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Many strains of E.Coli are able to degrade or 'restrict' foreign 

DNA that enters the cell. The enzyme responsible is a specific endonuclease 

which cleaves bacteriophage DNA into discrete fragments of high molecular 
weight. The host DNA is protected from breakage by host-induced 'modi-
fication' of the DNA. The modification enzyme methylates specific adenine 

residues in the sequence recognised by the restriction enzyme. This thesis 
is concerned with the modification enzyme coded for by phage Pl when it 
is resident in E.Coli. 

The modification enzyme has been detected in extracts of P1-

infected E.Coli by assaying for the transfer of tritium labelled methyl 

groups from S'radenosylmathionine to unmodified phage 82 DNA. It was not 

detectable in extracts of E.Coli infected with a modificationlese mutant 
of P1. The anti 

graphy on DE-cellulose and phoephocellulose followed by zonal 
through a glycerol gradient where it esdimentod to a position corresponding 
to 68. The glycerol gradient fraction is free of detectable P1 restriction 

activity, endodsoxyribonuclease and exodeoxyribonucloase activities. 

Methylation is specific for native unmodified DMA. 
The pH optimum in potassium morpholinoethanesuiphonate buffer is 

6.0 - 6,25; the KM  S-ad.noay].inethionine is SUM. At 30C the purified 

enzyme takes 3 h to incorporate 20-24 methyl groups per phage 82 DNA molecule. 
The extent of methylation is not limited by inactivation of the enzyme 

and the sole product of methylation is 6-methylaminopurine. Methylation of 
unmodified phage A DNA confers protection against a challenge by purified 
P1 restriction enzyme. The methylated A DNA is, however, broken by the 
hetero.pecific E.Coli K restriction enzyme. 

The enzyme has been purified approximately 1400-fold from induced 
lysogens of a thermoinducible mutant of P1. The most purified fraction 

shows two principle stained bands when analysed by polyacrylamide gel electro-
phoresis in sodium dodecyl sulphate. The two bands co-sediment with the 

modification activity at 68 in glycerol gradients. Their mobilities on 

sodium dodecyl sulphate po1yacry1amde gel electrophoresis correspond to 
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polypeptides of molecular weight 7 X' 10  4   and 45 x 10 and they are 

present in equimol.ar  amounts. It is concluded that the 6$ species of the 

enzyme is a dimer of distinct subunits. 

An att.içt has been made to investigate the nucleotide sequences 

around the methylated base by 'fingerprinting' 14C-methylated 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.Coli are able to degrade or 'restrict 

foreign Di that enters the cell. The snayne responsible is a 

specific .ndouucl.asa which cleaves bacteriophage DA into 

discrete fragments of high molecular weight. The host DNA is 

protected from breakage by host-induced 'modification' of the 

DNA. The modification snayme rethylatas specific adenine 

residues in the sequence recognised by the restriction .nsya.. 

This thesis is concerned with the modification enzyme coded for 

by phag. P1 when it is resident in I.Coli. 

The modification enzyme has been detected in extracts 

of P1-infected E.031i by assaying for the transfer of tritium 

labelled methyl groups from S-ad.nosylmethionins to unmodified 

phaq• 82 DNA, it was not detectable in extracts of Z.Coli 

infected with a aodificationlese mutant of P1. The activity 

has been purified approximately 500-fold by chromatography on 

DE-cellulose and phosphocellulose followed by zonal sediment-

ation through a glycerol gradient where it sedimented to a 

position corresponding to 68. The glycerol gradient traction 

is fre* of detectable P1 restriction activity, .ndodeozyribo-

nuclease and ezod.ozyribonuclease activities. Methylation is 

specific for native unmodified DNA. 

The pH optimum in potassium aorpholinoethanesulphortate 

buffer is 6.0 - 6*251 the for 3-adenosylmathianin. is SiaM. 

At 30C the purified enzyme takes 3h to incorporate 20-24 

=ethyl groups per phage 82 DNA molecule. Th* extent of 



asthylation is not limited by inactivation of the enzyme and the 

sole product of aethylation Is 6-methylamtncpurin.. M.thylation 

of wodifisd phag. A DNA confers protection against a challenge 

by purified PA restriction enzyme. The *ethylat.d A DNA is, 

ever, broken by the h.tero.p.cifia E.Col.i K restriction enzyme. 

The  enzyme has been purified *ppro"4-.tely 1400-fold 

from induced lysogns of a tharmoinducible mutant of PA. The 

most purified fraction shows two principle  stained 1*Z6s When 

analysed by polyacrylamide gel elactrophoresis in sodium dod.oy1 

sulphate. The two bands co-sediment with the modification 

activity at 66 in glycerol gradients. Their mobilities on sodium 

4odcy1 sulphate polyacryalamids gel e1.ctrophor.sis correspond 

to polypeptides of molecular weight 7 z 10 and 4.5 x 10
4 and 

they we present in .qulz°lar amounts. It is concluded that the 

65 sp.ci.s of the enzyme is a diner of distinct subunits. 

An attempt has been made to investigate the nucleotide 

sequences around the methylated bas. by 'fingerprinting' 

DNA after Dwdm digestion. The resulting oligo-

nucleotidsa have been analysed by partial .monucl.olytic digestion 

with snake venom phosphodte*teraae. 

Various aspects of the mechanism of the modification 

enzyme have been discussed. 
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I. INTRODUCTION 

Three reviews on restriction and modification have 

recently been published (Arber, 1971; Bayer, 1971; Meaalson at 

al., 1972) • In conjunction with the earlier reviews of Arbor 

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

collation of the available data. 

(i) Early 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#19521 

Bertani & Weigle, 1952; Luria I Human, 1952). Although these 

observations were made with a variety of bacterial and bacterio-

phage systems, the example studied by Bsrtani & Weigle (1952) 

will be considered in more detail. Bacteriophage A was grown 

on E.Coli strain C and the resulting lysate (denoted as A.C) 

titrad on E.Coli strain C and E.Coli strain K. The efficiency 

of plating (e.op.) on strain K, that is the titre on K * titre 

on C, was only l0. Phage from the rare plaques that formed 

on iC (A.K) had an e.o.p. of I and could, thus far, be explained 

as derived from mutants in the original lysats. If, however, 

the phage f rain such a plaque were grown on C, then the resulting 

Lysate again showed an e.o.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 

I. 
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Diagram 1. Host controlled modification and restriction of phage A 

in E.coli strains K12 and C. The numbers give the èfficieflcyof 

plating of the A.0 and A.K phage on the hosts indicated by the arrows. 

Diagram 2. The experiments of Arber &Dussoix (1962, see text). 

The dotted line is the titre on K(Pl), the continuous line 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 X. 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 in 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 although Lederb.rg (1957) 

made several interesting observations. He showed that certain 

prophages, in particular P1, specified their own restriction 

and modification systems which  were imposed on the host bacteria. 

Furthermore, he provided an important clue to the molecular 

basis of restriction by showing that the 32P-labelled DNA of 

phage Tl was quite extensively acid-solubilised as a consequence 

(direct or indirect) of restriction by prophage P1. 

(ii) Restriction and modification of DNA 

Arbor and Dussoix (Arbor & Dussoix, 19621 Dussoix and 

Arbor, 1962) investigated the restriction and modification of 

X by prophage P1 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 (PA) in a medium enriched with D20. The 'heavy' A.K (P1) 

was us" to infect strain K for a single cycle of growth in a 

'light' B2O medium, and the resulting lysato was centrifuged to 

equilibrium in a CsCl density gradient. Th* tube was pierced 

and the emerging drops collected and titrd on K and K (P1) to 

determine the distribution of unmodified and Pi-modif Led 

phags;. The modified phag. (Diagram 2) banded at a pesitica 

corresponding to phages with one heavy strand and one light strand 

of DNA, that is parental phag. DNA molecules that had und.rgcne 

one semi-conservativ. duplication (I4es. lion & Stahl 195g 

Miselson a Weigle, 1961) • When the multiplicity of infection 

was increased such that some parental phag. DNA moleaul.s 

escaped duplication (Meselson & Weigle,, 1961), a shoulder appeared 

at a position corresponding to phag.s with two heavy strands 

of MA, (Diagram 2) • Thus modification was associated only with 

those phagea carrying onsor both parental strands. In addition, 

Duasoix and Arbor (1962) confirmed L.d.rb.rg's observations by 

showing that 32P-labe lied 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 DNA transferred by transduction or conjugation 

(Arbor and Nor.. 1963) or transf.cticn (Arbor a Dulsoiz, 1964) 

was also subject to the constraint of host-specificity. In the 

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

A transfeotion system (Kaiser a Hugness, 1960). 

(iii) DNA Restriction in vitro 

Meselicci a Yuan (1968) detected, purified and aharaat.r-

Lead the MA restriction enzyme of strain K. The enzyme was 

detected in extracts of the .ndonucleas. I strain 1100 (Drwald 

a ifoffean-Berling, 1968) as an ATP-dependent nucl.olytic activity 

that broke 32i'-lat*ll.d A.0 DNA but not 311-labell.d A.K DMA. 

The activity was extensively purified and shown to be absolutely 

dependent on AT? and 5-adeno lmsthicnins (SAM) • The 

detailed role of the cofactors is vnkAawn#  but the AT? is 

extensively hydrolysed to AD? and orthophosphate. The most 

exciting property of this enzyme was that in a limit digest it 

broke unmodified A DNA into discrete fragments of high molecular 

weight. The acid-solubilisation that is observed in vivo is 

presumably a consequence of secondary nucleolytic activity 

at the new ends that are created by the restriction enzyme. 

The endonucleoly tic cation of the enzyme was clearly 

shown by its effect on the twisted circular tore of A DNA. 

An elegant sedimentation analysis showed that the enzyme breaks 

one strand and then, a isv seconds later, breaks the couple- 

msntary strand at a point nearly or directly opposite. The 

enzyme did not, however, attack both kinds of synthetic A hetero-

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 (Maselson & Yuan, 1968) • The 

large sedimentation coefficient (US) 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 at al#  1972) • Similar restriction 

enzymes have been described for F]. and strain B (Meselson & 

Yuan, 1968) Linn & Arber, 1968l Rou iland-Dussoix & Boyer, 1968). 

The 1( restriction enzyme was the first nuclease to have its 

biological role unequivocally established. Not only was it 

specific for unmodified DNA but it was also absent in a 

reatrictionless mutant of strain 1100 (l4eselson & Yuan,1968). 

Together with the repressors of the lactose operon (Gilbert & 

M11ar-Hill, 1967) and bactariophage 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 2
+ 

 

SAM and ATP although the latter can be used at lower concen-

trations (10 8M) than are required for DNA breakage (10 4M) 

(Yuan & l4esslson, 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 E.Coli 

DNA was discovered over ten years ago (Mande]. ra Borek, 1961) and 

was suggested for some time as a possible basis of non- 

heritable modification of DNA. The DNA niethylating enzymes 

characterised by Gold & Hurwitz (1963) did not, however, show 

the requisite specificity while investigations of methylated 

bases following labelling with methionine (a biosynthetic 

precursor of the methyl-donating cofactor SiLM) 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 out 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 aethionine 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 fd. 

