0.05M NaCl. The DNA prepared this

way has E26O/E280 of 1.8=1.9 and an average single-stranded
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6

molecular weight of 1.1 x 10~ daltons and contains 0.5%

RNA and less than 1% protein.

2.3 Shearing of DNA

DNA in 0.1 x ssc¢ (0.015M NaCl, 0.0015M trisodium citrate
PH7.0) was sheared by sonication using a Dawe soniprobe.

The DNA solution was placed in a glass vial and kept coid

on ice, Twelve successive cycles of sonication of 15 =zec
at 7 amperes followed by 45 sec cooling were performed.

The average number of base-pairs produced by this method was
determined by Dr. A. Campbell of this Department using the

Zimm plot technique (Campbell.and Eason, 1975).

S STUDIES ON BHK-21 CELL DNA

3.1 Reassociation Kinetics (Young et al, 1976)

The sheared DNA (ebout 200 base-pairs) was dialysed exiensive-
ly in sterile distilled water. [6~3H] thymidine labelled
BHK~21 cell DNA was mixed with [14C—methy1] labelled DNA

in the proporsion of 200:1 in terms of radioactivity. The
mixture of DNis waé lyopilised and redissolved in buffer H
[0.5M NaCl, 25mM Hepes, 0.5mM EDTA, 50% (v/v) formamide

1

(fluka) pH6.3 The DNAs were diluted with buffer H to

the regquired concentration and SOul'portions were sealed in
glass capillaries and heated at 65°C for 10 min. to densture
the DNA and then incubated at 43°C for various lengths of
time, The Cot values were computed on the basis that the

reassociation of DNA in a concentration of 83ug/ml for 1 hour

cdrresponds to a value of Cot 1 (Britten and Kohne, 1968).
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The parameter Cot is expressed in moles of nucleotides

times seconds per litre. The value will therefore depend

on the concentration of DNA and the *ime of the reassociation
reaction. After incubation for the required time, the con-
tents of each capillary were fiushed with 0.2ml of a buffer
consisting of 0,07M sodium acetate (pH4.5), 2.,8mM ZnS0y s
0.14M NaCl. 50 units of Sl nucleace were added and incubated
for 3 hr. at 37°C. O.1lml aligquots were taken before and
after the Sl nuclease digestion and precipitated onto
Whatmann 3MM discs by cold 5% {(w/v) trichloroacetic acid,

The filters were washed twice in methyvlated spirit and once
with ether and dried in air. The radioactivity was calcul-

ated by scintillation spectroscopy.

3.2 Melting Curve of DNA

The DNA was dissolved in cacodylate buffer (0.01M Na™) pH7.0.
The DNA solution was freed of dissolved air by evacuation

and the quartz cuvettes were covered during the experiment

to minimise evaporation. The actual melting was performed
with a Unicam SP800A ultraviole?l spectrophotometer with a
Scalamp thermocouple galvanometer attachment. The rate of

heating was 2°C/min,

33 Analysis of S-methyl Cytosine Level in DNA by

Mass Spectrometry

These studies were done in collaboration with Mr. Anthony

Ritchie of the Department of Chemistry, University of Glasgow.
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3.3.1 Preparation of Sample (Deutsch et al, 1976)

Samples of DNA (about 100ug) and 40ug of 5-methyl cytosine
and thymine were treated separately with trifluoroacetic

acid (TFA) in sealed ampoules at 180°C for 30 min.  The
trifluorocacetic acid was removed by vacuum evaporation and
the digested products were dissolved in water and 1yo£§1ised;
An equivalent of 20ug of the solid was dissolved in 10pl
methanol (Analar grade) and taken up in a capillary tube

which was sealed at one end.

5.3.2 Low Resolution Mass Spectrometry (MS 12)

Methanol was removed from the sample by vacuum evaporation
at 2590, The sample was heated in the ion-source by tne
probe heater from 25°0 to 250%¢, The conditions used were
8KV, 70eV, 5C0nA. Ton chamber temperature and pressure were
180°C and 0.13%% x 107 7Pa respectively. At various temper-
atures registerzd8 by the probe heater, mass spectra weve
recorded on an ultraviolet recorder in the mass range orf
20-600. Figs %a, b, ¢, d show the low resolution mass
spectra of RHK-2]/PyY DNA in the mass raﬁge of 80-180 a%
25°¢, 100%c, 130°C and 170°C.

%.3.3 High Resolution Mass Spectrometry (MS 9028)

Under the conditions used for the low resolution mass spectro-
metry studies certain amounts of (M=-1l) ion of thymine (<K1%
were present at m/e 125 (i.e. at the expected position of

the 5-methyl cytosine). Similarly carbon-13 isotope of



Fig 3

Mass spectra of trifluorocacetic acid treated

BHK-21/PyY DNA

40pg BHK«él/PyY DNA was treated with trifluoro-
acetic acid in sealed ampoules at 180°C for

30 min. The trifluoroacetic acid was removed
by wvacuum evapofation and the digeéted producﬁs
were dissolved in water and lyophilised. An
equivalent of 20pg of the soiid was dissolved
in 10pl methanol (Analar grade) and taken up

in a capillary tube sealed ét one end. The
methanol was rcmoved from the sample by vacuum
evaporation at 25°C and the mass spectra re-
corded on- an ultraviolet recorder in the mass
range 20-600. Part of this spectra (80~180)

recorded when cample probe was at
(a) 25°c, (v) 100%°C, (c) 13%0°c, (&) 170°c,

are presented,



.l\ |lii 1 1! i - |! Lll“{5J_u,}uu+|JjJ_l_u_u{rLud‘dALf&".%u“LL{.hJerflluiuLT_li—

100 120 140 160 180
Fig3(d 25°C m/e

=ll\l;|,...ll...;..l.|.l
80

—_———
SN

|
l ! I'\ 11 llu] l%l.. E Ul i iy -ll |)J.{.UJJHJAUIMLQAALL{,&L&.{MJT!.I.HQJJT_U%MM“
80 100 120 140 160 180

Fig 3(b) 100°C m/e

.l‘,""-l ..,.]I‘ll

]ul l]”lul.l.u llnl.l‘ Loadarand ibaonita o sy oot
L I R R [ T T

] Hn'.... ‘!n
t I I J ]

] I
80 100 120 %0 160 180
Fig 3 () 130°C m/e

Figﬁ(a},(b},(c) Muss Spectra of TFA- treated BHK-21/PyY DNA

._
-
-
Sy




Fig 3 (d) Mass spectra of trifluoroacetic acid

treated BHK-21/PyY DNA

(See previous page for legend)

Tig 4 High resclution mass spectra of a mixture

of S5~-methvyl cytosine and thymine.

A mixture of 5-methyl cytosine and thymine
(20pg) treated with trifluoroacetic acid
was put into thé direct heated probe of the
AEl MS 9025 mass spectrometer and the mass
spectra were recorded at 180°cC. The
positions of the various moleculap ions
were esiablished at a precision of *2ppm
with thymine as the reference ion. The
results were compared with calculated

values in the "mass and abundance tables".
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A =125.03509 (M-1) Thymine
B= 125.05851 5MC
C = 126.04292 Thymine

0 = 126.06225 |13¢) s-MC
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Fig4  High Resolution Mass Specira of a mixture of

5-Methyl Cytosine (5-MC) and Thymine.
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be-methyl cytosine which is one mass unit higher than the
5-methyl cytosine molecular ion, appeared at m/e 126, the
expected position for fhymine. ﬁigh resolution (70ppm)
showed complete separation of these peaks (Fig. 4) and the
identity of the ilon peaks were established using the peak
matching uwnit with a precision of s 2ppm using thymine as

a reference ion and comparing the resulting masses with the

, Lt .
calcul=ated ones in the "mass and abundance table",

The samples were introduced into an AEL MS 9025 mass spectro-
meter by means of the heated direct insertion probe. The
methanol in the saumple was removéd by vacuum at 25°¢C. The
conditions used in this study was similar toc those employed
for the ¥8 12 studies except that the resolution was T7O0ppm

at 104 valley. The sample was heated manually in the ion
source by the prébe neater from 50°C to 2709C. The reference
peak used was G2F5 toc establish the position of the S5-methyl
cytosine. Before every run, an additional reference peak
03F5 was used to check the position of the 5-methyl cytosine
peak, 03F5 flow was stopped and the readings were taken on
the collector meter for every 5°¢C rise in temperatﬁre by
measuring the pesak height of thymine and flicking ovér to
measure the peak height of the 5-metiiyl cytosine. As the

temperature was increased manually, the rate of increase in

temperature varied from experiment to experiment.

Fig., 5 shows the molecular ion yield of thymine and 5-methyl

cytosine of Aedes albopictus DNA treated with trifluorocacetic

acid.



Fig 5

Total molecular ion yield of thymine and

5-methyl cytosine of Aedes albopictus DNA

treated with trifluoroacetic acid.

Trifluorocacetic acid-treated Aedes albopictus

DNA was inserted into the heated insertion
probe of the mass spectrometer AElI MS 902S.
The sample was heated manually from 50°C to
270°C and the molecular ions were recorded
every 59C rise in temperatgre by taking the
reading cn the collector meter for thymine

and flicking over to take reading for 5-methyl

cytosine
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3.%.4 Processing of Results

To facilitate comparison of the different values of 5-
methyl cytosine in DNA samples, the relative molecular ion

yield (RMIY) was used for calculation.

RMIY = area of 5-methyl cytosine peak/area of thymine peak.
This value times 100 and multiplied by the ratio of thymine
to cytosine in the DNA gives the mole fraction of the
cytosinc that is methylated.

.

The molecular retio of thymine to cvtosine was obtained by
the native and melting spectral anslysis (Hirschman and

Felsenfeld, 1966),

4. BNZYME STUDIES
4.1 DNA Methylase Preparation
(a) Nuclaar scliuble fraction

Nuclei obtained from BHK-21 cells (section 2.1) were resus-
pended in buffer M [50mM tris-HCl pH7.8; 1mM EDTA, 1mM DIT
and 10% (v/v) glycerol] and made 0,4¥ with respect to NaCl.
This was stirred gently for 15 min at'@oﬂ and centrifuged
for 1 hcur at 12,000g to yield a prepsration termed nuclear
soluble fraction (NSF)

(b) Ammonium sulphate precipitation

NSF was dialysed for 4 hours against two changes of 100 veol

of buffer M. The dialysed NSF was made 32.5%-62.5% saturated
with ammonium sulphate according to the method of Holtman

et al, 19al. The precipitate from this step was collected

by centrifugation at 2,500 rpm for 30 min. The pellet was
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dissolved in 10 vol. of buffer M and passed through a column

of sephadex G25 (medium).- 6 x 2.5cm and %ml fractions were
collected.
(e) DEAE~cellulose column chromatography

The enzvme firaction collected from the column of sephadex
G25 (medium) was loaded onto DEAE-cellulose column (DE 52;
14 x 2.5cm) previously equilibrated by the passage through
it of 10 vol. of buffer M. The column was washed with one
vol, of buffer M followed by a linear gradient of buffer M
containing 0 to 0,5M NaCl, 3ml. fractions were collected
and assayed for protein (OD280) and DNA methylase activity.
The DNA methylzse was eluted as a single vezk at 0,1M NaCl
concentraticn. The pooled enzyme fraction from the DEAE-
cellulose column was dialysed for 2 houre against 2 litres
of buffer M.

(d) Hydroxyapatite column chromatography

The dialysed enzyme was loaded onto a %ml hydroxyapatite
column previously equilibrated with 100 vol. of buffer M

and the column was washed with 5 vol, of thig buffer and

the enzyme eluted with é linear gradient c¢f O to 1M

potassium phosphaie. The DNA methylase was eluted as a
single peak at 0,3M K2HPO4. The pooled enzyme was again
dialysed with two changes of 100 wvol, of buffer M for 4 hours.
The enzyme preparation was stored in 0.5ml portions in plastic
ampoules at -70°C until ready to be used. This purificat-
ion procedure sufficed for the DNA methylase from the

BHK-21/C13 cells as well as the activity from the
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BHK-21/PyY cells.

4,2 DNA Methylase Assay

~

The DNA methylase assay was done according to the method of
Turnbull ard Adams (1976). The standard assay mixture
(140pnl) contzined 40pg of DNA, 3,3uCi S-adenosyl-L-
[PH-methyl] methionine (1uCi/nmole) (obtained by mixing
different amounts of two different S—adenosylme[BH methyl ]
methionine of specific'activities 500rmCi/mmole and 10Ci/
mmole respectively) and 100pnl of enzyme protein in buffer M.
The reaction was initiated by the addition of enzyme and
incubated for 1 hour at 37°C (unless otherwise stated) and
terminated by the addition of 2ml of & stopper solution made
up of 0.25 3 NaCl, 2mM EDTA, 1% (w/v) sodium dodecyl sulphate,
3% 4-amino salicylic acid (sodium szlv), 5% (v/v) n-butanol

and 0.5mg/ml of salmon testis DNA,

The reaction nixture was deproteinized Ly mixing witgaphenol/
m-cresol,/8-hydoxyquinoline solution 88%/12%/0.1% (v/v/w).
After centrilfugation at 2,5001rpm for 20 min. the upper
(aqueous) layer was removed and the DNA extracted Ey centri-
fugation at 2,500 rpm for 20 min. after overlayering with

2 vol. ebsolute alcohol. The DNA was then treated with
0.2ml of 0.5M NaOH for % hr. at 37°C to remove RNA. (This
step has been found to be unnecessary as RNA is not methyl-
ated by the enzyme preparation). O,1ml aliguots of the

NaOH treated DNA was applied onto filter discs (Whatman 3MM;
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2.5cm diameter) and the DNA precipitated by 5% (w/v) cold
trichloroacetic acid. The filters were washed four times
with ice cold trichloroacetic acid followed by a wash with
ethanol and ether., The discs were then dried in air and the
radioactivity estimated by scintillaticn specirometry.

One unit of DNA methylase is defined as the amount of enzyme
which under the standard assay conditions, catalyses the

incorporation of 1 pmole of methyl group into E

-4 0
P,

coli bNa
in 1 hour.

Protein concentration was estimated by the Lowry technigue

(Lowry et al, 1951).

4,3 Scintillation Spectrometry

Paper discs or stripé and radioactive areas excised from
DEAE~cellulose thin layer plates were placed in scintillation
vials and treated with 0.5ml hyamine hydroxide (1M solution
in methanol) and incubated for 20 min. at 60°C. The radio-
activity was esfimated in toluene scintillator {0.5% (w/v)

diphenyloxazole in toluene),

4.4 S-adenosyl-L-methionine dependent DNase assay

4.4.1 Source of Enzyme

Nuclei from BHK-21/C13 cells were suspended in buffer R
[50mM tris-HC1l pH7.8, 1mM dithiothreitol, 12.5mM EDTA,
10% (v/v) glycerol] and made C.4M with respect to KC1,

stirred gently for 15 min. at 4°C and then centrifuged



| Assay of the BHK-2T SAM-~dependent nuclease Activity.

The assay mixture(20pl) consisted of 25mM Tris-HC1 pH 7.8, 6émM EDTA, 0.5xM
idithiothreitol, 55PM—66mH SAM, 5% v/v glycerol, ng phage N DNA and enzyme
i protein. The assay was initiated by the addition of enzyme and unless other

. wise stated the reaction mixture was incubated for Ihr at 3700.

—
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at 12,000g for 60 min. The resulting supernatant was
dialysed extensively against two changes of 100 vol of
buffer R and subsequently used as source of enzyme. The
enzyme was incubated with phage ADNA or other substrats
DNA and S-adenosyl-L-methionine (55uM to 66mM) at 27°¢

for 60 min.

