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polypeptides of molecular weight 7 x 10* ana 4.5 x 10? ana they are

present in equimolar amounts. It is concluded that,the 65 species of the
enzyme is a dimer of distinct subunits,

" An attempt has been made to investigate the nucleotide sequences
around the methylated base by 'fingerprinting’ 14c~methylatod DNA after
DNAse digestion., The resulting oligonucleotides have been analysed by
partial exonucleolytic digestion with snake venom phosphodiesterase,

Various aspects of the mechanism of the modification enzyme have
been discussed,
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Many strains of E.Colli are able to degrade or ‘restrict’
foreign DA that enters the cell, The enzyme responsible is a
specific endonuclease which cleaves bacteriophage DHA into
discrete fragments of high molecular weight. The host DNA is
protected from breakage by host-induced "modification’ of the
DMA. The modification ensyme methylates specific adenine
residues in the sequence recognised by the restriction enzyme.
This thesis is concerned with the modification enzyme goded for
by phage Pl wm' it is resident in E.Cold,

The modification enzyme has been detected in extracts
of Pl-infected E.Coli by assaying for the transfer of tritium
labelled methyl groups from S-adenosylmethionine to unmodified
phage 82 DNA, It was not detectable in extracts of E.Coli
infectad with a modificationless mutant of Pl. The activity
has been purified approximataly 500-fold by chromatography on
DE-gellulose and phosphocellulose followed by zonal sediment-
ation through a ¢lycerol gradient where it sedimented to a
position corresponding to 6S. The glycerel gradient fraction
is free of detectable Pl restriction activity, endodeoxyribo-
nuclease and exodeoxyribonuclease activities. Methylation is
specific for native unmodified DNA.

The pH optimum in potassium morpholinoethanesulphonate
buffer is 6.0 - 6.,25; the By for S-adenosylmethionine is SuM,
At 30°C the purified enzyme takes 3h to incorporate 20-24

methyl groups per phage 82 DNA molecule. The axtent of



methylation is not limited by inactivation of the enzyme and the
sole product of methylation is 6-~methylaminopurine. Nethylation
of unmodified phage A DNA confers protection against a challenge
by purified Pl restriction enszyme. The methylated A DHA is,
however, broken by the heterospecific .‘;'.:E?..".i K restriction enzyme.

The ensyme has been purified approximately 1400-fold
from induced lysogens of a thermcinducible mutant of Pl. The
most purified fraction shows two prineipic ltainod bands when
analysed by polyacrylamide gel elactrophoresis in sodium dodecyl
sulphate. The two bands co-sediment with the modification
activity at 68 in glycerol gradients. Their mobilities on sodium
dodecyl sulphate polyacryalamide gel electrxophoresis correspond
to polypeptides of molecular weight 7 x 10% and 4.5 x 10* ana
they are present in equimolaxr amounts, It is concluded that the
€S species of the enzyme is a dimer of distinct subunits.

An attempt has been made to investigate the nucleotide
sequences around the methylated base by 'fimgerprinting’
14 methylated DNA after DiAse digestion. The resulting oligo-
sucleotides have been analysed by partial exonucleolytic digestion
with snake venom phosphodiesterase.

Various aspects of the mechanism of the modification

enzyme have been discussed.
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I INTRODUCTION

T P v it i

Three reviews on restriction and modification have
recently been published (Arber, 1971; Boyer, 1971; Meselson et
~ale, 1972). 1In conjunction with the earlier reviews of Arber

(1965) and Arber & Linn (1969), they provide an exhaustive

collation of the avallable data.

(i) EBarly Observations
About 20 'years ago a number of observations were made

about a non-heritable change that could be imposed on bacterio-
phages by their bacterial host (Anderson & Felix,1952;

Bertani & Weigle, 1952 Luria & Human, 1952). Although these
observations were made with a variety of bacterial and bacterio=-
phage systems, the example studied by Bertani & Weigle (1952)
will be considered in more detail. Bacteriophage A was grown
on E.Coli strain C and the raesulting lysate (denoted as A.C)
titred on E.Coli strain C and E.Coli strain K. The efficiency
of plating (e.o.p.) on strain K, that is the titre on K # titre
on C, was only 104'. Phage from the rare plagues that formed
on K (A.K) had an e.c.p. of 1 and could, thus far, be explained
as derived from mutants in the original lysate. If, however,
the phage from such a plagque were grown on C, then the resulting

lysate again showed an @.0.p. of 10"

on K (Diagram 1). Thus the
quality of the A.K phage that allowed them to plate equally well
on K or C was lost when the phage were grown on C. This quality,

which therefore reflected the strain of the bacterial host, was
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. Diagram 1. Host controlled modific%tion and restriction of phage A
in E.coli strains K12 and C. The numbers giﬁé the efficiency, of
plating of the X.C and )\.K phage on the hosts indicated by the arrows.
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Diagram 2. The experiments of Arber & Dussoix (1962, see text).
 The dotted line is the titre on K(P1), the continuous,liﬁe is the

titre on K.
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termed a host-induced 'modification'. Its distinctive feature
was its non-heritable nature. The loss of infectivity observed
when A.C phage were plated on K was termed host-induced
‘restriction'. The 'host-specificity' of K, that is its ability
to discern the identity of the phage's previous host, is a
distinctive feature of many E.Coli strains which have their own
unique host-specificities. Host specificity is found in several
species of bacteria (Boyer, 1971), although it should be noted
that not all bacteriophages are subject to a given host-
specificity system.

The molecular basis of restriction and modification
remained unclear for the next decade nlthouéh Ledexberg (1957)
made several interesting observations. He showed that certain
prophages, in particular Pl, specified their own restriction
and modification systems which wc:o imposed on the host bacteria.
Furthermore, he provided an important clue to the molecular
basis of restriction by showing that the np-laboned DNA of
phage Tl was quite extensively acid-solubilised as a consequence

(direct or indirect) of restriction by prophage Pl.

(ii) Restriction and modification of DNA

Arber and Dussoix (Arber & Dussoix, 1962; Dussoix and
Arber, 1962) investigated the restriction and modification of
A by prophage Pl in strain K. Their biophysical investigations
showed that modification was a property of the phage DNA,

They investigated the loss of modification when a modified phage
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replicates in a non-modifying host. A was propagated on strain
K (Pl) in a medium enriched with nzo. The "heavy" A.K (Pl)
was used to infect strain K for a single cycle of growth in a
®"light" nzo medium, and the resulting lysate was centrifuged to
equilibrium in a CsCl demsity gradient. The tube was pierced
and the emerging drops collected and titred on XK and K (P1l) to
determine the distribution of unmodified and Pl-modified
phages. The modified plac- (Diagram 2) banded at a pesition
gorresponding to phages with one heavy strand and one light strand
of DNA, that is parental phage DHA molecules that hnd undergone
one semi-conservative duplication (Meselson & Stahl 1958;
Meselson & Weigle, 1961)., Wwhen the multiplicity of infection
was increased such that some parental phage DA molecules
escaped duplication (Meselson & Weigle, 1961), a shoulder appeared
at a position corresponding to phages with two heavy strands
of DA (Diagram 2). Thus modification was associated only with
those phages carrying oneor both parental strands. In addition,
Dussoix and Arber (1962) confirmed Lederberg's observations by
showing that ~2p-labelled unmodified A DNA was degraded within
a few minutes after its penetration into a restrictive host.

The concept of DNA restriction and modification was
extended by showing that it is not confined to bacteriophage
infection. Thus DHA transferred by transduction or conjugation
(Arber and Morse 1963) or transfection (Arber & Dussoix, 1964)
was also subject to the constraint of host-specificity. In the

latter case, A DHA that had been purified by phenol extraction
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still retained host-induced modification, as assayed in the

A transfection system (Kaiser & Hogness, 1960).

(141) DNA Restriction in vitre

Meselson & Yuan (1968) detected, purified and character-
ised the DNA restriction enzyme of strain K. The enzyme was
detected in extracts of the endonuclease I strain 1100 (pD@rwald
& Hoffman-Bexling, 19G8) as an ATP-dependent nucleolytic activity

2 3g-labelled A.X DNA.

that broke ~ P=labelled A.C DNA but not
The activity was extemsively purified and shown to be absolutely
dependent on Mg>', ATP and S-adenosylmethionine (SAM). The
detailed role of the cofactors is unknown, but the ATP is
extensively hydrolysed to ADP and orthophosphate. The most
exciting property of this ensyme was that in a limit digest it
broke unmodified A DNA into discrete fragments of high molecular
welght. The acid-solubilisation that is observed im vivo is
presumably a consequence of secondary nucleolytic activity
at the nev ends that are created by the restriction enzyme.

The endonucleolytic action of the enzyme was clearly
shown by its effect on the twisted circular foxrm of A DNA,
An elegant sedimentation analysis showed that the enzyme breaks
one strand and then, a few seconds later, breaks the comple~
mentary strand at a point nearly or directly opposite. The
enzyme did not, however, attack both kinds of synthetic A hetaro~-
duplex containing one modified and one unmodified strand. Thus

"the enzyme somehow takes account of the structure of both
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chains before cutting either"™ (Meselson & Yuan, 1968). The

large sedimentation coefficient (128) and the complexity of the
co~factor requirements strongly suggested a subunit aggregate.
In fact the homogeneous enzyme gives three bands when analysed
by polyacrylamide gel electrophoresis in sodium dodecyl
sulphate (quoted in Meselson et al, 1972). Similar restriction
enzymes have been described for Pl and strain B (Meselson &
Yuan, 1968) Linn & Arber, 1968; Rou lland-Dussoix & Boyer, 1968).
The K restriction enzyme was the first nuclease to have its
bioclogical role unequivocally established. Not only was it
specific for unmodified DNA but it was also absent in a
restrictionless mutant of strain 1100 (Meselson & Yuan,1968).
Together with the repressors of the lactose operon (Gilbext &
Mllller=Hill, 1967) and bacteriophage A (Ptashne, 1967), it was
one of the first proteins which demonstrated recognition of
specific sequences in duplex DNA,

The restriction reaction was further delineated by
using the filter binding assay of Riggs & Bourgeois (1968).
The nucleolytic steps can be stopped by adding excess EDTA
after recognition has taken place. Under these conditions the
enzyme formed a relatively stable, non-filterable complex with
A.C DNA but not with A.K DNA., Complex formation required Mg°",
SAM and ATP although the latter can be used at lower concen—
trations (10™°M) than are required for DNA breakage (10 M)
(Yuan & Meselson, 1970). Thus modification blocks the process
of sequence recognition by the purified restriction enzyme. What

is the molecular basis of modification?
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(iv) DNA modification

Enzymatic methylation of nucleotide bases in EsColi
DNA was discovered over ten years ago (Mandel & Borek,1961) and
was suggested for some time as a possible basis of non-
heritable modification of DNA. The DNA methylating enzymes
characterised by Gold & Hurwitz (1963) did not, however, show
the requisite specificity while investigations of methylated
bases following labelling with methionine (a biosynthetic
precursez of the methyl-donating cofactor SAM) did not detect any
change in the levels of methylation in modified and unmodified
DNA (Gough & Lederberg, 1966)., These latter experiments were
limited by the available specific activity of the methionine and
could not rule ocut low level changes in methylation as a conse-
quence of modification. Arber (1965) showed that methionine
starvation of a methionine auxotroph during A DNA replication
in a K strain drastically reduced modification. No other amino
acid tested in the same kind of experiment gave such an inhibition.
Thus methionine apparently plays an essential role in the
modification process. The implication of nucleotide methylation
in DNA modification has been clarified by investigation of
B-specific modification of the filamentous bacteriophage £d.
Base analyses of f£d DNA have demonstrated a correlation between
B~specific modification and the presence of G-methylaminopurine
(6 MAP) (Smith, Kfinlein & Arber, 1972). Fhage fd was grown on
isogenic, methionine auxotrophicstrains of C, K and B in the presence

14

of ~ C-methyl methionine., DNA was extracted from the purified

phage stocks and analysed by acid hydrolysis. Phage fd.B was



7.
found to carry about twice as much 6MAP in its DNA as £4.C
or fd.K. Purthermore f£d mutants that were insensitive to B
restriction also contained half as much 6MAP as wild type.
Modification of wild type fd DNA corresponds to formation of
only two GMAP residues per :ingh-lﬁzmded circle of 6,000,
nucleotides.

These cbservations have been extended by the partial
purification of the B modification enzyme. This activity was
detected by using a spheroplast infectivity assay for circular
double~stranded fd DNA (Benzinger 1968). Modification was
detected in extracts as an SAM-dependent activity that protected
unmodified £4 DNA against a loss of infectivity due to restric-
tion by the appropriate spheroplasts (Linn & Arber, 1968). The
activity was purified 200-fold by ion=-exchange chromatography
on phosphocellulose and DEAE-gellulose, and characterised by
using the infectivity assay (Kuhnlein et al. 1969). This thesis
describes the purification and properties of the Pl modification
enzyme by using the chemical assay of methylation of unmodified
DNA, The published properties of the two enzymes are fairly
similar (Kflhnlein and Arber, 1972; Brockes et al. 1972) and
this will be considered in more detail in the discussion., These
two enzymes provide the first example of DA methylases of

known function.

(v) Gemetic analysis of the enzymes
Glover et al (1963) were able to obtain mutants that
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were defective in Pl restriction by selecting for the rare m"'
clones formed when a mutagenised culture of lac , Plwlysogenic
bacteria was mated with unmodified Fe-lac elements. The mutation
was shown to be present within the phage genome since it was
transferred with the Pl phage on lyscgenisation of a new host
strain. Similar selection protocols have subseguently
been used by other investigators in a variety of bacterial and
plasmid systems. The surprising observatioa in the Pl system,
and in the B and K systems, was that about half of tho:,'r
(restrictionless) mutants vere &, (modificationless) as well.
In view of their frequency, the phenotypically r m mutants
are unlikely to be double mutants. There are several possible
explanations, but Wood (1966) suggested that the r m mutants
resulted from a single mutation in a gane (denoted s) whose
product was common to the restriction and modification enzymes.
It is also poasible to start with an x n+ mutant and der-
ivea a 'two=step' r m mutant which retains S gene function
as detected by complementation. The complementation data, which
are discussed balow, have been interpreted (Arber & Linn, 1969)
as supporting a 'three-gene model' for the ensyme. The model
postulates that gene s makes a product which is responsible
for site-specific (sequence)recognition for both restriction and
modification, 7Two other products, coded forxr by genes r and m,
are responsible for carrying out the restriction and wmeodification
reactions, respectively, but act only in conjunction with the

s gene product. The evidence for this model will now be discussed.
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For E.Coli K and B, the host-specificity (hs) genes
have been mapped close to the origin of HfrH ('12 o'clock').

The construction of FP-prime elaments carrxying the hs genes
provides partial diploids for complemsentation analysis of the
various mutants in K and B, using A as the tester phage. The
prineipal observations made (Boyer & Roulland-Dussoix, 196%9;
Glover, 1970; Arber & Linn, 1969), and their interpretation
en the three-gens model are given below.

(a) P'r'm (derived as a one-step mutant)/r m' has
an r+n+ phenotype. On the model; the r* and n+ subunits
produced by the eplisome complement the s’ subunit produced by
the chromosoma,.

(b) F'r m (derived as a two-step mutant) /c m (one=step)
gives an r+n+ phenotype., The o' subunit produced by the episome
complements the ¥’ and m subunits produced by the chromosome.

(¢) In hetercszygous partial dipleids for the K hs
genes in 8 (or vice versa), there is no imhibition of one type
of hs function (K or B) by the presence of the other. Further~
more, the e phenotypes recover their rxestriction function in
the presence of r m' or single-step r m mutants of the other
strain, The single-step r m mutants do not, however, recover
their particular function in the presence of various hs regions
from the other strain, These chservations support the
hypothesis for the role of gene s, and show that botween B and K
the r and m gene products can act with either s gene product,

but take their strain specificity from the s product. The
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r and m products of Pl, however, will not complement in
this way with either B or K. (Glover, 1270y Boyer & Roulland-
Dussoix, 1969).

These ideas of the relatiomnship between the three gene
products have been extended by a clever asnalysis of temperature
sensitive mutations (Hubacek & Glover, 1970). A series of
temperature sensitive restriction mutants was isclated by
mutagenesis of K followed by a suitable selection procedure.
Many of the mutants proved to be temperature sensitive for modi-
fication as well. Complementation analysis located the
lesion for two of these restriction mutants within the m gene.
The authors concluded that the m gene product was required for
restriction, as well as for modification. Thus the most recent
statement of the three gene model (Hubacek & Glover, 1970) is
that the restriction ensyme is composed of the products of the r,
m and s genes, while the modification ensyme is composed of
at least the m and s gene products, The possibility that one
gomplex or aggregate enzyme has both the restriction and modi-
fication activities was considered bhoth by these authors and
by Meselson & Yuan (1968).

How convineing is the evidence for the three gene model?
It certainly provides a logical end consistent interpretation
of the genetic data. There may be other models that explain
these data but the present author is umable to think of any
that present a plausible alternative. The observation that the
SK product complements with the T and m, products to give

efficient K specific restriction and modification, is particularly
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haxd to reconcila with other interpretations. Furthermore,
Linn & Arber (1968) observed in vitro complemantation for
+*

restriction of phage f£d DNA on mixing extracts of :“n . and

(one step) bacteria. It is, however, worth stating the

"B..n
formal pessibility that other gene products might participate.
The ultimate verification of the model depends on purifying the
enzymes to homogeneity, separating the subunits in a functional
state, assaying them for various relevant partial activities
and reconstituting the active enzymes.

Perhaps the remaining ocutstanding problem in the genetics
of the enzymes is the fine structure mapping of the hs gene
cluster. The lack of both convenient flanking markers and

selective techniques makes this a difficult problem,

(vi) Genetics of restriction and modification substrates

Just as it is possible to obtain 0° mutations in the
lactose operator such that repressor is not bound (Gilbert &
Mllller-Hill, 1967), so it is possible to obtain mutations in
the sites of restriction and modification. Unmodified phage
£4 has an efficlency of plating on B of 7 x 10™°, Arber &
Kuhnlein (1967) obtained a spontaneous mutant that had an e.0.p.
of 3 x 1072, and then a second-step mutant with an €.0.p.
of 1. Fo intermediate e.0.p. values were observed., This was
interpreted to mean that the wild~type phage have 2 distinet
sites of B-specific restriction. Arber & Linn (1969) have

called them ln-l and 83’2- Mutation in one of these sites,
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for example sa-l' gives an sB-1°, sn-:l phage with an intemdtau
@,0.P., While mutation in both gives an sa-1°, 3,-2° phage
which is unrestricted. The two sites can be mapped on the £4
chromosome by using a conventional recombination analysis
(Boon & Zinder, 1970). Purthermore, closed circular DHA
extracted from these mutants shows distinct patterns of cleavage
by the B restriction endonuclease; the patterns are consistent
with the presence of 2, 1 and U targets in the different
mutants (Boyer et al., 1971). Finally such DHA can accept 4,
2 and 0 methyl groups in reactions with the purified 3 modification
enzyme (Kuhnlein & Arber, 1972), The latter result is evidence
for the model, implied throughout this discussion, that the
adenine residues that are methylated on modification are located
in the seguence(s) recognised by the restriction enzyma.

A similar analysis has been performed on tha 8‘ sites
in A DNA, The analysis is complicated by the fact that 1 is
gtrongly restricted (e.o.p. 10'4) siace it has more than 2 8
sites, and mutation of a single site does not cause a signi-
ficant alteration in e.0.p. The related phage, #80, is,
however, weakly restricted (e.c.p. = 10'1} and may be crossed
with A to give various hybrid phages (Franklin et al., 1965).
After selecting for the assortment of the immunity and host range
charagters peculiar to A orxr 80, Pranklian and Dove (1969)
observed three discrete e.o.p. values in the recombinants. This
provides a tool for mapping the various ’x sites and for
deriving phages with isolated restriction targets. In this

way two of the 8, sites have been located on the A genome.
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Phage A lacking both ’r."l and sx-a retains at least three sites
for the K restriction system (Murray et al, 1972). The DNA
of the various phages can be used in vitro to study the reaction
of the restriction enszsyme with isolated targets, and also to
fragment the A chromosome in specific locations.

One curious feature of these analyses deserves comment,
If a restriction site occurs in a gene whose function is
essential, then mutation of the restriction sequence might well
be a lethal event. Thus, one might expect that it would not
be possible to obtain s° mutations in all sites. Nevertheless,
in the eight cases investigated, namely the s‘ sites on f£d,
mskliumlmms‘ULme.umdso (Arber &
Kihnlein, 1967; Boyer et al, 197)1) Arxber et al., 1972
N.E.Murray, personal communication), s° mutants have been
easily isolated and the resulting phage showed no detectable
alteration ia physiology. Further genetical and biochemical
analysis will be required to clarify this potat;

Finally, it is possible to create a restriction site by
mutation. Schnegyg & Hofschneider (1967) were able to obtain
a mutant of phage $X174 that is sensitive to B restrictiom,

while the wild type is insensitive,

(vii) Conclusion
The investigation of restriction and modification since
the analysis of Arber & Dussoix (1962) has provided quite a

detailed picture of the molecular basis of these effects.
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The restriction endonuclease and modification methylase
probably recognise the same or overlapping sequences of nucleo-
tides in duplex DNA. The restriction myn introduces a double
strand break into the sequence, while the modification enzyme
methylates an adenine residue. Methylation prevents the binding
of the restriction enzyme, There is currently considerable
interest in these enzymes, firstly as a tool to fragment DNA
and secondly as a favourable opportunity to study protein-nucleic
acid recognition.