Base analyses of fd DNA have demonstrated a correlation between 

B-specific modification and the presence of 6-methylaminopurine 

(6 MAP) (Smith, Knlain S Arber, 1972). Phage fd was grown on 

isogenic, methionine auxotrophicatrains of C, K and B in the presence 

of 14C.nethyl methionine. DNA was extracted from the purified 

phage stocks and analysed by acid hydrolysis. I'hage fd.B was 
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found to carry about twice as much 6MAP in its DNA as fd.0 

or fd.K. Furthermore fd 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 6MAP residues per single-stranded circle of 6,000. 

nucleotides. 

These observations have been extended by the partial 

purification of the B modification enzyme. This activity was 

detected by using a sphsroplast infectivity assay for circular 

double-stranded fd DNA (Benzingar 1968). Modification was 

detected in extracts as an SAM-dependent activity that protected 

unmodified fd DNA against a loss of infectivity due to restric-

tion by the appropriate spheroplasts (Linn & Arbor, 1968) • The 

activity was purified 200-fold by ion-exchange chromatography 

on phosphocellulose and DEAR-cellulose, and characterised by 

using the infectivity assay (Kubnisin at al. 1969). This thesis 

describe, the purification and properties of the P1 modification 

enzyme by using the chemical assay of methylation of unmodified 

DNA. The published properties of the two enzymes are fairly 

similar (kthnlein and Arbar, 1972; Brocke. at .l. 1972) and 

this will be considered in more detail in the discussion. Theae 

two enzymes provide the first example of DNA methylases of 

known function. 

(v) Genetic analysis of the enzymes 

Glover at al (1963) were able to obtain mutants that 
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were defective in P1. restriction by selecting for the rare lac  4  

clones formed when a autaganiaed culture of lac, P1-lysogenic 

bacteria was mated with unmodified P-lac elements. The mutation 

was shown to be present within the phage ganoma since it was 

transferred with the P1 phage on lysoguidsation of a new host 

strain. Similar selection protocols have subsequently 

been used by other investigators in a variety of bacterial and 

plaeid systems. The surprising observation in the P1 system, 

and in the B and K systems, was that about half of the 

(r.strictionless) mutants were aj (aodificatianleas) as well. 

In view of their frequency, the phenotypically r a mutants 

are unlikely to be double mutants. There are several possible 

explanations, but Wood (1966) suggested  that the i mutants 

resulted from a single mutation in a gene (denoted s) whose 

product was common to the restriction and modification enzymes. 

it is also possible to start with an r mutant and der- 

ive a 'two-step' r ar mutant which retains S  gene function 

as detected by co.pleaentation. The col.nmntation data, which 

are discussed below, have been interpreted (Arbor & Linn, 1969) 

as supporting a 'three-gene model' for the enayms. The modal 

postulates that gene s makes a product which is responsible 

for site-specific (sequence) recognition for both restriction and 

modification. Two other products, coded for by Venee r and a, 

are responsible for carrying out the restriction and modification 

reactiona, 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 B.Coli K and Bp the host-specificity (h) genes 

have been mapped close to the origin of iifr (1 12 o'clock'). 

The construction of F-prime elements carrying the ha genes 

provides partial diploids for conpiementation analysis of the 

various mutants in K and S# using 1 as the tester phage. The 

principal observations made (ioy.r £ Roulland-DussOix, 1969; 

Glover, 1970; Arbor & Linn, 1969), and their interpretation 

on the three-gene model are given below. 

Firs' (derived as & ens-step mutant)/Ca' has 

++ + + 
an r a phenotype • On the model,. the r end a subunits 

produced by the episome complement the s subunit produced by 

the chromosome. 

Firm (derived as a two-step autant}/ra (one-step) 

gives an r phenotype. The s  subunit produced by the spisome 

complements the r and a1  subunits produced by the chromosome. 

(a) In heterosygous partial diploids for the K he 

genes in 8 (or vice versa), there is no inhibition of one type 

of he function (K or B) by the presence of the other. Further-

more, the rat4  phenotypes recover their restriction function in 

the presence of r 
4  a + or single-step r a mutants of the other 

strain. The single-step r mutants do not, however, recover 

their particular function in the presence of various he regions 

from the other strain. These observations support the 

hypothesis for the role of gene s# and show that between B and  K 

the r and a gene products can act with either s gone product, 

but take their strain specificity from the s product. The 
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r and a products of P1, however, will not complement In 

this way with either 3 or K. (Glover, 1970 Bayer a ou11and-

Dussoix, 1969). 

These ideas of the relationship between the three gene 

products have been extended by a clever analysis of temperature 

sensitive mutations (Hubaa.k a Glover, 1970) • A sari.s of 

temperature sensitive restriction mutants was isolated by 

mutagenesis of K followed by a suitable selection procedure. 

Many of the mutants proved to be temperature sensitive for modi-

fication as well. Coap3sasntation analysis located the 

lesion for two of these restriction mutants within the a gene. 

The authors concluded that the a gene product was required for 

restriction, as well as for modification. Thus the most recent 

statement of the three gene mode]. (Hubacek a Glover, 1970) is 

that the restriction enzyme is composed of the products of the r, 

a and s genes, while the modification enzyme in composed of 

at least the a and s gene products, The possibility that one 

complex or aggregate enzyme has both the restriction and modi-

fication activities was considered both by these authors and 

by Meselson & Yuan (1968). 

How convincing is the evidence for the three gene model? 

It certainly provides a logical and consistent interpretation 

of the genetic data. There may be other models that explain 

these data but the present author is unable to think of any 

that present a plausible alternative. The observation that the 

s product complements with the r 8  and %  products to give 
K  

efficient X specific restriction and modification, is particularly 
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bard to reconcile with other interpretations. Furthermore, 

Linn & Arbor (1968) observed in vitro complementation for 

restriction of phaga fd )MA on mixing extracts of rm and 

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

formal possibility 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 outstanding problem in the genetics 

of the enzymes is the fine structure mapping of the he 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 OP mutations in the 

lactose operator such that repressor is not bound (Gilbert & 

Huller-lu, 196/), so it is possible to obtain mutations in 

the sites of restriction and modification. Unmodified phage 

fd has an efficiency of plating on b of 7 x 10-4. Arbor a 

Kuhnlein (1967) obtained a spontaneous mutant that had an ..o.p. 

of 3 x 10.2, and then a second-step mutant with an e.o.p. 

of 1. No intermediate O.O.P. values were observed. This was 

interpreted to mean that the wild-type phage have 2 distinct 

sites of a-specific restriction. Arbor S Lion (1969) have 

called them and 972. Mutation in one of these sits., 
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for ezample 8.-i, gives an 8-1, 8-2 phage with an intermediate 

e.o.p., while mutation in both  gives an Sj-e phge 

which is unrestricted. The two sites can be mapped on the fd 

chromosome by using a conventional recombination analysis 

(Boon a Zinder, 1970). Furthermore, closed circular DkA 

extracted from these mutants shows distinct patterns of cleavage 

by the 8 restriction endonuclease; the patterns are consistent 

with the presence of 2, 1 and 0 targets in the different 

mutants (Boyer at al., 1971). Finally such DNA can accept 4, 

2 and 0 methyl groups in reactions with the purified a modification 

enzyme (guhnlein & Arbor,, 1972). The latter result is evidence 

for the model, implied throughout this dissuasion, that the 

adenine residues that are methylated on modification are located 

in the sequence (a) recognised by the restriction enzyme. 

A similar analysis has been performed on the 8 sites 

in 3 DNA. The analysis is complicated by the fact that A is 

strongly restricted (e.o.p. 10-.4 
 ) since it has more than 2 

sites, and mutation of a single site does not cause a signi- 

ficant alteration in s.o.p.  The related pliage, 080, is, 

however, weakly restricted (e.o.p. 101)  and may be crossed 

with A to give various hybrid pnages (Franklin at al., 1965). 

After selecting for the assortment of the immunity and host range 

characters peculiar to A or 080, Franklin and Dove (1969) 

observed three discrete e.o.po values in the recoabtnnta. This 

provides a tool for mapping the various S sites and for 

deriving phages with isolated restriction targets. In this 

way two of the SY  sites have been located on the A genoa.. 



13. 

Phag. A lacking both and 5K2  retains at least three sites 

for the K restriction system (Murray at a], 1972) The DNA 

of the various phages can be used in vitro to study the reaction 

of the restriction ensymo with isolated targets&  and also to 

fragment the 1 chromosome in specific locations. 

One curious feature of these analyses deserves cont. 

If a restriction site occurs in a gene whose function is 

essential, then mutation of the restriction sequence eight well 

be a lethal event. Thus, one might expect that it would not 

be possible to obtain e mutations in all sites. Nevertheless, 

In the sight cases investigated, namely the 8 sites on fd. 

the 8A  site on X and the Sy  sites on x. 82 and 80 (Arbor a 

Kebnlein, 1967; sayer at a], 1971; Arbor at al., 1972; 

N • E.Hurray, personal ocmication), 8 mutants have been 

easily isolated and the resulting pliage shoved no detectable 

alteration in physiology. Further genetical and biochemical 

analysis will be required to clarify this point. 

Finally, it is possible to create a restriction site by 

mutation. schn.qg a tofschneidsr (196) were able to obtain 

a mutant of phag. 4X174 that is sensitive to B restriction, 

while the wild type is insensitive. 

(vii) Conclusion 

The investigation of restriction and modification since 

the analysis of Arbor a 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 r.00gnise the same or overlapping sequences of nucleo-

tides in duplex DNA. The restriction enzyme introduces a double 

strand break into the sequence, while the modification enzyme 

asthylates an adenine residue. )4ethylation 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 moat specific endonuoleases 

that have been obaractarised. A restriction enzyme from 

Hemophilue influenzas (Smith a Wilcox, 1970), has been used to 

cleave the closed circular DNA of 5V40 virus into eleven 

fragments (Deane & Nathans, 1972) • This cleavage provides a 

method for 'fingerprinting' different isolates of 5V40 DNA 

(Nathan a & Danna, 1972a), and for analysing the bidirectional 

nature of 8V40 replication in vivo (Nathan. & Deane, 1972b). 

The availability of an increasing number of these enzymes 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 question in molecular biology. 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 a. loops 
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(Gierer, 1966) or unpaired regions (Crick 1971) • Our current 

knowledge of these sequences is so meagre that we cannot 

critically examine these ideas. The recognition sequence, or 

at least a substantial part of it, has been determined only 

for the Hegaophilua restriction enzyme (Kelly & Smith, 1970) • The 

sequence shows an intriguing two-fold axis of symmetry which 

the authors rationalise in terms of the enzyme's function, that 

is to cut both strands of a DNA duplex. Are all such sequences 

symmetrical, and does the symastry necessarily encourage the 

formation of abort looped-out regions (Meselson at al. ,1972)? 

Why does the presence of the methyl group in modified DNA 

block the process of recognition by the restriction ensyas? In 

order to answer these questions it is essential that initially 

we learn more about the sequences recognisedhy a series of 

restriction and modification enzymes. 