4.4.2 Gel-Electrophoresis

The assay outlined in section 4.4.1 was stopped by the
addition of 20ul of a stopper solution made up of 20%
(w/v) sucrosze, 2% (w/v) sodium dodecyl sulphate, 100mM
EDTA and 0.05% bromophenol blué to 10pl of assay mixture,
The digested products were analysed by electrophoresis
through 1.5% (w/v) agarose gel for 105 ﬁin at 60mA por
gel, The gels were stained with lpg/ml ethidium bromide

and photographed uwuder ultraviolet light.

4.4.73 Sucrosge gradients

In some cases the products of the digestion were exanined
by velocity centrifugation. In such cases the reaction
was stopped by the addition of an equal volume of 0.5M HaCl
solution followed by quick freezing in ary—icenalcohol
mixture. The sample (80ul) was layered on 5-20% lineaw
sucrose gradients in 10mM tris-HCl pH7.9, 1mM EDTA, O,1M
NaCl and Centrifuged for 3 hr at 40,000 fpm in a SW 50.1

rotor at 20°cC.
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Three~drop fractions were collected on Whatman 3MM paper
discs and the DNA precipitated by washing with ice cold 5%
(w/v) trichloroacetic acid followed by two washes with
absolute alcohol and a wash with ether, The paper discs
were dried in air and the radioactivity estimated by

scintillation spectrometry (section 4.3%).

5. STUDIES ON METHYLATED SUBSTRATE DNA

5.1 Determination of Sl nuclease sensitive DNA

This was done according to the method c¢f Sutton, 1971 with
slight modificatiocns. The methylation reaction involving
substrate E. ggéi DNA and enzyme preparation from BHEK-21
cells was stopped as already described (section 4.2).
However the stopper solution contained heat deratured soni-
cated calf thymus DNA instead of the carrier saimon testis
DNA. The methylated DNA and carrier DNA were isolated and
dissolved in a buffer (0.03M sodium acetate pH4.5, 3 x 10”5M

ZnS0 0.01M NaCl) and 100 units/ml Sl nuclease were added.

4’
The reaction was carried out at 50°C and at 1 min intervals
100l aligquots were applied onte Whatman 3MM filters and the
DNA was precipitated on the filters by ice cold 5% (w/v)
trichloroacetic acid. This was followed by two washes with
ethanol and one wash with ether and the paper discs were

dried in air. The radiocactivity was estimated by scintill-

ation spectrometry (section 4.3%).



5.2 Tdentificationof the products of methylation

E. coli DNA methylated in vitro by the BHK-21 DNA methylases
was hydrolysed in 12N perchloric acid (100°C, 60 min) and
the liberated bases were chromatographed in n-butanol /HC1/
water (65/16.7/8.3%; +v/v/v) on Whatman Wo. 1 paper for

60 hrs.- The chromatographic paper was cut into strips and
the radioactivity estimated (section 4.%). More than 96%
of the radiocactivity co-chromatngraphed with a 5-methyl

cytosine marker.

5.3 Pyrimidine TIsostichs of E. ccli DNA methylated in

ST

vitro by BHK-21 DNA methylases

5.3.1 Depurination of DNA

B, coli DNA (40pg) methylated in vitro by either BHK~21/C13

or BHK-21/PyY DNA methylascs was mixed with 5230

. 4
32 . - . :
POAmlabelled DNA is to

Hela cell
DNA (80ug). The purpose of the
help identify oligonucleotides fractionated by this method
by means of autoradiography. Since the DNAs were collected
by alcohol precipitation,they were comtaminated with salt and
they were therefore desalted by dialysis against 10 vol
distilled water for 4 hr at 4°C. The Di¥As were lyophilised
and dissolved in O.lml distilled water and to this was added
0.2ml of freshly prepared solution‘of 3% diphenylamine
(recrystallised from aqueous alcohol) in 98% formic acid

(Burton and Petersen, 1960) and incubated for 18 hr at 3%7°C.
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5.3.2 Fractionation of Oligonucleotides
(Ling, 1972; Browne and Burdon, 1977)

The depurination reaction was stoﬁped by the addition of
0.,3ml distilled water and the diphenylamine was extracted
four times with 2ml of cold ethef. The oligonucleotides
obtained were lyophilised and fractionated by electrophoresis
at pH%.5 on 2.% x 25cm strips of cellulose acetate. The
strips were Tirst soaked in first dimension buffer (5% acetic
acid-T7i urea adjusted to pH3.5 with pyridine). The de-
purinated DNA was dissolved in 10ul of the same buffer and
applied as a spot 15cm from one end of the strip and a spot
of the marker dye [1% (w/v) Xylene cyanol FF (blue); 2%
w/v) Orange G (Yellow); 1% (w/v) Acié fuschin (pink)]
applied on gither sides. The rest of the cellulose acetate
strip was wiped clean.-of excess buffer before the strip was
placed in position in an electrophoresis tenk, Electro-~
phoresis wag carried out at 4.5 XKV for 50 min, After
electrophoresis the cellulose acetate strips were allowed

to drip to remove excess white spirit. The section 3-4cm
behind the bhlue dye and 3-4cm in front of the yellow dye was
placed 3cem from one of the short ends of the DEAE-cellulose
thin laver plates. Five strips of vwnaiman 3M4 paper

2.5 x 30cm soaked indistilled water were carefully placed

on top of the cellulose acetate strip oﬁ the DEAE~cellulose
thin layer plate. A glass plate was placed on top of the
wet Whatman 3MM strips to maintain efficient contact of the

cellulose acetate strip with the DEAE-cellulose plate.



~ 57 =

Water thus flowed into the layer transferring the oligo-
nucleotides onto the DEAE-cellulose layer. The DEAE-
cellulose thin layer plate was briefly chromatographed at
60°C with water until the front was about 5em up the plate.
This was designed to remove excess urea, transferred from
the first dimension, away from the origin which otherwise
interferes with the fractionation. Ascending chromatography
was then conducted with 80ml of homomix C at 60°C (Brownlee
and Sanger, 1969). The ascending front was soaked up wy a
wad of 2,5 x 30cm Whatman 3MM strips attached to the top of
the thin layer plate. The homochromatography took 24-%5 hr
to reach completion depending on the batch of DEAE-cellulose
plates used. rovnlee and Sanger, 1969 suggested the uze cf
three different homomixes for the second dimension fraction-
ation. In tnis study 5% homomix C was found to give the

vest seperation of fragments.

5¢303 Autoradiography

The DEAE-~cellulose plates were dried and marked with blue
ink containing [BSS] sulphate and placed over a sheet of
¥-ray film in a lead-lined folder.. These folders were

32
stored for 1 week for

PO4 labelled DNA registering 50c.p.=s.
on a minimonitor. The films were developed for 4-6 min,
washed with water and fixed for 10-12 min. Processing was
performed in a Kodak P3 X~ray film processing unit. An

avtoradiograph of the fractionated oligonucieotides of a
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mixture of E. coli DNA methylated by BHK-21/PyY DNA
methylase and 3213’()4 HeLa cell DNA is shown in Fig 6.

Fig 7 is the key to the autoradiograph in Fig 6.

5.3 .4 Estimation of Radiocactivity

Oligonucleotide containing areas were excised from the DEAE-
cellulose thin layer plate afier reference to autoradiographs
(see fig 6), placed in scintillation vials and the radio-

activity estimated as outlined in section 4.3%,

5.3.5 Calculation of percentage of 5S5-methyl cytosine

in each oligonucleotide fragment

The frequency of occurrence of b-methyl cytosine as measured
by the presence of tritium counts in =ach oligonucleotide
fragment has been expressed relative to the amount of tri-
tiated methyl label in the monopyrimidine (pCp) fragment
expressed as 100%. Thus the p2rcentage methylation of any

fragment can be expressed as

N
X X 100
Ncyt
where N_ = ’H in oligonucleotide (x)
. T :
and Ncyt = “H in the pCp spot.

Tritium counts were corrected by substrating from the total
3H counts the counts arising as a result of spill-over from

the 32P channel,



Fig 6 An auvtoradiograph of pyrimidine isostichs of a

mixture of E. coli DNA methylated by BHK-21/PyY

DNA methylase and ~°P0,-labelled HelLa-cell DNA

4

E. coli DNA (40ug) methylated in vitro by BHK-21/
PyY DNA methylase was mixed with 32130,Jr HeTa~cell
DNA (80ug). The two DNAs were aepurinated and
fractionated in two dimensions by electrophoresis
on cellulose acetate strips at pH3.5 in one .
dimension followed by homochromatography in the
other dimension. The spots were excised and
their tritium content estimated by scintillation

spectrémetry. For details see Methods Section 5.3.

o] Diagram cf a two-dimensional fractionati o
Fig on

pyrimidine isostichs

This is a diagram of the autoradiograph-in Fig ©
showing the fractionation of pyrimidine isostichs
in two-dimensions by electrophoresis at pH3.5
on cellulose acetate strips in one dimension

and by homochromatography in the other dimension,
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5.4 3" end analyses of methyl groups in dipyrimidine

isosticns

5.4.1 Removal of dipyrimidine spots from DEAE-cellulose

thin layer plates

The areas corresponding to the ¢ Ty and (OT)P7 spots were
3 5

vl

scraped from the DEAE-cellulose thin layer plates, washed
with absolute alcohol to remove urea, eluted with 30% (v/v)
triethylamine carbonate (pH 10.0) and dried three times,
each time re-wetting with water to effect complete removal

of triethylamine carbonate.

5.4.2 Enzymic digestion of dipyrimidine fragments

The eluted oligonuclecotides were dissclved in 10pl of buffer
(0.1M tris~-HC1 pH8.9; 0.01M MgCl,) containing Spg bacterial
alkaline phosphatase and incubated at 37°C for 30 min, The
required amount of alkaline phosphatase was collected by
centrifugation at 5,000g for iC min from an ammonium

sulphate solution. The pellet was dissolved in the above buffer
(Ling, 1972). The reaction was stopped by maling the
reaction mixture 0,001 with respect to EDTA and heated for

3 min at 90°C., (Min~Jou and Fiers, 1069),

100pg snake venom phosphodiesterase and 10mM MgCl, in a
total volume of 20ul were added and the digestion continued
for 1 hr at 37°C. The snake venom phosphodiesterase

purchased from Worthington was purified before use by
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the method of Sulkowski and Laskowski, 1971, The snake
venom phosphodiesterase (5mg) was dissolved in 0.6ml of

water in the bottle in which it was pvrchased and 0.25ml of 1%
acetic acid was added. The enzyme was incubated at 37°¢ for
3 hr and then transferred to an ice bath where 0.lml of 1%
NH4OH and 0.05m1 of 1.0M tris-HC1l (pHS.0) were added. 100.1
porticns of the enzyme solution were stored in lyophilised
state in small glass ampoules. This treatment removed 5'-
nucleotidase activity by a factor between 100 and 1000~fold
without loss of exonuclease activity (Sulkowski and Laskowski,
1969). Before use the lyophilised enzyme was dissolved in
O.1M tris-HC1l »H8.9, 0.01M MgC12. Snake venom phosphodi-
esterase treatment of the dephosphorylated dipyrimidine
fragments yielded 5; mononucleotides and these were seperaield
by electrophoresis in a buffer (5% acetic acid pH%.5 adjusted
by addition of pyridine) at 80v/cm on Whatman 52 paper for

35 min.,

5.4.3% Identification of 5' mononucleotides

The fractionated mononucleotides were identified by auto-
radiography a&s described in section 5.%.3. The spot was

cut and the radioactivity estimafed by scintillation speciroe
metry (section 4.3), Fig 8 shows the autoradiograph of the
dipyrimidine fragments 02P3 and (CT)P,5 from Fig 6 fractionated
into 5' mononucleotides after alkaline phosphatase and snake

venom phosphodiesterase treatments,



Fig 8 An autoradioprauh of alkaline phosphatase and

snake venom phosphodiesterase digestion products

of the pyrimidine isostichs and (CT)p~*
© I
CcpeC
(@)

The areas corresponding to the Cpg, CpP* and (CT)p”
pyrimidine isostichs were scraped from the DEAE-ce]lulose
thin layer plates (see Figs 6 and 7) and eluted with

30~ (v/v) triethylarnine carbonate (pH10.0). The

and (GT)p” pyrimidine isostichs were digested with

alkaline ohosphatase followed by snake venom phosphodiester
ase. The digestion products were separated by electro-
phoresis at pH3.5 on Whatman 52 paper and identified by
autoradiography. The 5'CMP marker was identified by
viewing under U.V. 1light and the Cp” v/as run alongside

the other samples as a marker.
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EXPERIMENTAL

1. Level of DNA Methylation in BHK-21 Cells

1.1 Technigues for studying methylation of DNA

The general technigues avallable for determining the
5-methyl cytosine content of DNA samples are (1) the
direct spectrophotometric analysis of. S-methyl
cytosine residues isolated from a given DNA sample
after hydrolysis and two-~-dimensional chromatography -
(Wyatt, 1951: Vanyushin et al, 1968) or (2) a com-
parison of radioactivity incorporated in vivo into

146] mecthionine to

S-methyl cytosine from L-[methyl-
some meesvre of DNA such as absorbance, colour develop- -
ment with diphenylamine or inoorpbration of radio-
activity from isotopically labelled thymidine (Brown

and Attardi, 1965; Salomon et al, 1969) or (3) by
comparing the radiocactivity from [2n1¢c] deoxycytidine
incorporated into DNA cytosine and 5-methyl cytosine

residues (Xappler, 1971).

However whilst the first of these methods is direct it
requires fairly large amounts of DKA and is subject to
considerable error. The second and third methods on
the other hand require much less DNA, but can only be
used on cells that are dividing (or at least making

DNA) as they rely on the in vivo incorporation of radio-

active label from a precursor into DNA. 0f these
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methods the third is preferable to the second as the
second is subject to errors arising from fluctuations
in the intracellular "pool" size of say IL-methionine

or S-adenosyl-L-methionine., Clearly a sensitive
method for analysis of 5-methyl cytosine in small
samples of unlabelled DNA would be an advantage when
comparing the different S5-methyl cytosine levels in say
terminal differentiated cells or indeed germ cells.
Recent techniques such as mass spectrometry (Deutsch
et al, 1976), gas chromatogravhy (Razin and Sedat, 1977)
and high pressure liquid chromatography (Singer et al,

1977) would appear to be of use in this context.

The DNAs of two BHK-21 cell lines culiured in this depart-
ment which hgve previously heen reported to have different
levels of methylation using in XEXQ labelling techniques
(Browne and Burdon, 1977) were assayec again but this

time with the mass spectrometer, This method is sensitive

and it is reported to detect lm5

cyt residue per 10 kilo-
bases (Deutsch et al, 1976). The standard error using
this technigue was given as iO.Zmol % bv Razin and Cedar,
1977, and this is slightly better than the error of
between 0.2 and i1.9on1 9% obtainéd by Nass, 1973 but

similar to the standard error reported by Browne and

Burdon, 1977 using radioactive labelling techniques.
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1.2 Use of the Mass Spectrometer to measure 5-methyl

cytosine residues in DNA of BHK-21 cells

DNA extracted from BHK-21/C1% and BHK-21/PyY cells was
treated with 0.5M NaOH for 3 hr at 37°C to remove RNA
and dialysed against two changes of 2 litres of distilled
water and the DNA lyophilised. The DNA was then treated
with triflucroacetic acid and put in the direct heated
probe of the mass spectrometer. Preliminary studies
with low resolution mass spectrometer ME1l2 showed that
the samples distil out of the prcbhe at different rates
depending on the temperature of the probe (see Methods
3.3.2). Studies conducted using nigh resolution mass
spectrometer M5 9025 have shown that it is possible to
separate the (M-1) ion of thymine present at m/e 125

from the S5-methyl cytosine peak also at 125, Separation
of thymine can also vbe achieved from a Cli3-isotope of 5~
methyl cytosine both at m/e 126. Using high resolution
mass spectrometry, no contribution of pesks from other
bases, deoxyribose sugar or phosphate were nidden under

the peaks studied (Deutsch et al, 1977).