The restriction enzymes are the most specific endonucleases
that have been characterised. A restriction enzyme from

Hemophilus influenzas (Smith & Wilcox, 1970), has been used to

cleave the closed circular DNA of SV40 virus into eleven
fragments (Danna & Nathans, 1972). ‘This cleavage provides a
method for 'fingerprinting' different isolates of SV40 DNA
(Nathans & Danna, 1972a), and for analysing the bidirectional
nature of SV40 replicaticn in vive (Nathans & Danna, 1972b).

The availability of an increasing number of these enzymas should,
in principle, allow quite small homogeneous fragments to be
obtained for sequence analysis.

The mechanism by which certain proteins are able to
recognise specific sequences in double-stranded DNA is a
central guestion in molecular bioleogy. The restriction and
modification enzymes offer an excellent opportunity to investi-
gate this problem. It has been suggested that the recognition

sequences may display structural singularities such as loops
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(Giexrer, 1966) orx unpaired regions (Crick 1971). Our current
knowledge of these seguences is so meagre that we cannot
eritically examine these ideas. The recognition seguence, or
at least a substantial part of it, has been determined omnly
for the Hemophilus restriction enzyme (Xelly & Smith,1970). The
sequence shows an intriguing two-fold axis of symmetry which
the authors rationalise in terms of the ensyme's function, that
is to cut both strands of a DA duplex. Are all such sequences
symmetrical, and does the symmetry necessarily encourage the
formation of short looped-out regions (Heselson et al.,1972)7
Why does the presence of the methyl group in modified DNA
block the process of recognition by the restriction enzyme? 1In
order to answer these questions it is essential that initially
we learn more about the sequences recognisedby a series of
restriction and modification enzymes.

There are also uncertaintiss in our undeystanding of the
protein's behaviour during recognition. The lactose and lambda
repressors react so rapidly with the cperator seguence that
the reaction cannot be accounted for by a normal diffusion-
limited process (Riggs et al., 1970). An extreme solution
to this problem is to suggest that the sequence is located
by a two~dimensional walk along the DHA molecule (Gilbert &
Mlller-Hill, 1970), although there is little evidence to
support this aotion, - While it has been asserted that the
B restriction endonuclease shows similar kinetics (Boyer
et al,, 1971), the detalled quantitation and analysis remains

to be done, Finally we might ask questions about the
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proteins themselves. Does the active site lie in a shallow
groove as it does in other enzymes (Crick, 1971), or does it
form a protruding structure that could be inserted between
base pairs in duplex DNA (Adler et al. 1972)? Our knowledge
of the structure of the enzymes, and of the roles of the
different subunits and cofactors, is inadequate to answer these
guestions. The technical problems involved, particularly

in isclating large quantities of homogeneous enzyme, are
formidable but not insoluble.
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IX. MATERIALS

1. E.Coli Strains
The strains of E.Coli used in this work are given in
table 1. All of these strains are E.Coli Ki12 derivatives.
2. Bacteriophage strains
The bacteriophage strains used in this work ave given
in table 2.
3. Media
The following media were used for growing bacteria and
bacteriophages. All guantities are given in gm/Litre azo
unless otherwise stated,
L Broth (pH 7.2); Difco Tryptone 10, yeast extract 5, NaCl 10;
BBL trypticase 10, Difco agar 10, NaCl 5.
Pryptone (B) agar; Difco tryptone 10, NaCl 5, Difco agar 10,
pH 7.5.
Pl agar; Difco agar 10, tryptone 10, NaCl 5, Yeast extract 5,
2,5 mM Caclz, 0.1% glucose.
Phage buffex; m2m4 3, Na HPO

2774
. 0,001% gelatin.

7, HaCl 5, lmM MgSO,, 0.1 mM
c:c:l.z
Low phosphate medium (J.Abelson, perscnal communication)
Kl 1.5, NaCl 5, lIH‘Cl 1, Tris 12.1, adjusted to pH 7.4
with HC1.20% Bactopeptone (Difco) was adjusted to pHO
with NH ‘OH, centrifuged to remove the precipitate and
adjusted to pH 7.5. The product was diluted 1:100
in the pH 7.4 salts solution, autoclaved, and made 0.4%

in glucose and 1 mM in ngso4 before use.



TABLE I. E.Coli Strains

1.

3.

4.

5.
€.
7.
8.
9.

10.

prt Bpyt

W3110 (P1)

STRAIN RELEVANT GENOTYRE REPERENCE REMARKS SOURCE
AiRe Endonuclease I X+ M+ .4 )s g goffman- I.R.Lehman
Berling (1968)

i T "x: M‘l';::" s g :1':;;:&2 w-thxlnténnr N.E.Murray

1100 r ~(P1) Tyt Byt - Derived by lysogeny of

1100 x ~ with PIXC Author
K140 (Plc,162) Tyt By * Scott (1968) Thermoinducible Fl. J.R.Scott
w1485 T4 m - N.E.Murray
803 X~ m = Wood (1966) N, E.Murray
C600 'll:* ‘-xci- Appleyard (1954) N.E.Murray
C600 (Pl==) T MebeTy = Wy Glover et al(1963) S.¥ .Gbver
C600 (P1-+) x ¢ 'x" Eoy” Byt Glover et al(1963) S.W Glover
C600 (P1) :!-r -"0, rl?l'.' .Pl* - 8.W.Glover
Ymel SUIII" rxi m + - Standard host for 101851_ 87. H.E.Murray
aning. Selau N+ + i e b ;i:::d(:{t:t ﬂﬁm 5 Author




Table 2. Bacteriophage Strains,
STRAIN RELEVANT GENOTYPE REFERENCE REMARKS SOURCE
1. Aczs Meselson (1964) asoz induced clear plague mutant N.E.Murray
I chBS'J s., Goldberg & Howe Thermoinducible, lysis defective;
(1969) convenient for making )DNA. S, NoBeHurzay
is amber mutationsuppressible
by SUIII-l-.
3. 82c Arber (unpublished) Clear plaque mutant W.Arber
4. PIlEC Tor¥ Wyt Lennox (1955) Phage Pl 'adapted'for growth W.J . Brasmar
P L on strain K
5. Pl KC ¥2 r..- - Hayward & Glover Two step (i.e. r_.~- - 8_.+)
i "e1 (unpublished) mutant derived bgl ‘91 ”n R.S.Hayward

nitrosoguanidine mutagenesis.
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4. Enzymes and Proteins
(a) Endonuclease R.P and endonuclease R.K. both
purified to the glycerol gradient stage according to Meselson
and Yuan (1968) were the generous gifts of Mr R.W.0ld and
Dr R. Yuan respectively. Neither of these preparations gave

detectable breakage of e

P=labelled A.K(Pl) DNA as indicated by
sedimentation in neutral sucrose gradients, Both restriction
enzymes were stored at 0°C,

(b) Pancreatic deoxyribonuclease (DiiAse I), electro-
phoretically pure, was obtained as a solid from Worthington
Biochemical Corporation, Freehold, New Jersey. It was stored at
=20°C as a solid and generally dissolved in buffer (either 0.1
M=godium acetate, m-ugczzpn 5.0, or 10 mM-tris=HCl, Sumi-
ll.gﬁl.2 PH 7.4) just before use.

{c) Snake venom phosphicdiesterase was obtained as a
solid from the Worthington Biochemical Corporation and stored
at =20°C in 0,02M-tris~HCl pH 8.5.

{d) Bacterial alkaline phosphatase was obtained from
Worthington, or from Whatman niochﬁicul Ltd., Maidstone,

Kent and was stored at -20°C or 4°C,

(e) Yeast alcohol dehydrogenase, horse liver alcohol
dehydrogenase, phosphorylase a, and bovine haemoglobin were
obtained from the Sigma Chemical Company and stored at =20°C

or 4'0.
(f) L~amino acid oxidase (Crotalus terxificus) and pig-

heart fumarase were obtained from Boehringer Mannheim,
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5. Chemicals

All chemicals were reagent grade and, with the excep-
tion of SAM (see Methods 2(e)) and phenol, they were used
without further purification.

The following chemicals were obtained from the Sigma
Chemical Company; Coomassie brilliant blue, N7-methylguanine,
6-methylaminopurine, S-methylcytosine, adenine, dAMP, dGMP,
dCMP, ATMP, calf thymus DHA,'Trizma base', SAM-iodide
[generally grade 1 specified as 85-90% pure, although one grade
II ("approximately 70% pure®™) batch was also used].

The following chemicals were obtained from British Drug
Houses, Poole, Dorset: dithiothreitol, 2-(N-morpholino)=-
ethanesulphonic acid, N-tris-(hydroxymethyl)methyl=2-amino-
ethanesulphonic acid, piperazine=NN'-bis-2-ethanesulphonic
acid, c-cx,(nmﬂz so‘ ('Aristar' grade), EDTA, phenol, acrylamide,
methylenebisacrylamide, tetramethyl-li2-diamincethane, 2=
mercaptoethanol.

Streptomycin sulphats was a kind gift from Glaxo Labor-
atories Ltd., Hemel Hempstead, Herts,

The scintillants 2,5-diphenyloxazole (PPO), and 1,4-bis-
[2=(4-methyl=-5=-phenyloxazolyl) ] =benzene (dimethyl POPOP) were
obtained from the Packard Instrument Company, Inc. Illinois,
U.S.A. The scintillants 5«(4-biphenyl)=2=(4=-t=butylphenyl)=
l-oxa=3,4-diasole (Butyl PBD) and 2,5-bis-(5-tertiarybutylbenoxazol-
2-yL) thiophen (BBOT) were obtained from Ciba Ltd., Duxford,

Canbs, U.K.
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6. Chromatographic and Ionophoretic media
The following Whatman ion exchange resins were obtained

from H.Reeve Angel and Co.Ltd., london E.C.4, U.K; Pll phospho-
gellulose, DEZ3 fibrous diethylaminocethyl cellulose, DES2
microgranular diethylaminocethyl cellulose,

Diethylaminocethyl-Sephadex A25 and carboxymethyle
Sephadex C25 were obtained from Pharmacia 'rm Chemicals AB,
Uppsala, Sweden.

Bio-gel Agarose AO.5M was cbtained from Calbiochem, 10
Wyndham Place, London WlH liS. Cellulose acetate ('oxoid')
was obtained from Oxo Ltd., London E.C.4, U.K. Ion exchange
papers were Whatman Chromedia DEBl and AES1.

Cellulose thin layers, impregnated with polyethylenad-
mine, were obtained from Macherey-Nagel and Co., Diren, Germany.
Thin layer cellulose sheets MN300 were also obtained from Macherey-
Nagel.

7. Radiochemicals

All radicchemicals were cbtained from the Radiochemical
Centre, Amersham, Bucks.

S~adenosyl-L-methionine, tritiated in the donor methyl

group (referred to as 'CT_SAM') was purchased at a specific

3
activity of 8.5 or 8.9 curies/mMole. This material was supplied

in dilute nztca4 PpH3, at a radiochemical purity of at least %68,

It was stored at -20°C and used without further purification.

S-adenosyl=-l~methionine, labellaed in the donor methyl

14 14

group with = C (referred tc as' C-8AM') was purchased akt a

spacific activity of 55 or 58m curies/miMole. This material was
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supplied in dilute Hzﬁo‘ at a rmmen purity of at least
90%., It was stored at -20°C and used without further purification.
32, as orthophosphate in dilute HCl solution pH2-3, was
purchased at a specific activity of 1 mCi/ml or 10 mCi/ml. Before
use the HACl was removed in a vacuum dessicator and the residue
dissolved in about 0,5 ml of sterile azo.
8. DHA preparations
(a) Bacteriophage 82c DNA. B.Coli, either C600 (Pl==)
or C600 (Pl -+), was grown in 1 litre of L broth at 37°C to

i celle/ml), The culture was made

!'650 = 0.5 (approx, 5 x 10
laM in MgSO, and bacteriophage 82c was added at a multiplicity
of infection of 0.3 - 0.5 phage/bacterimm. The culture was
shaken vigorously at 37°C for 3-4h and lysed with 5 ml of
chloroform. The lysate was clarified by centrifugation (10,000g
for 15 min at 4°C) and the titre determined on the appropriate
indicator strains to check the presence or absence of Pl modi~
fication. The bacteriophages (generally 10" plaque formers/mll)
were collected by ceatrifugation (45,000¢ for 2§ h), resuspended
by gentle agitation overnight in 25 ml of bacteriophage buffer
and twice banded by ceatrifugation (30 h 27,000 rev.min, MSE
superspead 65 cantrifuge, 3 x 23 ml swing-out rotor) in 41,.5%
(-E) CsCl. The final band was collected, dialysed against
10mM Tris~HCl, laM-EDTA, pd 7.4 and extracted by three times

- ¥olling with freshly distilled phenol that had been equili~
brated with 0.5 M Tris-HC1l pHS., The aquecus layer was dialysed
exhaustively against 10mM Tris~NHCl, lwi EDTA-50mM NaCl, pH 7.4,

and stored at 0°C.
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{b) Unlabelled AC:IS'! 87.3: and M:IlS? 8,.1!(?1) DidA.
In collaboration with Dx P.Batten, large scale preparations of
both of these phages wers made by the following method. ‘g_,_q-;_]._:t_..
Wi485 (AC,857 5,) or E.Coli W1485 (AC,857 5,) (Pl) were grown

to 5 x 10° cells/mll in 30 litres of L broth in a 50 litre
fermentor at 30°C, The temperature was shifted to 42°C for 10
minutes and then lowersd to 37°C,for 3=4 k. The cells were sedi-
mented in 2 continuous flow Alfa-Lavall centrifuge, resuspended
in 1 litre of phage buffer, and lysed by the addition of 20 ml

of CHCl 3 followed by 1 mg of pancreatic DNAse., After incubating
for 1 h at 37°C the thick mpeum {titer om Ymel = § x T
Pefou./ml) was hltt. overnight at €°C, The mptnlim‘m
clarified by ceatrifugation (MSE High Speed 13, 6 xn 250 mll roter,
10,000 r.p.m. 30"}, and the suspeasion incubated at 37°C for 1 h

2
residual cw:l.s. The phage were pelleted by centrifugation

while N, was gently blown over the surface in orxder to remove

(10 x 100 ml rotor, 20,000 r.p.m., 2.5 h, 20°C) and the pellets
were resuspended by shaking each overnight with 10 ml of phage
buffer at 4°C. Ths milky supernatant was decanted from the
dirty looking pellst and digested at room temperature (20°C)
for 3 h with 10 ug/ml (each) of pancreatic DiAse and pancreatic
PliAse. The phage were pelleted as before and resuspended in
30 ml of phage buffer. The milky supernatants were pooled
and combined with the product of re-extracting the pellets.

The total phage were divided into 2 equal portions. Each
portion was made up to about 140 ml with phage buffer, solid

cm‘maamwnnu.u@mx,mmmg-nn
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banded by ceatrifugation (3 x 65 ml SW rotor, 40 h, 21,000 r.p.m.,
20°C). %The bands were collected by aspiration, pooled, and
rebanded in the 3 x 65 ml SW rotor by an ideantical procedure.

The final bands were collected, pooled and stored in stexile

glass tubes at (-4°C., The titer of the ).C:BS'I S,eK on

¥3110 su IIX® (P1) was 33 x10 wami10%,
Ymal 1.4 x la:‘
The titer of the AC_857.K(P1) on
+ ¢
3110 =g III (P1) vas 7 210" = 0.4,
Ymel 13

5 % 10
although this weak restriction may not be real because the titering

strains are not precisely isogenic.

DA was prepared from these phgges by diluting them at
least 10 fold with phage buffer, dialysing out the CsCl and
then extracting with redistilled phenol as described above for
phage 82 DHA.

Unlabelled AcIss'r 8..C DNA was made by a similar proto-

7

col from strain 803 (ACIIS'I s.,).

iz an r:- L derivative of strain K.

Strain 803 (see Materials 1)

(a) 22p-1abelled AC,857 §..K or AC,857 S,.K (PL) DuA.

7 7
100 ml of Abelson low phosphate medium was innoculated with

1l ml of an overnight culture of W1485 (1(‘:1857 87) or W1485
{1(‘:1857 87) (Pl) and grown in a shake flask at 34°C to approx,
5 x 10° celle/ml. S mCl of neutralised 2p-orthophosphate was
added, and sufficient hot water was poured into the bath to

reach the induction temperature of 43°C for 15~20 min. The
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temperature was teturned to 37°C by adding cold water and
maintained at 37°C for a further 3-4 h. The bacteria were
pelleted and lysed with CHCl,. The phage were purified by two
successive bandings in CsCl essentially as described for the
unlabelled preparations. Oceasionally the band was not visible
and was located by counting fractions frem the CsCl gradient.
The DHA was extracted from the purified phage by rolling with
redistilled phenol.

@
Mr R.W.01d.

3!!-1.1:.11.4 phage M13 twisted circular RPI DNA

P=labelled phage T7 DNA was a kind gift fzxom

purified by propidium iodide~CsCl dye buoyant density ceantri=-
fugation, was a kind gift from Mr G.Peters.
jn-hboucd ADNHA preparations were kindly provided

by Drxs XK. and N.E.Murray.
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IIX MERHODS

1. Bacterial and Bacteriophage Genetics
(a) Bfficiency of plating (e.0.p.)assays. The appropriate

indicator bacteria were grown in L broth to mid log phase, pelleted
in a bench centrifuge and resuspended in ome half tha volume of
llll-nglo‘. After shaking at 37°C for 20 minutes, the bacteria
(0.2 ml) were preadsorbed for 10 minutes at room temperature
with 0.1 ml of an appropriate dilution of phage. BEL top layer
agar (2 ml) was added and the mixture poured onto the surface
of a petri plate contafining BBL bottom layer agar. The plates
were incubated overnight at 37°C or 30°C. Assays were always
performed in duplicate and at least 100 plagques per plate
were counted. The e.0.p. values are very sensitive to physio~-
logical variation and fluctuate by a factor of two or three.
(b) General methods for lysogenising with Pl, trans=-
ducing with P1, and pzopngltinq phages 82, A and Pl by plate
or liquid lysis are given in Clowes and Hayes (1968). Por
phages 82 and A, txyptone medium was used, for phage Pl the

special Pl agar (see Materials 3) was used.

2. Ensymological methods
(a) Preparation of extracts (i) Extracts of Pl-infected

cellsy 2.5 ml of an overnight culture of E,goli 1100 :K- wvas
innoculated into 1 litre of L broth in 5 litre conical flasks.
The flasks were grown in a rotary shaker at 37°C to E 850 0.4
(approx. 4 x 10° cells/ml). 2 ml of lM~CaCl, was added to each

followed by 2 x 10“ plague formers of the appropriate Pl strain.



26,

After swirling once to mix the phage, the flasks were stood at
37°C for 3 min to allow adsorption and then shaken vigorously
for 12 min, The infection was terminated by pouring the cells
onto 500 g of crushed frozem (-20°C) 0.05M-NaCl., The cells
were sedimented (HS 18 centrifuge, 6 x 250 ml rotor, 2%C, 10,000
TaPafte, 20 min), resuspended in 10 ml of 0,.05H-tris-HCl pH

8.0, SmM~2-mercaptoethanol, and disrupted with 6 x 20 sec bursts
(with 30 sec cooling in ice between each) in an MSE sonicator
at € amps. The debris were removed by centrifugation (HS18,

8 x 50 ml rotox, 10,000 r.p.m, 20 min) and 0,3 nl of l.!*!-llq(:l.2
added. The resulting precipitate was removed (HS 18, 8 x 50 ml
rotor, 10,000 r.p.m, 30 min), and the supernatant extracted by
adding 2,25 ml of fresh 5% (3) streptomycin sulphate, The
streptomycin precipitate was removed (HS 18, 8 x 50 ml rotor,
10,000 x.pem,, 15 min) and the supernatant was precipitated by
the addition of 4.9 g solid (Nn‘) zso‘. The preciplitate was
collected (HS 18, 8 x 50 rotor, 15,000 r.p.m., 30 min),
resuspended in 3 ml breaking buffer and dialysed extensively
against 0.02M~potassium phosphate pH6.7, SmM-2-mercaptoethanol,
0.5uM=-EDTA. The protein content of each extract (generally
220 mg/ml) was determined by the method of Lowry et al (1951)
with bovine serum albumin as standard.

(ii) BExtracts of Pl induced cells ; Strain K140
uu.cxua) was grown to approx. 109 cells/ml in L broth at 30°C
and induced by shifting to 42‘é for 10 min, The temperature
was dropped to 27°C for io min and the induction was termin-

ated by pouring the cells onto frozen 0.05M NHaCl as described
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above, The cells were harvested (see parxt (1)), and 5 g
resuspended in 15 ml of buffer (0.05M-tris~HCl pH7.4, SaM-I-ner-
captoethanol, 10 mi-NgCl,, O.luM EDTA, 5% (3) glycerol). After
sonication, 0.02 ml of a solution of pancreatic deosmyribonuclsase
(1 mg/ml) was added to the lysate which was left for 30 min

in the cold room (0-4°C). After removing the debris (see

part (i), the ribosomes were removed by centrifugation (MSE
Superspeed 65, 3 x 20 #W rotox, 30,000 r.p.m., 4°C, 2.5h).