Thore are a..so uncertainties in our undeatanding of the 

protein's behaviour during recognition. The lactose and lambda 

repressors react so rapidly with the operator sequence that 

the reaction cannot be accounted for by a normal diffusion-

limited process (Riggs St el., 1970) • An extreme solution 

to this problem is to suggest that the sequence is located 

by a two-dimensional walk along the DNA molecule (Gilbert & 

Maller-Hill, 1970), although there is little evidence to 

support this notion. While it  has  been asserted that the  

restriction endonucleass shows similar kinetics (Boyer 

et el., 1971), the detailed quantitation and analysis  remains 

to be don*. Finally we might ask questions about the 
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proteins themselves. Does the active sit* 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 pair, in duplex DNA (Adler at al. 1972)? Our knowl.dge 

of the structure of the enzymes, and of the roles of the 

different subunits and cofactors, is inadequate to answer these 

questions The technical problems involved, particularly 

in isolating large quantities of homogeneous enzyme, are 

formidable but not insoluble. 



17. 

II. MATERIALS 

I.. E.Coli Strains 

The strains of E.Coli used in this work are given in 

table 1. All of these strains are i.Coli KU derivatives. 

Sacteriophage strains 

The bacteriophage strains used in this work are given 

in table 2. 

Media 

The following media were used for growing bacteria and 

bacteriophages. All quantities are given in ge/Litre 1120 

unless otherwise stated. 

L broth (p 7.2)g Difco Tryptone  10, yeast extract 5, NaCl 10 

11111. trypticase 10, Dii eQ agar 10, NaCi 5. 

Tryptone (11) agar Difco tryptone 10, NaCl 5, Difco agar 10, 

p11 7.5. 

P1 agar; Difco agar 10, tryptone LO, NaCi 5, Yeast extract 5, 

2.5 eM Cad 2, 0.1% glucose. 

Pliag. bufferj KH 2 PO 3, Na2UP047, NaCi 5, imlt MgsO4, 0.1 eM 

CaCl2, 0.001% gelatin. 

Low phosphate medium (J .Abelson, personal counication) 

WC1 1.51  NaCl 5, N114C1 10  Trio 12.1, adjusted to pH 7.4 

with HC1_2094 aactopeptone (Difco) was adjusted to p119 

With NR40H, 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 eM in M9SO4 before  use. 



TABLE I. B.Coli Straine 

STRAIN RELEVANT GEUOTPE RE?EPR1(CE RAMS SOURCE 

 1100 Endonuolaae I - r+ *K+ Dfirwald & ffin- 
Berling (1968) 

+ Derived by ethyl.ethane- 
 1100 r r- .- derivative of 

- suiphonate mutageassis N.E.Murry 
1100 

 1100 rK-(Pl)  11
1+ 

"+ 
- Derived by lysogeny of 

1100 r- with P1XC Author 

 K140 (P1c1162) r 1+ ii+ Scott (1968) Thernoinducible Fl. J.R.Scott 

 W1485 EK+ *+ 
- N.E.I4urray 

 803 r- aK 
Wood (1966) N.Z.Murray 

 C600 rK+ a,+ Appl.yard (1954) N.E.Murray 

 C600 (P1—) 
re a+r1 ui-  

Glower et a1(1963) S.W .Gbver 

 C600(P1-+) r+ a+, r 1- m+ Glower et .1(1963) S.W Cylover 

 C600(P1) r+ *K+ 1r1+ e1 + -  $.W.Glover 

U. Yriel SU 1+, r+ + -  Standard boat for AC 857 S I 1 7. 
N.E.Murray 

Derived by transduction of 
12. W3110 su111+(P1) 8U111+, rK+ *K+  -  su111+ (with trp+) into Author 

W3110 (P1) 



Table 2. Bacteriophage Strains. 

STRAIN RELEVANT GENOTYPE REFERENCE REMARKS SOURCE 

AC  26
l4eselaon (1964) HNO2  induced c1eaxp1que mutant N.E.Murray 

AC 857 8 Goldberg & Howe Therminducib1e, lysia defective 
I (1969) convenient for asking A DNA. N.E.Murray 

is amber mutations uppreasib].e 
by 8LJ111+. 

82C Arber (unpublished) Clear plaque mutant W.Ather 

P1KC r 14 ni 1+ Lennox (1955) Phage P1 'adapted'for growth ____ 

on strain K 

S. P1 Xc 42 r 1- mp Hayward & Glover Two step (i.e. r 1- xi— spi+) 
(unpublished) mutant derived by R. S. Hayward 

nitroeogusnid.in. xmatagenesia. 
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4. Enzymes and Proteins 

Endonuclease R.P and endonucleass R.i, both 

purified to the glycerol  gradient stage according to Messison 

and Yuan (1968) were the generous gifts of Mr R.W.Old and 

Dr K. Yuan respectively. Neither of these preparations gave 

detectable breakage of 32P-labellsd A.K(Pl) DNA as indicated by 

sedimentation in neutral sucrose gradients. Both restriction 

enzymes were stored at 0C. 

Pancreatic d.ozyribonucl.ase (DNA.. I), electra-

phoretically pure, was obtained as a solid from Worthington 

Biochemical Corporation, Freehold, Nov Jersey. It was stored at 

-20C as a solid and generally dissolved in buffer (either 0.1 

N-sodium acetate, 5aM-MgC12pH 5.0, or 10 ON-tris-HC1, 5t-

MgCl2  pH 7.4) just before use. 

(a) Snake venom phosphiodiesterasa was obtained as a 

solid from the Worthington Biochemical Corporation and stored 

at -20C in 0.02M-trisUC1 pH B.S. 

(d) Bacterial alkaline phosphatese was obtained from 

Worthington, or from Whatman Biochemicals Ltd., Maidstone, 

Kent and was stored at -20C or 410 C. 

(a) Yeast alcohol dehydrogenase, horse liver alcohol 

dehydrogenasu, phosphorylaze a, and bovine haemoglobin were 

obtained from the Sigma Chemical Company and stored at -200C 

or 4C. 

(f) L-amino acid oxidese (Crotalua terrificus) and pig-

heart fumarase were obtained from Boehringer Mannheim. 
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5. Chemicals 

All chemicals wars reagent grads 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 Companyp Cocmasuis brilliant blue, 0-m.thylguanins, 

6-asthyl.aainopurin., 5-"aethylcytosins, adenins • dM4?, d(1P, 

4CM?, dfl4P, calf thymus DMA, 'TrizIa bass, SAM-iodide 

(.n.rally grade 1 specified as 85-90% pure, although one grade 

XI (appro'c(tsly 70% pur) batch was also used]. 

The following chemicals were obtained from British Drug 

aouaei, Poole, Dorsett dithiothreitol • 2- (M-mrpholino) - 

ethanesuiphonic acid, i-tris- (hydroxyasthyl) aethyl-2-'aino-

ethansculphonic acid, piperasins-M$' -bis-2-.thanesulphonic 

acid, CsC1, 804  ('Mister' grade), SDTA, phenol, acrylaaid., 

asthylen.bi.acrylmaid., t.tramethyl-1 ,2-diaminosthsns, 2- 

aercaptomthanol. 

Streptomycin sulphate was a kind gift from Glero Labor- 

atories Ltd., Hemel Hampstead, Harts. 

The ecintillants 2, 5-diph.nyloxasole (P?0), and 1,4-bia- 

12- (4-m.thyl-5-ph.ny].oxazolyl) -hansen. (diasthyl POPOP) were 

obtained from the Packard Instrument Company, Inc. Illinois, 

U.S.A. The acintillanti 5- (4-biphenyl) -2- (4-t-butylphanyl) - 

l-oxa-3 ,4-dia*ole (Butyl POD) and 2, 5-his- (5-t.rtisrybutylb.noxazol- 

2-yL) thiophen (ABOT) were obtained from Ciba Ltd., Duxford, 

Camba, U. K. 
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Chromatographic and lonophoretic media 

The following Whatasn ion exchange resins were obtained 

from I1.Meve Angel and Co.Ltd., London LC.4, U.Kj P11 phoapho-

cellulose, DE23 fibrous diethylaminoethyl cellulose, DE52 

aicrogranular diethylaainoethyl cellulose, 

Diethylinoethyl-8sphadex AZS and carbozymethyl. 

Sephadex C25 were obtained from Pharmacia Fine Chemicals A3, 

Uppsala, Sweden. 

Bio'gsl Agarose AO. SM was obtained from Calbiochem, 10 

Wyndham Place, London W10 hits. Cellulose acetate ('ozoid') 

was obtained from Oxo Ltd., London £ • C. 4, U. I. Ion exchange 

papers were Wbataan Chromedia DESL and AM. 

Cellulose thin layers, impregnated with poly.thylena-

mine, were obtained from Macherey-Nagel and Co., Dren, Germany. 

Thin layer cellulose sheets 104300 were also obtained from Maab.rey-

Nagel. 

Radiochemicats 

All radiochemicals were obtained from the Radiochemical 

Centre, Mersham, Bucks. 

S-adenosyl-L-methicnin., tritiated in the donor methyl 

group (referred to as O CT  3SAW) was purchased at a specific 

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

in dilute 02504  p03, at a radiochemical purity of at least 96%. 

It was stored at .200C and used without further purification. 

S-adenosyl-L-emthionine, labelled in the donor methyl 

group with 14C (referred to as'14C.-SAI4') was purchased at a 

specific activity of 55 or SOm curies/iltol.. This material was 
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supplied in dilute H2  804  at a radiochemical purity of at least 

90%. It was stored at -209C and used without further purification. 

32k, as orthophosphate in dilute MCi solution pM2-3, was 

purchased at a specific activity of 1 mCi/al or 10 mCi/al. Before 

use the MCi was removed in a vacuum d.seicator and the residue 

dissolved in about 0.5 ml of sterile 

8. )NA preparations 

(a) Bacteriophage 82c DNA. LCo1i, either C600 (P1—) 

or C600 (P1 -0, ias grown in 1 litre of L broth at 37C to 

E650  - 0.5 (approx. S x 10 cells/al). The culture was aids 

IM in MgSO4  and bacteriophage 62c was added at a multiplicity 

of infection of 0.3 - 0.5 phage/bacterium. The culture was 

shaken vigorously at 370C for 3-4h and lysed with 5 ml of 

Chloroform, The lysate was clarified by centrifugation (10,0009 

for 15 min at 400 and the titre determined on the appropriate 

indicator strains to check the presence or absence of 21 modi- 

fication. The bacteriophage. (generally 10" plaque  formers/all) 

were collected by centrifugation (45,000g for 21 Ii), resuspended 

by gentle agitation overnight in 25 ml of bacteriophage buffer 

and twice banded by centrifugation (30 h 27,000 rev.ain, NS 

•up.raps.d 65 centrifuge, 3 x 23 ml swing-out rotor) in 41.5% 

(!) Cccl. The final band was collected, dialysed against 

lOaM Tri.-HC1, ia*LDTA, pI 7.4 ad extracted by three time 

rolling with freshly distilled phenol that had been equili- 

brated with 0.5 N Trio-RC1 plia. The aqueous layer was dialysed 

exhaustively against lOaM Tris-HCI, 1mi DTA-50nH NaCl, pH 7.4, 

and stored at 0C. 
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(1,) Unlabelled 1C1157 87•K and XC1857 87.K(P1) 