Table 3 The level of 5-Methyl Cytosine in BHK-21 and

Aedes albopictus DNAs

Source No. of % cytosine meth- Average %
: . RMIY [ylated (RMIY x cytosine
of DNA determinations thyming/cytosine) methylation
BHK-21/ A
Cl3 cells 2 1 0,53 O.424 0.45
0,60 | 0.480
BHK-21/
PyY cells 2 1.26 1.073 1.04
1 . 1 9 1 o Gl "i‘
Aedes
albopictus
cells 2 0.15 *
0.16 *

The relative molecular ion yield (RMIY) of the TFA digested

BHK-21 DNAs and Aedes albopictus DNA werc calculated by
constructing a graph of the peak heights against temperature
(see Fig 5, Methods Section 3.3%.4). The area under the
5-methyl cytosine curve divided by the area under the
thymine curve times 100 gives RMIY. The percentage of
cytosine methylated is the RMIY multiplied by the ratio of
thymine to cytosine, The ratio ¢f thymine to cytosine is
0.80 for BHK-21/C1l3 DNA and 0.85 for BHK~21/PyY DNA,

*This ratio was not calculated for Aedes albupictus DNA.
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The levels of DNA methylation of BHXK-21l cells determined

by this technique were lower than those reported by eilther
Nass, 1973 or Browne and Burdon, 1977. Bases other than
those being monitored distil out of the direct heated

probe ¢of the M3 9025 mass spectrometer and this results

in a general build-~up of pressure in the ion chamber which
in turn slightly suppresses the molecular ion yield of the
5-methyvl cytosine and thymine molecules. A mass spectra

at 130°C (see Pig 3c) show that Adenine m/e 135 and other
unidentifiable peaks about m/e 108 distil from the probe

at the temperslure the thymine peak m/e 1206 is at its
maximum. Attempts to minimise the pressure rise (sometimes
about four times the starting pressurz of 0.133 x IO”BPa)

by keeping the temperature steady for a few minutes to

allow the pressure to fall were unsuccessful as the pressure
rise in some cases lasted for an apprecizble length of time.
Perhaps this might explain why the valuves of BHK-21 DNA
methylation obtained were lower than those reported else-
where (Nass, 1973%; Browne and Burdon, 1977).

Alternatively these low levels of 5-methyl cytosine residues may be due to
the values obtained for the molecular ratio of thymine to cytosine for the
two BHK-2I cell DNAs as determined from their native and melting spectral

{ data. (Hirschman and Felsenfeld, I966)
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2. Isolation of DNA Methylase from BHK-21 cells

2.1 Preliminary Investigation

2.1.1 ILocalisation of DNA methylase activity in nuclei

The distribution of DNA methylase activiity in cultured
evkaryotic cells is known to vary with the growth of the
cells [maximum DNA mefhylase activity being found in mid-
log phase whilst late—log or early stationary phase cells
have less enzyme activity (Sneider et al, 1975)]. 1In

this study BHK-21 cells were harvested after mid-log

phase. The division time of BHK-21/C1l3 and BHK-21/PyY
cells is similar although the latter cells are less contact

inhibited (Stoker, 1962),

BHK-21 DNA contains 5-methyl cytosine residues (see Experi-
mental 1.2) and the methyl groups are presumably incorpor-
ated into cytosine residues by ocne or more specific DNA
methylases. Although DNA methylase can methylate homolo~
gous DNA to some extent (Kalcusek and Morris, 19699 most of
the potential DNA methylase sites are probably already
methylated in vivo. A foreign DNA (E. coli DNA or

=

Micrococcus lysodiekticus DNA) was chosen for the assay

of DNA methylase activity from BHK-21 cells as DNAs from

E. coli B and M. lysodiekticus have no detectable 5-methyl

cytosine residues (Fujimoto et al, 1965; Vanyushin et al,
1968), The conditions for the methylase assay was

adapted from that used by Turnbull and Adams, 1977 for




- 66 -

Krebs II ascites DNA methylase. The reaction required
Smadenosy1~L~[methyl~3H] methionine (23.6uM) as a methyl
donor and was carried out in 50mM tris-HC1 buffer (pH7.8),
1mM dithiothreitol, 1mM EDTA and 10% (v/v) glycerol.  DNA
methylase activity was found predominrnantly in nuclei of

the BHK-21 cells studied (Table 4). Although enzyme
activity was found in the cytoplasic this was not investigat-
ed further and might have arisen as a result of leakage

from the nuclei.

Table 4 The occurrence of DNA methylase actifity in

nuclei of BHK~21 cells

' Specific Activity (Units/mg Protein)
Source of Enzyme
BHK~21/C13 cells BHK-21/PyY cells
Nucleil 0.%9C : 1.388
Cytoplasm 0.098 0.476

The standard assay mixture (140ul) consisted of 40pg
M. lysodiekticus DNA, %,3u0i S-adenosyl-Im-[methyl-H]

methionine (1pCi/nmole). The reaction was initiated by
the addition of nuclei or cytoplasmic protein in buffer

M (50mM tris-HCl pH7.8, 1lmM dithiothreitol, 1mM EDTA and
104 (v/v) glycerol. For details of assay conditions

see Methods Section 4.2.
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2.1.2 Tdentification of the methylated base

While in vivo labelling of cells Qith [methyl—EH] or
[methy1~140} methionine may lead to some incorporation

of non-cpecific label in bases via the one~carbon pool,
in vitro methyiation with S—adenosylmLm[methylnaH]
methionine and enzyme should produce only the product

of methylation of the substrate DNA. Nuclear extracts
(NSF) of BHK-21/C13 and BHK-21/PyY cells were used as
sources of enzyme to methylate substrate E. coli DNA,

The isolated methylated DNA was digested with formic acid
and the bases chromatographed on paper. The only base
methylated by the two nuclear extracts was cytosine,

Fig 9 shows the distribution of radioactive label in_

E. coli DNA methylated by nuclear extracts of BHK~21/PyY
cells. This result agrees with other experiments using
DNA metnylases prepared from Hela cells and Krebs II
ascites ceclls to methylate substrate DNA (Roy and Weissbach,

1975; Turnbull and Adams, 1977).

3. Purification of DNA Methylases from BHK-21 cells

3.1 ~ Nuclear Soluble Fraction

BHEK~21 nuclei were suspended in buffer M [SQmM tris~HC1
pH7.8; 1mM EDTA, 1mM DTT, 10% (v/v) glycerol] and made
0.4M with respect to Nall. This was stirred gently for
15 min at 4°C and centrifuged for 1 hr at 12,000g.  The



Fig 9 Identification of the voroducts of methylation
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. coli DNA (40pg) methylated by nuclcar extracts of
BHEK~21,/PyY cells was hydrolysed in 12W perchloric acid
(100%¢, 60 min) and ‘he liberated bases chromatographed
in rmbutanol/HCE/H2D (65%/16,7%/8,3%s v/v/v) on
Whatman No. 1 paper for 60 hr, The paper was cut

into O.,5cn strips and the radiocactivity estimated by
scintilliation spectrometry.,
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methylase activity was found as a soluble form in the
supernatant, and is thus separated from the majority of
nucleic acids and nucleoprotein by the centrifugation.
The nuclear extract was then dialysed and purified by

ammonium sulphate precipitation and by column chromato-

graphy.

3.2 Ammonium Sulphate Fractionation

Nuclear soluble extracts from BHK-21 cells were made
32.5%-62.5% salurated with ammonium sulphate according to
the methéd of Noltman et al, 196l. Eighty per cent of
the BHK-21/PyY cell DNA methylase activity and 85% of the
BHK-21/C13 cell DNA methylase preparation were associated

with the above ammonium sulphate cut.

3¢3 Column Chromatography

DNA methylase from both cell lines'behavéd similarly on
DEAE~cellulose and hydroxyapatite columns, The DNA
methylase elutes as a single peak from these columns.
Fig 10 a, b are DEAL-cellulose column and hydroxyapatite
column chromatographys of DNA methylase from BHK-21/PyY
cells. Tables 5 and@ 6 show the purification of BHK--21/
PyY and BHK-21/Cl3 DNA methylases.
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(@ wom- @) DA methylasce activity and ( ¢——e¢ ) conduct-
ivity in milliohms,



peak

Table 5 : Purification of BHK-21/PyY DNA methylase
. . -2 . ..
Volume| Protein|Activity x 10 Specific Activity P .
Step (ml) {(mg) |* pmoles/hr {units/mg protein) Purification
I Nuclei 24 2280.0 6.98 0.31 1
II DNuclear soluble
~9 7
fraction 21 579.6 #.om 0.70 2.3
III 32.5%-62,5%
Ammonium sulphate] 60 246.0 55.80 20.22 66.1
fraction
IV DE-52 peak . 40 64.0 17,00 26.36 86.8
v Hydroxyapatite
25 17.5 10.74 61.38 200.5




Table 6 : Purification of BHK-21/CG13 DNA methylase
ol
. Volume| Protein{Activity x 10 Specific Activity o .
Steps (mi1)! (mg) |* pmoles/hr (units/mg protein) Purification
I Nuclei 25 1425.0 5.82 0.48 1
m

II Nuclear soluble 18 437 .4 4.56 1,04 2.2

fracvtion
III 32-5%-62-5%

Ammonium sulphate 60 228.0 25.59 11.22 23 .4

fraction
TV DE-52 peak 50 55.0 20.13 36.6 76.3
v Hydroxyapatite

peak 25 32.5 18.12 55.7 116.2.

* E. coll DNA was used for the assay of the activity of the enzyme at various

steps in the purification.
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3.4 Properties of the partially purified DNA methylase

from BHK-21 cells

In vitro studies of the properties of DNA methylases from
various organs in rat have shown tissue specificity of =the
enzymes studied (Xudryashova and Vanyushin, 1976). The
propefties 0of DNA methylases from BHK~21 cells were
studied with a view of finding any differences in specifi-

city between BHK-21/Cl% and BHK-21/PyY DNA methylases,

The two enzymes have similar pH profiles (Fig 11) and both
have a Km for S-adenosyl~L-methionine of 16uM (Fig 12).
The two enzymes nowever seem'to differ in their requirsment
for substrate L. coli DNA. The BHXK-21/C13 DNA methylase
preparation appear to be saturated with lower amounts of
DNA than the BHK-21/PyY enzyme (Figl3). The methylation
of E. coli DNA {4Cpg in standard assay reaction) catalysed
by both enzymes showed a linear relationship with time fox
more than 1 hour. In an attempt to methylate all the
potential methylation sites in E. ggli DNA, more enzyme
and S-adenosyl--l-methionine were added after 40, 80 and
120 minutes tuv the reaction proceeded for more than

2 hours (Fig 14), so long as thefe was "enough enzyme and
SAM to replenish the decreasing concentration of these
substances. The optimum temperature for the two enzymes

was found to be 44°C (Pig 15).



Fig 11

Fig 12

The Effect of pH on the methylation of E. coli DNA

by the BHK-21/C13 and BHK-21/PyY DNA methylases

The methylase assay mixture (140pl) consisted of
50mM tris-HC1l (pH6.8-9.1), 1lmM EDTA, 1mM dithiotreitol,
10% (v/v) glycerol. 40ug E. coli DNA, 3,3uCi

S-adenosyl—L-[methyl—3H] methionine (1uCi/nmole) and

0 0 3.5mg BHK-21/C1l3 DNA methylase (NSF)

. & 2.2mg BHK-21/PyY DNA methylase (NSF)

For details of the assay see Methods Section 4.2.

Lineweaver-Burk plot of substrate S-adennsyl-I-

methionine

The methylase assay mixture (140pl) contained 40ug

E. coli DNA (6.25pM to 50.0uM) S-adenosyl-L-

[methyl-BH] methionine (1uCi/nmole) and

0 3.6mg BHK-21/C13 DNA methylase (NSF)

® 2.21ug BHK-21/PyY DNA methylase (NSF)

For details of assay see Methods Section 4.2.

K, values for SAM for the BHK-21/Cl3 and BHK-21/PyY
DNA methylases was 16uM. | ' |
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Fig 13

FPig 14

Effect of DNA concentration on in vitro methylation
of B, coli DNA by BHK-21/Cl3 and BHK-21/PyY DNA

methylase preparations

The standard assay mixture (140pl) contained 3.3uCi
S-adenosyl-T~[methyl- H] methionine (1uCi/nmole),
various concentrations of E. coli DNA as indicated and
either O0~—-—0 3.58mg BHK-21/C1l3 DNA methylase
preparation (NSF) or @-——@ 2.19mg BHK—Ql/?yY DNA
methylase preparation (NSF),. The reaction was
carried out at 3700 for 1 hr.

For details of assay see Methods 4.2.

Time course of methylation of E. coli DNA by

BHK-21/01% 2and BFK-21/PyY DNA methylases

The methylase =assay mixture.(140p1) consisted of

3, 3uCi SuadenosylmL_[methyl—3H] methionine
(1pCi/mmole ), 40ug E. coli DNA ‘

and O-———~0 130prg BHK~21/C1l3 DNA methylase preparation
or G—— @ T0iug BHK-21/PyY DNA methylase preparation
At the times indicated by the arrows 120pul of either
BHK-21/C13 TNA mwethylase (1.3mg/ml) or BHK-21/PyY
DNA methylase.(0.7mg/hl) and 20pl of S-adenosylele
[methyl—BH] methionine (3.%uCi, 1uCi/nmole) were
added.

For details of assay see Methods 4.2.
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Fig 15 The tffect of tempersture on the methylation of
F. coli DNA
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The standard zssay mixture (140ul) contained 3.3uCi
Swadenosylnlu[methyleH] methionine (JIuCi/nmole),
40ug E. coli DNA and '

@ermt® G204 g BHK-21/PyY DNA methylase (NSF)
or O %,.5mg BHK~-21,/C1l3 DNA methylase (NSF)
The reaction was carried out at various temperaturss
for 1 hr, Por details regardihg assay conditions
see Methods Szction 4.72.




Table 7 Methyl accevtance activity of wvarious nucleic

acid substrates using DNA methylase preparation
from BHK--21/C1l3 and BHK-21/PyY cells

140pl of reaction mixture contained 40ug DNA, 3.3uC1L
S-adenosyl~L«[methy1n3H] methionine (1uCi/nmole) and
251pg of BiIK-21/C13% cell or 45pg of BHK-21/PyY cell

DNA methylase, Tor detaills of assay see Methods Section
4,2, (dA-dT)nn(dA.dT)n was dissolved in 0,015M NaCl -
0.0015M trisodium citrate (pH7.0) and concentration of
the alternating ccpolymer used in the methylase assay

was l4ug. Heat denaturaticn of the DNAs was done at
1.00°C for 10 min in buffér M [ 50mM-tris-HCL pi7.8,

1mM EDTA, 1mM dithiothreitol and 10% (v/v) glycerol]
followed by rapid cooling. The concentration of the DNAs
in the assay mixture was 40upg except phage »DNA concentra-
tion which was 15ug. |

(=) no detectable radioactivity over control sample.
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3.5 Mode of action of DNA methvlases from BHEK-21 cells

DNA methylases prepared from BHK-21 cells seem to prefer heat
denatured DNA t& "native'" DNA, Table 7 shows the methyl
groups acceptability of various nucleic acid substrates

using DNA methylase preparation from BHK-21/Cl3 and BHX-21/
PyY cells.