The supernatant was fractionally precipitated by adding dry
(ws,), 80,
saturation. The precipitates were dissolved in 0,05 M-potassium

to 0-35% sazuration, 25-55% saturation, and $5-100%

phoaplinte pi 6.8, Smi-l-mercaptoethanol, 0.1 mi-EDTA, 5% glycerol,
2nd dialysed extensively agaianst the same buffer, This
fractionation was performed in parallel on 5 g of 1100 E= (P1)
cells,

(b) Pretreatment of resins for column chromatography.
P11 phosphocellulose was defined, pre-cycled and equilibrated
as described by Burgess (1969). Special cars was taken to
ensure that this high capacity exchanger was exactly equilibre
ated just before use.

DE23 ﬂh:m_u diethvlamincethyl = egellulose was pra=
eycled and equilibrated according to Whatman technical bulletin
12,

DES2 microgranular diethylaminoethyl «nﬁlouc was
suspended in nzo, defined, and then eguilibrated by gently
stirring with several changes of buffer until the pil and
conductivity of the buffer were unaffected by contact with the

resin,
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piethylaminoethyl-Sephadex A25 and carboxymethyl-Sephadex
€25 were alliowed to swell in excess buffer for a few houxs
and were then defined and eguilibrated by geatly stirring with
saveral changes of buffer.

(c) Sucrose ox glycerol gradiemts for zonal sedimentation
analysis., These were constructed by using a tw-chambered
device of the sort described by Britten & Roberts (1960). After
centrifugation the gradients were fractionated by plercing the
bottom of the tube and gollecting drops. Whan labelled DMR
samples were fractiocnated, the emerging drops were ceollected
on 2.1 om Whatman GPC glass fibre discgs. The discs were dried
and assayed for radioactivity in a liquid sciantillation
spectromater after the addition of 2.5 ml of toluene based
scintillant (either 4 ¢ BEOT? or 4 ¢ Butyl-PBD/litre Analar

tolusne). Before all sedimentation assays,,preparations of

A DHA wera heated at 60°C for 10 min to dissociate concatamers.
Before all alkaline sucrose gradients, the centrifuge tubes
were boiled in 0,01M-EDTA pH 8.0 for 1 h.

{d) Pol lanide gel ele horesis in
dodecyl sulphate (SDS). 8DS gals wers run essentially as
described by Websr and Osborn (196%). The gels were 8% acryla~
mide, 0.27% methylenebisacrylamide and were polymerised with
0.17% (final coacentration) tetramethylethylenediamine and
0.075% ameonium persulphate., After elsotpophoresis the gels
wers stained in Coomassie brilliant blue as described by
Weber and Oshora and destained by soakiang for 7-10 days in

frequent changes of 7.5% (-E! agetic acid, 5% (%) mathanol.
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The gels were scanned at 550 nm using the 2410-8 linear
transport attachment to the Gilford model 2000 spectrxophoto=
meter,

(e) Purification of SAM by ion exchange chromatogrpphy

(communicated by Dr R.Yuan). A small column of Zeokarb 226 resin
{previously washed with 1M-NaOH and 4 M-acetic acid) was set
up in a pasteur pipette and equilibrated with 0,01 M-sodium
phosphate pH7.5. 25 mg of crystalline SAM-iocdide was dissolved
in 0,25 ml of 0,01l ~sodium phosphate pH7.5. The sample was
applied and washed through with 5 ml of 0.0l M=sodium phosphate
pH 7.5, followed by elution with 5 ml of 0.25 M-acetic acid

and then 5 ml of 4 M-acetic acid. As soon as elution with

4 M-acetic acid was begun, 10 drop fractions were collected,
10pl aliquots of each fraction were diluted 100 fold and the
extinction at 257 nm was measured. The peak fractions of the
4M elution were pooled and the concentration of SAM was deter-

mined spectrophotometrically (E* = 14,700 in 1 u-uzso‘).

as57
A 2ul aliquot was applied to a 20 em x 2 om strip of thin
layer cellulose MN 300 and chromatographed in ethanol: glacial
acetic acid: water (165 : 341 11 3), On examination under UV
light the chromatogram showed one strong spot with an REfof 0.4
and one very faint spot with an Rf of 0.7. Conmercial pre-
parations (90% pure ')or aged purified preparations sometimes
showed a2s many as six spots on this t.l.c. system,

The purified SAM was stored in 4 M-acetic acid at

-ZO'C.
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(£) Methylation assay for the DNA modification enzyme.
Two protocols have been used.

(1) The reaction mixture contained, in a total volume
of 0.2 ml 1l0umoles potassium phosphats pHE.5, lumols 2~
meércaptosethanol, 0.lumoles EDTA, 2.4nmoles of cra—sm
(3 Ci/n mole), Sug phage 82 DHA and the sample to be assayed.
After 1 h ingubation at 30°C, 0.5% bovine serum albumin (0.1 ml),
0.2 M tetrasodium pyrophosphate (0.2 ml) and L M mo;m sodium
pyrophosphate (0.5 ml) (were added, After 5 min at 0°C, cold
water (1 ml) was added and the precipitate collected by centxi-
fugation (5,000 g, 5 min), The precipitate was didsolved in
0.2 K NaOH (0.3 ml) and re=precipitated with 0.2 ¥ sodium
gyrophosphate (0.2 ml) and 1 M ucm‘—z-u sodium pyrophosphate
(0.5 ml). Thls procedure was repeated twice more and the final
precipitate was collected by filtration under reduced pressure
through a 2,1 ¢m Whatman GFC glass~fibre disc., The disc was
washed with 1 n-mm‘ (5 ml), water (5 ml) and ether (2 ml).
After drying under an i,x., lamp the discs werae counted for
radiocactivity in 2.5 ml of scintillant [4 g of Butyl-PBp/litre
of AnalaR toluene] in a Nuclear Chicago'Unilux'liquid-scintill=
ation spectrometer, at approximataly 20% efficiency. This
procedure was generally used for assaying relatively large
volunes (up to 0,15 ml) of column fractions. Assays were always
done in parallel with Pl modified and unwodified phage 82 DNA.
The blank value for iacorporation into modified LNA was subtxa=-
cted, This blank was generally 100-150 c.p.n., except for

the dialysed um‘)zso‘ fraction where it was 300-500 c.p.m. owing



3l.

to the presence of non-specific methylating activity (Gold &
Hurwitxz 1966). More recently, 10 i moles of potassium morphol-
incethanesulphonate pH 6.0 have been used in place of potassium
phosphate.

(11) The reaction mixture contained, in a total volume
of 0.05 ml, 2.5 y moles potassium morpholincethane sulphonate
pH 6,0, 0.25 y moles 2-mercaptoethanol, 25 n moles EDTA, 0.12 n
moles c'rs-sm. (8.9 u Ci/n moles), 5 ug phage 82 DA and the
sample. The mixture was incubated and assayed as for method (i).

This was used for smaller ensyme samples.

3. DNA and nucleotide methodology
(a) Ionophoresis and mapping procedures. Full details

of these procedures are given by Sanger et al. (1965) and by
Murray (1970). The following systems were used (i) Ionophoresis
on AE paper at pH 3.5 (5% (%) pyridine-acetate) was used to sep~
arate the four mononucleotides, to resolve the products of partial
venom pho.phod:lniazuo digestion and, when run for longer
periods, to serve as a first dimension in conjunction with DE
paper. (ii) Ionophoresis on DE paper at pH 9 (5% {-"1) triethyl=-
amine carbonate) or at pH 2 (7% (-3-) formic acid) was used in two
dimensional mapping procedures or for resolving partial venom
digestions. (iii) Ionophoresis on cellulose acetate ('oxoid')

at pH 3.5 (58 (3) pyridine-acetate, 7M-urea), followed by thin
layer chromatography on polyethyleneimine impregnated layers of
cellulose with 1,5M-pyridine-formate pH 3.7 was according to Southern
and Mitchell (1971).
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(b) Analysis of bases by acid hydrolysis. The DNA
from a methylation reaction was purified by phenol extraction

and prolonged dialysis of the agueous layer against high

salt buffer (generally 0,01 M=tris-HCl pH 7.4, 0.5M-NaCl,
1mM=EDTA) or else by successive acid precipitation in the
presence of carrier calf thymus DNA (generally 0.2 mg). The
sample was evaporated to dryness and hydrolysed with 1 uf-ﬂcl
(0.1 or 0.2 ml) for 1 h at 100°C. Marker bases (generally

20ul of 25 mM stock solutions) were added and the mixture
evaporated to dryness., The residue was dissolved in the mini-
mum volume of 10% (-:-) acetic acid - 10% (%) propan-2=-o0l, and
applied to Whatman No.l paper. After descending chromatography

in-butan-l-ol-water (4317, -E-) in an NH_ atmosphere for 24 h

3
the paper was dried, markers were located und.r U.V. light
and the paper was cut into strips (2cm x lcm)) the radio~-
activity of each strip was determined hy liguid scintillation
counting. The strips containing 6 MAP were swirled in toluene
to remove scintillant, dried, eluted overnight with 0.1 M HCl
and chromatographed on Whatman No.l paper in an ascending
system of methanol-water-concHCl (7 s 1 1 2, by vol) for 24 h,
The chromatogram was again examined under U.V. light, cut up
and counted for radioactivity.

In some experiments the residue was dissolved in 10
or 20ul of water and applied to a sheet (20 em x 20 cm) of MN
300 thin layer cellulose, The chromatogram was developed in

two dimensions as described by Razin et al, (1970). Marker

bases were located under U.V, light, eluted and counted for



33.

radioactivity, together with the origin region, as described
by Razin et al, (1970).

(c) Analysis of DNA and nucleotides by enzymic digestion
(i) Degradation to mononucleotides: Bacteriophage A or 82
DHA was purified from a methylation reaction by extracting twice
with an egual volume of phenol. The aguecus layer was exten=-
sively dialysed against the DiAse I buffer (either 0.1 M
sodium acetate pH 5.0, 5 mM ngnlz or 10 mM tris-HCl pH 7.4=
5 m-!’clz) and a solution of DiAse I (1 mg/ml; 0.1 ml) was
added and incubated at 37°C for 2 h. The reaction was adjusted
to pil 8.0 with 1 M~tris-HCl pH 8.0 and incubated with snake
vencm phosphodiesterase (1 mg/mly 20ul; 37°C; 4 h). The solutian
was evaporated to dryness, the residue dissolved in 50ul of
water and applied, together with mononucleotide markexs, to
AEB1 cellulose paper. Electrophoresis was at 50V/cm in
pyridine-acetate buffer pH 3.5, until the blue marker dye
{(xylene Cyanol FF) had run 25 cm. The paper was dried over-
night at room temperature, examined under U.V. light, cut into
strips (2 cm x 1 cm) and the radicactivity determined in a
ligquid-scintillation counter.

{(ii) Bequence analysis of nuclecotides by partial
digestion with snake venom phosphodiesterase was according to
Murray (1970).

(iii) pigestion of DRA with DWAse I was according to
Murray (1970) except that 10 mM=-Tris HC1l pH 7.4-=3mM ugcil.2 or

Mg (&::B_.’ct'Jo)2 was sometimes preferred to the acetate buffer.
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(d) De-salting of nucleotides. The ionophoretic
systeas for resolving nuclectides are sensitive to salt in the
sample. This is particularly so for the cellulose acetate
and DES1 systems. Thevefore it is important whem fingerprinting
large quantities ( >100u¢y) of nucleotide to desalt them
effectively. The following procedure is based on adsorption
to and elution from a DE ion exchange resin (Rushizsky &
Scbaxr, 1962). :

DE52 cellulose or DE Sephadex A25 was equilibrated

4
sufficient) of the settled slurry was pipetted into a solution

with 0,02 M=NH Hco.‘l PH8. An aliquot (generally 0.2 ml was

of nucleotide that had been diluted ten fold with water, The
solution was stirred magnetically for 30 minutes at room temp-
erature and then allowed to settle. The supernatant was assayed
for radicactivity or for its extinction at 260 nm to ensure
mtDM\anmmmmmbytmm.
If this had not occurred, a further aliquot of exchanger was
added and the procedure repeated. The exchanger was finally
collected on a 2.5 om Whatman No.l disc in a Millipore filtr-
ation apparatus, washed with 40 ml of 0,2 n«-am‘acos PHS, and
eluted with 5 ml of m—uagms PiS. The eluate was repeatedly
evaporated to dryness in a rotary evaporator to remove the
bicarbonate. The desalted nucleotides were finally evaporated
to dryness in a small siliconised tube, taken up in 5-20 uil
of Ezo, and applied to the ion-exchangs paper.

This procedure used for smallexr amounts of exchanger

than column procedures and hence desaltsd more affaectively.
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The recovery of radicactive or UV-adsorbing nucleotide was

always >80% and often near 100%.



IV, RESULTS

A. General Enzymology
(i) Pl restriction of bacteriophage 82,

The Pl modification enzyme was selected for study because
the efficient restriction of certain bacteriophages by the phage
Pl system presumably indicates a relatively large number of sites
at which the restriction and modification enzymes act. This
facilitates the use of a methylation assay for modification. The
DNA of bacteriophage 82 was chosen as substrate rather than that
of bacteriophage A because of the relative efficiencies of
plating of the two phages on a P1 lysogen (see Table 1), The
assay for the Pl modification enzyme measures the extent of
methylation of bacteriophage 82.C600(Pl--) DNA compared with
DNA from bacteriophage 82,.C600(Pl=+) = that has been modified
in vivo. If modification in vivo is efficient, them the latter

substrate should be inert to the activity in vitre.

(ii) Detection of Pl modification activity in fractionated extracts.

Arber and Linn (1968) have described a simple fraction=-
ation procedure that ﬁroduaod extracts with B specific modification
activity as detected by infectivity assays on bacteriophage fd DiNA.
This fractionation was therefore applied to various Pl infected
cells and the resulting extracts were assayed for methylation
of 82,0600 (Pl--) DNA and 82,C600 (Pl-+) DNA. The Pl=infected

cells were initially investigated in preference to Fl lysogens,



Table 1. Efficiencies of plating of bactexiophages 82 and
A on Pl lysogenic hosts.

The efficiencies of plating (titre on bacteriophage Pl lysogeanic
host # titre on E.coli C600) of bacteriophage 82¢ and bacterio=-
yhtmh“grmmutmmumd-ummudum

in Methode section la.

Bacteriophage
82,C600
82.C600 (Pl=+)
82.C600 (PL==)
A.C600 (P L1==)

E.coli C600(P1)

-6 =&

l1x10 =-3x10

i

1%30°%<3x20"°

S s

1x10° =3 x 10

E.coli C600 (Pl=+)
b §

1
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because the genetical observations of Arber and Dussoix (1962)
indicated that early lytie infection by Pl is a pericd of
intense Pl modification activity.

The extracts were prepared as described in Methods
Section 2a(i) and assayed as shown in the legend to Table 2.
The results (Table 2) showed that 82,C600 (Pl==) DNHA was prefer-
entially methylated by an activity that was present in Pl infected
cells but not in uninfected cells, nor in cells infected with
the modificationless mutant PLlKCjy2. The imcup in tricium
ingorporation shown by all extracts was probably due to the
nonspecific methylating activity described by Gold and Hurwits
(1963) . The presence of this activity made it important to
perform all assays in parallel with Pl modified and unmodified
DR,

In later experiments the activity in extracts of induced

w
lysogens of the thermoindicible mutant Pl C_l62 (Scott, 1970)

I
was investigated., The extracts were prepared as described in
Methods section 2a(ii) and the data is presented in Table 3,

The 25=-55% (uH 4)2804 cut from the heat induced strailn has approx-
imately 4 x the activity of that from the normal 1100::‘— (#1)
lysogen. In both cases the 25~558 cut contaims the majority of
the ma‘) 2504 precipitable protein. The heat inducible lysogen
was subsequently used for the purification of homogeneous

modification enzyme (see Results, section B).



Table 2., Methylation of 82,C600(Pl--) DNA and 82,C600 (Pl=t)
DNA by various extracts.

Reaction mixtures (vol 0,275 ml) containing 14 ymoles potassium
phosphate pHG.5, 1.4 umoles EDTA, 1.3 umoles 2-noroaptocthgnol.,
12 nmoles C‘J.'s-m {3 uCi/nmole), 15 ug of 62 DHA and lmg of
extract protein were incubated at 30°C., Aliguots (0.1 ml) were
withdrawn at 0 min and 45 min and assayed for acid precipitable
radioactivity as described in Methods ’uct:ion 2f except that at
this time 0,04 mg of salmon sperm DNA was used as carrier and
sodium pyrophosphate was omitted from the precipitation reaction.
This latter omission is probably responsible for the rather
variable 0 minute incorporation. The results are expressed as

C.Pemy acid-insoluble tritium.

SUBSTRATE

Source of extract 82,C600 (Pl==) DHA L’o“OO(PJ.—-‘DﬂA

o* 45" 95' | o 45°
1. PIKC infected 11001'*- 316 1243 2072 |344 481
2, P1ECY2 infected 1100!,‘- 599 654 472 606

3. 110023- (uninfected) 382 613 402 601




Table 3, Methzlqtion of B2 DHA by extracts of heat induced
X140 gncil.sz) and uninduced llootx- (P:I.).i

Reaction mixtures (vol. 0.2 ml) containing 10 ymoles potassium
morpholinsthanesulphonate pH 6.0, 1 umols 2-mereaptoethanol,

O.l uw,.e EDTA, 0,45 n mole CP_~BAM ‘309

3

¥Ci/n mole), 6 ug

82 DNA and 1 mg of axtract protein, were incubated at 30°C for
100 min and assayed for acid-insoluble sﬂ-tadioaceivicy(c.p.m.) .

SUBSTRATE
s total _ :
(NH,) 180, 82,C600 | 82.C600
Source of egxtract precipitable {PLle=} (Pl=+)
protein ‘DNA DNA
1. 0-25%(NE,) 80, 3 5300 466
K140(Ple 162) 2. 25-55% " 66 6286 433
3. 55=1008 °* n 1263 279
4. D-258(HH,) 80, 5 - 512 414
1100r - (P1) 5. 25=55% " 55 1652 386
6. 55-100% * 40 921 321
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{114) Purificaticn of the Pl modification activity froa uooxx-(ng.

Although the activity has successfully been purified from
27 ¢ of Pl infected cells, the difficulty of growing laxge quant-
ities of Pl has made this unattractive as a source of purified
entyms, The entyme was therefore generally prepared from tihe
11001"- {P1l) lysogsn by the following msthod. All the buffers
contained 5% («z-} glycercl, SaM=-2~msrcaptosthanol and O,5mM-EDTA
unless otherwise stated, All potassium phosphate buffers ware
pH 6.7 and phosphata concentration was detarmined by use of a
calibrated oonductivity meter,
)#sc‘zuction.
{Lim & Arber (1968), with minor modifications.] E.coli 1100rn-(Pl)

Btep 1l: preparation of dialysed (NH "

was grown in L broth at 37°C to 109 callis/m), sedimsnted in a
continuous-flow Alfa-Lavall centrifuge and stored at ~20°C, All
subsequent operations wers performed at 4°C. Cells (150g) were
resuspanded in 225 ml of 0.05M=tris=-HCl pH 8.0, then 300 g of
acid-wvashed glass baads was added and the mixture was blended
for a total of 20 min with intermittent cooling in an ice-salt
bath 80 that the temwperaturse 4id not rise above 5°C. The super=-
natant was decanted from ths bsads, which wera washed with 100 ml
of 0.03N-tris=HCl pHS,0, The pooled supernatant and washings
ware coentrifuged (10,000 g, 20 min). The supsrnatant (volums
354 ul) was mads 0,035H in )igc.lz and the resulting precipitate
was ramoved by centrifugation (10,0009 13 min). The supsrnatant
was precipitated by adding 180g of solid {Hﬂ‘}2804 which was
diesolved over 30 min at 0°C, The pracipitats was collected by

centrifugation in the MSE High~Speed 18 centrifuge (6 x 100 ml
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rotor, 17,000 r.p.m, 30 min, 2°C). The pellet was dissolved
in 0.02M-potassiumphosphate (30 ml) and dialysed against the
same buffer,

Step 2: chromatography on DEAE~gellulose, The
d;alyqed (N34)2504 fraction waé applied to a column (17 cm x 4.5 cm
diam,) of Whatman DE52 cellulose that had been equilibrated with
0.02 M~potassium phosphate, The column was washed successively
with 500 ml of 0.02 M-potassium phosphate, 500 ml of 0.05M~
potassium phosphage, thén aluted Qith a linear potassium phosphate
gradient {1.5 1litres), runnigg from 0,05 to 0.3 ., FPractions
(approx. 45 ml) vere collecteé and the anzyme activity was found
in five neighbouring fractions with a mean phosphate conéan- |
tration of 0,114 (Fig.l). The pooled fractions (volume 240 ml)
were precipitata§ with (N3412804(150g). 'Thé precipitate was
collected by centrifugation, disseolved in 0.0ZQ-potaasiuﬁ éhoaphate
{30 ml) and dlalysed extensively zgainst 0.62M-potassium phosphate.,
the precipitate that foxnsé during éialysis ﬁas':amoved by
centrifugation) the total protein in the supornatant was 301 mg
{volune 44 ml).