In collaboration with Dr P.Battsn, 3.arge scale preparations of 

both of these pbaq.a were made by the following method. LCo1L 

W1485 (IC  1857 57) or E.Coli W1485 O.C1857 5  7  ) (P1) were grown 

to 5 z 108  ceUs/xnl3. in 30 litres of L broth in a 50 litre 

ferwentor at 30C. The temperature was shifted to 42C for 10 

minutes and then lowered to 37C, for 34  h. The cells were esdi-

mnt4 in a continuous flow Alfa-LawsU, centrifuge, resuspended 

In 1 litre of phaqe buffer, and lysd by the addition of 20 a]. 

of CHcI.3, followed by 1 mg of pancreatic DNAse. After incubating 

for 1. Ii at 37'C the thick suspension (titer on yawl - S z  10 

p.f.u,/al) was loft overnight at 90co Thp suspension was 

clarified by centrifugation (sE High Speed 3.8, 6 z 250 all rotor, 

10,000 r.p.m. 300)0  and the suspension incubated at 376C for 1. b 

while N2  vu gently blown over the surface in order to remove 

residual CHC13. The phage were pell.atsd by centrifugation 

(10 x 100 a]. rotor, 20,000 r.p.a., 2.5 h, 20C) and the pellets 

were resuspended by shaking each overnight with 10 al of phage 

buffer at 4C. The milky supernatant was decanted from the 

dirty looking pellet and digested at room temperature (20C) 

for 3 b with 10 pg/s1 (each) of pancreatic DNAee and pancreatic 

PZ4Aee. The phage were pellet" as before and resuspended in 

30 ml of phag. 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 mad* up to about 140 ml with phage buffers solid 

Cccl was added to give 41.5% () CeCI. • and the phage were 
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banded by centrifugation (3 z 65 ml SW rotor, 40 ii, 21,000 r.p.m., 

20C) • The bands were collected by aspiration, pooled, and 

rebanded in the 3 x 65 ml SW rotor by an identical procedure. 

The final bends were collected, pooled and stored in sterile 

glass tubes at 0-4C. The titer of the XC1857 S7.K on 

W3110 su III (PI) was 2.7 x 10 - 2 a 10 
YvAl 1.4 x 10 

The titer of the XC1857.I(P1) on 

W3110 mu III  4 (P1) 12 
-- was 7x10 0.140  

!mel 
5x10 3  

although this weak restriction may not be real because the titering 

strains are not precisely isogonic. 

DNA was prepared from these phges by diluting them at 

least 10 fold with phage buffer, dialysing out the Cad, and 

than extracting with redistilled phenol as described above for 

phage 82 DNA. 

Unlabelled 1C1857 87.0 DNA was made by a similar proto- 

col from strain 803 (IC x857 $7). Strain 803 (ass Materials 1) 

Lx an r aK  derivative of strain X. 

(c) UP_labelled  XC1857 S7.K or )C1$57 S.K (P1) DNA. 

100 ml of Abelson low phosphate medium was innoculated with 

1. ml of an overnight culture of W1485 (AC  1$57 87) or W14$5 

(AC  1857 87) (P1) and qrawn in a shake flask at 3411C to approx. 

$ x 108  cells/el. S mCi of neutralised 32P-orthophosphats was 

added, and sufficient hot water was poured into the bath to 

reach the induction temperature of 43C for 15-20 mm. The 



24. 

temperature was returned to 37C by adding cold water and 

saintain.d at 376C for a further 3.4 h. The bacteria were 

pellatsd and lyssd with CiCl3. The phage were purified by two 

successive bandinga in CsCl essentially as described for the 

unlabelled preparations. Ocsasionally the band was not visible 

and was located by counting fractions iron the CsC1 gradient. 

The DNA was extracted from the purified pnage by rolling with 

redistilled phenol. 

(d) 32P-labeil.d phage T7 DNA was a kind gift from 

flr LW.old. 

30-IAb.11sd phag. M13 twisted circular RY! DNA 

purified by propidium iodide-CsCl dye buoyant density centri-

fugation, was a kind gift from flr G.Petsrs. 

3H-labeil.d ADIIA preparations were kindly provided 

by Dre K. and N.E.Murray. 



25. 

III MZThODS 

Bacterial and bacteriOphage Genetics 

(a) Efficiency of plating (e.o.p. )_ssys. The appropriate 

indicator bacteria were grOVA in L broth to mid log phase, pelleted 

in a bench c.ntrifuge and resuspended in one half the volume of 

1-UgSO4. After shaking at 370C for 20 minutes, the bacteria 

(0.2 ial) were preadsorbed for 10 minutes at room temperature 

with 0.1 ml of an appropriate dilution of phage. 31L top layer 

agar (2 ml) was added and the mixture poured onto the surface 

of a Petri plate containing ai. bottom layer agar. The plates 

were incubated overnight at 37°C or 30°C. Assays were always 

performed in duplicate and at least 100 plaques per plate 

were counted, The e.o.pe values are very sensitive to physio- 

logical variation and fluctuate by a factor of two or three. 

(h) General methods for lysogenising with P1, trans- 

ducing with P1, and propagating phages 82, A and P1 by plate 

or liquid lysis are given in Cloves and Hayes (1968) • For 

phages 82 and A, tryptone medium was used, for phag. P1 the 

special P1 agar (see Materials 3) was used. 

Ensymologica]. methods 

(a) Preparation of extracts (i) Extracts of P1-infected 

oells: 2.5 ml of an overnight culture of E.coli 1100 rg  was 

innoculated into 1 litre of L broth in 5 litre conical flasks. 

The flasks were grown in a rotary shaker at 37C to £ 650 .0.4 

(approx. 4 x 108 cells/al). 2 ml of 3J4-..aC12  was added to each 

followed by 2 x 1012  plaque formers of the appropriate P1 strain. 
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After swirling once to mix the phage, the flasks were stood at 

37°C for 3 mlxi to allow adsorption and then shaken vigorously 

for 12 mm. The infection was terminated by pouring the cells 

onto 500 g of crushed frozen (-20°C) 0.05M-NaCl. The cells 

were zedimented (US LB centrifuge, 6 z 250 ml rotor, 25C, 10,000 

r.p.m., 20 mm), resuspended in 10 ml of 0.05M-tris-HC1 pH 

8.0, 5mM-2-merceptoethanoi, and disrupted with 6 x 20 sec bursts 

(with 30 sec cooling in ice between each) in an MSE sonicator 

at 8 amps. The debris were removed by centrifugation (11818, 

8 x 50 ml rotor, 10,000 r.p.m. 20 min) and 0.3 *1 of 1M-MgC12  

added. The resulting precipitate was removed (R8 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% () streptomycin sulphate. The 

streptomycin precipitate was removed (US 18, 8 x 50 ml rotor, 

10,000 r.p.m., 15 min) and the supernatant was precipitated by 

the addition of 4.9 g solid (NH4)2SO4. The precipitate was 

collected (US 18, 8 x 50 rotor, 15,000 r.p.m., 30 min), 

resuspended in 3 ml breaking buffer and dialysed extensively 

against 0. 02M-potaeeium phosphate p116.7, 5mN-2-nisrcapto.thanol, 

0.5a11-BD!rk. The protein content of each extract (generally 

20 mg/ml) was determined by the method of Lowry at al (1951) 

with bovine serum albumin as standard. 

(ii) Extracts of P1 induced cells i  Strain 1(140 

(PLC  1l62) was grown to approx. 10 cells/Ml in L broth at 30°C 

and induced by shifting to 420C for 10 min, The temperature 

was dropped to 37°C for 10 min and the induction was termin-

ated by pouring the cells onto frozen 0.05M NaClas described 
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aovs. The cells were harvested (see pert (i)) • and 5 g 

resuspended in 3.5 ml of buffer (0. 05K-tris-UCl pH? • 4, 5mH-2-asr-

captoothanol, 10 m*'MgC12, 0.3mM ELftJl, 5% () glycerol). After 

sonicetion, 0.02 ml of a solution of pancreatic d.oayribonucleas. 

(1 mg/ml) was added to the lysats which was left for 30 mm 

in the cold ram (0-4°C) • After removing the debris (see 

part (1) • the ribosomsis were removed by centrifugation Cx3r.  

Superspeed 65, 3 z 20 9W rotor, 30,000 r.p.m., 49C, 2.5h). 

The supexnatant was fractionally precipitated by adding dry 

42 804  to 0-35% saturation, 25-55% saturation, and 55-100% 

saturation. The precipitates were dissolved in 0.05 *.potassium 

phoaEate pa 6.9, 5mM-2-morcapto.thanol, 0.1 mM-SDTA, 5% glycerol, 

and dialysed extensively against the same buffer. This 

fractionation was performed in parallel on 5 g of 3100 r- (P1) 

c11. 

(b) Pretreatment of resins for column chxcisatoqraphy. 

P11 phoaphoc.11ulose was defined, pro-cycled and equilibrated 

as described by Burg... (1969). Special cars was taken to 

ensure that this high capacity exchanger was exactly equilibr-

ated just before use. 

D223 fibrous d.i.thylaainoethyl. cellulose was pr.-

cycled and equilibrated according to Whatum technical bulletin 

152. 

DES2 microgranular di.thyl.xnin.o.thy1 cellulose was 

suspended in fl20, defined, end then equilibrated by gently 

stirring with several changes of buffer until the pH and 

conductivity of the buffer were unaffected by contact with the 

resin. 
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Diethy1si'oethyl$epbl.dez A25 and csrbozsthyl-Sepbadsz 

MS were allowed to sweU in ercess buffer for a few hours 

end were then defined and equilibrated by gently stirring with 

several changes of buffer. 

Sucrose or q3.ycerol  gradients for zonal sedimentation 

analysis. These were constructed by using a twchaabered 

device of the sort described by Britten a Roberts (3.960) • After 

centrifugation the gradients were fractionated by piercing the 

bottom of the tube and collecting drops. When labelled DNA 

sa1.ea were fractionated, the emerging drops were collected 

an 2.1. on Whatman GC glass fibre discs. The discs were dried 

and assayed for radioactivity in a liquid scintillation 

spectrometer after the addition of 2.5  ml of toluene based 

scintillent (either 4 g HBOT or 4 g %utyl.4 aD/litre JUZa1aR 

toin.ns) • Before all sedinontetiom assays, ,preparations of 

3. DNA were heated at 6019 C for 10 aim to dissociate concatlasra. 

Before all alkaline sucrose gradient., the centrifuge tubes 

were boiled in 0.01I4-DTA pu 8.0 for 3. U. 

Polyaczylamide gel elsatrophorusie in sodium  

dodecyi. sulphate (SDS) • 3D3 gels were run essentially a. 

described by Weber and Osborn (1969) • The gels were 8% acryla-

aide, 0.27% msthylenebiaacrylaaide and were polyasrised with 

0.3.7% (final concentration) tetrawthylethylenediamine and 

0.075% ansonium persuiphate. After eleotecphoremim the gels 

were stained in Coomassis brilliant blue as described by 

Weber and Osbamn and destained by soaking for 7-30 days in 

frequent change. of 7.5% (zi acetic acid, 5% () methanol. 
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The gels were scanned at $50 nm using the 2410-S linear 

transport attachment to the 0ilfor4 modal 2000 spectrophoto- 

meter. 