Table 7 Methyl acceptance activity of various nucleic acid

subsirates using DNA methylase preparation from
BHK~-21/C1% and BHK-21/PyY cells

~ . BHE-21013 Enzyme | BHK-21/PyY Bnzyme
DNA Source Condition dpmAssay/60min |dpm/assay/b0 min
B. coli "native" 1176.0 2599.6
heat denatured 13856.0 6139.8
M. lysodeikticus | "native" 7890.0 7683.6
1 heat denatured 12282.0 31210.4
Phage A "native™ - 326. 4
heat denatured 4511..8 2630,0
Calf Thymus "native" , 816.4 677.8
: heat denatured 7980.0 4634.,0
(dAedT)n (dA.dT),l "native" - -
heat denatured ‘ - ' -
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brahovsk§ and Morris (1971 a, b) suggested that rat liver
DNA methylase forms two types of complexes with DNA which
are distinguishable on the basis of their sensitivity to
ionic strength. A weak complex is formed at 0°C and it
is sensitive to NaCl concentration and a tight complex
formed at 37°C is resistant to NaCl ivhibition to a concen-
tration of 0.2M. Other workers however have been unable
to repeat this finding with the'rat liver enzyme (Adams,
R.L.P. private communication) nor have Turnbull and Adams,
- 1976 been able to show this tightly-bound DNA-enzyme com-
plex using DNA methylase prepared from Krebs 11 ascites

cells,

The BHK-21/C13 DNA methylase was inhkibited by increasing
levels of NaCl. Even if the enzyme and DNA were incubated
together at 37°C for 5 min then NaCl added, there was no
change in the pattern of inhibition (see Fig 16%bv). Thus
there was no evidence of a tightly-bound DNA-enzyme complex
resistant to NaCl inhibition with the BHK~21/Cl% DNA
methylase preparation nor in fact with the BHK-21/PyY

DNA methylase preparation (Fig 16a). However it was
noticed that 0,1M NaCl caused a slight increase in activity
of the BHK-21/PyY DNA methylase prevaration whereas the
same concentration caused a decrease in the activity of

the BHK-21/C1l3 cell DNA methylase preparation. Drahovski

and Morris (1971 a) showed for the rat liver enzyme that

v v o SiiL Y T

methylation of double stranded DNA decreased as the NaCl



Figs 16 (a) and (b)

Bffect of NaCl on the methylation of E. coli
DNA by (a) BHK-21/PyY DNA methylase and
(b) BEK-21/C13% DNA methylase

The mevhylase assay mixture (140pl) contained
40ug E. coli DNA, 3.3uCi S~adenosyl-T-
[methy1~3H} methionine (1pCi/nmole) and 20pg
BHk-21/PyY DNA methylase preparation (as in
Fig 16(a)) or l4ug BHK-21/C13 DNA methylase
preparation (as in Fig 16(b)). The reaction
was carricd out at 37°C for 1 hr. For

details seez Methods Section 4.2.

t#» HNa(ll concentration was adjusted before

&
incubation at 37°C
A —--A DNA, SAM and enzyme were incubated at

37°C for 5 min then NaCl concentration
ad justed followed by an addition
incubation of 1 hr at 3700



Tie 16 (a) FEffect of a1l on the methylation of
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concentration ﬁas inoreaéed whilst the methylation of
single~stranded DNA increased although high ccncentrations
of NaCl were inhibitory. From these studies it might be
inferred that the BHK-21/C1l3% enzyme methylates double
stranded DNA whilst DNA nmethylase from BHK-21/PyY cells
methylétes single-~stranded DNA. However this does not
appear to be the case with these hamster cell enzymes.
When the enzymically methylated DNA was isolated and
subject to digestion with S nuclease to determine the
specificity of these methylases with regard double or
single~stranded methylation, the methy. groups transferred
by the BHK-21/C1l3% cell DNA methylase appeared in regions
of "native" E. égli DNA which were in fact susceptible to
Sq nuclease (i.e, single~stronded regions). Whilst the
situation was similar using the enzyme preparation from
the BHK-21/PyY cells, there was a small level (20%) of
methyl groups incorporated into Sl resistant material.
This proportion was the same whether or not the BHK-21/PyY
enzyme is assayed in the prcsence or abseﬁce of 0.1M NaCl
(Fig 17). It is therefore not surprising that the BHEK-21/
C1l3 DNA methylase preparation only methylates phage A DNA

after heat denaturation (see Table 7).

When heat denatured E, coli DNA is offered as substrate to
this BHK=-21/C1l% DNA methylase in the presence of various
concentrations of WaCl it does however exhibit the

characteristic feature anticivatzd for double and single
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40u.8 [BHmmethyl] E. coli DWNi metnylated in viire by BHK-Z21
methylases were dissolved in 2ml of buffer (0,03M soditm
acetate pHA.5, 3 x 107°M 7r50,, 0,C1M NaCl), to which was
added 50pg heat=denatured sonicated calf thymus DNA and
100 units/ml 01 nucleaue. The reaction was incubated for
various times at 50° C and stopped as described in Methods
Section 5,1.

©o——® 5, nuclease digestion of E. coli DNA methylated
in vitro by DNA methylase from BHK-21/C1l3% cells.

) Sl nuclease digestion of E. coli DNA methylated
in vitro by BHK-21/FyY DNA me*thylase in the presence of
C.2M NaCl.

OsmemeenQ S1 nuclease digesviou of E, coll DNA methylated
in vitrce by the BHK-21/PyY DNA methylase.

e
Dha
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stranded DNA methylase on the basis of Drahovsky and

Morris's data (Drahovsky and Morris 1971 a, b).

Fig 18 shows a comparison of the methylation of "native"
and heat denatured E. coli DNA by DNA methylation of
native and heat-denatured E. ccli DJA by DNA methylase
preparation from BHK-21/Cl3 cell., fThus at least the
BHK-21/013 enzyme shows some similarity to the rat liver
enzyme., But this may be superficial in as much as the
methylation of the so called "native' DNA was actually
in single~stranded regions. This possibility was not

explored in the report of Drahovsky and Morris (1971 a, b).

3.6 Sequence Specificity of BHV-21 DNA Methylases

3.6.1 Pyrimidine isostichs methvlated by the BHK=21
DNA methylases '

The gquestion of the sequence specificity of the two BHK-21
cell enzyme preparations was examined in some detail.

E. coli DNA methylated in vitro by either BHK-21/C1l% DNA
methylase or BHK-21/PyY DNA methylase was mixed with’ PO,
HeLa DNA and depurinated and the resulting pyrimidine
fragments were fractionated on cellulose acetate strips
followed by homochromatography as aescribed in Methods
Section 5.3. Whilst both DNA methylases predominantly
methylated cytosine in the secuence -~-RpCpR~ the preparation

s

~ 1 TTer A -~ - - - e Py - - s P N
from the BHK~21/PyY cell line showed a slightiy grealer
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The methylase assay mixture (140pl) contained 40ug
"native" cxr heat-denatured E. coli DNA, 3,35uCi
SmadencsylmLhimethyIHBH] methionine (1pCi/nmolie).

and 85ug BHK-21/Cl3 DNA methylase, The reaction

was carried out at 37°C for 1 nr. Heat denaturation
of DNA was carried out at 200°C for 10 min in buffer ¥
[50mM~-5ris-HCl pHT7.8, 1mM EDTA, 1mM dithiothreitol

and 10% (v/v) glycerol ] followed by rapid cooling,

For details of assay see Methods Section 4.2.

@0 methylation of native E. coli DNA
O~ - =0 methylation of heat-denatured E. coli DNA
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ability to methylate di=~, tri- and tetra- pyrimidine
sequences than was the case for the preparation from the
BHK-21/C1l3 cell line (Fig 19). The diétribution of se-
quences containing the cytosines methylated by the enzyme
from the BHK-21/Cl3 cells were nevertheless similar to
the sequences previously found in vivoe for the BHK-21/C13
cell (Browne and Burdon, 1977). Tadecd these previous
studies had shown the in vivo pattern of methylated se-
quences to be the same in both BHK-21 cells. Thus the
methylation pattern obtained using the enzyme from the
BHK~21/PyY cells was a little puzzling. However in the
presence of‘O.lM NaCl the BHK- 1/PyY cell DNA methylase
preparation prcduced a pattern of nethylation similar to

that obtained using the BHK-21/C13 cell enzyme (Fig 20).

3.642 Pattern of methylation of the Sl nuclease resistant

DNA methylated by the BHEK-21/PyY DNA methylase

Unlike the BHK-21/C13% DNA methylase preparation, .BHK-21/PyY
DNA methylase has been shown to methylate single stranded
and double-stranded DNA. IE. coli DNA methylated by the
BHK~21/PyY enzyme and subject to 5, nuclease digestion
showed methylation in Sl nuclease resistant DNA (i.e. double
strandéd DNA) (see Pig 17). This S, nuclease resistant
region was analysed for the pattern of methylation of the

pyrimidine isostichs. Six DNA methylase reactions were

pooled at the end of the incubation. The reaction was



Fig 19 The pattern of methylation of lower pyrimidine
isostichs of E. coli DNA by BHK-~21 DNA methylases

[3H~methyl] E. coli DNA methylated in vitro by
either @——@ BHK-21/C13 DNA methylase or @ - -@
BHK-21/PyY DNA methylase was mixed with °PO, Hela
DNA and depurinated. . The resuliing oligonucleo~-
tides were fractionated and assayed for tritium
content as described in Methods Section 5.3. The
percentage methylation was calculated relative to
the methylation of the Cp, fragment. The tritium
content of the Cps, fragment was of the order of

4 ,000dpm. The various points rapresent the mean
of 5 independent estimations and the bars indicate
the actual deviations from the mean. Nucleotide
components in parentheses consist of more than one
isomere.

Fig 20 The pattern of methylation of lower pyrimidine
' isostichs of E. coli DNA by the BHK-21/C13 DNA
methylase and'BHK—Zl/PyY DNA methylase in the
presence of O0,1M NaCl

[®H-methyl] E. coli DNA methylated in vitro by
@———@ BHK~21/C13% DNA methylase or @- - -@ PHK-21/
PyY DNA methylase in the presence of 0.1M NaCl was
mixed with °°PO, HeLa DNA, depurinated and fraction-

- ated. The tritium contents of the fractionated
oligonucleotides were estimated as outlined in Methods
Section 5.3. The tritium content of the Cp2
fragment was of ‘the order of 4,000dpm. The wvarious
points represent the mean of 5 independent estimations
and the bars indicate actual deviations freom the mean.
Nucleotide components in parentheses consist of more

than one isomere,.



]

’

%)
Fafezo)
“a (o]
Sqvs
"dLo)
Pd (120}
Tden
ma@,,ov

mnwo

100,..

<

%dy 30 uonelAuyyew ©) aarieias uone|fuiaw °/,

NQU

Oligonucleotide

rig 20

e |

\t.—;_g:_.—l FIE

namm.ruv

<% F.«UV

Sd ﬁ kmob

Sdvn

@l -{7dfeso)

lw«ﬂ/ - "é(e2o)

vamu

%a{1o]

€4 NO

100

0
40—

o o

%d)  jo uonelAyidw o} SANnE9  uonellys o\o

NQU

Oligonucleolide



- 75 =

stopped by the stopper solution and the methylated DNA
recovered by alcohol precipitation after deproteinisation.
The methylated DNA was subject to Sl nuclease digestion for
3 hrs and the undigested DNA precipitated with 0.5M
perchloric acid. 20pg 32P04 HelLa cell DNA were added

and desalted by extensive dialysis. The DNAs were de-
purinated and fractiénation a8 described in fhe Methods
Section 5.3. Fig 21 shows that the pattern of methylation
of the Sl nuclease resistant DNA was not different from the
pattern of methylation of the whole E. coli DNA by the

BHK-21/PyY enzyme in the absence of 0.1M NaCl.,

3.6.,3 3! end analysis of meﬁhyl groups in

dipyrimidine iscstichs

In iizg studies on the methylation of DNA of Novikoff
hepatoma cells have shown that with the exoeption-of the
dinucleotide (CpT) all the other pyrimidine isostichs studied
had 5-methyl cytosine residues at the 3'~terminu§v(Sneider,
1972). In this experiment the in wvitro methylated
pyrimidine fragments (CT)p3 and 02p3 obtained by cutting

the spots from DFAE-cellulose rlates (sec Methods 5.4.1)

were dephosphérylated by alkaline phosphatase treatment
followed by snake venom phosphodiesterase digestion.

Nearly 90% of the tritium counts were localised at the

5'-deoxycytidine monophosphate spot (see Fig 8). This



FPig 21 The pattern of methylation of Si nuclease resistant
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[Bmeethyll E. ccli DNA methylated by BHK-21/PyY DNA
methylase preparation was dissolved in 3ml of buflfexr (0,03
sodium acetate pH4.5, % x 10 “5M 7nS Opy 0cOLM NaCl) to which
was added 100 units/ml Sl nuclease and 50Lg heat=denatured
sonicated calf thymus DNA and incubated at 50°C for 3 hr.
Undigested DNA wus precipitated by 0.5M perchloric acid ana
20ug j'21301‘L Hela cell DNA was added and dialysed extensively.
The DNAs were depurinated, fractionated and assayed for

tritium content as described in Methods Section 5.3. The
percentage methylation was calculated relative to the
methylation of sz fragment. The tritiumn content of this

fragment was of the oraer of 8,000dpm. The various points

+ +h - ]

Jcp &5 en he mean of different cotimations and the bars
ndicate the actual deviations from the mean. Nucleotide
components in parentheses consist of more than one isomzre.
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could only arise from digestion of the sequence TpC and not
CpT. No tritium counts were present at the expedted
position of the deoxycytidine nucleoside. Thus both
BHK-21,/C13 and BHK-21/PyY DNA methylases transferred methyl
groups to the 5-~carbon of cytosine at the 3' end of the
(CpT) fragment. It was not possible to analyse the frag-
ment (CpC) as this turns out to be a rather poor substrate
for the snake venom phosphodiesterase (see Fig 8). Longer
incubation time had no effect on the digestion of either
the (CpC) spet or the tripyrimidine fragment (CpCpC).
However other tripyrimidine fragments were digested as
judged by the pattern of their 32?04 label but the tritium
content of these were too low for gquantitative analysis

(refer to Figs 19 and 20).