Btep 3: chromatography on phosphocellulose, rOf the concen-
trated DE fraction, 34 ml was applied to a colum (18 em 'x 1.25 am
diami of Whatman P11l éh&aphoceliulose that had been equilibrated
with 0.02M~potassiun phosphate, The column was eluted with
0.02M—potasuium.phéaphate (75 ml), 0.1M~potassiium phosphate (100 nl), |
0.2M=-potassium phosphate (75 hl). O.BH-pctaaslﬁm phosphate (100ml)
and 0,5M-potassium phosphate (100 ml). The methylation activity

was found in the 0.2M step and was immediately concentrated by
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Fig.l. Chromatography of dialysedS(NH4lésoé fraction on DEAE--

“cellulose.
Adsorption:’and elution was as described in Results A(iii).
Samples (0.15 ml) of the fractions were assayed in parallel for
methylafion of bacteriophage 82.C600(P1--) DNA(e) and bacterio-
rhage B2.C600(Pl-+) DNA (o). The continuous line in (a) is
the difference in radioactivity incorporated into the two sub-
strates. Fractions enclosed by the bar were pocled and concen-—
trated as described in Results A(iii).

(b} === [potassium phosphatel

Eago '
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the addition of (ﬂn432$o‘ {40g). The precipitate was collected
by centrifugation and dissolved in O,031=potassium phosphate
(3 m1).

Step 41 glycaerolwgradient sadimsntation. After dialysis
for 2 h against 0,02¢#~potassium phosphate (1 litre), the
cuneaatiated phosphocellulose fraction was laysred in 1.2 ml
portions on 20 nl of 10-25% (1) glycerol gradients mads up in
0.02 Mepotassium phosphate = 0,1mM BOTA - SmM dithiothreitol,
PhE 6.5, After centrifugation for 36 h at 30,000 r.p.m. in
the HSE Suparspesd 65 centrifuge, 3 x 23 ml swing-dut rotor at
20¢, the gradients were eullaéted in 1 ml fractions. The
activwity was found at a position cozresponding to approximately
68. The active fractions (see Figure 2) ware made 50% G? in
glycercl and stored at ~20%°C, Ho significant 1¢as.o£ ngtivity

{less than 10%) was observad over 4 months.

Comments on the purification procedura

Thea purification of tho‘enzymn is suymariged in Table3,
Apsays with a limiting amount of glycerol gradient fraction
wore conducted with and without the addition of extract (1l mg
protein of the dialysed €ﬁ34}3534 fraction) of the 1100:Kfstfain.
The sxtract had no significant effect oa the extent of the
reaction, showing that the activity of the 1100:Kf{91) axtract
can be directly eompa:@d with that of the purified enzyme in
computing the deqree of purification achieved. The extent

of redction was approzimately linear with protein congantration

over the range.of activity involved in the assays. ‘Tha enzyme
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rig.2. Glycerol-gradient sedimentation of congantrated

phosphocellulosa fraction,

Sedimentation of thoe phosphocellulose fraction was as described
in the Results A(iil), Porticna {0,025 nl) ware assayed for
mothylation of bacteriophaga 82.C600 (Plw=) DNA (®) or bacterio=
phage 82.C600 (Pl=+) DHA (o). The 4.38 standard was bovine
haemoglobin which was located by its extinction at 410 nm.
Fracticns enclosed by the bar were stored as doscribed in
A(iil). Sedineatation was from right to left.



TABLE 3. Summary of enayme purification

;1 unit of activity makes 0.16 p mol of methyl groups acid~
insoluble/5 1g of wmodified phage 82 DNA par 60 min incubation
at 30°C. This is equivalent to 125 c.p.m. under the conditions
of assay (Methods 2£(i)). The blank value for incorporation into
nodified DNA is aubtracted, The recovery values foxr the phospho-
callulose and glycerolegradient fractiona are corrected for
purification of total pooled DEAE-gellulose fraction,

Total Total Specitic

Purification stage protaein activity activity Recovery
' () (units) (units/mg) (%)
Crude supernatant 10,700
Dialysed (NH4)2804 fraction 4,820 7520 1.56 100
Pooled DEAE~cellulose fraction 301 4420 14.7 59
. Pooled phosphocellulose fraction 9.1 2161 230,8 29

Pooled glycerolegradient fraction 1.5 1230 B20 16
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was thus purified approzimately 500 fold from the dialysed
tms‘) 450, fraction {rable 3).

The dilute coluan fracticns were all unstabla and the
glycerol gradient fraction lost activity Af stored at 0°C,
The fracticas from the phosphooslliulese golumn wexe particulaxly
uhstable and it was leportant tO concentrate thai as scon as
possible. In all preparaticms of this sazyme the steps befoxe
the giycerol gradient wers coaplated in 2-3 days.

{iv} Propertiss of the purifisd modification activity

Althwugh fomal proof of the moditication propertics
of this activity will not be presented until wection g, it will
be reforred to as HsP, after the suggestion of Arber and Lian
(1969%) .

All of the following expuriments wers performed with

the glycsrol—-gradient fraction.

2. Contaminating agtivities

Pl restriction enzyme:s ¥ig. 3 shows the ssdisantation

profiles of pelabelled A+E(PL) DA and >

Helabelled A.E DHA
ingubated, in the presance of appropriate cofactors, without
encyma {a), with M.P (b), with purified Pl restriction enzyme (c),
with a mixture of both ensymes (d). The neax supexposability

ofthon

P and 3:! distributions in (a) and (b) shows that neither
DHA species was significantly degraded . by the M.P. The A.XK
DIA was, however, sxtensively broken both by Fl restriction

enzyms and by the mixture (mea (o) and (d) ). Thus the H.P



Fig.3. Sedimentation profiles in neutral sucrose gradients of .-

3 32 . . , '
H A.K DNA and PA.K{Pl} DNA incubated with various enzyme
fractions.

The reactions (vol 0.1 ml) contained 10 Hmoles potassium tris-
(hyd;oxymethyl)methyl—Efaminoethanesulphonate PH 8.0, O.l2 Umoles
EDTA, 0.8 ymoles‘Mg Cij, 0.6 umoles 2-mercaptoethanol, 0.25 umoles
ATP, 1 nmcle SAM, 6x10 c.p.m. of 3H‘AcI857S7.K DNA, 5x103c.p.m. of
% Ao 8575;.K(P1) DNA, and either 4 ug of M.P or 10 wl (protein
concentration unknown) of Endonuclease R.P. After incubation at 30°C
for 20 min, the reactions were terminated by adding 5 ul of 0.5M

EDTA pH8.(0 and layered on 1.8 ml 6—20%(W/v)sucrose gradients in 10 mM
tris-HcL (pH7.4}~1mM EDTA- 0.04% -sodium dodecyl sulphate. After centri-
fugation (MSE superspeed 5C) in a 3x3 ml swing-out rotor at

50,000 r.p.m. for 2 h at 20°C, the gradient was collected in 3 drop
fractions and counted, (see Meﬁhods section 2(c})).

32
- P, A.K(PL1) Dna

“H, A.X DNA
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preparation contained no detectable Pl restriction activity
and this abssnce was not due to the presence of an inhibitor,
unless such an inhibitor was efifectivaly titrated. The absence
of P1 restriction activity is consistent with the fact that it
sedimentz at 108 on glycerol-gradients and is thus. clearly
resclvad from the H.P in tha final step of the purificatiea
procedure (Murray, Brown & Brookes, unpublished results).
E#odeoxyrihonunléasa activitys The M.P p;‘epuati.on was

incubatad with 52

p-lalbelled phage T7 DHA at pH 7.4, Sutemgs’.

-The production of mononusclaotides by exonucleolytic degradation
was measured by the mathod of Kelly and Snith (1970). The

sample was applied together with mononucleotide markers, to.one e:nd
of a\ strip (1 o x 20 cm) of polyethyleneimine ispregnated

thin laysr celluloss. The chromatogranr was davelopad with 2 ¥-Ecl
until the solvent front was approxiwately 0.5 om from the top.

The strip was dried and the sailmt. front rveglon, which contained
-the UV absorbhing mononucleotide uker—., was cut out and counted
in a Nusleax Chicage gas-flow countex. The origin region,
containing the highar molecular waight nucl@tiés. was also cut

- out and counted. m' shown in Table 4, no dstectable monanu-
cleotides ware produced after 1 h of incupatian at 37°C. Whan

the T7 DHA was inoubated with the dialysed (n34 50, fraction,

),
however, labelled mononuclectidas wers datected (Table 4). If
At is assumed that 100 c.p.m. abova background could have haan
detected, then since the lnput counts are approximately 20,000
(Table 4), less than 0.5% of the DNA has been reduced to

mononuclectides, Gince the molecular weight of T7 DNA ig



Table 4. Assays for contaminating exonuclease in purified

M,P and in the dial_ ed (NR ,%'fzmuan.
The reactions (vol 0.03 ml) containing 1.5 ymoles -ttil-'ﬁel pH 7.4,
Q.12 ymolea ug(casme) 2? 0.09 ymoles i-mercaptoaethancl, 38,760
@upents 0f Jipelabelled T7 DNA and either 4 g of purified M.P
or'l sty of the Gm;med (Rﬂ‘) 2306 fraction, wers incubated at
37 C. At the indicatad times, 20 ul aligquots were spotted
onto PBEL strips and analysed as described in the text. The

results ars expressad as 329 CoPolia

¥ront Origin

60* incukation with no enzyme . 69 22,708
M,P 0' incubation 4} 23,742
5 » 53 21,683

154 o 72 22,471

309 . ' 61 21,050

. 60! LA 18 23,216

(8H1 2594 eraction

0* incubation 45 22,418

5 ' 1,482 20,612

15! ' 4,087 18,114

30° » ' 8,342 17,672

60! » 7,161 14,814
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2.6 x 107 (Studiexr 19685), or 8 x 19‘ nucleotides, this means
that less than 200 aucleotides ware removed from eacix double
stranded end of the intaet moleculae.

Endodsoxyribonucleass sctivity: The M.P preparation
was incubated with JH-labelled A.C DA in meNg®' pH 7.4, The
A DiA was snalysed by sedimentation in neutral and alkaline
sucrose gradients and compared with A DNA that had beén incubated
without ensyms. As shown in ri.é.i (a=d), the smedimentation
profile of the , DMA in both neutral and alkaline media was not
detectably altared by the incubation. Therafore the M.P
preparation was fros of detectable endodeoxyribonuclease activity
as scored by this tast,

The most sensitive method of scoxing endodacxyribo
nuclease activity is by its effect on twisted ciroular DNA,
Only one single~stranded breask i{s sufficient to convert the
twistad circle to the lens rapidly sedimenting non-twisted
glroular form, The M.P preparation was incubated with &

32 35-1m11ea

mixture of ~“P-laballed j.K (P1) Mnear DNA and
bacteriophage K13 twisted circular DiA, containing a small
amount of the non-twisted circular form, under the conditicms
of methylaticn reactions (0,054 -~ potassiun morpholincsthans-
sulphonate pH6.0, Q.252M-EDTA), As shown in Fig.4 (e and f)
the sedimentation profile of the M1l3 DMA was not dutactahiy

altered by the inoubation.



Fig. 4. 2Analysis of contaminating sndodeoxyriboouclease

1.

a.

‘agtivity by szonal sedimentation in sucrose gradients.

ADNA u substrate, Reactions (vol 0.1 ml) contained

5 umoles tris-ACl pit 7.4, 0.5 umoles xq(cnacom 2¢ 0.5 umoles
A-marcaptosthanocl, 3 x 103 CoPem, Of chSS'?s,;,.c DMA and
sither 4 ug of N.P (Fig.4a and 4¢) or no enzsyme {Pig., 4b

and 44), After incubating at 17°C for 30 ain, the
reaction mixtures wers layersd on 1,8 ml 6=20% (5 sucrose
gradients in neutral madium (0.01M tris-EClpH7.4, O.9M-NaCl,
1aM=~EDTA) or alkaline medium (O,3=NaOH, O0.9M<MAC)l, 1lmM-EDTA),
centrifuged at 20°C, 30,000 x.p.m., (M5E superspeed 50,

3 x 3 al swing-out rotox) for 2 h (neutral) or 2.75 h
{alkaline) and collectsd in two dyeop fractions. Pig, 4a

and 45, neutral. Frig. 4c and 44 alkaline,

"-__38‘ X.C PMA

M1l twisted chcula: DHA as substrate. Bsactions (vol
0, lil) centained 5 umoles potassiom morpholincsthanssulphonate
pH 6.0, 0.025 umoles EDTA, 0.5 wmoles l-mexcaptosthanol,
3.5 x 107 c.p.m. of Ji-labelled M13 RFI DMA (720 c.p.m./
ug)s 3.5 x 10° c.p.m. of >peladelled Ae 8575..K(P1) DHA
and 4 ug of H.P{Fig 44) oxr no enxyme (Fig. 4£). After
incubating for 3 h at J0°C, the reaction mixtures were
layezred cn 4 ml of 6-30% (-‘;'-) sucrose gradients in 0.01M-
tris-AC1-pK 7.4, laM-EOTA, 0.04% (3} sodium dodecyl
sulphate and ceatrifuged (MSE Superspaed 75) at 40,000
F.p.m. 20°C, 2.5 h in a 3 x 5 ml swing-out rotor. The
gradiants wexe ocollacted in 4 drop fractions

32

o—o “*p, A.x(P1) DNA

o—e 2§, M13 DMA
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{b) Requiremsnts for the activity
The requirements were investigated as shown in Table

5. The anzyme is specific for native, inwmodified DA and is
stimulated 1.5% fold by M-uq“. a propexty also noted by
Xhnlein et al,(1569)with the Z.50li strain B modification

aotivity. A threefold inhibition by 0.lmH~ATP was also observed.

{(c) pH-~dependsnce of methylation
The pE~dapendence of the activity in potassium morpho=

lincethanssulphonate and potassium pipsragine~-NN'~his=~2 sthane-
sulphonate buffers is shown in Fig.5. In 0.05M~potassium
morpholinoethanesulphonate the pH optimum is betwesn 6.0 and
6.25, although sigalficant methylation was obsexved from pH 5.3
to pH 8.0, lNo significant methylation of Pl modified DHA

was ohsaxved over this pH range.

{d) Product of methylation
A sauple of msthylated DA was analysed by ensymic

digestion to mononuclectides and high~voltags electrophoresis
¢n aminoethylcellulose pnp& at pH 3.5 (see Mathods section
Ic(i))e A single peak of radicactivity (Fig. 6a) migrated with
4aMP, indicating that a single mononucleotide had bheen methy~
lated. Ancther sanple of methylated DXA was analysed by acid
hydrolysis and paper chromatography {(sea Msthods section 3b).
The radiocactivity migrated on two sclvent systems with 6-methyl=-
sminopurine (Fig. 6b and 6c). G-methylaminopurine is thus

the sole detectable product of xuthylatién.



Table 5 gaggirements for methylation

The complets system (vol 0.1 ml) contained 51 moles potassium
morpholincethanesulphonate pH 6.0, 0,025, moles EDTA, 0.5  moles
2=mercaptoethanol, 0.4 n woles CT,~5AK (8.3 Ci/n mole), 6V g

of bacteriophage 82.C600 (Pl-~) DNXA and 2u g of M.P. After
incubation for 45 min at 36°C the mixtures wore assayed for

acid previpitable 3H-rad£oactivity. Bacteriophage 92DRA

was denatured by heating at 100°C for 7 min and cooling ia ice,
Enzyns was heat-inactivated at JOU®C for 5 min in a stoppered
tuba,.

Acid~insoluble 3& radioactivicy

{Cepom, )
ompleta system 2333
Minus DHA 134
Substitute bactériophage 52.C500 (Pl=+)DHA 147
Substitute heat-denatured DHA 185
Minus onzyma 78
Substitute hezt-inactivated anzyna_r o 113
Plus SmM-MgCl, _ - 33m
Plus 0, l=-aTP _ 713

Plua SmM~NgCl, and 0, ImHeATP 2984



-

1071 % *H radioactivity {c.p.m.)

" ‘sulphonate (pXa = 6.15) and potassium piperazine-NN'-bis-2-

ethanesulphonate (pKa = 6.8) buffers.

The complete system was made up as for Table 5 in 0.05M-potassium
morpholincethanesulphonate or 0.0S5M=potassium piperagine—NN'rbis-2--
ethanesulphonate buffers of the appropriate pH value, which was
measured at 27°C on a Vibron model 39a pH-meter with manual temper-
ature gompeqsgtion and standardized against air-free phthalate
buffer, pH7.0. Control experiments with larger volumes of the
reaction components indicéted that the initial pH of the buffer

was altered less than 0.01 pH units by the. addition of the other
reactants. The reaction mixtures were incubated foxr 40 min ét 30°C
and assayed for acid_insoluble 3H;-radioactivity. Bacteriophage
82.C600(Pl-—) DNA: e, potassium morpholinpethanesulphonate; “l,potass-
ium piperazing-NN'-bis—2—ethanesulph0nate. Bacteriophgge 82.Ce00 .
(P1-+) DNA: ¢, potassium morpholinoethanesulphonate; 4, potassium

piperazine-NN'~bis~2=-ethanesulphonate.



Fig.6. Analysis of the product of DNA methylation

(a) Hononucleotide analysis of methylated bacteriophage 82 DNA
cn aminoethylcellulose paper (see Methods section 3¢(i)). 'Blue’
= Xylena Cyanol FF marker dya.

{b) and {c) Base analysis of bacteriophage 82 DNA by paper
chromatography (see Methods saction 3b) on butan-l=ol~water

(HH3 atmoaphere) then methanol-water-HCl, The material remaining
at the origin (indicated by an arrow) after the butan—l-El-water
system was eluted with 0.1M~HCl and hydrolysed with 1M-HC1 at
100*C for 2 h. On re-chromatography more than 908 of the radio-
activity remained at the origin, This material was also found
in the hydrolysate of a reaction from which tha DNA was omittad
ahd hence is not a product of DNA methylation, Methylated DNA
for both analyses was obtained by incubating 4 ug of bacterio-
phage 82 DNA for 4 h at 30°C in the complete system described
in Table 5. 7 MeG, R~T-methylguanine; Ad, adenine; 5 MeC,
Semgthylcytosine; 6 MAP, é-methylaminopurine,
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(a) Zims-course of methylation

The time-gouxse of asthylation of unwodified bactexio=
phage 82 DHA was investigated by incubating a series of duplicate
reacticn mixtures for v#&oru times and then assaying for acid-
insoluble 3E~radioactivity. As shown in Fig.7, inmmuuea
of methyl groups vas complete after 3 i of iacubation at 30°C.
The extent of methylation was not limited by Sfnactivation of
the ensyms, since the addition of mors ensyme aftax 5 h vas
without affect, vhereas tbe addition of more DHA produced a
dstectabls sticulation. The number of methyl groups incorporated
at the platesu was about 20-24/DMA woleculs (containing 107
bassas), although this nuaber is 4ifficult to astimate accurately
becauss of differances in recovsry and quenching during the

acid precipitaticn procedurs.

{£) Depsndsnce of methylation on SAM,

The 5AM dependence was investigated as fescribed in the
isgand to Fig.8. Analysis of the results by a double-~resciprocal
plot (Linswveaver & Buxk, 1934), gave an appareat K fox BAM of
S uM (rig.8). Tne value obtained by Xuhnlein and Arber (1972)

for ths R.coli B modification enzyme was 4 uN,

(g) Modification and restriction of bacteriophage A DEA in vitro,
The wodifying action of the puxified M.P? can bs demon~

strated by incubating methylated DHA with purified Pl restriction

snsaywe. Unlabelled A.C LHA was methylated with the enayme and

CT.~SAN in the preseance of 339—1&.11«1 A.K (P1)} DMA. Mter the

3
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Fig.7. Time-course of methylation

The reaction mixtures had the same composition as the complete system in Table 5,
except that 4 ug of bhacteriophage 82 .C600(Pl--) DNA (¢) or hacteriophage 82.C600

(P1-+) DNA (o)} was used. Reaction mixtuxes were incubated at 30°C for the times
indicated and then‘assayed for acid-insoluble 3H¥radioactivity. ITo one set of
reaction m}xtures (A 3 pg'of bacteriophage 82.C600(P1--) DNA was added after 5 h;

to gnothe% set {n) a further 25 pl of enzyme was added. All tubeé had a blank value
ofl129 c.p.m, Subtracted for an incubation without enzyme assayed at O min. No attesmpt

has been made to correct for aﬁ& fluctuation of this blank with time of incubation.