(e) Purification of SAM by ion exchange chromatogrphy 

(cmuinicated by Dr R.Yuan) • A small column of Zeokarb 226 resin 

(previously washed with 1M-NaOH and 4 U-acetic acid) was set 

up in a pasteur pipette and equilibrated with 0.01 U-sodium 

phosphate ph7.5 • 25 mg of crystalline SAM-iodide was dissolved 

in 0.25 ml of 0.0111-sodium phosphate pH7. 5. The sample was 

applied and washed through with 5 ml of 0,01  14-sodium phosphate 

pi 7.5, followed by elution with 5 ml of 025 U-acetic acid 

and then 5 ml of 4 k-acetic acid. As loon as elution with 

4 14-acetic acid was begun, 10 drop fractions were collected, 

10l aliquots of each fraction were diluted 100 fold and the 

extinction at 257 na was measured. The peak fractions of the 

4k elution were pooled and the concentration of SAN was deter-

mined spectrchotomatrically (E'257  -  140700 in 1 M-ki2504). 

A 2tl aliquot was applied to a 20 cm x 2 cm strip of thin 

layer cellulose MN 300 and chromatographed in ethanoli glacial 

acetic acids water (165 s 34s 11 4. On examination under UV 

light the chromatogram showed one strong spot with an Rf cf 0.4  

and one vary faint spot with an RI of 0,7 • Commercial pre-

parations (90% pure ')or aged purified preparations sometimes 

showed as many as air spots on this t.1.c. system. 

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

-20C. 
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(f) Mathylation  assay for the DNA modification enzyme. 

Two protocols have been used. 

(1.) The reaction mixture contained, in a total volume 

of 0.2 ml 10moles potassium phosphate pil6.5, 3.irnol. 2-

aercaptoethanol, 0.laio1es EDTA, 2.4nmolee of CT  SAM 

(3 Ci/n mole), 5g phage 32 DNA and the sample to be assayed. 

After I It incubation at 30C, 0.5% bovine serum albumin (0,1 ml), 

0.2 14 tetrasodium pyrophosphate (0.2 ml) and 1 14 IICl04-2a14 sodium 

pyrophosphate (0.5 ml) (were added. After 5 min at 0C, cold 

water (3. ml) was added and the precipitate collected by centri-

fugation (50000 g, 5 mm) • The precipitate was dinsolved in 

0.2 it NaOH (0.3 ml.) and re-precipitated with 0.2 14 sodium 

pyrophosphate (0.2 ml) and 1. 14 kiC104,_2m14 sodium pyrophosphate 

(0.5 ml). Tkiia procedure was repeated twice more and the final 

precipitate was collected by filtration under reduced pressure 

through a 2.3. cm Whatman G1C glass-fibre disc. The disc was 

washed with I. 14-!C104  (5 ml), water (5 ml) and ether (2 ml). 

After drying under an i.r. lap the discs were counted for 

radioactivity in 2.5 ml of scintillant (4 g ofButyl-PI3D/litre 

of AnalaR toluena) in a Nuclear Chicago' Uniliax' liquid-scintill-

ation spectrometer, at approximately 20% efficiency. This 

procedure was generally used for assaying relatively large 

volumes (up to 0.2.5 ml) of column fractions. Assays were always 

done in parallel with P1 modified and unmodified phage 82 DNA. 

The blank value for incorporation into modified DNA was subtra-

cted. This blank was generally 100-150 c.p.rs., except for 

the dialysed (iu14) 3So4  fraction where it was 300-500 c.p.m. owing 
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to the presence of non-specific methylating activity (Cold a 

Hurwitz 1966) • More recently, 10 p moles of potassium morpliol-

inoethanesuiphonate pH 6.0 have been used in place of potassium 

phosphate. 

(ii) The reaction mixture contained, in a total volume 

Of 0.05 ml, 2.5 p moles potassium morpholinosthans sulphonate 

pH 6.0, 0.25 p mol•a 2-mercaptoethanol, 25 n moles EDTA, 0.12 n 

moles CT  3-SAM, (8.9 p CL/n moles), 5 pg phage 82 DNA and the 

sample* The mixture was incubated and allayed as for method (i). 

This was used for smaller enzyme samples. 

3. DNA and nucleotide methodology 

(a) tonophoresis and mapping procedures. Full details 

of these procedures are given by Sanger .t al. (1965) and. by 

Murray (1970) • The following systems were used (i) Zonophoresis 

on AE paper at pH 3.5 (5% () pyridin.-acetate) was used to sep- 

arate the four mononucleotides, to resolve the products of partial 

venom phosphodiesterase digestion and, when run for longer 

periods, to serve as a first dimension in conj unction with DE 

paper. (ii) Ionophoresis on DE paper at pH 9 (5% () triethyl- 

amin, carbonate) or at pH 2 (7% (!) formic acid) was used in two 

dimensional mapping procedures or for resolving partial venom 

digestions. (iii) Ionophor.sia an cellulose acetate ('oid') 

at pH 3,5 (5% () pyridine-acetate, 7M-urea), followed by thin 

layer chromatography on polysthyleneimine impregnated layers of 

cellulose with 1. 5*-pyridins-format. 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 aqueous layer against high 

salt buffer (generally 0.01 M-tria-HC1 pH 7.4, 0.514-NeC], 

liuM-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 M-HCl 

(0.1 or 0.2 ml) for 1 ii at 100C. Marker bases (generally 

20l of 25 i4 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-ol, and 

applied to Whatman No.1 paper. After descending chromatography 

in .butan-l-ol-water (430, j in an NH3 atmosphere 
 for 24 h 

the paper was dried, markers were located under U.V. light 

and the paper was cut into strips (2cm x lcm)j the radio-

activity of each strip was determined by liquid scintillation 

counting. The strips containing 6 MAP were swirled in toluene 

to remove scintillant, dried, eluted overnight with 0,1 M lid 

and chromatographed an Whatman No.1 paper in an ascending 

system of methanol-water-concHCl (7 i 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 1.0 

or 20*1 of water and applied to a sheet (20 cm x 20 cm) of MN 

300 thin layer cellulose. The chromatogram was developed in 

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

bases were located under U.V. light, eluted and counted for 
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radioactivity, together with the origin region, as described 

by Razin et al.(1970). 

(C) Analnis of DNA and nucleotides by enzyaic digestion 

(i) Degradation to mononucleotides a Bacteriophage A or 82 

DNA was purified from a rasthylation reaction by extracting twice 

with an equal volume of phenol. The aqueous layer was exten- 

sively dialysed against the DNAe• I buffer (either 0.1  M 

sodium acetate pH 5.0, 5 mm MgCl2  or 10 mM tris-ilCi pH 7.4- 

5 nd4-MgCl2) and a solution of DNAse I (1 mg/mil 0.1 ml) was 

added and incubated at 37°C for 2 h. The reaction was adjusted 

to pH 8.0 with 1 M-tris-HC1 pH 8.0 and incubated with snake 

venom phosphodiesterase (1 mg/al; 20141; 37°C; 4 h). The solution 

was evaporated to dryness, the residue dissolved in Soul of 

water and applied, together with mononucleotide markers, to 

AE81 cellulose paper. Blectrophoresis was at 50V/cm in 

pyridine-acetate buffer pH 3.5, until the blue marker dye 

(xylene Cyanol Pt') had run 25 am. The paper was dried over- 

night at room temperature, examined wider U.V. light, cut into 

strips (2 cm x 1 cm) and the radioactivity determined in a 

liquid-scintillation counter. 

Sequence analysis of nucleotides by partial 

digestion with snake venom piosphodi.sterase was according to 

Murray (1970). 

Digestion of DA with DNAss I was according to 

Murray (1970) except that 10 aM-Tria MCi pa 7.4-SaM MgCl2  or 

Mg (CH 
  

COO)  2  was. sometimes preferred to the acetate buffer. 
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Cd) De-salting of nuoleotids. The ionophoretic 

system s for resolving nucleotides are sensitive to salt in the 

sample. This is particularly so for the cellulose acetate 

and DE81 systems • Therefore it is important when fingerprinting 

large quantities ( loo&g) of nucleotide to desalt them 

effectively. The following procedure is £ased on adsorption 

to and elution from a DS ion exchange resin (Rusliizeky a 

Sober, 1962). 

DI52 cellulose or DE 8pba4.x 1.25 was equilibrated 

with 0.02 M-NU4HCO3 p-48. An aliquot (generally 0.2 ml was 

sufficient) of the settled slurry was pipetted into a solution 

of nucleotide that had been diluted ton 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 radioactivity or for its extinction at 260 am to ensure 

that )90% of the nucleotide had been adsorbed by the exchanger. 

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 cm Whatman No.1 disc in a Z4illiporo filtr-

ation apparatus, washed with 40 *1 of 0.2 M-NU4}1CO3  pH8, and 

eluted with S ml of 2M-NH NCO  3  p. The eluate was repeatedly 

evaporated to dryness in a rotary evaporator to remove the 

bicarbonate. The dsualt*d nucisotidse were finally evaporated 

to dryness in a small siliconised tubs, taken up in 5-20 il 

of R20, and applied to the ion-exchange paper. 

This procedure used for smaller amounts of exchanger 

than column procedures and hence desalted more effectively. 



The recovery of radioactive or UV-adsorbing nuclootide was 

always >80% and often near 100%. 

35. 
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IV, RESULTS 

A. General Enzymology 

P1 restriction of bacteriophage 82. 

The P1 modification enzyme was selected for study because 

the efficient restriction of certain bacteriophages by the phage 

P1 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 phagas on a P1 lysogen (see Table 1) • The 

assay for the P1 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, then the latter 

substrata should be Inert to the activity in vitro. 

Detection of Wi modification activity in fractionated extracts. 

Arber and Lion (1968) have described a simple fraction-

ation procedure that produced extracts with B specific modification 

activity as detected by infectivity assays on bacteriophage fd DNA. 

This fractionation was therefore applied to various P1 infected 

cells and the resulting extracts were assayed for methylation 

of 82.C600 (P1—) DNA and 82.C600 (P].-+) DNA. The P1-infected 

cells were initially investigated in preference to P1 lysogens, 



Table 1 Efficiencies of plating of basteriophagas 02 and 

A on P1 1ya09ic hosts. 

The efficiencies of plating (titre on bacteriophage P1 lysogenic 
host • titre on E.co].i C600) of bacteriophage 82o and bacterio-
phage Ac2  grown on various hosts were det*rined as described 
in Methods section U. 

aoteriophaq. Looli C600(P]) Lcoii c600(Pl-+) 

2.C600 1z10 6 _3 x 10I6 3 

82.C600(PI-+) 1 1 

3 x 10 - 3 x 10 3. 

—s - A.C600(P.l—) 1 * 10 - a x 10 1 
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because the genetical observations of Arbor and Dussoix (1962) 

indicated that early lytie infection by P1 is a period of 

intense P1 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 (P1—) DNA was prefer-

entially methylated by an activity that was present in P1 infected 

cells but not in uninfected cells, nor in cells infected with 

the modificattonlees mutant P1XC$2. The increase in tritium 

incorporation shown by all extracts was probably due to the 

nonspecific methylating activity described by Gold and Hurwitz 

(1963) • The presence of this activity made it important to 

perform all assays in parallel with P1 modified and unmodified 

DNA. 