4. Organisaticn of the BHEK-21 Cell Genome

4,1 In vitro methylation of the BHK-21 DNA

In view of the possiblie slight differences in sequence
specification of the BHK-21/Cl3 and FHK~21/PyY DNA methylases,
a question that arises is whether these differences can
explain the gquite large differences in the level of DNA
methylation observed in vivo between these two cell lines.,

It had been shown (Experimental Section 1,2) that the DNA

of BHK~21/Cl% cells have 0.5% of their cytosines present

as S5-methyl cytosine whereas the corresponding figure for

BHK-21/PyY DNA is 1.0%, Are there then 0.5% cytosine
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residues in the BHK-2),/C1l3 DNA potential sites of methyl-
ation by the BHK-21/PyY DNA methylase? To answer this
question, DNA was prepared from hoth cell types and

offered in turn as substrates to the DNA methylase pre-
pared from each cell type. I, each case the DNA and

enzyme were incubated 76 hr with addition of fresh enzyme
and SmadenosylmL-[methy1-3H] methionine at 24, 48 and

70 hr in order that the maxinum potential sites on the
substrate DNA are modified following ‘he technique origin-
ally used by Turnbull and Adams (19756). Fig 22 shows

the course of methylation of BHK-21/C1l3 and BHK-21/PyY

DNAs by the BHK-21/C13 DNA methylase preparation under these
conditions. Table 8 indicates the maximum level of methyl-
ation attained by various combinations of DNA methylases

and substrate DNA in the presence and absence of 0.1M NaCl.
The final level of incorporation of methyl groups into
BHK-21/C1l3 DNA and BHE-21/PyY DNA by cither homologous or
heterologous DNA methylases is Jlow in all casés. Noticeably,
it seems aithough the DNA from the BHK-21/Cl3 cell is a
slightly better substrafe for the BHK-21/PyY enzyme than

the DNA from the BHK~21/PyY cells themselves, the level of
methylation falls very short of that expected from the abeve
arguments. In fact the differences in methyl groups
accepted between the two DNAs as substrates for the BHK-21/
PyY cell engyme would account for only a further 0,018% of
the BHK-21/Cl3 cytosines modified rather than the 0.5%

which would theoretically be necessary to bring the level of



Fig 22 Time course of incorporation of methyl groupc

into BHK-21 DNAs by BHE=-P1/C13 DNA methylase
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The reaction mixbture (7011) contained 1.65uCi of
S«adenosyl»Lu[methylm3H] methionine (1uCi/nmole),

S5ug of either @@ BHK-21/C1l% DNA or @ - =@
BHK-21/PyY DNA, and 65ug of BHK-21/C13 DNA methylaze.
At the times indicated by the arrows fresh enzyme
(20pl) of enzyme {(1l.%mg/ml) and 10ul of S~adenosyl-
Lm[methylujﬁj methionine (1.65uCi, 1uCi/mmole) were
added to the incubation mixture, The reaction was
stopped ss cescribed in Methods Section 4.2,



Table 8 Methylation of BHK-21 cell DNA by homologous
and heterologous DNA methylases

The reaction mixture (70ul) contained 1,65uCi of
‘Snadenosyl—L-[methy1n3H] methionine (1uCi/nmole)
Sug of BHK-21/C13 or BHK-21/PyY DNA and 65pg of
BHK~21/C1% DA methylase or 12.6ug BHK-21/PyY DNA
methylase, The reaction mixture was incubated at
37°C for 76 hr with addition of fresh enzyme (20ul

of BHK-21/Cl% DN& methylase, 1.3mg/ml or BHK-21/

PyY DNA methylase 0.6%mg/ml) and 10ul of S-adenosyl-
L—[methyl-BH] methionine (1.65pCi/nmole, 1pnCi/nmole)
at 24, 48 and‘72 hr. In assays containing 0.1M
NaCl, +the concentration of the salt was readjusted
after the adéition éf more enzyme and S-zdenosyl-L-
[methy1—3ﬁ] methionine. Heat denaturacion of the
BHK-21 DNAs was done at 100°C for 10 min in buffer M
[50mM tris-Hel pH7.8, 1mM EDTA, 1mM dithiothreitol
and 10% (v/v) glycerol] followed by rapid cooling.
The reaction was stopped and the radioacoivity esti;

mated as outlined in*Methods Section 4.2 and 4.3,



Table 8 Methylation of BHK=-21 cell DNA by homologous

and heterologous DNA methyvlases

| mame LR e
~ Native BHK-21/C13 BHK-21/01% 1.49
Denaturea " " 5.93
Native BHK-21/PyY " 1.27
Denatured " " 1,61
Native BHK-21/C13 BHK~21/PyY 2.70
Native BHK-21/C13 o
+ 0.1M NaCl L 2.27
Denatured BHK-21/Cl3 " 3.61
Denatured BHK-21/C13 " ' 5.95
+ 0.1M NaCl
Native BHK-21/PyY " 2,04
Native BHK—Zl/PxY ' " i,96
+ 0.1M NaCl
Denatured BHK--21/PyY " 2.02

Denatured BHK-21/PyY
+ 0.1M NaCl " 2.95
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cytosine modification of the BHK-21/C1% cell DNA to the

level encountered in the BHK-21/PyY cell. This increase
would require an additional 18.3pmole of methyl groups into
the BHK~21/C13% DNA. Even the presence of 0.,1M NaCl did

not alter drastically the level of methyl groups incorporated

into these DNAs by the BHK=21/TyY cell enzyme,

4,2 Physicochemical properties of BHK-21 DNAs

Studies of the native and melting spectra of BHK-21/Cl% and
BHK~21/PyY DNAs following the procedure of Hirschman and
FPelsenfeld, 1966 have shown that thess two DNAs have similar
CG base pairs (54 % 0,5%) and a number of identical physico-
chemical parameters. Both DNAs had T™m of 73.5°C % 0.2°C,
AT of 13° - 14°C and hyperchromicity of 22.5% % 0.5% in

cacodylate buffer (pH7.0) at 0.01M Na' concentration.

Kinetic curves for the reassociation of tritiated thymidine
labelled DNAs from BHK-21/C1l3% and BHK=~21/PyY showed no
difference between the two DNAs (Figs 23 a, b). However
the reassociation of the two DNAs following a label with
‘[14C—methyl] groups. showed that the repetitive regions of
the BHK-21/PyY DNA (cot 0.1 - iO) had twice as many methyl

groups as the corresponding sequences of the BHK-21/C1% DNA,

5 Role for DNA Methylation

5.1 Bromodeoxyuridine substituted mouse 1.929 DNA as
substrate for a BHK-21 DHA methylase

The function of DNA methylation in eukaryotes is as yet



Fig 23 A

Fig 23 B

Kinetics of reassociation of BHK-21/C13 DNA

DNA from BHK-21/C13% cells labelled separately
with [H] thymidine and [methyl-t%c]
methionine were mixed and sheared by a Dawe
soniprobe (12 successive cycles of sonication
of 15 sec at 7 amperes followed by 45 sec
cooling on ice). The sheared DNA in 0.5M
NaCl, 25mM Hepes, 0.5mM EDTA, 50% (v/v)
formamide (fluka) pH6.8 was heated at 65°C
for 10 min and incubated at 43°C for various
lengths of time. Cot values were computed
on tﬁe basis that the reassociation of DNA

in a concentration of 83ug/ml for 1 hr
corresponds tc a cot value of 1 (Britten

and Kohne, 1968).

Kinetics of reassociation of BHK-21/PyY DNA

The reassociation kinetics were carried out
as outlined in legend of Fig 23 A but with
[’H and Y%c] 1labelled DNA from BHK-21/PyY

cells.
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uncertain, but suggestions that methylation may affect gene
expression and differentiation have been put forward.

Riggs (1975) and Holliday and Pugh (1975) have published
reviews and models for differentiation based on DNA methyl-
ation by sequence-specific enzymes, Bromodeoxyuridine is
known to block differentiation (Bischoff and Holtzer, 1970;
Weintraub et al, 1972; Walther et al, 1974; Lasher and
Cahn, 1969; Coleman et al, 1970) as well as the ekpre%sion
of some genes of differentiated cells (Holthavsen et al,
1969; Silagi and Bruce, 1970; Stellwagen and Tomkins,
1971a, b). It was therefore hypothesised that bromo-
deoxyuridine substitution might affect the activity of DNA
methylating cnzymes and thereby affect differentiation
(Singer et al, 1977). In this study this hypothesis was
evaluated by assessing the in vitro methylation of mouse
L9929 DNA from cells grown in the presence of "bromodeo:xjw
uridine for 24 nr (one cell generation) and 3 days (3% cell
generations). Control experiments were carried out using
DNA from cells grown in the presenéé of thymidine rather
than bromodeoxyuridine. It appears from the results in
Table 9 that bromodeoxyuridine substitution decreases the
level of methyl groups incorporated into substrate DNA at
least over 1 hr in vitro. DNA from L929 cells grown for
24 hr in a medium containing thymidine appeared to be a
better substrate for in vitro methylation than the DNA
from cells grown for 72 hr (Table 9). However in both

cases the rate of methylation was low in the presence of



Table @ Effect of bromodeoxyuridine substitutiocn on

in vitro methylation of mouse 1929 DNA

Methyl groups incorporated
Source of DNA into DNA (dpm/4Oug DNA)

1929 cells grown in medium 1289,
+ thymidine for 24 hr

1929 cells grown in medium 280,0
+ BrdUrd for 24 hr

1929 cells grown in medium 754,73
+ thymidine for 72 hr

1929 cells grown in medium 231.0
4+ BrdUrd for 72 hr

Mouse L1929 cellé released from stationary phase were grown

in EC,, medium in the presence of glycine (80pM), adenosine
(60uM) and aminopterin (0.2pM) for 16 hr. The cells were
transferred into fresh medivm containing 10uM BrdUrd or

10pM thymidine and grown for 24 hr or 72 hr. DNA extracted
from these cells were used in the methylation assay. The
reaction mixture (140ul) contained 40ug DNA, 3.3uCi
S—adenosyl-L-[methy1~3H] methionine (1pCi/nmole) and 100ug
BHK~21/PyY DNA methylase. The reaction mixture was
incubated for 1 hr at 37°C. For details of assay conditions

see Methods Section 4.,2.
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BrdUrd substitution. The mouse 1929 DNAs were therefore
incubated with S-adencsyl-T~[methiyl--H] methionine and
enzyme for 96 hr with addition of fresh enzyme and S-
adenosylmLm[methylMBH] methionine at 24, 48 and 72 hr in
order to methylate the available methylation sites in the
various DNAs. Figures 24a and 24b show that the apparent
decrease in methylation of the BrdUrd substituted DNA
noted in Table 8 may only be in fact a manifestation of

a slower rate of methylation of the DNA which has arisen
probably as a result of the bromouracil residues impairing
the interactiow of DNA methylase with the appropriate
recognition sequences. However by 96 hr the overall level
of cytosine residues methylated is about the same as that

in the unsubstituted DNA.

NOTE: In Table 9 and Figs 24a and 24b, the DNA from the
L929 cells grown in a medium containing thymidine for 72 hr
is a poorer acceptor of methyl groups than the DNA from
cells grown in a medium containing ‘thymidine for 24 hr.
This is because in viwvo DNA methylation varies wifh the
growth of the cell - the highest mzthylation being at the
confluent stage. DNA from cells harvested at this stage
serve as poorer methyl acceptors as most of Their

potential sites are already methylated in vivo.



Fig 24 a, b

~

Time course of incorporation of methyl groups

into mouse 1,929 DNA from cells grown in the

presence of either bromodeoxyuridine or

thymidine

The reaction mixture (70ul) contained 1.65uCi

S-adenosyl-T-[methyl--H] methionine (1uCi/

nmole), S5Sug mouse 1929 DNA from

(a) celis grown in the presence of either
BrdUrd or thymidine for 24 hr

(b) cells growﬁ in the presence of either
Brdiird or thymidine for 72 hr

and 50ug BHK-21/PyY DNA methylase preparation.

At the times indicated by the arrows fresh

enzyme (2Cnl, 1l.lmg/ml) and 10pl S-adenosyl-

L—[methyl-BH] methionine (1.65uCi, 1upGi/

nmole) were added., The reaction mixture

‘was incubated at 37°C. For details of assay

see Methods Section 4.2 and for the growth
of cells see Legend of Table 9.

¢ 1929 DNA from cells grown in the
oresence of thymidine

- - -0 1929 DNA from cells grown in the

presence of BrdUrd.

7



Fig 24a Time course of incorporation of methvl erouns into

1929 DNA from cells grown for 74 hr in the presence

PO

of either bhromndeoxyvuridine or thvmidine
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Fig 24b Time course of incorporation of methyl groups into

1,929 DRA from cells wrown Tor 72 nr in the preserce

of either bromodeoxyuridine or thymidine
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5.2 Modification-restriction Mechanism in FEukaryotes?
5.2.1 Degradation of substrate DNA by a SAM-dependent
DNase

Bacterial cells contain "restriction" endonucleases which
cleave DNA a% specific sites but these sites can be pro-
tected from cleavage by base methylation. In this study
an\attempt has been made to find out whether such endo-

nuclegses exist in eukaryotes.

Nuclei from BYK-21/C13 cells were resuspended in buffer R
(50mM tris-~HC1 pH7.8, 12.5mM EDTA, 1mM dithiothreitol,

10% glycerol). The nuclel were disrupted by making the
solution 0,4M with respect to KCl cenirifuged at 12,000g
for 60 min and the resulting supernatant was dialysed and
used as source of enzyme. Initiélly phagze A DNA was
used as substrate and incubated at 37°C for 60 min and the
products were analysed through 1.5% zgaroce gels (Fig 25).
It was evident that concentration of 3ZAM from 2mM to 66mM
caused degradation of phage ) DNA, Turther studies have
shown that SAM concentration as low an 55uM can cause
similar effect. This reaction is inhibited by S-adenosyl~
L-homocysteine an inhibitor of DNA methrlation as shown in
Fig 25(i§ and (j). High concentraticns of nicotinamide
and adenosine, other inhibitors of DNA methylation,
inhibited this reaction but less so by adenosine (Fig 26).
Studies on this enzyme have shown that it does not require

ATP or Mg++ and like the bacterial type I restriction



Fig 25

Fig 26

Degradation of phage A DNA by the BHEK=21/C13

SAM-~dependent DNase

The reaction mixture (12ul) consisted of lug

phage A DNA and 35ug enzyme protein and incubated

at 37°C for 1 hr. For details of assay see

Methods Section 4.4. '

(a) Phage A DNA (zero time) (b) Phage A DNA

(incubated for 1 hr at 37°C) (c) Phage X DNA

+ enzyme (&) Phage N DNA + 2mM SAM + enzyme

(e) Phage N DNA + 4.7mM SAM + enzyme (f) Phage A

DNA + 11.5mM SAM + enzyme (g) Phage A DNA +

27.5mM SAM + enzyme (h) Phage A DNA + 66.1lmM’

SAM + enzyme (i) Phage A DNA + 19.4mM + 3mM SAH

+ enzyme (j) Phage N DNA + 46.4mM SAM + 3.3mM SAH.
*

Inhibition of the BHK-21/C1% SAM-~dependent DNase
by inhibitors ci’ DNA methylation

The reaction mixture (20ul) consisted of 1lug Phage A
DNA and 35ug ensyme protein and incubated at 37°0
for 1 hr, Fcr details of assay see Methods
Section 4.4. ‘

(a) Phage N DNA (b) Phage A DNA + enzyme

(¢) Phage A DNA + 1lmM SAM + enzyme (d) Phage A DNA

+ 1mM SAM + 10mM SAH + enzyme (e) PhageA DNA +
10mM SAH + enzyme (f) Phage A DNA + 1mM SAM + 20mM
adenosine + enzyme (g) Phage A DNA + 20mM adenosine
+ enzyme (h) Phage ADNA 4+ 1mM SAM + 50mM
nicotinamide + enzyme (i) Phage ADNA + 50mM
nicotinamide.

#

¥ Unless otherwise stated all the assay mixtures
were incubated at 37°C for 1 hr.
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enzymes the products of degradation are heterogeneous
and no bands are visible on the agarose gels after
staining with ethidium bromide and viewing under U.V.
light. It is not only phage A DNA that is degraded
but other DNAs such as T7 DNA, a&enovirus type 2, Aedes

albopticus 2nd herpes simplex virus DNAs are all degraded

in the presence of S-adenosly-L-methionine. It is of
interest that all these DNAs serve as excellent substrates
for in vitro methylation with DNA methylase preparation
from BHK-21 cells,. Bacteriophage ©X174 DNA (a single-
stranded DNA) is not degraded (Fig 27), and the double-
stranded SV40 DNA is undegraded as well, although it is
converted from the circular supercoiled form I to the re-
laxed circular form II independent of SAM (Fig 28).
Further studies have shown that this conversion of SV40
form I to form II is due %o a contaminating "unwindase"
~activity (Burdon, R.H. private communication). However
heat{ denatured mouse L929Tﬁ201ated from cells at the mid-log

phase of growth was degraded by the TJAM-dependent nuclease

(Fig 29).