Fig.8. SAM dependencé of methylation Lo

PeTT i

e

Reaction mixtures (vol 0.15 ml) contained 7.5_uﬁoles poééssium morpholinoethane-
sulphonate pH 6.0, 0,03 pmoles EDTA, 0.;2 pmoles‘2—mercaptoethanol, 7.5 pg of bacterio-
phage 82.C600 (Pl--) DNA, 4 Mg of M.P and CT3~SAM adjusted with the required a¢0unt of
ﬁnlabelled SAM to give the concentrations shown in the figure. After 30 min.incubatibn
at 30°c the reaction mixtures were assayed for acid-insoluble methyl groups. _Each
result was corrected for a blank incorporation pe;formed in the absence of

enzyme,
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incubation the DHA species ware purified by phenol extractien.
After ramoval of the phenol and SAM by dialysis, a sanple of DHA
was analysed by acid hydrolysis followed by thin layer chromate
‘ography according to Rasin et al.(1970). As shown in Table €,
85% of the 'R was found in Gemethylaminopurine. Yhe remainder
of the “u-uethylated DNA was divided into thres equal portions,
which were incubated with endonucleass R.P (Fig.9a), or sndo-
nuclease R.X (Fig 9») ox without enxyme (Fig.9c). The activity
of the endonuclesse R.P  was checksd by inoubating it with an
equivalent anount of “Helabelled A.C DHA and - p-labslled A.X(P1)
DA that had bean aubjoetod. to the same protocol of incubation
and phenol sxtraction, except that SAM was omitted (¥ig.9d).

All reacticn mixtures ware analysed by neutral sucrose~gradient
centrifugation in buckets on the same rotor (ses Pig.9 and
legend).

3% and ¥ aistri~-

The near-suparposabiility of the
butions in ¥1g.9 (a) and 9 {(c) shows taat the “H-methylated
DA was not significantly degradad by incubation with endo-
nucleases R.P. The zumtnyhm DHA was, however, broken by
tha heterospscific endonuclemss R.X (¥ig. 9%o), and, in the
mtrol' incubation mixture (rig. 94) the Bx-m-au-a A.C DHA
wag also broken, showing that the endonuclease R.F was active.
Tha nearly idantical distribution of ”P in all four gradients
shows that all breakage was specific for unmodified DuA. Upon
repctition of the entire experimant, these features of the
various distributions were found to regur.

This experiment demonstxates the role of DHA



Table 6, Base analysis of 3a~mathxlat¢d A DNA.

10 ul of reaction mixture 1 (see Fig.%) ware analysed by acid
hydrolysis followed by t.l.c. (ses Mathods 3b). The sﬁ-
radicactivity in various areas of the chromatogran was deter-
mined by the elution and counting procedure of Razin et al -
{1970) . The radiocactivity applied to the chromatogram was
derived by applying 10 ul of reaction mixture 1 DHA together
with 10 pl of 25 aM each S~methyloytosine and é-mothylaminopurine
to a shest of the thin layer cellulose. The radioagtivity

in this spot was also determined hy the above procedure.

A bagkground of 124 c.p.dm. has baen subtracted from all results.

%his was derived by sluting and counting a hlank area of the
chromatogram, '

C.pedim.
Total radicactivity spplied 1561
origin region a88
Semathylcytosine region 12
6-mathylaninopurine region 13%6
% Recovery of radicactivity = 165

& radiocactivity in t=-methylaminopurine - 83



3H and 3P rgdioactivity (¢.p.m.)

IH and P radicactivity (c.p.nv.)

Fig.9 Zone sedimentation in neutral sucrose gradients of the

‘products of restriction endonuclease reactions with modified A DNA

- Methylation reactions were carried out in small ‘Dunham' tubes
to facilitatg phenol extraction. Reagtion mixture 1 {vrl 0.35 ml)
contained 17.5 ﬁmoles.potassium morpholinoethanesulphonate pH 6.0,
0.087 umoles EDTA, 1.75 pymoles Z-mercaptoethanol, 1.4 nmoles

CT3~SAM (8.9 uCi/nmole), 20 ug of Ac1857s7.c DNA, 2 x 104 C.p.m.
of 32P—labelledlkc1857s7.K (P1) DNA and 18 g of M.P. Reaction
mixture 2 {vol 0.115 ml) contained 5,5 pmoles potassium morpho-
lincethanesulphonate pH 6.0, 0.029 pymoles EDTA, (.55 ypmoles 2f
mercaptoethanol, 6 jug of‘A01857S .C DNA, 5.5 x 103 c.,p.m. of
3H-labelled‘A01857S

»A01857S

7

7.C DNA (1 pg), 6 x 103 c.p.m. of 32P-labelled

7.K (P1) DNA and 6 ug of M.P. After incubation at 30°C
for 3.0 h, both reactions were extracted three times with an
equal volume of freshly distilled phenol. The aqueous layers
were dialysed twice against 1 litre of 1OmM-tris-HC1=-0.lmM~EDTA-
0.4M-NacCl pH2.4, then twice agai;st 1l litre of the same huffer
without NaCl. Both samples were heated at 60°C for 10 min to

dissociate concatenates. ’ .

Restriction reactions (a) Reaction mixture

sol (@ R-P (vol 0.36 ml) contained 36 pmoles potassium=—

300 N—tris(-hydroxymethyl1methyl*2—aminoethane—

250 suiphonate pH 8.0, 0.43 ymoles EDTA, 2.88

0 pmoles Mgclz, 2.16 ymoles 2ﬂmgrc§ptoethanol,

0.%moles ATP, 3.6 nmoles SAM, 0.15 ml of

. . : 3
DNA from reaction mixture 1 (5.5 x 10 c.p.m.

e o
of 3H and 6.3 x 103 c.p.m, of P}, and 0.15
i 5 i¢ 5 20 25 .30 35 40 L

Fraction no. - ml of endonuclease R.P.

(b) Reaction mixture (vol. 0.36 ml)contained
wmol (8| R-K '

DNA, potassium—N—tris(hydroxymethyl)—methyl—
ssol- 2-aminoethanesulphonate; EDTA, MgClz, 2=

mercaptoethanol and ATP as for (a) but 7.2
n moles SaM, and 0.1 ml of éndonuclease R.K

instead of endenuclease R.P.

.- 10 15 20 28 30 35 40
Fraction no.



3H and ¥P radioactivity (c.p.m.)

IH and ¥*P radioactivity (c.p.mj

150

300

250

200

P05 0 45200 25 30 35 4(c) As (a) except that water (0.15 ml)

Fraction no.
replaced endonuclease R.P.

350
300

250

200 {d) as (a) except that 0.15 ml of DNA.

reaction mixture 2 (5.2 X 103 CaPoMMe

150 :
0f'3

' 3 32
100 H and 6 x 10 c.p.m. of P) replaced

561 DNA from reaction mixture 1.

s 10 15 15 30 35 40
Fraction no.

The restriction reactions were incubated at 30°C for 20 miﬁ,
terminated with 10 ul of 0.5 M EDTA pH 8.0, and layered on 6-20%
‘(gi sucrose gradient; in 0.01 M—txis-HCl-lmMnEDTA—0.04%.(%) sodium
dodecylsulphate pH 7.4 (vol 4 ml). After centrifugation (MSE
Superspeed 65) in a_6 x 5 ml swing-out rotor at 50,000 r.p.m.
for 130 min at 20°C,5 drop fractions were collected into vials
and counted in a Beckman liquid scinﬁillation spectromete; after
the addition of 1.5 mlnofrscintillant (30 g of napthalene, 2 g
of 2,5~diphenyloxazole, 0.lg of dimethyl 1,4-bis-(4-methyl-5- |
‘phenyloxa;ol—z-yl)benzene, SO,mi of methanol and 500 ml of
p-dioxan) . The‘arrows in {(a) - {(d) indicate Fhe'position of
Sedimentation_of whole molecule 32P—1abelled A.K (P1} DNA and
3H—lapelled A.C DNA that were run in the fifth bucket of the
rotor. The smail peak of 3H at the top of the:gradient in (a).

(b) and (c) is CT,-SAM remaining -after dialysis. Sedimentation

3
was from right to left.

., 3H; o, 32P;
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methylation in protection against the Pl rastriction enzyme.
The extensive phenol extraction {legend to Fig.9) rules out
the possibility that this protecticn derives from binding of
the modification enzyme, and thus shows that it is a property
of the DNA. -It proved critical to exhaustively methylate the
DNA by incubating for 3 h at 30°C (Fig.7). A series of previous
attempts to demonstrate the modifying activity were only
partially successful because the period of incubation was shorter

{deta not shown).
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B, The sub-unit structure of DHA mathylass HaPo

(i) Purification of the M,P

in order to purify the enzyme it is very helpful to try
and augment the lavel in the cell, Scott (1970} has described
a thermoinducible mutant of Pl. This phage seemed an attractive
cource of the ensyme sinoce the induction of the prophags
should lead to a considerabla increasa in the number of gene
_eopios.' As dascribed in Table 3, the speeifié activity of the
modification ensyme in extracts of the indusad lysogen ia at
least four-fold higher than that in the lysoganic strain 1100
rgf(?li, which wag previousiy used as a source of enzywe. The
following procedurs was uged tO prepaxe purse eniyne. It |
aiffers in the following salionmt charactaristics from the
sathod desaribed in Results A (114).

(a) The crude lysate wad traa£ed with DNAse I and
then centrifuged to Tenove rihosomﬁa; This replaced the ﬁgClz
and streptomycin precipitation steps. |

(b) The (“34’2804 precipitation was tout® between 35%
and 60% saturation. L

(g} Two successive DEAE cellulose fragtionations were

used.
{a} The phosphocellulese column was eluted with a

phosphate gradient.

(e) An additional fractiopation on CM~saphadex was used.

Growth of cellss Strain rx140 (Pl 01162) wag grown in

50 1itres of L broth at 30°C to 109 cells/ml. The tempsrature

wag shifted to 42°C for 15 minutes and then
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lowsred to 0-5°C by adding froszen 0,05 M NaCl. The cells were
harvested by sedimentation in an Alfa-Laval centrifuge and
stored at -20°C,

Step li1 Preparation of crude extract. 850g of cells
were resuspended in 900 ml of breaking buffer (0.05 M~tris~
BCl pH8.O, 0.1 mN=-EDTA, imM-2wmercaptosthanol, 10 BN~HgCL,,

5% (%) glycerol). Glass bsads (1.5 kg) were added and the
mixture was blended (with intermittent cooling) for 5 min at

low speed and 7.5 min at high speed. The supernatant wag
decanted and the beads re—extracted with 200 ml of breakiang
bhuffer. Pancoreatic Diitse (5 mg) was o,ddeﬁ to the poolad extract
which was incubated at 5-8°C for 40 min, and then centrifuged
at low spaati (10,000g, 20 min, 0°C) .- and at high apesd
{Superspeed 65, 6 x 250 rotor, 18,000 r.p.m., 2°C, 4 h). The
supsrnatant (vol 1.2 litres) had 22 ngs protein/ml,

gtep 21 ‘““4’ 250, fractionation. (534)2504 (233g) wvas
added slowly to the supernatant which was left to precipitate
at 0°C for 30 min. The precipitate was collected by centrie
fugation (12,000 ¢, 20 min, 2°C) and the supexnatant precip~

itated again by adding (NH {183 g). The precipitate

a)25%
was collected by centrifugation,dissolved in 300 ml of 0,02 M-
PH{potassium phosphate pH 6.7, 5 mM~2-mercaptoethanol,5s (-z-)
glycerol), and dialysed ‘agu.nst. 6 changen of 2 lityes of
0.02 B=-pPn,

Stap 3: DE23 fractionation, The 400 ml of dialysed
(NB " 330 4 fraction was diluted to 2 litres with 0.02 M-PH and
applied to a column (17 om x 9.5 om diameter) of DE23 csliulose
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that had been equilibrated with 0,02 M~PM, The column was
washed with 800 mi of 0.02 M~PM, 800 ml of 0,05 M~-PM and then
eluted with 0.3 M=PM. The conductivity of the eff;uent wag
equivalent to 0.3 M~PM after the passage of 940 ml. The 0.05 M~
0.3 M=PM batch wag concentrated bﬁ adding (Haﬁ)2504 {e50 a),

the precipitate was collectaed Sy centrifugation, dissolved

in 90 ml of 0.02 M-PM and dialysed against 4 changes of 3

litres of 0,05 M=-PM,

IStep 4, DES2 chromatography. . The DE23 fraction was
applied to a column (14.5 om x 6.25 om diameter) of DES2
cellulose that had been equilibrated with G.(5MePM. The column
wag washed with 660 ml of C0.05M-PM and eluted with a linear
2 litre gradient of 0.05 M=PM to 0.3 M-PM which was collected
in 30 ml fractions. The activity emerged .in six neighbouring
fractions ( mean [phosphate] = 0,12 ¥, total volume 190 ml,
2,1 mg protein/ml) which were concentrated by adding (NH4)2804
{155g). The precipitate was colleciéd by centrifugation,
dissolved in 30 ﬁl of 0.05 M~-PEM (Pn.eontaining 0.5mM=EDTA)
and dlalysed against 3 changes of 1,5 litres of 0,05 M-FEM.

| Step 53 pll chromatography. The concentrated DES2
fraction was diluted to BD ml with 0,05 M~-PEM and applied at
appréximately 40 ml/hr ¢o a column (7.2 cm % 3.75 cm dliamster)
of Pll phosphocellulose equilibratad with 0,05 M=-PEM, The
column was washed wiéh 75 ml of 0.05 ¥-PEM and then eluted
with a linear 500 ml gradient of 0.65 M=PEN tb 0.3 M=~PEX which
was oollected in 10 ml f£ractiocns. The activity emerged after

passage of approximately 0.6 of the gradient, Three nejigh~

bouring fracticns {31, 32 & 33) were pooled, concentrated by
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ultrafiltration in a Diaflo Amicon pressuxe cell (FMLO

menbrane, 20 J.b/:il? of NQ) and *dialysed' by concentrating on
four occasions after addition of a ten fold excess of 0.02 H -
PED {potassium phosphate pR 6.5 lamii-dithiothreitol, 0.5 mMN-EDTA,
5% glycerol). The voluma of the final concentrate was 5 ml

(1.3 ng protein/al).

Step 6: CM-Sephadex chromatography. & ml of the Pll
fraction was applied o a column (5 om x 1.25 cm diamater)
of CM-8ephadex C25 equilibrated wi_th 0.02 M=-PED., The column
wae washed with 20 m)l of 0.02 M-PED and eluted with G.1 M~PED
{30 ml), 0.2 M=PED (20 ml) and 0.4 M=PED (30 ml). Practions
of 5 nl were collected. The activity eluted sharply in the
first twe fractions of tha 0.4 M~PED step. These were pooled,
concentrated in the Amicon cell and *dialysed’ into 0.01 M~
potassium morpholinoethansgulphonate pH 6.5, 1 mM=dithiothreitol,
0.1 mM-EDTA, 58 glycerol by successive concentration as
employed for the Pll fraction. The volume of the final con=
centrate was 1.5 =l (0.6 mg protein/ml).

The purity of the (M-Sephadex fraction was invastigated
by polyecxylamide gel electrophoresis in 0.1¢ sodium dodecyl
sulphate {sea Mathods 24}, The anionic detargent dissociates
oligomaxic proteins into their componant subunits which then
run on the gel with a mobility that is inversely proportional
to the logarithm of their molecular weight (Shapiro et al,
1967, Weber & Osborn, 1969}, As shown in Pigure 10, the
Ch~Sephadex fraction shows two prominent bands and a number of

minor components. It i= Xnown from gqenetic atudies that




FPig. 10 Analysis of the CH~sephadex fraction by polyacrylamide
gel electrophoresis in SDS.

24 ug of protein ((M-sephadex fraction) was analysed by SDS
gel electrophoresis as described in Methods 2(&).
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the By phanotype can result from mutations in two distinot
genas (Glover et al, 1963)., Do thess i:nu bands repressnt the
subunits of the H.P? The following experimant was performed to
answer this question. An aliquot of the (i-Sephadsx fraction
was ssedimented through a long glycerol gradieat that was calibrated
by referasnce to marker proteins runs in a sistexr bucket of the
some rotor. The fractions of the gradient were assayed for K.P
activity. A single peak of activity (Fig.ll) was Hund at a
position corresponding to 63, The active fractions were con-
ocsntrated by TCA precipitation and anslysed by acrylamide gel
slectrophorasis in SDS. As shown in Fig.ll, the intensity of
the two bards increassd and decrsased co-crdinately across the
peak of agtivity.

Although close inspection of the stained gels ravealasd
trace contaminating bands in some of them, none of the trace
bends exhibitedsuwcha change in {atensity across the peak of
ensymns activity,

On the basis of the assocliation of thess two bands
through the purification procedurs and in the sedimentation
analysis, it was conoluded that they are the canmponents of the
65 M.P enzyms. As with all such purifications, howevar, minor
contaninants that might not be detectable eould concisvably be

responsible for the activity.

(11) Molecular weights and mole fractions of the two components
The molegular weights of the two components wers

astinated by determining their mobilities in D3 gels, xelative



Fig. 11. Analysis of the M.P by glycerol-gradient sedimentation
and SDS gel electrophoresis.

A 0,5 ml portion (0,3 mg protein) of the (M-sephadex fraction
vas layered on a 12-25%¢ (I} glycerol gradient (vol 13.5 ml)

in 0.0} M~potassium morpholineethanesulphonate pH 6.5, lop=
dithiothreitol, 0.5 mM-EDTA, After centrifugation (5875,

6 x 15 ml SW rotox, 70 h, 24,000 r.pim. at approx. 2°C), the
gradisnt was collected in 15 d&rop fractions. Aliquots (0.02 ml)
wara assayed for methylation of ACIBS'?.K DNA () and XCIBS‘? S.’.K(Pll
DSA (0). The remalnder of fractions 10-15 were precipitated by
adding 108 (Z) TCA (0.4 ml). After 13 min at 0°C, the precip-
itate was collected by centrifugation ('Quickfit' microcentri-~
fuge, 20,000 g, 5 min) and Afssolved Sn 6.05 nl of 0,01 M~
sodium phosphate pi 7.0, 18(=508, 18(3)-2-mercaptoethancy,
prior to 8D5 gel electrophoresis {Methods 2(4)).

A parallel gradient was layered with 0.5 ml of a solution
contaiaing bovine hssmoglobin (5 mg) and bacterial alkaline
phosphatase (0.4 mg). After sedinentation and fractionation,
the hasmoglobin was located by its extinction at 410 nm, and
the phosphatase by following (at 410 nm) the hydrolysis of

1 aM p-nitrophenylphosphate in IM-tris-Hecl pH 6.0.
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to eight authentic protsin standards, The accuracy of
this method is said to be within 108 (Webar & Osborn, 1969).
In the axperiment described in Fig.1l2, the mohilities of the
two coxponents indicated molecular weights of 68,000 and 43,000,
Four indepsendent deterainations gave the following values
for the largsr component - 68,000, 71,000, 69,000, 73,000
and gave the following values for the smaller component ~
43,000, 44,000, 48,000, 45,000, 1In ngch_ of these determin-
ations, the marker protains clustered tightly around a straight
line in the log plot of Fig.l1. It is concluded that the
molecular weight of the larger component ‘.i.s 70,000 + 5,000, and of
the smaller component is 43,000 + 5,000.

The tonqwing mothod was used to estimate the mole
fractions of the two components. The stained 2DS gels of the
CH=sephadex and various glycsrol-gradisnt fractions wers scanned
in a densitometex. The areas under the two peaks ware
deterained by xsroxing the dsnsitometer traces, cutting out the
peaks with a razor blade and weighing the paper to the nearest
0.1 mg on aMattler balance. The investigations of Fazekas de
8t. Groth et al (1963) indicated that the amount of Coomassie
brilliant blue bound to varicus proteins differs by less than
10% on a weight for weight basis. Thus if the two components
are pressant in equismolar amounts, the amount of Coomassie blue
that is bound, and hence the areas under the densitomster peaks,
should be in the ratio 7 ¢ 4.5 that is 1.55. As shown in
Tabla 7, the ratios observed are in excellent agresment with this

and in distinct disagresmant with other possibilitiss, The
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Fig. 12 Plot of the mobility of various proteins on 8%

polyvacrylamide gels (run in 0.1% SDS) against the

logarithm of their molecular weight.

The mobilities of the two components, and of various marker
proteins, with respect to bromophenol blue gggfdetermined as
described by Weber & Osborn (1969) (see also Methods 2(d)).

The two components (applied as 12 pg of CM-sephadex fraction)
were run on one gel and the markers (approx 10 ug of each) were
run in two groups of four on parallel gels. The markers were
phosphorylase a (94,000), bovine serum albumin (68,000},
L-amino acid oxidase (61,000), fumarase (49,000), ovalbumin
(43,000), liver alcohol dehydrogenase (41,000), yeast alcohol
dehydrogenase (37,000) and myoglobin (17,200).



TRELE 7 Estimation of mole fraction of the two components in various fractions

The wole fraction of the two components in various fractions was estimated by densitcuetry and welghing
{sae toxt).