In later experiments the activity in extracts of induced 
U. 

lysogens of the thermoind%cibl. mutant P1 C1162 (Scott, 1970) 

was investigated. The extracts were prepared as described in 

Methods section 2a(11) and the data is presented in Table 3. 

The 25-55% (14N4) 2304 cut from the heat induced strain has approx-

imately 4 x the activity of that from the normal 1100r  (P1) 

lysog.n. In both cases the 25-55% out contains the majority of 

the (HH4) 
2  so  4  precipitabl. protein. The beat inducible lysogon 

was subsequently used for the purification of homogeneous 

modification enzyme (see Results, section ). 



Table 2. Methylation of 82.C600(PX—) DNA and 82.C600 (PX-+) 

DNA by various extracts. 

Reaction mixtures (vol 0.275 ml) containing 14 pmolee potassium 

phosphate p116.5, 1.4 umoles EDTA, 1.3 iimoles 2-mercaptoethanol, 

12 nmoles CT3-'SAbt (3 iCi/nmo1.), 15 pg of 82 DNA and 1mg of 

"tract protein were incubated at 30C. Aliquots (0.1 ml) were 

withdrawn at 0 mix and 45 mix and assayed for acid precipitable 

radioactivity as described in Methods section 2f except that at 

this time 004 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 

o.p.ma acid-insoluble tritium. 

Source of extract 

P1XC infected llOOrk 

PIXC*2 infected llOOXk 
llOOrJ  (uninfected) 

SUBSTRATE 

82.C600(P1-) DNA L2.C600(Pl-4DNA 

Of 45' 95' 01 45' 

316 1243 2072 344 481 

599 654 472 606 

382 613 402 601 



Table 3. Methylaticn of 82 DNA by extracts of heat induced 

1(140 (flc1162) and uninduced 11O0r- (Pt). 

Reaction mixtures (vol. 0.2 ml) containing 10 wzoles potassium 
morpholinethanesulphonate pH 6.0, 3. wnoia 2-meroaptoethanol, 

0.3. uiole EDTA, 0.45 n mole a3-SAN (8.9 pci/n mole), 6 pg 

82 DLTh and 1 mg of extract protein, were incubated at 30C for 
100 min and assayed for acid-insoluble 3a-radioactivity (c.pn.). 

SUBSTRATE 

% total 
82.C600 sa.ceoo 

Source of extract 
precipitable (Pt—) (Pl-+) 

protein DNA DNA 

l0. 0-2S%(NH4)2SO4 3 $390 466 

K140(P1c1162) 2 25-55t 0 66 6286 433 

 55-300% n 31 1363 279 

 0-25%(N04)3804  S 512 414 

llOOrj- (P1)  25-55% • 55 1652 386 
 55-100% 0  40 921 321 
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(iii) Purification of the P1 modification activity from llOOr  (PS). 

Although the activity has successfully been putS! Sal from 

27 g of PS infected cells, the difficulty of growing large quant-

ities of PS has made this unattractive as a source of purified 

enzyme. The enzyme was therefore generally prepared from the 

fl00r (El) lysogen by the following method. All the buffers 

contained 5% () glycerol, 5s4-2-nrcaptoethanol and 0 • 5aM-EDfl 

unless otherwise stated. All potassium phosphate butters were 

pH 6.7 and phosphate concentration was determined by use of a 

calibrated conductivity meter. 

Step 11 preparation of dialysed (N04)2804fract5on. 

(lâzm & Arbor (1968), with minor Modifications.) Lcoli llOOtL  (El) 

was grown in L broth at 37'C to 10 cells/al, sedisentad in a 

continuous-flow Alfa-Lavall centrifuge and stored at -20C. All 

subsequent operations were performed at 4C. Cells (1509) were 

resuspended in 225 ml of 0.05M-tria-HC1 pH 8.00  than 300 g  of 

acid-washed glass beads was added and the mixture was blended 

for a total of 20 Mn with intermittent cooling in an ice-salt 

bath so that the temperature did not rise above 5C. The super-

natant was decanted from the beads, which were washed with 100 .l 

of 0.051I-tris-flCl p88.0. The pooled supernatant and washings 

were centrifuged (10,000 g,  20 sin) • The supernatant (volume 

354 ml) was made 0.035k in flgc12  and the resulting precipitate 

was removed by centrifugation (10,000; 15 Mn) • The supernatant 

was precipitated by adding 180g of solid (N04)2804  which was 

dissolved over 30 nib at oc. The precipitate 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 mm, 20C). The pellet was dissolved 

in 0.02M-potassiumphosphate (30 ml) and dialysed against the 

same buffer. 

Step 2; chromatography on DEE-cellulose. The 

dialysed (11144) 
24 

 fraction was applied to a column (17 cm x 4.5 cm 

diem.) of whatman DE52 cellulose that had been equilibrated with 

0.02 14-potassium phosphate. The column was washed successively 

with 500 ml of 0.02 M-potassium phosphate, 500 ml of 0.0514-

potassium phosphate, then eluted with a linear potassium phosphate 

gradient U.S litres), running from 0.0514 to 0.3M • Fractions 

(approx. 45 ml) were collected and the enzyme activity was found 

in five neighbouring fractions with a mean phosphate concen-

tration of 0.1114 (Fig.l). The pooled fractions (volume 240 ml) 

were precipitated with (NH  4)2804  (150g). The precipitate was 

collected by centrifugation, dissolved in 0.02)4-potassium phosphate 

(30 ml) and dialysed extensively against 0.02)4-potassium phosphate. 

The precipitate that formed during dialysis was removed by 

centrifugation; the total protein in the supernatant was 301 mg 

(volume 44 ml). 

Step 3; chromatography on phosphocellulose. Of the concen-

trated DE fraction, 34 ml was applied to a column (18 cmx 1.25 an 

diem) of Whatman P11 phospitocellulose that had been equilibrated 

with 0.0214-potassium phosphate. The column was eluted with 

0.0214-potassium. phosphate (75 ml), 0.1)4-potassium phosphate (100 ml), 

0.214-potassium phosphate (75 ml) • 0.314-potassium phosphate (LOOm].) 

and 0.5)4-potassium phosphate (100 ml) • The methylation activity 

was found in the 0.214 step and was immediately concentrated by 
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Fig.l. Chromatography of dialysed :(NH  4)SO fraction on DEAE-

cellulose. 

AdsorptionC.and elution was as described in Results A(iii). 

Samples (0.15 ml) of the fractions were assayed in parallel for 

methylation of bacteriophage 82.C600(Pl--) DNA(.) and bacterio-

phage 82.C600(Pl-+) DNA (0). The continuous line in (a) is 

the difference in radioactivity incorporated into the two sub-

strates. Fractions enclosed by the bar were pooled and concen-

trated as described in Results A(iii). 

(b) - -- , [potassium phosphate] 
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the addition of tUft41 2804  (40g). The precipitate was collected 

by centrifugation and dissolved in 0.02tpotassiws phosphate 

(3*1). 

Step 4: glycerol-gradient sedimentation. After dialysis 

for 2 h against 0.02$-potassium phosphate (1. litre), the 

concentrated phosphocelluloss fraction was layered in 1.2 ml 

portions on 20 ml of 10-25% () glycerol gradients made up in 

0.02 N-potassium phosphate - 0.larfl EDTh - 5m14 dithioth*eitol, 

PH 65. After centrifugation for 36 it at 30,000 r.p.m. in 

the MSE Superspeed 65 centrifuge, 3 x 23 ml swing-out rotor at 

2C, the gradients were collected in 1 ml fractions. The 

activity was found at a position corresponding to approximately 

65. The active fractions (see Figure 2) were mad. 50% () in 

glycerol and stored at -20C. No significant loss of activity 

(less than 10%) was observed over 4 months. 

Comments on the purification procedure 

The purification of the enzyme is summarised in Tab1e3o 

Assays with a limiting mount of glycerol gradient fraction 

were conducted with and without the addition of extract Cl mg 

protein of the dialysed (NH4)2SO4  fraction) of the 1100rK-straia. 

The extract had no significant effect on the extent of the 

reaction, showing that the activity of the llOOr (P1) extract 

can be directly compared with that of the purified enzyme in 

computing the degree of purification achieved. The extent 

of reaction was approximately linear with protein concentration 

over the rangeof activity involved in the assays. The enzyme 
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tig.2. Glycerol-gradient sedimentation of concentrated 

phosphocollulose fraction. 

Sedimentation of the phosphocallulose fraction was as described 

in the Results A (iii) • Portions (0.025 ml) were assayed for 

ethylation of bacteriophage 82.C600 (fl--) DNA (.) or bacterio-

phage 82.c600 (P1-+) DNA (c) • the 4.33 standard was bovine 

hasinoglobin which was located by its extinction at 410 mm. 

Fractions enclosed by the her were stored as described in 

MiLL). Sedimentation was from right to left. 



TABLE 3. S.ry  of enzyme purification 

2. unit of activity makes 0.16 p  ml of methyl groups acid-
insoluble/5 pg of unmodified phage 82 DNA per 60 min incubation 

at 306C. This is equivalent to 125 c.p.nt. under the conditions 

of assay methods 2f (i) ) • The blank value for incorporation into 

modified DNA is subtracted. The recovery value for the phospho-

cellulose and glycerol-gradient fractions are corrected for 

purification of total pooled DEAR-cellulose fraction, 

Total Total Specific 
Purification stags protein activity activity Recovery 

(units) (units/mg) (%) 

Crude supernatant 108 700 

Dialysed (NH4) 24  fraction 40,820 7520 1.56 100 

Pooled DEAR-cellulose fraction 301 4420 14.7 59 

Pooled phosphocellulose fraction 9.1. 2161 230.0 29 

Pooled glycerol-gradient fraction 1.5 1230 820 16 



41. 

was thus purified approximately 500 told from the dialysed 

E4)2504  fraction (table 3). 

The dilute column fractions war@ all wtstsble and the 

glycerol gradient traction lost activity if stored at D.c. 

The fractions  from the phoephoceflulose column were particularly 

vatabie and it was important to concentrate then as soon as 

possible. Zn all preparations of this .tssyae the steps before 

the glycerol gradient were completed in 2-3 days. 

(iv) Properties of the purified modification activity 

Although formal proof .f the modification properties 

Of this activity will not be presented until section g, it will 

be referred to as Novo  after the suggestion of Arbor and IJan 

(1969). 

All of the following experiments were performed with 

the glyc.rol-gradient fraction. 

A. toatnlnatlng activities 

- 

P] restriction enzymes Jig. 3 shows the sedimentation 

profit.. of 32P-labelled bt(Pl) DtTh sad 311-labellsd ).t DNA 

incubated, in the presence of appropriate Cofactors,'  without 

enzyme (a), with Nov (b), with purified P1 restriction enzyme (c), 

with a mixture of both enzymes (4) • the near superposability 

of the 32  and  3 distributions in (a) and (20 shows that neither 

DNA species was significantly degraded by the LI'. The ).it 

1)2k was, however, extensively broken both by P1 restriction 

enzyme and by the Mature (sea Cc) and (4) ) • Thus the U.? 