5.2.2, Protection of substrate DNA aguinst degradation

by methylation

DNA methylase preparation from BHK-~21/PyY¥Y cells (Experimental
Section 2) was used to methylate phage A DNA before the
SAM=-dependent DNase assay. The DNA methylase was checked
for possible nuclease activity by incubating it with phage X
DNA and SV40 DNA for 8 hr followed by analysis through

1.5% agarose gels. Phage A DNA was not degraded after



Pig 27

Pig 28

Effect of the BHK-21/C13 SAM-dependent DNase
on bacteriophage @X174 DNA

The reaction mixture (12pl) consisted of 1lug
bacteriophage @X174 DNA and 35ug enzyme protein
and incubated at 37°C for 1 hr. For details
of assay see Methods Section 4.4.
(a) bacteriophage @X174 DNA (zero time)
(b) bacteriophage #X174 DNA (incubated for 1 hr
at 37°C) (c¢) bacteriophage @X174 DNA + enzyme
(d) bacteriophage @174 DNA + 2mM SAM + enzyme
(e) bacteriophage @X174 DNA + 4.7mM SAM + enzyme
(f) bacteriophage X174 DNA + 11.5mM SAM +
enzyme (g) bacteriophage @X174 DNA + 27.5mM SAM
+ enzyme {(h) bacteriophage #X174 DNA + 66.1mM
SAM + enzyme. |

%

Effect of the BHK-21/C13 SAM-dependent DNase

 on SVAO DNA

The reacticn mixture (12pl) consisted of SV40
DNA and 35ug enzyme protein and incubated at
37°C¢ for 1 nr, For details of assay see
Methods Scciion 4.4. _

(a) SV40 ¥4 (2pg, zero time) (b) SV40 DNA
(lpg, incubuted for 1 hr at 37°C) (c) SV40
DNA (lpg) + enzyme (d) SV40 DNA + 4.7mM SAM +

enzyme.
*

*¥ Unless otherwise stated all the assay mixtures
were incubated at 37°C for 1 hr.
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Fig 29 Effect of the BHK-21/C]7 Medependent DNase on
heat~denatured mouse L2909 DNA from cells harvested
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Methylation of phage NDNA

(a) I methyl group per 3.0 x 104 bp

(b) I methyl group per 2.1 x 10% bp

(¢) T methyl group per 3.2 x 102 bp.
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8 hr of incubation and though some SV40 (form I)
molecules were converted to form II, no further degradation
was observed. This could probably be due to the

"unwindase" activity (Fig 30).

This BHK-21/PyY DNA methylase preparation was used to
methylate phage A DNA for (a) 2 hr (b} 4 hr and (c¢) 76 hr
with addition of fresh SAM and enzyme after 24, 48 and

72 hr as described in Bxperimeutal Section 4.1. The
methylated phage A DNA contained (a) 0.050pmole of methyl
groups/pg DNA (b) 0.0?meole methyl groups/ug DNA and

(¢c) 4.54pmoles methyl groups/ug DNA. These three sub-
strates were then offered to thne SAM-~depncndent DNase and
incubated for 1 hr at 37°C. The digested products were
examined through 1.5% agarose gels. Whilst the SAM-
dependent DNase degraded the unmethylated phagc A DNA,

the other me%hylated substrates were only slightly de-
graded. The phage A DNA methylated for 76 hr showed some
slight degradation by the BHK-21/PyY DNA methylase but
nevertheless was not degraded by the SAM-dependent DNase
(Fig 31). DNAs from mouse 1929 and BHK-21/Cl% cells
grown to stationary phase were nct degraded by this enzyme
(Figs 32a, b). However DNA extracted from these cells

at mid-log phage (Figs 3%3a, b) or grown for one generation
in the absence of L-methionine were degraded (Figs 343, b).

Additionally the SAM=dependent DNase degraded Xenopus laevis




Fig 30 Bffect of BHK-21/PyY DNA methvlase preparation on
Phage hand SV40 DNAs

10pg of Phage ADNA or SV40 DNA were incubated in a
total volume of 25ul for 8 hr at 37°C with 0.82uCi
S—adenosyl«L~[methyl-3H] methionine (1uCi/nmole)
and 8.8ug BHK~21/PyY DNA methylase. preparation.
Aligquote were taken at the times indicated below
and assayed through 1.5% (w/v) agarose gel, For
details see Methods Section 4.4.2.

(a) 4pg Pnsge ADNA at zero time (b) 2ug PhageA
DNA at 2 hr incubstion (c) 2ug Phage ADNA at

4 hr incuvpation (d4) 2ug Phage ADNA at 8 hr '
incubation (e} 2ug SV40 DNA at zero time (f) lug
SV40 DNA at 2 hr incubation (g) lpg SV40 DNA at

4 hr incubation (h) lpg SV40 DNA at 8 hr incubation.

Pig 31 Protection of Phage ADNA by methylation zgainst
degradation by the BHK-21/C1l3% SAM-dependent DNase

The reaction mixture (20pl) consisted of Fhage ADNA
and %%5pg BHK-21/Cl3 SAM-dependent DNase and incubated
at 37°C for 1 hr. TFor details of assay see Methods’
Section 4.4.

(a) Phage MDJA (lpg, zero time) (b) Phage ADNA
(lpg) + enzyme (c) Phage NDNA (lpg) + 1mM SAM +
enzyme (d) 2 hr Methylated Phage ANDNA (iug. zero
time) (e) 2 hr Methylated Phage \DNA (lig) + enzyme
(f) 2 br Methylated Phage ADNA (lng) + 1mM¥ SAM +
enzyme (g) 4 hr Methylated Phage ADNa (lug, zero
time) (h) 4 ar Methylated Phage ADNA (lpg) +

enzyme (i) 4 hr Methylated Phage ADHNA (lpg) +

ImM SAM + engyme (Jj) 76 hr Methylated Phage A DNA
(1.5ug, zero time) (%) 76 hr Methylated Phage A\ DNA
(1.5ng) + enzyme (1) 76 hr Methylated Phage ADNA
(1.5ug) + 1lmM SAM + enzyme. '
Inless otherwise stated all the assay mixtures

were incubated at 37°C for 1 hr,

10 pg of Phage ADNA was methylated, deproteinized and extracted as

described in Section 4.2. The methylated DNA was dialysed extensively
against 2 changes of I00ml of buffer M ( 50mM Tris - HC1 pH 7.8, ImM
EDTA, ImM dithiothreitol, I0% ' /v glycerol )




Fig 30

a b C d e f g h i j k1

Fig 31



Fig 32a Effect of the BHK-21/C1l3 SAlM-~dependent DNase on
mouse 1,929 DNA from cells harvested at the
gtationary phase of growth

5-20% neutral sucrose gradients of 5ug 3H-—thymidine
labelled mouse L1929 DNA isolated from cells
harvested at the stationary phase of growth.

DNA was incubated for 3 hr with 69%ug of SAM-
dependent nuclease (for details of assay see
Methods Section 4.4). The sucrcse gradients
contained 60% sucrose cushion and were spun at
40,000 rpm in SW 50.1 rotor for 3 hr at 20°C.

@m0 Mouse L9929 DNA

B———=a Mouse 1929 DNA incubated at 37°C with
BHK-21/C13 SAM-dependent nuclease for
% hr.

00 Mousge 1,929 DNA incubated at 3700 with
BHK-21/C1% SAM-dependent nuclease and
10mM SAM for 3 hr.

Fig %2b Effect of the BHK-21/C13 SAM-dependent DNase on
BHK-21/C13 DNA from cells harvested at the
stationary phase of growth

5-20% neutral sucrose gradients of 5ug 14C-deoxy—
cytidine labelled BHK-21/C1% DNA from cells
harvested at the stationary phase of growth
incubated with 69ug BHK-21/C13% SAM-dependent
nuclease (same conditions as Fig 32a)

¢————a BHK-21/C13 DNA

—a BHK~21/C13% DNA incubated at 37°C with
BHK-21/C13 SAM-dependent nuclease for
3 hr.

&

Oy BHK~21/C13 DNA incubated at 37°C with
BHK-21/C1% SAM-dependent nuclease and
10mM SAM for 3 hr.



10

cpm
X107

cpm
X 102

gottom

F:'LE;; '7)28-




Fig 33a

Fig 33D

BHK-21/01% SAM-dependent DNase degradation of
mouse 1,929 DNA from cells harvested at mid-log

phase of growth

5-20% neutral sucrose gradients of Sug 14C«deoxy»
cytidine labelled 1929 DNA from cells harvested

at mid-log phase of growth, The DNA was incubated
for 3 hr with 69ug of BHK-21/C13 SAM-~dependent
nuclease (for details of assay see Methods Section
4,4). The sucrose gradients were spun at

40,000 rpm in SW 50.1 rotor for 3 hr at 20°C.

o——————0 1929 DNA

o4 1,929 DNA incubated at 37°C with the
BHK~-21/C1% SAM~dependent nuclease for
3 hr.

D————0 L9929 DNA incubated at 37°C with 10mM

SAM and the BHK-21/C1% SAM-dependent
nuclease for 3 hr.

BHK~21/C13 SAM~dzpendent DNase degradation of
BHK-21/C13 DNA from cells harvested at mid-log
phase of growth

Conditions used are identical to the one above.
BHK~-21/C1% cells were however labelled with
%Lwhymidine.

0~ BHK~-21/C13% DNA

sg————a  BHK-21/C13 DNA incubated at 37°C with
the BHK-21/Cl3 SAM-dependent nuclease
for 3 hr,

D0 BHK-21/C13 DNA incubated at 37°C with
10mM SAM and the BHK-21/C1l3 SAM-
dependent nuclease for 3 hr.
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Pig 34a BHK-21/C1l3 ShM~dependent DNase degradation of

mouse 1929

DNA from cells grown in a medium

deprived of methionine for 24 hr.

5-20% neutral sucrose gradients of 5Sug 14O—deoxy—
cytidine labelled L1929 DNA from cells grown in .
a medium deprived of methionine for 24 hr. The
DNA was incubated for 3 hr with 69ug of BHK-21/C1l3
SAM~dependent nuclease (for details of assay see

Methods Section 4.4). . The sucrose gradients

contained 60% sucrose cushion and weres spun at
40,000 rpm in SW 50.1 rotor for 3 hr at 20°cC,

6———-0

L ———

1929 DNA

1,929 DNA incubated at 37°C with the
BHK-21/C1l3 SAM-dependent nuclease
for 3 hr.

1,929 ‘DNA- incubated at 37°C with 10mM
SAM and the BHK-21/Cl13 SiM-dependent
nuclease for 3 hr.

BHK-21/C1% SAM-dependent DNase degradation of

BHK-~21/C1%

DNA from cells grown in a mecdium

deprived of methionine for 24 hr,

Conditions
BHK--21/C13%

used are identical to the one -above.
cells were however labelled with

JH-thymidine.

¢ L

—p

BHK-21/C1% DNA

BHK-21/C13 DNA incubated at 37°C
with BHK-21/C13 SAM-dependent nuclease
for 3 hr.

BHK-21/C13% DNA incubated at 37°C with
10mM and the BHK-21/Cl3 SAM-dependent
nuclease for 3 hr.
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and Aedes albopictus DNAs (Figs 35 and 36) even though

these were extracted from cells grown to stationary phase.



Fig 35 BHK-21/Cl3 SAM-dependent DNase degradation of
Xenopus laevis DNA from cells harvested at the

stationary phase of growth

) 5-20% neutral sucrose gradients of Sug 3H--‘thyrnidine
labelled Xenopus laevis DNA from cells harvested
at the stationary phase of growth.

The DNA was incubated with 50ug BHK-21,/C13 SAM=- A
dependent nuclease (for details see Methods Section
4.4). The sucrose gradients were spun at

40,000 rpm in SW 50.1 rotor for 3 hr at 20°C.

o—————a Xenopus DNA

p—————a Xenopus DNA incubated at 379C with the
BHK-21/C13 SAM-dependent nuclease for 3 hr.

O———0 Xenopus DNA incubated at 37°C with 10mM
SAM and the BHK-21/Cl3 SAM-dependent nuclease
for 3 hr. '

Fig %6 BHK-21/Cl3% SAM~iependent DNase degradation of Aedes
albopictus DNA from cells harvested at the stationary

phase of growth

Conditions used are identical to the one above

e—————o¢ Spg Aedes DNA

B———a 5Spg Aedes DNA incubated at 37°C with the
BHK.-21/C1% SAM-dependent nuclease (50ug)
for 3 hr. ’

0————0 Sug Aedes DNA incubated at 37°C with
10mM SAM and the BHK~21/C1l3 SAM-dependent
nuclease (50ug) for 3 hr.
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DISCUSSION

1. THE LEVEL OF DNA METHYLATION IN BHK~21 CELLS

1.1 Is it due to a lag between DNA synthesis and

methylation?

It has been shown in the Experimental Section that
polyoma virus transformed BHK-21/PyY¥ cell DNA has a
higher 1eﬁel of S-methyl.cytogfne residues than can he
found in the DNA of the non-transformed BHK-21/C13
cells, Although this report had been made previcusly
by a number of workers (Rubery and Newton, 1973; Nass,

19743 Browne and Burdon, 1977) no specific reason for

oo

this difference in DNA methylation has been given.
This difference could simply be due to variation in
the lag between DNA synfhesi% and wetnylation in the
two cell lines,. Studies on in vivo methylation of DNA
in cultured cells lines have shown the presence of a
distinct 1ég between synthesgis of new DNA and its
methylation (Burdon and Adams, 1969; Adams, 1571).
This lag even varies in the S-~phase of the cell cycle
during which time the bulk of methylation is found

* (Burdon and Adams, 1969). DNA made early in the
S~phase is more rapidly methylated than DNA made in
late S-~phase (Adams, 1971). The level of methylation
may also vary during the different stages of growth of

the cell. When mouse L9929 DNAs isolated from cells
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at early log or stationary phase of growth were in-
cubated with Krebs II ascites DNA methylase and S~
adenosyl-L-methionine for an extended lepgth of time
until no more methyl groups were incorporated into

the DNAs, the DNA from the early log phase cells
accepted 4 times as many methyl groups as the DNA

from the stationary phase cells (Turnbull and Adams,
1976). Thus DNA ffdm growing cells appears to be
undermethylated when compared with DNA from stationary

phase cells.

In mammsls cytosine residues are preferentially
methylated when in the doublet CpG (Doskodil and §orm,
1962; Grippo et al, 1968).  But not all CpG residucs
are methylated in vivo. In the study of the ribosomal

. DNA of Xenopus laevis blood cells using restriction

enzymes, it has been shown that 1 out of every 100 Cpa
doubleté is not methylated and in addition two regions,
one in the coding region for the 285 RNA and the other
in the non-trenscribed spacer region, are not methylated
(Bird and Sonthern, 1978). The biological significance
of these non-methylated sites is as yet uacertain. - In
this study BHK~21/013 cell bNA has been shown to have
0.5% of its cytosine residues methylated and the corres-

ponding figure for the BHK-21/PyY cell DNA is 1.0%

0]

3" > .
whereas nearest neighbour base freguency anslysis

indicate that 2.4% of all cytosine residues in the



- 87 =

BHK-21 cell genome occur in the CpG dinucleotide
(Russell, 1978). This implies that many CpG di-
nucleotides in the DNA of these cells are in fact

not methylated. The restriction enzyme Hpa II which

recognises the sequence

510 Yomg-6>"
3! geGe0-C”
4

and cleaves as shown above if the CpG decublets are not
methylated, has been used to study the BHK-21 cell
genome and the results reveal that non-methylated CpG
doublets exist in the DNA (Browne et al, 1978).
Differences in the level of DNA methylation in the
BHK-21/C13 and BHK-21/PyY cell genomcs may possibly
arise as a result of variation in the fregquency of these

non-methylated CpG doublets,

1.2 Is it due_to the presence of a virus-coded DNA

methylase?