Fraction Weight of peak 1 Woight of peak 2 Weight ratiio
. . 1
{g) {g} poak 2
Glycerol-gradient Ho.ll {see Pig.ll) ©0.0238 0.0142 1.68
No.l2 0.0453 0. 0286 1.58
Yo, 13 0.0592 0.0417 1.42
Ro.l4 0.0317 0.0219 : 1.45
No.1l5 - 0.,0107 0.0072 1.49

Average weight ratio for 6 gels = 1.52
Expected weight ratio for 1 heavy:1 light molar ratio®* = 1.55

Expected weight ratio for 1l heavy:2 light molaxr ratio®* = 1.29
Expected waight ratio for 2 heavy:1 light solar ratio* = 3.1

*assuning molecular welghts 70,000 and £5,000 {(seco Taxt)



TABLE 8 Suzmary of enzyme purification

The unit of activity was defined in Table 3,

Protein Activity CPeCific oo very
(mgs) (units) activity (s>
(units/mq)

Purifiication Stage

High speed supernatant 26,400

(HB4)3 BO4 cut _ 17,800 106,800 6.0 100
DE23 batch 5,640 98,352 17.4 92
Pooled DES2 fraction 460 48,481 121.2 45
Pooled P11l fraction 6.5 17,563 2702 16

Pooled CM-Saphadex fraction 0.9 7,831 8702 7
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association of tha two components in & molecule that sedimencs
at 63 (Fig.ll) pracludes the posaibility of anything other than
a l s 1 dizer, assuning that the cenformation is not grossly
abnormal.

Thus it is concluded from this analyeis that the 68
species of the M.P 48 a dimer of {_ ) distinct subuniva.
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C. Analysis of the nucleotide sequences around the mthfhtod hasge.

what is the nusleotide segquence Or saquences that the
M.P recognises? In order to answer this question, an attespt
has bean made to analyse the sequancas around the methylated base,
Initially, a double labslling method was investigated.

fhage ) or 82 DNA was methylated with M.P and CT _-SAM. After

3
purification by phenol extraction and dialysis, tha DNA was
digested with pancreatic deoxyribonucleass, treated with phospha-
tase to yemove the 5' terainal phosphate groups, and re-
phosphorylated with polynucleotide kinase (Richardson, 1965) and
Knp—hbonod ATP. The oligonucleotides ware then fractionated
by two-dimensional ionophoresis and located by autoradiography.
The apots were cut out and counted for 322 and 33. Pancreatic
DHAse lacks base specificity (Murzay, 1970} and shculd give a
population of Ji-labelled nucleotides around the methylated base.
Several experimants by Dr P.R.Brown, and latterly by the author

34 1n the 3%p-lavelled oligo-

have failed to detect significant
nucleotides. In two expariments by the author, ths amount of sn
initislly present in the digeat was encugh to have besen detected
svan {f it had entered evexry Szr-hbenod oligonucleotida. The
two dimensional systems used in theze experimants wera (i) AE
paper pR 3.5, DE paper pH2 (ii) DE pH9, DE pH2 (iii) cellulose
acetate pH 3.5, polyethylaneimine impregnated thin layer celluloses
t.1l.c. (Southern & Mitchell,l1971).

Two explanations have been considered for the failure of

thess sxparimants.
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{1) After digestion, the abundance of the methylated
oligonucleotides is very low relative to thelr ummethylated
counterparts. Therefors the success of the method dapnnds on the
ionophoretic mobility of the 2p-labelled methylated and unmethylated
oligonucleotides being identical. If the presence of the methyl
group altars the mobility then the OH will not be asscciated with
the detactable gr-hbollod urmathylated seguences.

(11) The 3& is lost by an exchange process occurring on
the ionophorstic systems at the pH values employed.

The author has hesn raluctant to spend more time investi.
gating these possibilities, It is clear, howaver, that the
mathod is not promising.

An slternative approach was to methylate unlabslled A
DiA with 24c-sam and NP, The Mc-labelied product was digested
with DiAse and '"fingerprintsd' by two dimensional iloncphoresias
followsd by autoradiography (Pig.13). As shown in Pig.13 this
procedure was successful in producing a numbsr of oligonucleo-
tides. An attempt has been mads to sequence these nucleotides
by Holley's mathod of partial exonucleolytic digestion. Fox
axaxple, a partial digest of the 5'-tatranuclectide AGCT with
snake wenom phosphodissterase would contain AGCT, ASC, 3G and
the four mononucleatides. If the overlapping nucleotides are
resolved by ionophoresis on AE paper (pB 3.5) or DE papsr
(pH2) then the mobility differance between succsssive nuclectides

depends on the mononucleotide that has been rewoved. This

method is discussed in wore detail by Murzay (1970).
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Fig.13. Pingerprint of ‘fc-modified DN

The reaction (wvel 3.05 ml) containing 50 umoles potassium
morpholinoethanesulphonate pH 6.0, 0.25 ymoles EDTA, 5 uymoles
2-mercaptoethanol, 0.042 umoles “¥c-saM (55 uci/imole), 0.5 mg
ACIESTS.’.K DKA and 20 pg of M.P (glycerol gradient fraction, see
Results A{iii), was incubated at 30°C for 4 h. The reaction was
extracted twice by rolling with distilled phenol {equilibrated
with 0.5 M~Tris-HCl pH 8.0) and the agueocus layer was dialysed
three times versus 2L of 0.01 M~-Tris-HCl pH 7.4, 0.S5M-Nall,
0.001M~-EDTA, then versus 2L of this buffer without NaCl, and
finally versus two changes of 2L of 0,0lM-scdium néotat. pH 5.0,
o.sm—ngclz. The dialysate was evaporated to 0.5 ml and pancreatic
DNAse (1 mg) was added. After incubation (37°C, 18 h) the DNA
was desalted by adsorption to DE-cellulose (ses Methods 3{d))
and applied to AE 81 paper. After slectrophoresis (pH 3.5, 50
v/cm) until the xylene cyanol FF blua marker dye had reached
the bottom layer of buffer (35 cms), the AE papar was dried
and stitched onto a sheet of DE 81 paper which was slectrophoresed
(pH2, 13 v/cm) until the blue dye had moved 25 ¢m, The finger-
print was sxposed to X-ray film for 4 weeks. Total incorporation

of radicactivity wvas 9.84 x ].G!J c.p.m., approximately 15 methyl

groups par input A DNA molacule.
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The analysis of the I‘C-mthyhttd nuclesotides by this
method is difficult for thrae reasons.

(1) mhe Yc-radionctivity in the original nucdeotide
is already low and this is split up into several components by
the analysis. Thus long exposures are xequired to visualise the
products of partial digestion.

{11) Sone of the spots from the fingerprint are mixtures
of nucleotides and thus after partial digesticn they produce a
sexies of products that are difficult to interpret.

(1i1) The only labei in the nucleotide is the “c-methylatea
A residue. Thus when the vanom exvnuclease has removed this
residue, no furthsr products will he seen, rFor example an oligo-
nucleotide with 3'-methyl A will only give the original compound
and methyl A.

These three difficulties have hampered the sequence
analysis of the 2%C nucieotides. It has been possible, however,
to obtain scoe sequence information and this is shown in Table
9. The sequences are derivativas of (AG) and (AT). %he (AG)
and (AT) sequences are currently being determined by eluting
the dinucleotides, removing the 5' phosphate with phosphatase,
and treating half with venom exonuclease (a 3' exonuclease) and
half with splesn exonuclease (a 5' exonuclease). If the
dinucleotide is pApG then only the splean enzyme will give
mathyl AMP; if it is pGpA then only the venom snryms will do so,

It is important to try to confirm and extend these

sequences and this is currently being attempted.



Table P Segquences of sone 1‘c-mthylat:-d nucleotides by

partial venom analysis

2 3
Rucleotide !.‘mel Original & Products Mononucleo- Sequenca

Rusbes tide
2 23 14.2 as (A*T)
3 30 12,4 —5-910.7 A® (aem)c
4 30 14 A* (A%)
6 B5 6.6 —S310,9 A® @a%s)c
7 22.9 3.1 -2%38,9 —C314.4 ac (smor’
13 29 6.4 22313.5 (asg) n.d. (aec)z>
{15 20.7 3.7 —S-36.1 —AME13.4 ae %) rc
Identical
28
23 9.5 5.5 a® (aAG)As
at 20.8 2,22 — 5.0 D146 ae asG) A3~
s 29.8 6.0 —MT14.5 ae (a*e)n>

Notes All of these partial digests were resolved on AE paper pH 3.5.

* - “c-uthyl group
The aequence of nucleotides snclosed in brackets is not known.

n.4 = not detactable
1 = position (cms <SLrom origin‘);;j of xylens cyanol PF marker

2 = position of original oligonucleotide followed by successive
products of partial digestion and nucleotides inferred from
the mobility differences (Murray 1970).

3 = u&nomclcotide product of digestion

4 = nucleotide obtained from a fingerprint on cellulose acetate/
PEl t.l.c. (Southern & Mitchell, 1971)

5 wi/y ambiguity resolved on the basis of position of original
aucleotide on the fingexprint.
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V¥V, DISCUSSION

(1) Identity of the snzyme

Three lines of evidence identify the enzyme studied
in this thesis as the DNA modification ensyme of phage P1 (M.P).

{a) Phage A or 82 DNA that has been modified in vivo
is not a substrate for the enzyma vhereas unmodified phage DNA is
mathylated,

(b) The activity is present in extracts of cells infected
with wild type Pl, but is absent in cells infected with a modi-
ficationless mutant of Pl.

{c) Methylation of phage A DNA confers protection againot
a challenge by purified Pl restriction ensyme.

An additional criterion, which has not bsen tested,
would be to demonstrate that methylation of phage A DNA confers
specific protection against a loss of infectivity due to restrie
¢tion by recipient bacteria. (Kalser & Hogness,1960) that are
lyscgenic for Pl.

Meselson & Yuan (1968) have suggestod that the X
restriction ensyme might alsc be the K modification enzyvme, The
purified M.P is free of detectable R.P activity, however, and
sodiments at 6S on glycaerol gradients, whereas thel R.P sediments
at 108 (Murray, Brown & Brockes, unpublishsd work). Thus the
purified activities are distinct.

If the purified R.,P 12 incubated with SaM and unmodified
DNA for 24h at 37°C then modification activity is detected
{unpublished results gquoted in Meselson et al., (1972)]. The

molecular species that in responsible for modification has not

4



59.

yat been identified. It is likely to be the result of
dissociation or partial denaturation of the 108 R.P into the

68 species studied by the author.

(11) General properties of the purified enzyme,
The sole product of the M.P, 6MAP, is also the product

of B specific modification both in vivo (Smith et al., 1972)
and in vitro (xGhnlein & Arber, 1972), and of K specific modi-
fication in vitro (unpublished results of the author). Prophage
Pl also restriots the unglucosylated (Ugt) mutants of phages
T2 and T4 (reviewed in Revel & Luria, 1970), bhut, for reasons
that are obacure, Pl modification does not cperate on these
phages, It is possible, however, to obtain a mutant of T4 ugt
that is unglucosylated but not restricted, This mutant has
hyparmathylated DNA and the product of methylation is 6MAP
(Hattran, 1970). The extent of methylation is in excesacf the
number of sites of Pl restriction (Eattman, 1970). The simplest
explanation is that a phage~induced enzyme has mutated to an
activity that confers protection against Pl restriction. 'I_;‘ho
interpretation of T-even phage restriction phenomena is
camplicated, however, Ly the failure of purified R.P to break
unglucosylated DNA in vitro (quoted in Revel & Luria, 1970).
Revel £ Luria mpeculate that the rastriction enczyme may need
to act on T=sven DNA in conjunction with the bacterial
membrane, Purther inveatigation is required to clarify thase
phenomena,

The characteristic properties of the M,P, in particular

its pH optimum, SAM dependence and kinetics are similar to
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those of the M.B (mnlem & Arber, 1972). The slow kinetics
of methylation pose a particular pﬁblu.. Figure 7 shows tat
at the x“ for EAM, saturating lc?els of enzyme t;keé 3h to
incorporate the full quota of methyl groups into phage 82 DNA
Kiihnlein & Arber (1972) have presented limi.h:_data for B |
spacific modification of phage f£4 DNA, although they did not
comment on the slowness, In collaboration with Dr. Re Yuan, the
author has 'invut:l.gltod the binding of the M.P to phage X DNA
by using the filter binding method (Riggs & Bmu'gno:la! 1968y
Yuan & Messlson, i970). In the prasence of 5AM, the glycerol
gradient fraction (see Methods A(111)) binds within 2 minutes
(at 30°C) to both A.K and A.K(P1) DNA. Since these DNA species
are thg substrate and product of 'tho M.P, the 'onsyu should
be retained on the DNA after nct!'xyht.lon.‘ This is found to be
the case (unpublished experiments of R.Yuan & the author).
The presenas of_th- enzyme, bound at a site of potential methy-
lation (possidbly on the opposite strand), could 'geprou'
subsequent mthyiation until the enzyme comes off the DNA.
Although the details of the reaction remain unclear, this effect
may well provide a basis for the slow kinetics., It is important,
however, ho determine whether the M.P is binding at a sited
methylation, This question could be answared by binding the
M.P to JHemethylated DNA and digesting the complex with DNAse.
If the enzyme is binding at the site of methylation, then the
3H-zadioaet.‘l.vity should be protected from digestion.

It i3 unclear vhy umodifiad DNA i3 restricted and not

modified on entaring the cell. The cbservation that the M.P
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binds to both modified and unmodified DNA suggests that the
molecules of modification enzyme spend most of their time on the
many modified or partly modified sites, on the bacterial chromosome,
™he restriction enzyme does not bind to unmodified DNA (Yuan &
Meselson, 1970) and is thus free to attack incoming unmodified

DEA. These considerations suggested the use of DNAse to

remove DNA in the purification procedure (Results B(i)), rather
than stremptomycin sulphate which might precipitate enzyme~DRA
complaxes. Ho. systematic study has baen made, however, to

determins if this modified procedure increases yield.

(114) Bubunit structure of the ensyme

The dimeric structurse of the engyme is conaistent with
the genetic data of Glover et al (1963). 7The three gene model
(ses Introduction) indicates that one subunit is the product of
gene »n and one is the product of gene LNC If the subunits
could bhe successfully renstured from SbS gels (Wober & Ruter,
1671), then their identity could be tested by determining if one
subunit (the By product} beund SAM, or the other (the splproduut)
bound to DNA. 1If, however, these properties were depandent on

the dimeric structure then such an approach would be unsuccessful.

(iv) Ruclecotids seguences around the methylated base

It is clearly premature to draw any firm conclusions
on tha basis of the sequence data presented in the Results
(section C). The failure of the JH/°“P double labelling mathods

hag made the sequonce analysis rather Aifficult.
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Attempta are b§1ng made, however, to try to confirm and extend
these sequences. The sequences around the break points made

by the R.P are also being detarmined i{n this laboratory. It

iz hoped that consideration of these data will contribute some -
insight into the genéral problem of how proteins are able to

recognise specific nucleotide sequences in duplex DNA,
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APPENDIX I. Construction of an Endonucleass I Pol Al strain

The mutant Pol Al (De Iucia & Cairns, 1969), which
lacks detsctable DNA polymerase I, has proved valuable in
studias of DNA synthesis. The combimation of Pol Al with the
endonuclease I mutation (DOrwald & Hoffman-Berling, 1963) provides
a favourable strain for investigating various aspeots of DNA
enzymology ia vitro. Extracts of endonuclease I strains lack
at least 958 of tha total endomuclease activity of wild-type
extracts (Dirwald & Hoffman-Baxling, 1968). The doubly mutant
strain was constructed by fsolating a shamnose (rha ) mutant of
strain 1100 {endo I") and transducing to rha' with a lysate
grown on Pol Al, The rha¢ Pol Al transductants ware detected
by their sensitivity to mathylmsethanesulphonate (MMS).

Step I. Isolation of 1100 rha", Strain 1100 su_
wvas growm overnight in L bhroth, psllsted i{n a banch ceatrifuge,
and resuspended in an equal volume of phage buffer. After
irzadiation with yltra=violet light (1,000 exgs, 26 sec), the
survivors were plated on rhamnoss tetrasoliue agar and incubated
overnight at 37°C. Six desp red colonies {rha’ colonies are
white on this indicator agar) were picked and purified by streaking
on rhamnose tatramolium agar. The isolates wers tested for
growth on minimal agar supplemented with rhamnose, glucose or
lactose. Of the six isolates, two gave leaky growth on rhamnose,
two had a pleiotropic defect in sugar catabolism since they
grew on none of the carbon sources, and two wers non~reverting
rhamnose negatives. Ons of this latter pair (strain 7} was
retained for the Pl transductien, |
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Step II Isolation of 1100 Pol Al. Strain 7 was trans-
duced with a Pl lysate (a gift from Dr M.Monk) grown on Pol Al.
Rha+ transductants were selected on rhamnose minimal agar and
éOG were patched onto the same medium. The patches were replicated
onto rhamnose minimal plates with and without MM3. Twelve of the
patches showed negligible growth on MMS plates.- One of the
isolates (strain 8) was_verified as follows.

(a) Endo I~ charactar. Parallel extracts of W1485 endo 1,
1100 su and strain & were made as described by Dlirwald and Hoffman-
Berling (1968). The extracts were assayed for endonuclease

activity by following the appearance of acid soluble E its

260 *°
(Dirwald & Hoffman-Berling,l968). This presumably reflects the
combined action of endonuclease and exonuclease activity. As
shown in Figure Al, strain 8 had a lower level of nuclease than
the endo I+ strain Wi485 and had & comparable level to its parent
strain 1100, It is interestiﬁg that the level is lower than
that of 1100, This might be a consequence of the absence of
the exonuclease activity of DNA polymerase I (Kornberg, 1969).

(b} Pol Al character. Parallel cultures of 1100, strain
8 and Pol Al were grown in L broth at 37°C to 3 x 108 cells/ml.
The cells were resuspended in 7.5 ml buffer (0.0lM-Tris~H€l pH 7.0,
2mM-2 mercaptoethanol), disrupted by sonication, and centrifuged
at low speed (15,000g, 15 min) and at high speed (38,000¢ 1l.5h).
The DNA polymerase activity in the extracts was assayed according
to ILehman et al (1958). As shown in Table Al, the DNA polymerase

activity in strain 8 and pol Al extracts was less than 0.5% of

that in strain 1100.
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While this endo I pel Al double mutant has not been
used by the author, it has proved useful in atudies of DNA

replication (J.4ross, personal communication).
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Figure Al. Release of acid soluble nucleotides from

salmon sperm DNA by various extracts.

40

bo go

” - “ [ ]
min, of incvbabivon

Reaction mixtures in 0.02M Tris-#Cl pH 7.8, 0.1M~NaCl, 6mM-Mg
(CH3IOO) , were set up as described by Dfirwald and Hoffman-Berling
'“(1968, Fig.2): At the times indicated 1 ml portions were withdrawn

and assayed for acid soluble E260 units.
A=A W1l485 extract
o0—0 1100 extract
X=X strain 8 extract



‘Pable Al: Reactior mixtures {(vol 0.2 ml) cortained 80y moles
potassium phosphate pH 6,8, 12 moles 2-parcaptoethanol, % moles
agclz. 0.075 mgy saloor sperm DA, 5n moles 4P, 10n moles 4TTP,
S5.6n moles 4CTP, 40n nmoles Mc—dﬁ.!? (7 x ma'cap.m./n moles)

and, vwhen appropriate, 0.1 mg of extract protein. After finoubation
at 37°C for 30 min, the acid precipitable radloactivity was pre-
pared for counting as descriked by Mhman et al (1558). Glass
fibre dimcs wexre counted for 30 min on a nuclear Chicage low
background - gus flow counter.

) 1#‘:; Cofre 30m,
- ’ R -y
A, 1100 endo X 1 A extract 4 cogktall 2071
' po 1754 Puplicate
axtract added at 30 min to cocktail 267
cockiall alone A 117
b, Fol Al extract + cocktail _ | 116
agtract added at 30 min to cocktail 100
cotktalil alone 63
C. Btrain B extract + cocktalil 172 _
124 Puplicate
extract added at 30 min to cocktail le9
ﬂgcktan alone : 110

Net promotion of incorporation by 1100 endo ;3 pol A+ axtract

L 1912 - 267

36 = 55 c.p.me E B0p moles AATP/20 min at 37°C/

0.1 mg protein/0.075ng DNA primer.
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APPENDIX II. A hypothesisfor the role of SAM in phosphodiester

bend cleavage by endonuclease R.K.

The nucleolytic activity of endmnuclease R.K is absolutely
depandent on llgz"', ATP and SAM (Meselson & Yuan, 1568). what is
the role of SAM in this reaction? The experiments on enzyme-DNA
complex foxmation show that SAM is required for the initial
binding of enzyme to unmodified DMA (Yuan & Mesalson, 1970),
Another role is suggested Ly the close relation between the mod-
ification methylase and the restriction endonuclease. This

table summarises various data discussed in the introduction,

M.K R.K.
1. Gene products hx'j"x tx. ‘x' sx
2. Cofactors SAM ¥g2, AP, SAM
3. Action meathylation of 6~ DNA hreakage

amino of adenine

Why is the apparatus of methylation implicated in DNA
breakage? It is known from work with monofunctional methylating
agents such as methyl methanesulphonate (MM8) that DNA can be
broken by methylation {Lawley, 1963). MMS reacts readily with
the purine nucleophilic centres such as the N7 of guanine and the N3
of adenine. This mathylation labilises the N-deoxyriboside bond
suah that 7-methylguanine or 3 methyladenine ars released frou the
DNAjy this is a particular variety of depurination reaction. The
resulting structure, while besing quite stable at neutral pH, is
labile to general acid-base catalysis so that the phosphodiester bonds
en either side of the deoxyribose residue may break under .
these conditions.