Fig.3. Sedimentation profiles in neutral sucrose gradients of 

X.K DNA and 32PX.K(Pl) DNA incubated with various enzyme 

fractions. 

The reactions (vol 0.1 ml) contained 10 pmoles potassium tris- 

(hydroxymethyl)methyl-2-aminoethane51phonat0 pH 8.0, 0.12 pmoles 

EDTA, 0.8 pmoles Mg Cli, 0.6 pmoles 2-mercaptoethanol, 0.25 pmoles 

ATP, 1 nmole SAM, 6x10 C.P.M. of 3H Ac1857S7 .K DNA, 5xlo3c.p.m. of 
32p Xc1857S7.K(pl) DNA, and either 4 ug  of N.? or 10 p1 (protein 

concentration unknown) of Endonuclease R.P. After incubation at 30°C 

for 20 mm, the reactions were terminated by adding 5 p1 of 0.5M 

EDTA pH8.0 and layered on 1.8 ml 620%(t/v)sucrose gradients in 10 mM 

tris-HcL(pH7.4)-np EDTA- 0.04% sodium dodecyl sulphate. After centri- 

fugation (MSE superspeed 50) 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 Methods section 2(c)). 

32 
P, X.K(pl) DNA 

- 3,  A.K DNA 
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preparation contained no detectable 21 restriction activity 

and this absence was not due to the presence of an inhibitor, 

unless such an inhibitor was effectively titrated. The absence 

Of Pt restriction activity is consistent with the tact that it 

sediments at 108 on glycerol-gradients and is thus clearly 

resctived from the 14.2 in the final step of the riti*Uo 

procedure (Murray, brown & bracket, unpublished results). 

Eacodeoxyribonuclease activitys The M.D preparation was 

Incubated with 32P-labelled phage V DNA at pa 7.4, E3SI-M92 . 

The produation of mcncnualeotides by exonucleolytic degradation 

was measured by the method of Kelly and Smith (1970) • The 

sample was applied together with mononuclactide markets, to..one end 

of a\ strip (1 cm a 20 cm) of polyethyleneiSne impregnated 

thin layer cellulose. The chromatogram was developed with 3 M-flct 

until the solvent front was approximately 0.5 cm from the top. 

The strip was dried and the solvent front region, which contained 

the UV absorbing aonanucleotide markers, was cut out and counted 

in a Nuclear Chicago gas-flow counter. The origin region, 

containing the higher molecular weight nucleotide, was also out 

out and counted. As shown in Table 40  no detectable moácnu-

cleotidss were produced after 1 h of incubation at 376C. When 

the?? DNA was incubated with the dialysed (Na4) 2204  fraction, 

however, labelled wuonucleotides were detected (Table Q * If 

At is assumed that 100 c.p.a. shove background could have been 

detected, then since the input counts are approximately 20,000 

(Table 4), less than 0.5% of the DNA has been reduced to 

annonucleotides. Since the molecular weight of T7 DNA is 



Table 4. Assays for contaninatii) exoouc1ease in purified 

M.P and in the dialysed (NR,,),LO4  traction, 

The reactions (vol 0.03 ml) containing 1.5 puicles trio-Bel p11 7.4, 

0.12 iw1es tlg(C0 COO) , 0.09 pwolos 3-aercaptoethanol, 38,760 

capon. of P-labelled Vi DNA and either 4 pg of purified H.P 

or 4 pg of the dialysed (1404) 2SO4  fraction, were incubated at 

37 Co At the indicated tAmpa, 20 p1 aliquots were spotted 

onto PEI strips and analysed as described in the test. The 

results are expressed as 32  c.p.m. 

Front Origin 
60' incubation with no enzyme 68 22,708 

hI.? 0' incubation 41. 23,742. 

V a 53 21,683 

is, 0 72 22,471 

30' • 61 21,050 

60' 0 78 23,216 

(riO4)2004 fraction 

0' incubation 46 22,418 
N 1,482 20,612 

15' 4,057 18,114 

30' 5,342 17,672 

60' • 70161 14,814 
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2.6 * 10 (studier 1965) 0  or 8 * 10  nucleotides, this means 

that less than 200 nucleotides were removed from each double 

stranded end of the intact molecule. 

Endodeozyribonuclease activity $ The N. P preparation 

was incubated with 30-labelled A.0 DNA in bS4_11q2+  pH 7.4. The 

A DNA was analysed by sedimentation in neutral and alkaline 

sucrose gradients and compared with A DNA that had been incubated 

without enzyme. As shown in Piq.4 (rd), the sedimentation 

profile of the A  DNA  in both neutral and alkaline media was not 

detestably altered by the incubation. Therefore the N.? 

preparation was free of detectable endodeoxyribonuclease activity 

as scored by this test. 

The most sensitive method of scoring endodecxyribo 

nuclease activity is by its effect on twisted circular Del?. 

Only one single-stranded break is sufficient to convert the 

twisted circle to the less rapidly sedimenting non-twisted 

circular torn. The Li preparation was incubated with a 

mixture of 34-3ahelled ).K (P3.) linear DNA and 30-labelled 

bacteriophage 1113 twisted circular DNA, containing a small 

amount of the non-twisted circular form, under the conditions 

of asthylatien reactions (0.0511 - potassium morpholinoethane-

sulpbcnate p06.0, O.25m11-EIflA). As shown in Piq.4 (e and f) 

the sedimentation profile of the 1113 Dli? was not dotsctably 

altered by the incubation. 



Pig. 4. Analysis of contaminating .ndodsoxyribcnuclnso 

activity by lanai sedimentation in sucrose gradients 

)ak as substrate Mactions (vol 0.1 ml) contained 
S paolas tris-SCI pit 7.40  0.5 smote. I1g(CN3COO)2, 0.5 had.. 

2-msrcapto.thanol, 3 * 10 c.p.a. of lcx$5127.0  DMA and 

either 4 pg of LI (Pig.4a and 4c) or no .nsyae (Pig. 4b 

and 44). After incubating at 370C for 30 Mn, the 
reaction aixtur.s were layered an 1.8 ml 6-204 () sucrose 

gradients in neutral medium (0.01M trio-HC1pR7.4 0.911-sad, 
1mlI-EDTA) or alialins medium (0.314-11*05, 0.9K-sad, 1a14-ZDTA), 

centrifuged at 20C, 50,000 r.p.m., (Mat sup.r.pe.d 50, 

3 * 3 .1 owing-out rotor) for 2 It (neutral) or 2.75 it 

(alkaline) and collected in two drop fraction.. Pig. 4* 

and 4b, neutral. Fig. 40 and 46 alkaline. 

A.0 Z*A 

1413 twisted circular aca as substrate. Sanctions (vol 

0.1*1) contained 5 paoln potassium sorpholino.thannulphonat. 
pH 6.0, 0.025 poles EDfl, 0.5 moles 2-mercaptoethanol, 

3.5 * 10 c.p.a. of 39-labslled 1433 Rfl DMA (720 c.p.a., 

pg), 3.5 * 10 c.p.a. of 32 P-1abe11ed Ac1857S7.flpl) DMA 

and 4 pg of LP(Pig4) or no enzyme (Fig. 4f) • After 
incubating for 3 It at 30C, the reaction mixtures were 
layered on 4 ml of 6-20% () sucrose gradients in 0.0111-

tris-8C3. ps 7 • 4, In*-SDTA, 0.04% () sodium dodecyl 
sulphate and centrifuged (1151 Superspe.6 75) at 40,000 

r.p.m. 20C, 2.5 it in a 3 * 5 ml swing-out rotor. The 
gradients were collected in 4 drop fractions 

0-0 32, Xat(Pl) DMA 

•—e 
3 
at 1113 DMA 
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(b) Requirements for the activity 

The requirements were investigated as shown in Table 

5. The enzyme is specific for native, tamodifLed WAK and is 

stimulated 1.5 fold by 501-J4g a property also noted by 

xtbnlein at at. (1969)with the 3 coli strain B modification 

activity. A threefold Inhibition by O.1mM-Afl was also observed. 

(a) PH-dependence of aethylation 

The p3-dependence of the activity in potassium morpho-

Snot than.sulphonate and potassium pLzeras  ins-NH '-bis-2 ethane-

sulpbooate,  but furs is shown In Jig.5. In 0.05*-potassium 

rpho3Saosthanssulpbonate the pH optimum is between 6.0 and 

6.25, although significant methylation was observed from pH 5.5 

to pH G.O. No significant sethylation of P1 modified 014A 

was observed over this PH rang.. 

(4) Product of aethylation 

A sample of methylated ma was analysed by enzymic 

digestion to aoncnucleotides and high-voltage electrophoresis 

on amJnosthylcelluloss paper at pH 3.5 (see Methods section 

3c (i)) • a single peak of radioactivity (rig. 6*) migrated with 

dM0 • indicating that a single sonimucluotide had been methy-

lated. Another ..le of methylated raA was analysed by acid 

hydrolysis and paper chromatography (see Methods section 3b). 

The radioactivity migrated at two solvent systems with 6-methyl-

sainopurine (rig. 6b and 6c) • 6-suthylainopurine is thus 

the sole detectable product of asthylation. 



Table 5 Requirements for aethylatica 

The complete system (vol 0.1 ml) contained 5 p moles potassium 

morpholinoethanesulphonate p13 6.0, 0.025 p moles SOTA, 0.5 p moles 

2-mercaptoethc*nol, 0.6 n moles a3-SAM (8.9 p CL/n ads), 6P g 

Of bacteriophage 82.C600 (P1--) DNA and 2p g of Pt.?. Alter 

incubation for 45 aLa at 30'C the aixtures were assayed for 
acid precipitable 3H-radioactivity. Oncteriophaqe 82DNA 

was denatured by heating at 100'C for 7 via and cooling in ice. 

Enzyme was heat-inactivated at loO'C for S mist in a stoppered 
tubs. 

Acid-insoluble 3K radioactivity 

eonplete system 2333 

Minus DNA 134 

Substitute bacteriophage 82.C6O0 (P1-+)DNA 147 

Substitute heat-denatured DNA 185 
Minus enzyme 78 

Substitute heat-inactivated enzyme 113 
Plus 5rfl-MgC12 3392 
Plus 0.2WI-ATP 713 

Plus 5nM-KgCl2  and 0.1**-ATP 2984 
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Fig. 5 pH-dependence of rnethylationi± potassium morpholinoethane-

sulphonate (pKa = 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-potassiunt 

morpholinoethanesulphonate or 0.05M-potassium piperazine-NN' -bis-2-

ethanesuiphonate buffers of the appropriate pH value, which was 

measured at 27°C on a Vibron model 39a pH-meter with manual temper-

ature compensation and standardized against air-free phthalate 

buffer, p117.0. Control, experiments with larger volumes of the 

reaction components indicated 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 for 40 min at 30°C 

and assayed for acid insoluble 3H-radioactivity. Bacteriophage 

82.C600(PL7-.) DNA: •, potassium morpholinoethanesulphonate; A,potass-

ium piperazine-NN'-bis-2-ethanesulphOnate. Bacteriophage 82.C600 

(Pl-+) DNA: o, potassium morpholinoethanesulphonate; L, potassium 

piperazine-NN' -bis-2-ethanesulphonate. 