Polyoma virus DNA does not contain any methylated bases
(Kaye and Winocour, 1967) and can code for limited
number of proteins (Crawford and Black, 1964}. .When
BHK~21/C13 fibroblasts are transformed to BHK-21/PyY
cells they change their morphology, become less contact
inhibited and produce tumour in susceptible animals
(stoker, 1962), These cells become more metabolically
active and possess certain antigens not present in the

host cell line (Marin and Macpherson, 1969). A
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possibility is that the increase in genome modification
observed in the transformed BHK-21 /PyY cells is due to
the presence of a new DNA methylase either coded by

the virus genome or induced by the presence of the viral
genome, Studies involving suhstrate DNA methylation
with nuclear extracts of BHK-21/PyY and BHK-21/C13

cells show identical properties such as the Km fof
S-adenosyl-l-methionine, pH and temperature optima

(see Experimental Séctioﬁ 3.3). Though most of the
properties were identical there were slight differences
in the sequence specificities of these two enzymes
(Experimental Secfion 3.6). If these differences are
due to an altered property of the DNA methylase in the
BHK-21/PyY cell line arisem as a resvult of the polyoma
virus transformation of these cells, then this enzyme
should be able to raise the level of incorporauvion of
methyl groups into the BHK~21/01% DNA to that encountered
in the BHK-21/PyY DNA. From Table 8, it is apparent
that the level of additional methyl groups incorporated
into the BHK~21/Cl3 DNA by the BHK-21/PyY DNA me‘&hylase
falls very short of the value calculated from the
difference in the in vivo level of.DNA methylation in
the two cell lines. From these data, it does not
appear that a specific‘or novel DNA methylase is present
in the BHK-21/PyY cell line which could explain the

different SQmethyl cytosine level.
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1.3 Is it due to alterationsin the organisation of
the BHK-21 cell genome?

The differences in DNA methylatioﬁ of the two BHK-~21
cells on the other hand could be due to karyotypic
alterations arising as a result of successive sub-
culturing oi these cells,. It is a well known pheno-
menon that established cell lines commonly have tetra-
ploid, nolyploid or aneuvnloid karyotypes apparently due
to nor~disjunctive cell division which seems to confer
selective advantage to them to grow in culture (Hayflick

and Moorhead, 1961; Todaro and Green, 1963).

Alternatively the difference in the level of DNA
methylation nmight have arisen as a result of reiteration
of certain sequenées in the BHK~21/PvY cell genome
already containing S—methyl‘cytosine residues. It has
been shown in the Experimental Section that the highly
repetitive region of the BHK-21/PyY cell DNA is twice as
methylated as the corresponding region in the BHK~21/C13

DNA (Bxperimental Figs 23%a and D).

The size of the haplcocid genome in eukaryotes is- very

much Igrger than could reasonably be expected if it con-
sisted entirely of single copies of genes (King and Jukes,
1969; Ohno, 1971; Ohta and Kimura, 1971; O'Brien, 1973).
In fact large DNA complements of eukaryotes consists of a

diversity of seguences some of which are reiterated

hundreds or thousands of times. Some genes particularly
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those specifying the immunoglobulin light chain
(Delovitch and Baglioni, 1973), histones (Kedes and
Birnstiel, 1971; Weinberg et al, 1972) and ribosomal
RNA (Birnstiel et al, 1969) are reiterated tens, hund-
reds or thousands of times, However fibrion genes
(Suzuki et al, 1972) and globin genecs (Bishop et al,
1972) do not appear to be reiterated. It is possible
that some sequences containing 5-methyl cytosine residues
serve 2 particular function and have been reiterated a

few times, in the BHK~21/PyY cell line.

The mechanism‘of DNA reiteration is controversial.
Whilst some workefé believe the involvement of RNA
transcripte and an RNAwdependentmDNA polymerase (reverse
transcriptase) (Crippa and Tocchini ~Valentini, 1971;
Mahdavi and Crippa, 19723 Brown and Tocchini-Valentini,
. 1972). Others helieve it is achieved by a conventional
process of DNA replication (rolling circle mechanism)
(Bird et al, 1973) or by an extraordinary DNA replicat-
ion termed saltatory replication (Britten and Davidson,
1971). It has also been postulated that reiteration

of DNA may arise as a result of randcﬁ unequal. cross-—
over between sister chromatids during meiosisor any of
the many germ line mitoses (Smith, 1976). The role

of reiteration of certain genes is equally uncertain,

The selective reiteration of rDNA in the amphibian ococytes

<+
[Lv)

(Birnstiel e

wrmpr——s

1, 1969) obviously prompted the idea that

l

gene amplification might be the answer to the question
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of differential gene activity as a means for the select-
ive synthesis of specific proteins in the process of
cytodifferentiation. ' However there is a significant
redundancy of genes in the case of histones which in the
sea urchin embryo are detected about 400 copies per
haploid gerome (Kedes and Birnstiel, 1971). It is
therefore possible that the reiteration of sequences
containing 5-methyl cytosine residues in the BHK-21/PyY
DNA may be an example of such redundancy or possibly
these sequences may be involved in as yet unknown

function in the BHK-21/PyY cells.

2. MODE OF ACTION OF THE BHK=-21 DNA METHYLASES

2.1 Effect of NaCl on DNA methylation

NaCl can affect the methylation of DMA in different ways
such ast-

(a) the activity of the enzyme itself

(b) cause conformational changes in the DNA substrate

_{c) cause both conformational changes in the DNA

and affect the activity of the enzyme.

Since the methylation cf double-stranded DNA by the BYK-
21/C1% DNA methylase is inhibited by NaCl but the methyl-
ation of heat-denatured DNA is in fact stimulated at a
concentration of 0,1M NaCl (Fig 18), it is likely that .

hut more

NaCl may nof affect the DNA methylase per s

rrnrmern T

likely affect the configuration of the DNA,

D
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The configuration of single-stranded DNA is well known

to be influenced by ionic strength, Unfolded single-
stranded DNA molecules are ableAtﬁ form a compact ionic-
strength-dependent structure with decreased contour
length znd high sedimentation coefficient (Studier, 1969;
Bujard, 197C) but this conformational change is not due
to the formation of hydrogen-~bonded base-pairs (Bujard,
1970). Conversely salt exerts a stabilising influence
on the helical configuration of DNA (Dove and Davidson,
1962), It seems likely that at 0.1M NaCl concentration
single-stranded DNA may assume a structure which is a
preferred configuration for methylation. Hence the
increased 1evé1 of DNA methylation of heat-denatured DNA‘
obsérved with the BHK~-21/C13 DA methylase (Fig 18) in
the presence of NaCl could account for the recognition
of this structural change. It has‘beeﬂ postulated that
‘some type of transition from helical to single-stranded-
like siructure is a pre-requisite fer the methylation of
helical DNA (Drahovsky and Morris, 197ib).  NaCl by
stabilising the helix, may prevent this transition from
occurring and this might explain the inhibitory effect
NaCl has on the methylation of "native" DNA by fhe

BHK-21/C1% DNA methylase (Figs 16b and 183).

Methylation of "native" DNA by the BHK-21/PyY DNA methylase
however appears to be stimulated by NaCl (Fig 16a). This
difference in the methylation of ‘native®™ DNA Dby the

BHK-21/C13 DNA methylase'and BHK~21/PyY DNA methylase
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may be due to the affinity of binding of the two enzymes
to single-~stranded regions in the "native'" DNA.

Drahovsk§ and Morris 1971b showed with rat liver DNA
methylase that when single-stranded and helical DNA are
mixed with enzyme at 0°C before incubation at 37°C if

the single-stranded DNA is in excess, all the available
enzyme molecules bind tightly to_it.. When the temperature
is raised to allow methylation to proceed,no significant
quantity of enzyme remains free to bind to double-stranded
DNA and consequently only single-stranded regions are
methylated. From the effect increased DNA concentration
has on methylation by BHK~21/Cl3 and BHX~-21/PyY DNA
methylaeses (Fig 1%) it appears that the BHK~21/Cl3 enzyme
has a higher affinity for substrate DNA than the BHK-21/
PyY enzyme, It may therefore be that the addition of
BHK-21/C13 DNA methylase to "native" DN results iﬁ most
of the enzyme molecules being bound to single-stranded
regions in the DNA at 0°C and subsequent incubation at
37°C therefore leads +o methylation of single-stranded

DNA (In the DNA methylase assay, DNA, S—adenosyl—;~
methionine and enzyme are mixed at 0°¢ before incubation
at 3700). This is comparable to the nbservation that

Sl nuciease digestion after methylation with the BHK—Zl/
C1l% DNA methylase showed virtually all the methyl groups
in 84 nuclease sensitive regions (Fig 17). Since the
affinity of the BHK-21/PyY DNA methylase for substrate

DNA appeared to be lower than the affinity of the
BHK~-21/C1% DNA methylase, it may be that not all the
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enzyme molecules are tightly bound to single~stranded
regions at 0°c. Hence incubation at 37°C results in

the methylation of additional sites. Indeed Sl nuclease
digestion of the products of methylation by this enzyme
shows that additional double-~stranded DNA is methylated
(Fig 17). The increased level of methylation shown by
the BHK—21/PyY DNA methylase could be g result of the
methylation of additional single-stranded regions in the
"native" DNA that adopt the preferred methylation conform-~
ation in the presence of 0,1M NaCl. The increased
methylation of denatured DNA and the decreased methylation
of nativg DNA in the presence of NaCl had heen

reported by Turnbull and Adams, 1976 using calf thymus

DNA and Krebs Il ascites DNA methylase preparatioﬁ.

Whilst the above consideration may be true in explaining
differences bétween the methylation of substrate DNA by
the two BHK-21 INA methylase preparations, it is equaily
likely that these differences may simply show varying

effects NaCl has on these two DNA methylase preparations.

2,2 Methylatiﬁn of single and double-stranded DNA

The methylation of E, coli DNA was investigated by
Turnbull and Adams, 1976 using DNA methylase preparation
from XKrebs II ascites cells and they showed that virtually
all the methyl groups were incorporated into regioﬁs of
the sub

betrate DNA sensitive fto the action of the deoxy-

ribonuclease N. crassa. This deoxyribonuclease is
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specific for single-stranded DNA and they showed that
the DNA they used contained 25% single-stranded regions
based on the release of A,., material (Turnbull and

Adams, 1976).

The methylation of E. coli DNA by the BHK--21 DNA methyl-
ases and analyses of the regions of DNA methylated by Sl
nuclease digestion showed that whilst the incorporation
of methyl groups into E. coli DNA by both DNA methylases
appeared in S1 nuclease sensitive regions (i.e; single-
stranded regions) an additiona1‘2o% of the methyl grouns
introduced by the BHK-21/PyY DNA methylase were located
in 8, nuclease insensitive regions (Fig 17). The
additional methylation of double-stranded regions could
be explained in terﬁs of the binding of enzyme to DNA
(see Discussion Section 2.1) or it could be that the
BHK-21 DNA methylase preparatioﬁs contain a protein
contaminant which separates the DNA duplex before methyli~
ation and thzst the BHK-21/PyY enzyme methylates certain
sequences in the F. coli DNA thoh'reassociate during
the Sl nucleaselreaction. In fact in vivo studies have
shown that highly repetitive regions of the BHK-21/PyY
cell DNA arc twice as methylated‘as the correéponding
regions of the BHK-21/C13 cell DNA (Figs 2%a and b) and
probably the DNA methylases in these cells may be
methylating different sequences. But E, coli DNA

does not appear to contain repetitive regioné (Britten

and Kohne, 1968) hence the BHK-21/PyY DNA methylase may
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simply methylate certain sequences which reassociate

faster than those methylated by the BHK-21/C13 enzyme.

This latter reasoning can not be used to explain the
failure of the BﬁK~21/013 enzyme Lo methylate native
phage XDNA though the BHK~21/PyY ce¢nzyme methylates this
substrate; It appears therefore that whilst the BHK-21
DINA methylasé preparations are by no means pure and
protein contaminants may be preéent the idea of separat-—
ion of the DNA duplex by a protein contaminant may
probably not be enough in itself to explain the methyl-
ation of native and denatured DNA by the RHK-21 DNA

methylase preparations.

2.3 Recognition sequence of DNA methylases

Drahovskﬁ and Morris, 197la, b have proposed that DNA
methylases may bind to DNA and move along the DNA helix
scanning for methylation sites, Once a site is reached
the enzyme undergoes a conformational change thus ex-
posing the site for the transfer of methyl group from
S—adenosyl-IL-methionine and after the appropriate cytosine
is methylated the enzyme returns to its previoﬁs state
and continues the scan. The binding of DNA methylase

to DNA substrate has not been cbserved by either Turnbull
and Adams, 1976 using Krebs II ascites enzyme or by the
experiments with the BHK-21 DNA methylases (Figs 16a and
b).

In mammals cytosine residues are preferentially methylated
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when in the doublet CpG (Doskodil and Sorm, 19623

Grippo et al, 1968), Simian virus 40 DNA has got

54 CpG dinucle@tides amongst its 10,448 nucleotides
(Fiers, 1978) and these are not methylated by either

the Krebhs Il ascites DNA methylase preparation

(Turnbull and Adams, 1976) or by the BHK-21 DNA methyle-
ases (results not in Experimental Section), It has
therefore peen suggested in this laboratory that DNA
methylases may recognise a specific sequence in the

DNA substréte before methylating a cytosine residue with
a guanine at its 3'-end elsewhere in the DNA, Support
for this idea comes froﬁ studies which show that the
singlé~stranded(polymer (dC-dG)lO is not methylated by
the BHK-21 DNA methylases whilst 3 cytosine residues are
methylated per genome of the bacteriophage @X174 after

a proionged incubation with the BHK~21/FyY DNA methylase

(results not included in Experimental Section),

A number of engymes such as the type I restriction
enzymes (Murray et al, 1973; Horiuchi arnd Zinder, 1972)
and a type II rgstriction enzyme R.lga T (Sugisaki, 1978)
act by recognising a sequence in the DA but the enzyme's
activity is manifested elsewhere aleng the DNA chain,
This mode of action of restriction enzymes has been in-
voked to explain the action of RNA polymerase by Blattner
et al, 1972. DNA methylase may also require recognition
sequences and on the basis ol the HS pB-satellite from the

Kangaroo rat Dipodomys ordii (Fry et al, 1973) it has
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been suggested by Browne, 1976 that the recognition sequence
may be A-C-A-C-(N_)-C-G (§ - methylated cytosine).  But
computer analysis of the number of CpG doublets preceded

by this sequence in the 55 DNA of Xenopus laevis ococytes

and 5V4u DA can not be reconciled with either the in
vivo or in wvitro level of methylation of these DNAs

(Burdon, R.H, 1978 private communication).

2.4 Biological significance of single-stranded DNA
rmethylation

A number of biological processes involve the occurrence
of single~stranded DNA ig vivo. In DNA replication
various experiments carried out are generally consistent
with the 1dea of discontinuous synthesis of at least one‘
strend of DNA (Smith et al, 1970; Okazaki et al, 1970;
Geider and Hoifman-Beriing, 1971; Sirhtling and Knippers,
1971 and Coming and Mattoccia, 1970). This generates
single~stranded regions which are later Jjoined together
to give a continuous strand. But whilst lots of single-
stranded DNA occur in vivo during rerlication, Adams,
1974 has shown that short chain "Okazaki pieces" syn-
thesised during DNA replication arz not methylated ard
this finding confirmed an earlier reperit that in the
replication of Lilium DNA, methylation does not occur
until after the completion of nascent DNA chains (Hotta

and Hetch, 1971).
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Single-stranded regions in DNA have been identified in
different developmental stages of the sea urchin (Case
et al, 1974) in ageing cells (Chetsanga et al, 1975) in
regenerating rat liver DNA (Hoffman and Collins, 1976)

and in the nucleolus of ascites tumour cells (Amalric

ol

et al, 1973). While it is likely that these single-
stranded regions may have arisen as a result of the
isolation procedure, the base composition, localisation
and hyoridisation studies (Amalric et al, 1973; Groner
et al, 1975) suggest that there may be a class of single-
stranded DNA which may constitute paxrt of the cellular
genome and may be involved in transcription (Gron et al,
1975). Whilat newly synthesised DNA is not methylated
(Adams, 1974) it is possible that the BHX-21 DNA methylases
which appear to prefer single-stranded DNA may methylate
this clasg of single-stranded DNA if they carry the
appropriate recognition sites and possibly protect them

against nuclease activity.