1.

It is possible, therefore, that restriction proceeds
through such an unstable methylated intermediate. It is not
intended to imply that the depurination and breakage steps take
place without enzymic catalysis. The extensiva ATPase activity
of the enzyme may be important in mediating breakage (possibly
through production of protons), as well as other features of the
active centre.

Two lines of experimental evidence support this
hypothesis,

(1) If A DNA is restricted by endonuclease R.X, then
the resulting ends are not phosphorylated by x SZP-ATP and
polynucleotide kinase, either before or after phosphatase treat-
ment to remove a 5' terminal phosphate (K.Murray, unpublished
observations). This result is neatly accommodated by the
above mechanism if it is assumed that breakage of the phospho-
diester bond ocours so as to laave & 5° terminal deoxyribose.
This would not be an accsptor in the polynucleotide kinase
reaction (Novogrodsky & Hurwite, 1966).

(ii) If a restriction reaction is run with CT, SAM and
stopped after two minutes then sﬁ-rndlmtivity is associated
with the DNA after gel filtration in high salt (Fig.Al). AaAfter
hydrolysis with HCl, the 3B-radioaetivity chromatographs with
authentic N3 methyladenine (from Cycle Chemicals) on two
successive solvent systems (Fig A3).

Attempts are being made to confirm and extend thess

findings.



rig. A2 DAgarose elution profile of A DNA recovered from a two

ninute restriction reaction.

The reaction mixturae (vol 0.28 ml) contained 7.5 umolas
potassiua tris (hydroxymethyl)pethyl-2-amincethanesulphonate pH 8.0,
0.038 yroles EDTA, 1.05 umoles Mg (:12. 1.8 ymoles 2«mercaptoethancl,
0.1 unoles ATP, 6.6 mmles cr, 8AM {8.9%uCi/nmole, prensutralised
with 0,01 ml of IM potassium tris(hydroxymethyl)oethyl-2-aming-

ethanesulphonate ph8), S.5 pg chGS‘?s «C DHA, and 0.125 nl of

?
endonuclease R.K (final addition). After incubation (2 min, 30°C)
the reaction was stopped by adding 10% (-:4 508 (0.0l ml) and |
0.5M-EDTA pH 8.0 (0.05 ml); after 1 min at 30°C, SM-NaCl (0,01 ml)
and 3%p.labelled A DNA (0.025 ml, 3,000 c.p.m.) were added and
the reaction mixture was applied to a column (50 cms x 1 o diemster)
of A=-50K Aaguross squilibrated with O,1S5M-ammonium bicarbonate
pHB. The sanple was washed in with small aliquots of amsonium
bicarbonate and tﬂen elutsd with the same solution. Fractions
{approx. 0.5 ml) were collected every € min and aliquots (0.075 ml)
wai'e countsd fox ""n & uﬂ.

The following variants of the above protocol gave essent-

ially no peak of 3!! that was excloded with the ‘uv-hbalhd A DNA,

{1} reaction mixturse - ATP
(11) reaction mixture with 4.8ug A.K DNA in place of A.C DNA
(1i1) reaction mixture incubated for 30 min,

[ W 32P
>—o 3“
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Pig. A3. Base analysis of A DNA recovered from a two minute

restriction reaction.

Fractions 15-18 inclusive from the Agarose column (see
¥ig.A%) were pooled, evaporated to dryness twice, and hydrolysed
with IM-HC1 (0.05 ml) for 30 min at 100°C. Marker bases were
added (0,01 ml of__25 mM stock solutions) and the hydrolysate was
evaporated to dryness, taken up in 0.02 ml 10a (%’ propan-2-ol,
108 (-i-)_; glacial acetic acid and applied to Whatman No.l paper.
After demcending chromatography for 27 hrs in 86 n-Butancl:

14 Hzo (NH3 atwmosphere) the paper was examined as described in
Methods 3(b). Strips 17-20 inclusive were aluted with IM~HCl and
chromatographed on No.l paper with 7 Methanol:2 cone HCl:1 B0 for

]
30 hrs. The paper was again exemined and counted,
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The bacteriophage Pl modification enzyme, assayed by the specific methylation of
unmodified bacteriophage 82 DNA, has been purified 500-fold from a bacteriophage
Pl lysogen of Escherichia coli, The enzyme catalyses the incorporation of approximatcly
20-24 methyl groups per bacteriophage 82 DNA molecule. The sole product of
methylation is 6-methylaminopurine. Methylation of unmodified bacteriophage DNA
confers protection against a challenge by purified bacteriophage P1 restriction enzyme.
The pH optimum is 6.0-6.25: the apparent X, for S-adenosyl-L-methionine is 5x 107%m.

The mechanism by which certain proteins are able
to bind to or recognize particular nucleotide sequences
is a central problem in molecular biology (Yarus,
1969). The enzymes of DINA restriction and modifica-
tion offer an excellent opportunity for studying this
problem (Arber & Linn, 196%9). Many strains of
. Escherichia coli are able to degrade or ‘restrict’

" foreign DNA that enters the cell. The enzyme re-
spornsibie is a product either of the bacterial genome
or of plasmids such as bacteriophage Pl {Lederberg,
1957) that are harboured by the bacteria. Several
restriction enzymes have been purified and shown to
be specific endonucleases which cleave bacteriophage
DNA into discrete fragments of high molecular
weight (Meceselson & Yuan, 1968; Roulland-Dussoix
& Boyer, 1969; Linn & Arber, 1968; Smith &
Wilcox, 1970). This highly specific cleavage is believed
to be a consequence of recognition of particular
nucleotide sequences (Keily & Smith, 1970),

The bacterial DNA, and any bacteriophage DNA
that successfully infects the cell, is protected from
the restriction endonuciease by host-induced ‘modi-
fication’ of the DNA (Arber & Dussoix, 1962). Yuan
& Meselson (1970) have shown that purified E. coli
K restriction enzyme will bind to unmodified bacterio-
phage A DNA, but not to bacteriophage A DNA
carrying the strain K modification, With E, coli B,
the modification in vive of bacteriophage fd DNA
involves methylation of four adenine residues at the
6-amino position (Smith et al., 1972). Genetic analysis
(reviewed by Arber & Linn, 19469) of the E. coli B,
E. coli K and bacteriophage Pl restriction and
modification systems indicates that the modification
enzymes have at least one and probably two (FHubacek

Yol. 127

& Glover, 1970) polypeptide chains in commeon with
the corresponding restriction enzymes. This pre-
sumably reflects the common specificitics of the
enzymes, since the adenine residuc that is methylated
on modification is believed to be located in the

‘sequence recognized by the restriction enzyme

{(Kihniein & Arber, 1972). The E. celi B modification
enzyme has been partially purified (Kilhnlein et al.,
1969), this being based on an infectivity assay for
bacteriophage fd DNA (Benzinger, 1968).

The present paper describes a 500-fold purification
of the bacteriophage P1 modification activity and
some of the properties of this activity. The activity
has been assayed by measuring the transfer of tritium-
labelled mcthyl groups from S-adenosyl-L-mcthion-
ine to unmodified DNA.

In this paper the general nomenclature of bacterio-
phages and bacteria given by Arber & Linn (1969)
is followed. Thus bacteriophage P1 that has lost its
restriction and modification properties is wrilten
Pirp; mp; . Bacteriophage ‘pedigree’ is indicated
after a point by the strain of the bacterial host, e.g.
82.C600(Plrp; "mp,*) is bacteriophage 82 grown on
E. coli C600 lysogenized with the appropriate
bacteriophage Pl, and hence carrying bacteriophage
P1 modification. Endonuclease R.P and endo-
nuclease R.K are the bacteriophage P1 and E, colf
K restriction enzymes respectively.

_ Materials and Methods

Bacterial and bacteriophage strains o

The endonuclease I~ straitv E. codi 1100 of Diirwald
& Hofman-Berling (1968) (obtained from Dr, I. R.

1



Yehman, Department of Biochemistry, Stanford
University, California, U.S.A.) was made rg my*
by Dr. N. E. Murray of this department by using
sthylmethanesulphonate mutagenesis (Hubacek &
Glover, 1970), and was lysogenized with bacterio-
-phage Plkc (Lennox, 1955). E. coli C600 and its
derivatives C600 (P lrp, “mp, 7}, C600(P1rp, “me,*}and
C600 (P1) were obtained from Dr. S. W. Glover of
this department. Bacteriophage 82¢, a clear-plaque
mutant of bacteriophage 82, was obtained from
Dr. W. Arber, Biozentrum der Universitiit, Basel,
Switzerland, and bacteriophage Plke from Dr. W_J.
Brammar of this department,

Enzymes and chemicals

Pancreatic deoxyribonuclease and snake-venom
.phosphodiesterase were purchased from Worthington
Biochemical Corp., Freehold, N.I., U.S5.A. Endo-
nuclease R.P and endonuclease R.K, both purified
to the glycerol-gradient stage as described by
Meselson & Yuan (1968), were the generous gifts
of Mr. R, W. Oid and Dr. R, Yuan, both of this
department, Dithiothreitol, bovine liver haemo-
globin, bovine serum albumin, adenine, S-adenosyl-
L-methionine, 6-methylaminopurine, 5-methylcyto-
sine and N-7-methylguanine were obtained from
Sigma (Londen) Chemical Co., London S.W.6,
UK., Whatman DES2 cellulose (microgranular,
pre-swollen), Whatman P11 phosphocellulose and
AE 81 aminoethyl-cellulose paper were obtained from
H. Reeve Angel and Co. Ltd., London E.C.4, UK.
Glass beads (ballotini no. 11} were obtained from
Jencons {Scientific) Ltd., Heme! Hempstcad, Herts.,
U.K. Streptomycin sulphate was a kind gift from
Glaxo Lahoratories Ltd., Ulverston, Lancs.,, U.K.
S-Adenosyl-L-methionine was purified by elution
from Zeo-Karb 226 with 4M-acetic acid (Meselson
& Yuan, 1968), and stored in acetic acid at —10°C.
Thin-layer cellulose sheets (MN300) were obtained
from Macherey Nagel and Co., Diren, Germany.
[methyl-*H]-S-Adenosyl-L-methionine (8.9 Ci/mmol,
80um) in H,S0, (pH2.5-3.5) was purchased from
The Radiochemical Centre, Amersham, Bucks,
U.K., and used without further purification. L broth
(pH 7.2) contained, per litre of water, Difco Tryptone
(10g), yeast extract (5g) and NaCl (10g).

DNA preparations

3 H-labelled bacteriophage A Cy3545,.C DNA and
unlabelled bacteriophage X\ Cyy5287,.C DNA. These
were kindly provided by Dr. N. E. Murray of this
department. *2P-labelled bacteriophage A Cis5754.
K (P1) DNA was kindly provided by Mr. R. W. Oid.

Bacteriophage 82¢ DNA, E. coli, either C600
(Plrp,"mp; ™) or C600 (Plrp,"me,*), was grown in

J, P, BROCKES, P. R, BROWN AND X. MURRAY

1 litre of L broth at 37°C to Egso =0.5 (approx.
§x10°% cells/mi). The culture was made ImMm in
MgSO, and bacteriophage 82¢ was added at a
multiplicity of infection of 0.3-0.5 phage/bacterium,
The culture was shaken vigorously at 37°C for 5-4h
and lysed with 5ml of chloroform. The lysate was
clarified by centrifugation (10000g for 15min at
4°C) and the titre determined on the appropriate
indicator strains to check the presence or absence of
bacteriophage Pl modification, The bacteriophages
(generally 10! plaque-formers/ml) were collected
by centrifugation (45000g for 24h), resuspended by
gentle agitation overnight in 25ml of bacteriophage
A dil medium (Kaiser & Hogness, 1960) and twice
banded by centrifugation (30h, 27000rev./min, MSE
Superspeed 65 centrifuge, 3 x23ml swing-out rotor)
in 41.5% (w/w) CsCl. The final band was collected,
dialysed against 10mm-tris-HCI-1mm-EDTA,
pH7.4, and extracted three times by rolling with
freshly distilled phenol that had been equilibrated
with 0.5M-tris— HCI, pHS. The aqueous layer was
dialysed exhaustively against 10mm-tris— HCl-1mm-
EDTA-50mM-NaCl, pH7.4, and stored at 0°C.

Merhiylation assay

The reaction mixture contained, in a total volume
of 20041, 0.05M-potassium phosphate, pH6.5, SmM-
2-mercaptoethanol, 0.5mM-EDTA, 12pm-[methyl-
3H]-§-adenosyl-L-methionine (3 Ci/mmo!), bacterio-
phage 82 DNA (§pug) and the sample to be assayed.
After 60min incubation at 30°C, 0.5%; bovine serum
albumin (0.1ml), 0.2m-tetrasodium pyrophosphate
{0.2ml) and 1M-HClO-2 mm-sodium pyrophosphate
{0.5ml) were added. After 5min at 0°C cold water
{iml) was added and the precipitate collected by
centrifugation (3000g, 5min). The precipitate was
dissolved in 0.2M-NaQH (0.3ml) and re-prectpitated
with 0.2M-sodium pyrophosphate (0.2m!) and Im-
HClO-2mM-sodium pyrophosphate (0.5ml). This
washing procedure was repeated twice more and the
precipitate was finally collected by filtration under
reduced pressure through a 2.1ecm Whatman GFC
glass-fibre disc. The disc was washed with 1 M-HCIO,
(5ml), water (5ml) and ether {(2ml). After drying
under an i.r. lamp the discs were counted for radio-
activity in 2.5ml! of scintillant [4g of 5-(4-biphenyl)-
2-(4-t-butylphenyl)-1-oxa-3,4-diazole/l of AnalaR
toluene] in a Nuclear-Chicago Unilux lquid-
scintillation spectrometer. Assays were always done
in parallel with P1 modified and unmodified bacterio-
phage 82 DNA, The blank value for incorporation
into modified DNA was subtracted. This blank was
always 100-130c.p.m., except for the dialysed
{NH,),80, fraction, where it was 300-5C0c.p.m.
owing to the presence of non-specific methylating
activity.

1972



BACTERIOPHAGE PI MODIFICATION ENZYME

Degradation of DNA

 Acid hydrolysis. Bacteriophage 82 DNA from a
methylation reaction was purified by acid precipita-
tion as described in the methyiation assay, except
that calf thymus DNA {0.2ml, 1.2mg/ml} was used
as carrier in place of serum albumin. The final
precipitate was hydrolysed with 1M-HCI (0.2ml) at
100°C for 1h. The hydrolysaie was evaporated to
dryness (together with 20ul of 5mm solutions of
various marker bases), the residue dissolved in 109
{v/v) acetic acid-10%; (v/v) propan-2-ol (60ui) and
applied to Whatman no. 1 paper. After descending
chromatography in butan-I-ol~water (43:7, v/v}) in
an NH, atmosphere for 24h the paper was dried,
markers were located under u.v. light and the paper
was cut into strips (2cm x 1cm); the radioactivity of
cach strip was determined by liguid-scintillation
counting. Thestrips containing 6-methylaminopurine
.were swirled in toluene to remove scintillant, dried,
eluted overnight with 0.1M-HCl and chromato-
graphed on Whatman no. 1 paper in an ascending
system of methanol-water—conc. HCl (7:1:2, by
vol.) for 24 h. The chromatogram was again examined
under w.v. light, cut up and counted for radio-
activity.

Methylation of bacteriophage A DNA was in-
vestigated by hydrolysing 10ul] of the product with
I M-HC1 (50 ul) for 45min at 100°C in the presence of
g-methylaminopurine and S-methylcytosine. The
hydrolysate was dvaporated to dryness, the residue
dissolved in 20ul of water and applied to a sheet
{20cm % 20cm) of MN300 thin-layer cellulose, The
chromatogram was.developed in two dimensions as
described by Razin ef al. (1970). Marker bases were
located under w.v. light, eluted and counted for
radioactivity, together with the origin region, as
described by Razin et al. (1970).

Enzymic digestion. Bacteriophage 82 DNA was
purified from a methylation reaction by extracting
twice with an equal volume of phenol. The aqueous
layer was extensively dialysed against 0.1m-sodium
acetate (pH5.0)-0.005m-MgCl; and a solution of
pancreatic deoxyribonuclease (1 mg/ml; 0.1ml) was
added and incubated at 37°C for 2h, The reaction

was adjusted to pHS8.0 with 1m-tris—HCI, pHB.0
(101}, and incubated with snake-venom phospho-
diesterase (I mg/mi; 20ul; 37°C; 4h). The solution
was evaporated to dryness, the residue dissolved in
50ul of water and applied, together with mono-
nucleotide markers, to AE 81 cellulose paper.
Electrophoresis was at 50 Vjcm in pyridine acetate
buffer, pH3.5, until the blue marker dye (Xylene
Cyanol FF) had run 25cm. The paper was dried
overnight at room tempcrature, examined under
u.v. lght, cut into strips (2cmxlcm) and the
radioactivity determined in a liquid-scintillation
specirometer.

Resulls
P1 restriction of bacteriophage 82

The bacteriophage P1 modification enzyme was
selected for study because the efficient restriction of
certain bacteriophages by the bacteriophage Pl
system presumably indicates a relatively large
number of sites at which the restriction and modi-
fication enzymes act, This facilitates the use of a
methylation assay for modification. The DNA of
bacteriophage 82 was chosen as substrate rather than
that of bacteriophage A because of the relative
efficiencies of plating of the two phages on a Pl
lysogen (see Table 1). The assay for the PI modifica-
tion enzyme measures the extent of methylation of
bacteriophage 82.C600(Pirp, “mp~) DNA compared
with DNA from bacteriophage 82.C600 (Plre; "me,¥)
modified in vive. If modification in vive is efficient,
then the latter substrate should be inert to the
activity in vitro.

Purification of the modification enzyme

All buffers contained 5% (v/v} glycerol, 5mm-2-
mercaptoethanol and 0.5mmM-EDTA unless other-
wise stated. All potassium phosphate buffers were
pHG6.7. Protein in subcellular fractions was deter-
mined by the method of Lowry et al. (1951) with
bovine serum albumin as standard,

Step 1: preparation of dialysed (NH 250, fraction.
[Linn & Arber (1968), with minor modifications.]
E. coli 1100r,~ (PI1) was grown in L broth at 37°C

Table 1. Efficiencies of plating of bacteriophages 82 and A on P1 lysogenic hosts

The efficiencies of plating (titre on bacteriophage P1 lysogenic host/titre on E. coli C500) of bacteriophage 82¢
and bacteriophage A grown on various hosts were determined by standard bacteriophage and bacterial

techniques.
: Bacteriophage E. coli C600 (P1)  E. coli C600 (Plrp; "mp")
82.C600 1%107%-3 %1079 1
82.C600(P1rp1 _rﬂp1+) 1
82.CA00(P1rp; " mp: ) 1%10-6-3x107¢ 1
A.C600(P1rp; "me; ™) 1x1075-3x 1073 1
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to 10° cells/m!, sedimented in a continuous-flow
Alfa-Lavall centrifuge and stored at —20°C. All
subsequent operations were performed at 4°C. Cells
(150 ) were resuspended in 2253 ml of 0.05 M-tris-HCl,
pHS8.0, then 300g of acid-washed glass beads was
added and the mixture was blended for a total of
20min with intermittent cooling in an ice-salt bath
so that the temperature did not rise above 5°C.
The supernatant was decanted from the beads,
which were washed with 100ml of 0.05m-tris—-HCI,
pHB.0. The pooled supernatant and washings were
centrifuged (10000g, 20min). The supernatant
(volume 354 ml) was made 0.035m in MgCl, and the
resulting precipitate was removed by centrifugation
(10000g, 15min). Fresh 5% (w/v) streptomycin
sulphate selution (125mi) was added to the super-
natant and, after 20min at 0°C, the precipitate was
removed by centrifugation (10000g, 15min). The
supernatant was precipitated by adding 180g of
solid (NH,).S0,, which was dissolved over 30min
at 0°C. The precipitate was collected by centrifugation
in the MSE High-Speed 18 centrifuge (6x100mi
rotor, 17000rev./min, 30min, 2°C). The pellet was
dissolved in 0.02m-potassium phosphate (30ml) and
dialysed against the same buffer,

Step 2: chromategraphy on DEAE-cellulose. The
dialysed ammonium sulphate fraction was applied
10 a column (17cmx4.5cm diam.) of Whatman
DES2 cellulose that had been equilibrated with
0.02M-potassium phosphate. The column was washed
successively with 500mi of 0.02xt-potassium phos-

phate, 500ml of 0.05M-potassium phosphate, then *

eluted with a linear potassium phosphate gradient
(1.5 litres) running from 0.05M to 0.3M. Fractions
{approx. 45ml) were collected and the enzyme
activity was found in five neighbouring{ractions with
a mean phosphate concentration of 0.11sm (Fig. 1).
The pooled fractions (volume 240mi) were precipi-
tated with (NH,)»:50, (150g). The precipitate was
collected by centrifugation, dissolved in 0.02m-
potassium phosphate (30mt) and dialysed extensively
against 0.02M-potassium phosphate. The precipitate
that formed during dialysis was removed by centri-
fugation; the total protein in the supernatant was
301 mg (volume 44 mi). ’

Step 3: chromatography on phosphacellilose. Of
the concentrated DE fraction 34ml was applied to a
column (18cmx1.25cm diam.) of Whatman Pl
phosphocellulose that had been equilibrated with
0.02 M-potassium phosphate. The column was eluted
with 0.02m-potassium phosphate (75ml), O.1m-
phosphate  {100ml), 0.2mM-potassium phosphate
(75ml), 0.3m-potassium phosphate (100m!) and
0.5 M-potassium phosphate (100ml). The methylation
activity was found in the 0.2Mm step and was im-
mediately concentrated by the addition of (NH.),50,
{40g). The precipitate was collected by centrifugation
and dissolved in 0.02M-potassium phosphate (3ml).
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Fig. 1. Chromatography of dialysed ammonium stl-
phate fraction on DEAE-cellulose

Adsorption and elution was as described in the
Results section under ‘Purification of the modifica-
tion enzyme®. Samples {0.15ml) of the fractions were
assayed in parallel for methylation of bacteriophage
82.C600 (Plry;, mp; ") DNA (@) and bactericphage
82.C600(P) rp,mp, ") DNA { 0). The continuous line
in (@) is the difference in radioactivity incorporated
into the two substrates. Fractions enclosed by the
bar were pooled and concentrated as described
under ‘Purification of the modification enzyme’.
(b) ——, Eqa0; . [potassium phosphate].