3.  ROLE FOR DNA METHYLATION

3.1 Role of DNA methylation in celliuvlar differentiation

The level of 5-methyl cytosine residues in DVA is known
to show tissue specific variation. For example in
various organs of developing chick embryo the level of

5-methyl. cytosine ranged from 3.6%0.04 mole % in the
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chorioallantoic membrane to 4.19i0.02 mole % in the

brain (Kappler, 1971).A It has also been shown that

DNA methylation is highest in the brain and liver DNA

while the DNAs from kidney, spleen and muscle of the

chick have low S5-methyl cytosine content (Vanyushin et

al, 1970; 1973). Sperm DNA contains a lower 5-methyl
cytosine content than somatic cell DNi (Vanyushin et al,
19703 Turnbull and Adams, 1976). These variations may
reflect a role of DNA methylation in cellular differentiat-
ion or alternatively such differences might only reflect

a variable delay between DNA synthesis and its methylation.

Bromodeoxyuridine substitution into DWA is known to affect
the éxpression.éf some genes of diflerentiated cells
(Bischoff and Hotlzer, 1970; Weintraub et al, 1972;
Walther et al, 1974; Tashner and Cghn, 19693 Coleman
et al, 1970; Holthavsen et al, 1969; ©Silagi and Bruce,
1970; 'Stellwagen and Tomkins, 1971a, b) and it had
been postulated that this effect may take place by
changing the pattern of DNA methylation (Singer et al,
1977). However this seems unlikely in view of the
resulfs in Figs 24a and b which show that in vitro in-
corporation of methyl groups into DNA is not affected
by prior substitution of bhromouracil residues into the
DNA. This finding agrees with the results of Singer
et al, 1977 which show that the level of in vivo DNA

methylation was unaffected even when the level of
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BrdUrd substitution into newly made rat hepatoma DNA was
95%. Thus it seems the effect BrdUrd substitution has
on the expression of specific genes doés not alter the
pattern of DNA methylation. It does not appear that
DNA methylation is required for the transcription of
certain genes. The amplified extra-chromosomal DNA
coding for fthe ribosomal DNA in Xenopus oocytes which

is actively transcribed is not methylated whereas the
corresponding somatic rDNA is highly methylated (Dawid

et al, 1970). Also the 535 DNA from Xenopus laevis

oocytes methyl=ated at almost every Cpi doublet

(Miller et al, 1978) was transcribed faithfully when
injécted intc the nucleus of Xenopus oocytes (Brown

and éurdon, 1977) and the cloned 5% DNA which is not
methylated when treated similarly was =iso transcribed
with high-fidelity (Brown and Gurdon, wrivate communicat-
ion). Extensive methylation of the injected DNA seems
improbable since it has been observed that oocytes have

a low level of DNA methylase activity {(Burdon, R.H.
private communication). It appears ﬁherefore that

methyletior of DNA is not required for transcpiption.

However other workers have reported that DNA methylation
may play a role in the regulaticn of gene expression,
Volpe and Eremenko, 1974 have shown that labelled DNA
from Hela cells hybridised to hnRNA and the hybrid had
an appreciabie number of 5-methyl cytosine residues

but hybrids formed between polysomal messenger RNA
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and DNA had no significant 5-methyl cytosine residues.
Tpey therefore concluded that the highly methylated
region was near the promotor 5' end of the DNA trans-
ériptional unit and may correspondto the region of
regulatory genes. Christman et al, 1977 had reported
that when Friend erythroleukemia cells were induced to
differentiate with dimethyl sulphoxide (DMSO) or
ethionine the DNA from these cells were found to be
hypomethylated (i.e. they served as excellent acceptors
of methyl groups in in vitro methylation than the DNA
from untreated cells). This provides circumstantial
evidence that DNA methyiation may play a role in the

regulation of gene expression.

3,2 Cleavage-modification system

3.2.1 Selective cleavage of DNA

Most bacterial cells contain on-the one hand restricticn
enzymes which recognise specific sets of nucleotides
within DNA and make a double-stranded cleavage if

these sites are unmethylated and on the other hand
methylases which recognise the same éets of nucleotide
sequence and methylate them thus preventing the action
of the restriction engzymes (Arber and Dussoix, 1962;
Dussoix and Arber, 1962; Arber, 1974). While it is
debatable whether such enzymes occur in eukaryotic

cells a number of phenomena occurring in eukaryotic

organisms may require cleavage-modification enzymes.
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For example the selective uniparental {(maternal) in-
heritance of chloroplasts DNA may reguire an endo~
nucleolytic enzyme that cleaves the paternal DHA but
inactive towards the possibly modified maternal DNA
(Sager, 1972; Sager and Kitchin, 1975). The seleétive
loss of human chromosomes in human-mouse cell fusion
experiments {(Weiss and Green, 1967; Pontecorvo, 1971;
Ruddle, 1972) may involve a modification enzyme which
recognises specific sites on the mouse DNA and modifies
them whilst another enzyme cleaves the unmodified human
chromosomes (Sager and Kitchin, 1975). Cleavage engzymes

might be expected to occur in Tetrahymena for the excision

of ribosomal DNA (Gall, 1974) in Stylonichia (Prescett

and Murti, 1973) and the hypotrichous ciliates (Wesley,
1975) to account for the drastic chauge from micronucleus

to macronucleus,

In the Experimental Section 5.2, nuclear extracts of
BHK~21/C13 cells have been shown to possess a DNase
activity which degraées substrate DNA but inactive towards
DNA protected by prior methylation by the BHK-21 cell DNA
methylase. This enzyme requires S-adenosyl-IL-methionine
as cofactor but dces not reguire Mg2+ ocr ATP. Apart
from BHK-21/C13 nuclei, this enzyme is also found in

macronuclei of Tetrahymena pyriformis G.IL (Villadsen and

Burdon, 1978) and Xenopus laevis oocytes (Stage 10)

S ~~
u

(Burdon, R.H., 1978 private communication

Lo and § - 0O LAV LT -t L

Tnlike

bacterial restriction enzymes which do not c¢leave DNA
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methylated on only one strand at the recognition site
(Meselson and Yuan, 1968; Vovis et al, 1972) the
DNase from nuclear preparation of BHK-21/Cl3% cells

degrades such DNAs,.

The mode c¢f action of the S5AM-dependent nuclease is as
yet unknown. Simian virus 40 DNA is not methylated by
mammalian DNA methylasesand this DNA is not degraded

by the SAM-dependent nuclease. The single-stranded
bacteriophage gx174 DNA has got only one methylated base
in its 5,375 nucleotide genome (Razin et al, 1975;
Friedman and Razin, 1976) and after 7¢ nr of incubation
wi.th the BHK-21/PyY DNA methylase only % more cytosine
residuss are inethylated. It is perhaps conceivable,
because of its limited sites for methylation,that this
DNA has no sites for the SAM-dependent nuclease.

However heat-deuatured 1929 DNA isclated from cells at
the mid~log thase of growth is degraded by this nuclease
(Fig 29). DMNouse L929 and BHK-21/C13 DNAs from cells
harvested at the mid-log phase of growih or from cells
grown in a medium deprived of methionine for one generat-
ion are degraded (Figs 33%a, b and Figé 34a, b). As
has already been discussed (Discussion Section 1.1) DHNA
from growing cells may be less methylated than DNA from
cells at the stationary phase of growth. It therefore
appears that the availability of unmethylated cytosine
residues may be an important pre-requisite for the

nuclease activity since DNA from stationary phase cells
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(Mouse 1,929 or BHK-21/C13 cells) are not degraded

(Figs 3%2a, bh). Like restriction enzymes, the SAM-
dependent nuclease does not appear to degrade DNA
previously methylated by the cell's DNA methylase and
probably other DNA methylases with similar seguence
specificity to the BHK-21 DNA methylase may be able to
protect DNA from degradation by the BHK-21/C13 SAM-
dependent nuclease. But DNA from cells whose DNA
methylase has a different sequence specificity may be
degraded, for example Aedes and Xenopus DNAs though
harvested from stationary phase of growth are degraded
(Figs 35 and %6). The BHK-21/Cl3 SAM-dependent nuclease
is inhibited by S~adenosyl-IL-homocysteine, a potent
inhibitor of DNA methylase and the corresponding enzyme

from Tetrahymena is additionally inhibited by 5¥methyl

cytosine and 6-methyl adenine compounds, the products

of DNA methylation while cytosine stimulates its activity
(Villadsen and Burdon, 1976). It therefore appears that
S—adenosyl—meethionine may not just act as a cofactor

but may be consumed in the degradation reaction.

3.2.2 The role of SAM in restriétion

It is not yet clear the role S-adencsyl-L-methionine
plays in the bacterial restriction reaction involving
the EcoB, K and P systems. One possibility is that it

may be a source of free energy or may just play a steric
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role perhaps as an allosteric effector of the restriction
enzymes (Meselson et al, 1972). It is however known that

the Eco RI and Eco RIT and Haemophilus endonucleases have

no requirement for the addition of S-adenosyl-L-methionine
while for the action of the Eco P restriction enzyme it is
helpful but not essential (Meselson and Yuan, 1968). Wone
of these obhservations lead to firm conclusions regarding
the role of SAM in restriction but it seems simpler to
reconcile them with a steric role than with direct chemical

participation in the endonucleolytic mechanism itself.

The intracellular concentration of SAM in BHK-=-21 cells
has not yet been determined but this concentration is
given as 50uM in rat liver cells and it seems this is
rigorously maintained in these cells (Eloranta, 1977;.
Tn most of the in vitro assays of the SAM-dependent nuclease,
concentrations of SAM used were between 2mM to 10mM,
though 55uM conuld bring about similar effect over an
extended time of incubation. It is difficult to show
unéquivooally the role of SAM in this nuclease activity.
It does however appear that SAM is not used to methylate
the substrate DNA. Preliminary studies have shown that
the SAM-dependent nuclease éould'bé isolated from DNA
methylase activity of BHK-21/C1l3 cells by DEAE-cellulose
Chromatography. Whilst the SAM-dependent nuclease
appears in the flow-through material the DNA methylase
is weakly bound to DEAE-cellulose and it is eluted with

low salt.
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3e243 Nature of fragments generated by restriction

enzymes
T

The first restriction enzymes EcoB and Eco K were detected
by their ability to degrade unmodified DNA as compared to
modified DNA which was resistant to their action. Degsrad-
ation was detected by testing biological activity (Limm

and Arber, 1968) or by measgring changes in sedimentation
velocity (Mgselson and Yuan, 1968). Both procedures are
time consuming but simpler assay procedures take advantage
of the endonucleolytic nature of restriction enzymes and
measure changes in viscosity as a result cof degradation
(Smith and Wilcox, 1970; Middleton et al, 1972).
Alternative procedures based on filter binding of the

lac repressor-lac operator complex (Fanning et al, 1976)

or the binding of circular phage A DNA to nitrocellulose
filters have been described ([Reiser and Yuan, 1975).

Assays of this sort are the ones currently available for
the class I-restriction enzymes because of the absence of

specific degradation products.

The fragments generated by class ITrestriction enzymes are
discrete and these may be fractionated by agarose gel
electrophoresis and stained with éthidium bromide and
visualised by their fluorescence upon U.V. irradiation

of the gel (Aaijiand Borst, 1972; Sharp et al, 1973)

It can be seen from the agarose gels in Fig 25 of phage A

DNA digested by the BHK~21l SAM-dependent nuclease that
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no bands are visible and that the absence of low molecular
weight peaks in the sucrose gradient profiles of Aedes

and Xenopus DNA (Figs 35 and 36) digested by the SAM-
dependent nuclease for 3 hr points to the possibvility of
this enzyme producing acid soluble fragments or probably
other nucleases may be present and cvausing further degrad-—
ation of the DNA. The latter possihbility may be the

case as the gradient profiles show that incubation of

DNA with enzyme alone leads to the loss‘of radioactive
label in the DNA, Though mouse L1929 DNA was degraded

to fragments of about 45 after incubation for 3 hr, no
further experiments were carried out to show whether this
represented a 1limit digest. it mey therefore be said
that this "45 DNA" is further degraded to give acid
soluble material or alternatively it could be that this
enzyme may recognise sequences in mouse 1.929 D4 which
simply occur less frequently than they do in BHK-21/C13
DNA or phage A DNA. Since methylation of DNA by the
BHK~21 cell DNA methylase protects it from degradation

by the BHK-21/C1l3 SAM~-dependent nuclease and since in

DNA methylation most of the methylvgroups are preferentially
in CpG doublets (Dosko®il and Sorm, 1962; Grippo et al, 1960)
one assumption is that this nuclease may recognise and

cleave unmodified CpG doublets.

Assuming then that the BHK-21/C13 SAM-dependent nuclease
recognises the sequence NpCpGpN, this tetranucleotide
should occur once every 256 bhase pairs. However taking

into account the low CpG dinucleotide frequency of
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vertebrate DNA (Swartz et al, 1962; Russell et al, 1976)
and the 40% C+G base content of for example Xenopus
laevis DNA (Dawid, 1965), this tetranucleotide should
occur once every 256 x 4 x 1.25 base pairs long. If
these sites are randomly distributed then after digestion
of the Xenopus DNA with thé SAM-dependent nuclease,
fragments of at least 8 x 105 daltons should have been
released or even longer fragments if this sequence is
non-randomly distributed and takxing into account that
some of the CpG doublets are already modified in vivo.

Of all the DNAs incubated with the SAM-dependent nuclease
only mouse 1929 DNA gave fragments of 45 as determined by
velocity centrifugation, As has already been stated
this may.not be a limit digest and vessibly further
incubation would have led to the release of acid soluble
material. It could also be that the nuclease recognises
certain sequences in mouse DNA which occur more IFrequently
in the other DNAs used in the "assay. Taken together,

it does not however appear that unmodified CpG doublets
are the sequences recognised and cleaved by the SAM-
dependent nuclease. A number of alternative explanations
could be given to 2xplain the action of the enzyme but so
long as the SAM-dependent nucélease remained unpurified
these might fall short of its actual mode of action in
the face of other contaminating nucleases present in the

nuclear extract.
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3.2.,4 The biological significance of cleavage-

modification systems

Despite evidence (Bron et al, 1975) suggesting the notion
that bacterial restriction enzymes operate inh vivo as

part of a restriction-modification system, the possibility
exists that they may have some other function, for instance
they may function in site-specific recombination (Roberts,
1976). Recently the Eco RI restriction enzyme has been
shown to be involved in site-specific recombination

(Chang and Cohen, 1977) and a site-specific single-stranded

endonuclease from the eukaryote Chlamydomonas may be
involved in recombination to explain the non-reciprocal
recombination events that occur in the vegetative cells
(Burton et al, 1977).  The BHK-21/C13 SAM-dependent
nubiease degrades its own DNA only when under-methylated.
This may reflect the recognition of specific sites and

if this is the case it is likely that this enzyme may be
involved in site-specific recombination rather +than
restriction-modification mechanisﬁ.~ As already discussed
the BHK~21/C13% SAM-dependent nuclease differs from bacter-
ial restriction enzymes in its substrate specificity and
cofactor reguirements. Furthermore a numbter of experiments
designed to show the occurrence of restriction phenomenon
in eukaryotic éells have so far shown no such mechanisn.
For example when portions of the A bacteriophage DNA were

ingserted into SV40 genome f

rom which portions of the

l_.l

ate

genes have been removed and then propagated in eukaryotic
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cells with the aid of helper viruses, it was observed
that the A segments retained their accustomed cleavage

sites for restriction enzymes (Nussbaum et al, 1976).
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