Step 4: glycerol-gradient sedimentation. After
dialysis for 2h against 0.02m-potassium phosphate
{1 litre) the concentrated phosphocellulose fraction
was layered in 1.2ml portions on 20ml of 10-25%;
{v/v) glycerol gradients made up in 0.02 M-potassium
phosphate — 0.1mM-EDTA — Smu-dithiothreitol,
pH6.5. After centrifugation for 36hat 30000rev./min
in the MSE Superspeed 65 centrifuge, 3x23ml
swing-out rotor at 2°C, the gradients were collected
in 1 ml fractions. The active fractions (sce Fig. 2) were
made 50% (v/v) in glycerol and stored at —20°C, No
significant loss of activity (less than 10%) was
observed over 4 months.

The purification of the enzyme is summarized in
Table 2. The ditute column fractions were all un-
stable and the glycerol gradient fraction lost activity
if stored at 0°C. Tt was found necessary to complcte
all steps before the glycerel gradient in 2-3 days. The
glycerol-gradient fraction had no detectable bacterio-
phage P1 restriction activity, and no detectable endo-
deoxyribonuclease activity at pH 7.5 in smat-MeCls,
as assayed by ncutral sucrose-gradient sedimentition
of bacteriophage A DNA. Under the conditions of
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methylation  reactions  [0.05m-2-(N-morpholino)-
cthanesulphonicacid (pH 6.0)-0.25nm-EDTAL it had
10 detectable effcct on the sedimentation profile in
neutral sucrose gradients of supercoiled bacterio-
phage MI13 RFI DNA (kindly provided by Mr.
G. G. Peters of this department),

The enzyme has aiso been purified from 27g of
bacteriophage Pl-infected cells by an identical pro-
cedure, and is currently prepared from induced
lysogens of the thermoinducible mutant P1.Gii62
(Scott, 1970). This increases the specific activity of
enzyme five- to ten-fold.

3H radioactivity made
acid-insoluble (c.p.m.)

Fraction no.

Fig. 2. Glycerol-gradient sedimentation of concen-
trated phosphocellulose fraction

Sedimentation of the phosphocellulose fraction was
as described in the Results section under ‘Purification
of the modification enzyme'. Portions (25ul) were
assayed for methylation of bacteriophage 8§2.C600
(Pl rp;~ mp;”) DNA (@) or bacteriophage 82.C600
(P1 rp;” mpr™) DNA (o). The 4.38 standard was
bovine haemoglobin, which was located by its
extinction at 410nm. Fractions enclosed by the bar
were stored as described under ‘Purification of the
modification enzyme'. Sedimentation was from rigit
to left.

Properties of the purified modification activity

All these experiments were performed with the
glycerol-gradient fraction.

Requireinents for the activity. The requirements
were investizated as shown in Table 3. The enzyme
is specific for native, unmodified DNA and is
stimulated 1.5-fold by 5mM-Mg?*, a property also
noted by Kiihnlein e al. (1969) with the E. coli B
modification activity. A threefold inhibition by
0.1mM-ATP was also observed.

pH-dependence. The pH-dependence of the activity
in 2-(N-morpholino)ethanesulphonic  acid and
piperazine-NN’-bis-2-cthanesulphonic acid buffers is
shown in Fig. 3. In 2-(N-morpholino)ethanesulphonic
acid buffer the pH optimum is between 6.0 and

'6.25, although significant methylation was observed

from pHS5.5 to pHE8.0. No significant methylation
of bacteriophage Pl-modified DNA was observed
over this pH range.

Time-course of methylation. The time-course of
methylation of unmodified bacteriophage 82 DINA
was investigated by incubating a series of duplicate
reaction mixtures for various times and then assaying
for acid-precipitable radioactivity. As shown in Fig.
4, incorporation of methyl groups was complete after
3h of incubation at 30°C. The extent of methylation
was not limited by inactivation of the enzyme, since
the addition of miore enzyme after 5h was without
effect, whereas the addition of more DNA produced
a detectable stimulation. The number of methyl
groups incorporated at the plateau was about 20-
24/DNA molecule (containing 10° bases), although
this number is difficult to estimate accurately because
of differences in recovery and quenching during the
acid-precipitation procedure.

Dependence of methylation on S-adenosyl-L-methio-
nine. The S-adenosyl-L-methionine dependence was
investigated as described in the legend to Fig. 5.
Analysis of the results by a double-reciprocal piot

Table 2. Summary of enzyme purification

1 unit of activity makes 0.16pmol of methyl groups acid-insoluble/5 ug of unmeodified bacteriophage 82 DNA
per 60min incubation at 30°C. This is equivalent to 125¢c.p.m. under the conditions of assay. The blank value
for incorporation into modificd DNA is subtracted, as noted in the Materials and Methods section. The recovery
values for the phosphoceliulose and glycerol-gradient fractions are corrected for purification of total pooled

DEAE-cellulose fraction.

Purification stage
Crude supernatant
Dialysed (NH,),50, fraction
Pooled DEAE-celiulose fraction
Pooled phosphoceilulose fraction
Pooled glycerol-gradient fraction

Vol. 127

Total Total Specific
protein  activity activity Recovery
(mg) (units) (units/mg) (%)
10700
4820 7520 1.56 100
301 4420 14.7 59
9.1 2161 230.8 29
1.5 1230 §20 . 16



Table 3. Requirements for methylation

The complete system contained, in a volume
of 100ul: 0.05M-2-(N-morpholino)ethanesulphonic
acid, pH6.0, 025mM-EDTA, 5Smum-2-mercapto-
ethanol, 4pM-[methyl-*H]-S-adenosyl-L-methionine
(8.9Ci/mmol), 6ug of bacteriophage 82.C600
(Plre; mp;”) DNA and 25p1 of glycerol-gradient
fraction modification enzyme, After incubation for
45min at 30°C the mixtures were assayed for
acid-precipitable radioactivity as described in the
Materials and Methods section. Bacteriophage 82
DNA was denatured by heating at 100°C for 7min
and cooling in ice. Enzyme was heat-inactivated at
100°C for 5min in a stoppered tube.

Acid-insoluble
3H radioactivity

{c.p.m.)
Complete system 2333
Minus DNA 134
Substitute bacteriophage 147
82.C600 (Plre;, “mp; ) DNA
Substitute heat-denatured DNA 185
Minus enzyme 78
Substitute heat-inactivated 113
enzyme
Plus §mm-MgCly 3392
Pius 0.1 mmM-ATP ' 713
Plus 5mm-MgCl, and 0.1 mM- 2984
ATP

(Lineweaver & Burk, 1934) gave an apparent K,
for S-adenosy!-L-methionine of 5x107¢m, The value

obtained by Kiihnlein & Arber (1972) for the E. coli .

B modification enzyme was 4x 1075m

Product of methylation. A sample of mcthyIated
DNA was analysed by enzymic digestion to mono-
nucleotides and high-voltage electrophoresis on
aminoethylcellulose paper at pH 3.5 (see the Materials
and Methods section). A single peak of radioactivity
(Fig. 6a) migrated with dAMP, indicating that a
single mononucleotide had been methylated. Another
sample of methylated DNA was analysed by acid
hydrolysis and paper chromatography (see the
Materials and Methods section). The radioactivity
migrated on two solvent systems with 6-methyl-
aminopurine (see Figs. 66 and 6c). 6-Methyl-
aminopurine is thus the sole detectable product of
methylation.

Modification and restriction of bacteriophage A
DNA in vitre. The effect of this methylase can be
demonstrated by incubating DNA that had been
methylated in vitro with purified bacteriophage P1I
restriction enzyme. Unlabelled bacteriophage A.C
DINA was methylated with the enzyme and [methyl-
IH4]-S-adenosyl-L-methionine in the presence of

J. P. BROCKES, P. R. BROWN AND K. MURRAY

22 -

1072 x *H radicactivity (c.p.m.)

Fig. 3. pH-dependence of methylation in 2-(N-
merpholino)ethanesulphonic acid (pK,=6.15) and’
piperazine-NN'-bis-2-ethanesulphonic acid (pK, = 6.8) -

buffers

The complete system was made up as for Table§ in
0.05m-2-(N-morpholino)ethanesulphonic  acid  or
0.05M-piperazing- VN’-bis-2-ethanesulphonic acid
nuffers of the appropriate pH value, which was
measured at 27°C on a Vibron model 39a pH-meter
with manual temperature compensation and stand-
ardized against air-free phthalate buffer, pH7.0.
The reaction mixtures were incubated for 40min at
30°C and assayed as described in the text. Bacterio-
phage §2.C600 (Pl re; ™ mp Y DNA: &, 2-(N-morpho-
lino)ethanesulphonic acid; A, piperazine-NN'-bis-
Z-ethanesulphonic acid. Bacteriophage 82.C600
(Pl rpymp*) DNA: o, 2-(N-morpholinojethane-
sulphonic acid; A, piperazine- ViV -bis-2-ethane-
sulphonic acid.

3zp.iabelled bacteriophage A K (P1) DNA. After the
incubation the DNA species were purified by phenel
extraction. After removal of the phenol and S-
adenosyl-L-methionine by dialysis, a sample of DNA
was analysed by acid hydrolysis, followed by t.lc.;
859 of the *H was found in 6-methylaminopurine.
The remainder of the *H-methylated DNA was
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107? x *H radioactivity made
acid-insoluble

@ i 1 1 L 1 I

Incubation time (h)
Fig. 4. Time-course of methylation

The reaction mixtures had the same composition as
the complete system in Table 3, except that 4 ug of
bacteriophage 82.C600 (Pl 15, mp;”) DNA (o) or
bacteriophage 82.C600 (P! rp,"mp, *) DNA (0) was
used. Reaction mixtures were incubated at 30°C for
the times indicated and then assayed for acid-
insoluble methyl groups as described in the Materials
and Methods section. To one set of reaction mixtares
(&) 3ug of bacteriophage 82.C600 (Pl rei me”)
DNA was added after 5hi; to another set (O} a further
25ul of enzyme was added. All tubes had a blank
value of 129c.p.m. subtracted for an incubation
without enzyme assayed at Omin. No attempt has
been made to correct for any fluctuation of this
blank with time of incubation.

divided into three equal portions, which were in-
cubated with endonuclease R.P (Fig. 7a), or endo-
nuclease R.K (Fig. 7b) or without enzyme (Fig. 7¢).
The activity of the endonuciease R.P was checked by
incubating it with an equivalent amount of 3H-
labelled bacteriophage A.C DNA and 3*?P-labelied
bacteriophage A.K(P1) DNA that had been subjected
to the same protoco! of incubation and phenol extrac-
tion, except that $-adenosyl-L-methioning was omit-
ted (Fig. 7). All reaction mixtures were analysed
by neutral sucrose-gradient centrifugation in buckets
on the same rotor (sec Fig. 7 and legend). The near-
superimposability of the *H and **P distributions in
Fig. 7(a) and 7(c} shows that the *H-methylated
DNA had not been significantly degraded by in-
cubation with endonuclease R.P. The *H-methylated
DNA was, however, broken by the heterospecific
endonuclease R.K (Fig. 78), and in the control
incubation mixture (Fig. 7d) the H-labelled A.C
DNA was also broken, showing that the endonuclease .
R.P was active. The nearly identical distribution of
32p in all four gradients shows that all breakage was
specific for unmodified DNA, This experiment
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1/[Acid-insoluble methyl
groups] (pmol}

i 1

1
4] 0.4 0.8 1.2
1/[S-Adenosyimethionine] (pM™)

Fig. 5. S-Adenosyl-L-methionine dependence of
methylation

The reaction mixtures contained, in a volume of
150, 0.05M-2-(N-morpholino)ethanesulphonic
acid, pH 6.0, 0.2mM-EDTA, SmMm-2-mercaptoethan-
ol, 7.5ug of bacteriophage 82.C600 (Pl rpy"mpt™)
DNA, 50l of enzyme and [methyl"H}-S-adenosyl-
L-methionine adjusted with the required amount of
unlabelied S-adenosyl-L-methionine to give the con~
centrations shown in the figure. After 30min incuba-
tion at 30°C the reaction mixtures were assayed for
acid-insoluble methyl groups as described in the
Materials and Methods section. Each result was
corrected for a blank incorporation performed in
the absence of enzyme.

demonstrates the role of DNA methylation in pro-
tection against the P1 restriction enzyme.

Discuassion

Three lines of evidence identify the methylase as
the bacteriophage P1 modification enzyme: (a)
bacteriophage 82 DNA that has been madified by
bacteriophage P1 fn vivo is not methylated, whereas
unmodified DNA is a substrate for methylation;
() methylation of bacteriophage A DNA protects
against brezkage by purified restriction enzyme;
{c) the activity is found in the dialysed {NH4),S80,
fraction prepared from E. eoli 1100 infected with
bacteriophage P1, but is absent (<10%;) on infec-
tion with bacteriophage PI mp,~ (P. R. Brown &
J. P. Brockes, unpublished work).

The product of the activity, 6-methylaminopurine,
is also the product of E. coli B modification both in
vivo {Smith et al, 1972) and in vitro (Kihnlein &
Arber, 1972), and of E. ¢oli K modification in vitro
(J. P. Brockes, unpublished work). 6-Methylamino-
purine has becn reported as the product of the
bacteriophage Ti-induced mcthylase that proiects
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Fig. 6. Analysis of the product of DNA methylation

(a) Mononucleotide analysis of methylated bacteriophage 82 DNA on aminoethylcellulose paper (see the
Materials and Methods section). ‘Blue’ = Xylene Cyanol FF marker dye. (b} and (c) Base analysis of methylated
bacteriophage 82 DNA by paper chromategraphy (see the Materials and Methods section) on butan-I-oi—water
(NH, atmosphere) then methanol-water—HCL, The material remaining at the origin (indicated by an arrow)

- after the butan-1-pl-water system was eluted with 0.1 M-HC! and hydrolysed with 1 M-HCl at 100°C for 2h. On
re-chromatography more than 90 of the radicactivity remained af the origin, This material was also found in the
hydrolysate of a reaction from which the DNA was omitted and henee is not a product of DNA methylation,
Methylated DNA for both analyses was obtained by incubating 4 ug of bacteriophage 82 DNA for 4h at 30°C
in the complete system described in Tablc_g. TMeG, N-T-methylguanine; Ad, adenine; 5MeC, 5-methyleytosine;
6MAP, 6-methylaminopurinc.
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Fig. 7. Zone sedimentation in neutral sucrose gradients
of the products of restriction endonuclease reactions
with modified bacteriophage A DNA

Methylation reactions. Reaction mixture 1 (350u)

contained  0.05M-2-(N-morpholino)ethanesulphonic
acid, pH6.0, 0.25mM-EDTA, >SmM-2-mercapto-
ethanol, 4uM-[methyl->H]-S-adenosyl-L-methio-
nine (8.9 Cijmmol), 20 ug of bacteriophage L.C DNA,
2% 10%c.p.m. of **P-labelied bacteriophage A.K({P1)
DNA and 225ul of enzyme. Reaction mixture 2
(115 pl) conlained 6.0 g of bacteriophage A.C DNA,
6% 10%c.p.m. of 32P-labelled bacteriophage A.K(PI)
DNA and 5.5x10%c.p.m. of *H-labelled bacterio-
phage A.C DNA (iug), 75,1 of enzyme in addition
to 2-(N-morpholino)ethancsulphonic acid, EDTA
and mercaptoethanol as for reaction mixture I.
After incubation for 3.0h at 30°C, both reactions
were extracted three times with an equal volume of
freshly distilied phenol. The aqueous layers were
dialysed {wice against 1 litre of 10mm-tris—HCI-
0.1 mv-EDTA-0.4Mm-NaCl, pH 7.4, then twice against
1 litre of the same buffer without NaCl. After both
samples had been kept at 60°C for 10min to dis-
sociate concatenates, 10pl of reaction mixture 1
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(volume after dialysis 510ul) was analysed by acid
hydrolysis followed by t.lc. (see the Materials and
Maethods section). The volume of reaction mixture
2 after dialysis was 154 ul. '

Restriction reactions. (g) (Challenge with endo-

nuclease R.P.)} The reaction mixture (360ul) con-
tained 0.1 M-N-tris(hydroxymethyl)methyl-2-amino-
ethanesulphonic acid, pH38.0, 1.2mv-EDTA, 8mum-
MgCl,, 60mm-2-mercaptoethanol, 2.5mM-ATP,
10 uM-S-adenosyl-L-methionine, 150 ul of DNA from
reaction mixture I (5500¢.p.m. of *H and 6300c.p.m.
of 2P), 1504l of endonuciease R.P. (b} (Challenge
with endonuclease R.K.) The reaction mixture
(360u1) contained DNA, N-tris(hydroxymethyl)-
methyli-2-aminoethanesulphonic acid, EDTA,MgCl,,
2-mercaptoethanol and ATP as for (g), but 20 um-5-
adenosyl-L-methionine and 100ul of endonuclease
R.K instead of endonuclease R.P. (¢) (No restriction
enzyme.) As (@) except that water (150uD) replaced
endonuclease R.P. (&) (Endonuclease R.P control.}
As (a@) except that 150ul of DNA from reaction
mixture 2 (5200c.p.m. of *H and 6000c.p.m. of **P)
replaced DNA from reaction mixture 1.

All reaction mixtures were incubated at 30°C for

continued on page 10
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20min; reactions were terminated with 10pl of
0.5M-EDTA, pHS8.0, and the mixture was layered
on 6-20 % (w/v) sucrose gradients in 0.01mM-tris— HCl-
1 mM-EDTA-0.04 %, (w/v) sodium dodecyl sulphate,
pH7.4 (volume 4ml). After centrifugation (MSE
Superspeed 65) in a 6x5m! swing-out rotor at
50000rev./min for 130min at 20°C, 5 drop fractions
were collected into vials and counted in a Beckman
liguid scintillation spectrometer after the addition
of 1.5m! of scintillant (30g of naphthalene, 2g of
2,5-diphenyloxazole, 0.lg of dimethyl 1,4-bis-(4-
methyl-5-phenyloxazol-2-yl)benzene, 50ml of meth-
anol and 500ml of p-dioxan). The arrows in {(a)-{d}
indicate the position of sedimentation of whole
molecule 22P-labelled bacteriophage A K (P1) DNA
and 2H-labelled bacteriophage A.C DNA, The small
peak of ?H at the top of the gradient in {(a), () and
(¢} is [methyl-"H]-S-adenosyl-L-methionine remain-
ing after dialysis. Sedimentation was from right to
left, o, 3H: o, 2P,

unglucosylated bacteriophage T4 DNA in vivo against
bacteriophage Pl restriction (MHattman, 1970). For
reasons that are unclear, bactericphage P1 modifica-
tion does not operate /r vive against bacteriophage P1
restriction in this latter system (Revel & Luria, 1970).

The rather slow kinetics of methylation (Fig. 4)
were also observed with E. coli B modification
activity on bacteriophage fd DNA (Kihnlein &
Arber, 1972). In collaboration with Dr. R. Yuan we
have been studying the binding of the bacteriophage
P1 modification cnzyme to bacteriophage A DNA by
the filter-binding method (Riggs & Bourgeois, 1968;
Yuan & Meselson, 1970). This technique indicates
that in the presence of S-adenosyl-L-methionine the
enzyme binds to both its substrate and its product
(i.e. to both medified and unmoedified DNA) and is
thus.released very slowly after methylation (R. Yuan,
unpublished work). This effect may well prowdc
a basis for the slow kinetics.

The investigation of the nucleotide sequences
around the methylated base, and of the structure of

the enzyme, may provide some insight into the
recognition reaction,
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