Fig.6. Analysis of the product of DNA methyiation 

Mononucleotide analysis of methylated bacteriophage 82 DNA 
on aminoethylcellulose paper (see Methods section 3c(i)). 'Blue' 
• Xylens Cyanol Et marker dye. 

and (a) Base analysis of bacteriophage 82 DNA by papa 
chromatography (see Methods section 314 on butan- 1-al-water 
(NH3  atmosphere) then methanol-water-HCl. The material remaining 

at the origin (indicated by an arrow) after the butan-l-&-water 
system was tinted with 0. 1M-HCL and hydrolysed with 1M-HCl at 
100C for 2 11. On re-chromatography more than 90% of the radio-
activity remained at the origin. This material was also found 
in the hydrolysate of a reaction from which the DNA was omitted 
aM 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 300C in the complete system described 
in Table 5. 7 MeG, N-7-methflguanineg Ad, adenine 5 Mac, 
5-methylcytosine .6 MAP, 6amthy1r4 nnpurine. 
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Fig. 6. AnalysIs of the product of DNA methylatlon 
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(a) Tine-course of aethylatico 

The tins-course of aathylatimt of unmodified bacteria-

phags $2 DNA was investigated by incubating a series of duplicate 

reaction mixtures for various time and than assaying for acid-

insoluble fl-radioactivity. U shown in Fig. 7, incorporation 

of methyl groups was complete alter 3 It of incubation at 300C. 

The extent of as thy lation was not limited by inactivation of 

the enzyme, since the addition of sore enzyme after S It was 

without affect, whereas the addition of more DMA produced a 

detectable stiraulatica. The number of methyl groups incorporated 

at the plateau was shout 20-24/01a molecule (containing 10 

bases), although this number S. difficult to estimate accurately 

because of differences in recovery and quenching during the 

acid precipitation procedure. 

Dependence of aethylation on SAM. 

The SAM dependence was investigated as described in the 

legend to rigJ. analysis of the results by a double-reciprocal 

Plot (Lineveaver & *ufl • 1*34) 0  gave an apparent )L for 5f1 of 

5 pM (rig.8) • the value obtained by Zuhalein and Arbor (1972) 

for the Leoli B modification enzyme was 4 pM. 

Modification and restriction of becteriophags A DMA in vitro. 

The modifying anion of the purified NJ can be demon-

strated by incubating sethylated DMA with purified P1 restriction 

enzyme. Unlabelled X.0 WA was msthy1ate4 with the enzyme and 

ct3-SM in the presence of 32P-labcrfled A.K (Fl) DMA. After the 



C) 
-ø 
C 
C 
>.. 

C) 
.? 

C 

0 I 2 3 4 S 6 7 
Incubation time (10 

C) 

S.  
U 

X$x 

0 0.4 0.8 I. 

I/jS_AdenosylrfletfflOninel (jisc') 

Fig.7. Time-course of methylation 

The reaction mixtures had the same composition as the complete system in Table 5, 

except that 4 pg of bacteriophage 82.C600(Pl--) DNA () or bacteriophage 82.C600 

(p1-+) DNA (o) was used. Reaction mixtures were incubated at 30°C for the times 

indicated and then assayed for acid-insoluble 3H-radioactivity. To one set of 

reaction mixtures () 3 pg of bacteriophage 82.C600(Pl--) DNA was added after 5 h; 

to anothe1 set (fl)  a further 25 p1 of enzyme was added. All tubes had a blank value 

of 129 c.p.m. Subtracted for an incubation without enzyme assayed at 0 mm. No attempt 

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

Fig.8. SAN dependence of methylation 

Reaction mixtures (vol 0.15 ml) contained 7.5 pmoles potassium morpholinoetha.ne-

sulphonate pH 6.0, 0.03 pmoles EDTA, 0.75 pmoles 2-mercaptoethanol, 7.5 pg of bacterio-

phage 82.C600 (P1--) DNA, 4 Pg of M.P and CT3-SAM adjusted with the required amount of 

unlabelled SAN to give the concentrations shown in the figure. After 30 min incubation 

at 30°c the reaction mixtures were assayed for acid-insoluble methyl groups. Each 

result was corrected for a blank incorporation performed in the absence of 

enzyme. 
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incubation the DUA species were purified by phenol extraction. 

After removal of the phenol and SAM by dialysis, a sample of ajk 

was analysed by acid hydrolysis followed by thin layer chromat-

ography according to Basin at *1. (1970) • As shown in Table 6, 

85% of the 3  R was found in 6-asthylsainopuria. The remainder 

of the 3*asthylate4 DNA was divided into three squat portions, 

which were incubated with endonuclease LP (ri9.94) 0  or endo-

nucluase Lt (Pig 9b) or without enzyme (Pig.9c) • The activity 

of the endonucleasa LP was checked by incubating it with an 

equivalent aarnmt of 3R-labslled A.0 On and 32P-labelled A.X(Pl) 

DNA that had been subjected to the sass protocol of incubation 

and phenol extraction, except that SM was omitted (Pig.9d). 

All reaction mixtures wars analysed by neutral sucrose-gradient 

centrifugation in buckets on the san rotor (see tig.9 and 

legend). 

ae near-superposability of the 31, and  32  P distri-

butions in ti9.9 (a) and P (a) shows that the 38-sethytated 

DNA was not significantly degraded by incubation with endo-

nucleate B.?. The 3N-isethylated MA was, however, broken by 

the beteroepecif La endonuolease R (Pig. 914, and, in the 

control incubation mixture (rig. *4) the 3M-labelled A.0 DNA 

was also broken, showing that the endonaclease R.? was active. 

The nearly identical distribution of 32  P in all four gradients 

shows that all breakage was specific for unmodified Who Upon 

repetition of the entire experiment, these features of the 

various distributions were found to recur. 

This experiment dacestratus the role of DNA 



Table 6. Base analysis of 314-uie9ylatad A DNA. 

10 p1 of reaction mixture 1 (see Viq.9) were analysed by said 

hydrolysis followed by tol.a (see Methods 3b). The 

radioactivity in various areas of the chromatogram was deter-

mined by the elution and counting procedure of Rain at *1 

(1970) • The radioactivity applied to the chromatogram was 

derived by applying 10 p1 of reaction mixture 1 DNA together 

with 10 p1 of 25 aM each 5-aethylcytosine end 6-aethylaminopurine 

to a sheet of the thin layer cellulose. The radioactivity 

in this spot was also determined by the above procedure. 

A background of 124 c.p.4a. has been subtracted from all results. 

This was derived by, .luting and counting a blank area of the 

chromatogram. 

c.p.4m. 

Total radioactivity applied 1561 

origin region ass 

5-aethylcytosine region 13 

6-aethylaminopurine region 1356 

% Recovery of radioactivity M 105 

I radioactivity in 6-aethylaminopur Sue • 85 
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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 facilitate phenol extraction. Reaction mixture 1 (vol 0.35 ml) 

contained 17.5 pmoles potassium morpholinoethanesulphonate pH 6.0, 

0.087 pmoles EDTA, 1.75 pmoles 2-mercaptoethanol, 1.4 nmoles 

CT3 SAM (8.9 pCi/nmole), 20 pg of Xc1857S7.0 DNA, 2 x 10 c.p.m. 

of 32P-labelled Xc1857S7.K (P1) DNA and IS pg of M.P. Reaction 

mixture 2 (vol 0.115 ml) contained 5.5 pmoles potassium morpho-

linoethanesulphonate pH 6.0, 0.029 pmoles EDTA, 6.55 pmoles 2-

mercaptoethanol, 6 pg of Ac1857S7.0 DNA, 5.5 x lO C.P.M. of 

311-labelled Ac1857S7.0 DNA (1 p9), 6 x 10  C.P.M. of 32P-labelled 

Ac1857S7.K (P1) DNA and 6 pg 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 lOmN-tris-HC1-0.lmM-EDTA-

0.4M-NaC1 pH7.4, then twice against 1 litre of the same buffer 

without NaCl. Both samples were heated at 60°C for 10 min to 

dissociate concatenates. 
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0 1p 5 

ISO p 
L 

J ill  

Restriction reactions (a) Reaction mixture 

(vol 0.36 ml) contained 36 pmoles potassium-

N-tris (-hydroxymethyl )methyl-2-aminoethane-

suiphonate pH 8.0, 0.43 pmoles EDTA, 2.88 

pmoles MgCl2, 2.16 pmoles 2-mercaptoethanol, 

0.9pmoles ATP, 3.6 nmoles SAN, 0.15 ml of 

DNA from reaction mixture 1 (5.5 x 10  3  C.P.M. 

of 3H and 6.3 x 10 C.P.M. of 32P), and 0.15 
D IV 

Fraction no. ml of endonuclease R.P. 
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(b) Reaction mixture (vol. 0.36 ml) contained 

DNA, potassium-N-tris (hydroxymethyl) -methyl-

2-aminoethanesulphonate, EDTA, MgCl  2'  2-

mercaptoethanol and AT? as for (a) but 7.2 

n moles SAN, and 0.1 ml of endonuclease R.K 

instead of endonuclease R.P. 

Fraction no. 
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(d) as (a) except that 0.15 ml of DNA. 

reaction mixture 2 (5.2 x lO c.p.m. 
.3 3 32 

of H and 6 x 10 c.p.xn. of P) replaced 

DNA from reaction mixture 1. 

5 10 15 20 25 30 35 40 

Fraction no. 

The restriction reactions were incubated at 30°C for 20 mm, 

terminated with 10 il of 0.5 N EDTA pT-i 8.0, and layered on 6-20% 

(-) sucrose gradients in 0.01 M-tris-HCl--1mM-EDTA-0.04% () sodium 
V - 

. V 

dodecylsuiphate pH 7.4 (vol 4 ml). After centrifugation (MSE 

Superspeed 65) in a 6 x S 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 scintillation spectrometer after 

the addition of 1.5 ml of scintillant (30 g of napthalene, 2 g 

of 2,5-dipheniloxazo1e, 0.lg of dimethyl 1,4-bis-(4-methY15 

phenyloxazol-2-yi)benZene, 50 ml of methanol and 500 ml of 

p-dioxan). The arrows in (a) -(d) indicate the position of 

sedimentation of whole molecule 32p_labelled A.IC (Fl) DNA and 

3H-labelled A.0 DNA that were run in the fifth bucket of the 

rotor. The small peak of 3H at the top of the gradient in (a), 

(b) and (c) is CT  3-SAM remaining after dialysis. Sedimentation 

was from right to left. 

3 32 •  
•, IT; 0, P. 
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nethylation in protection against the P1. restriction enzyme. 

The extensive phenol extraction (legend to Fig.9) rules out 

the possibility that this protection 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 301C (Pig.7). A series of previous 

attempts to demonstrate the modifying activity were only 

partially successful because the period of incubation was shorter 

(data not shown). 



48. 

B. The sub-unit structure of Dfl aethylale M.P. 

(U purification of the M.P 

In order to purify the snayva it is very helpful to try 

and augment the level in the cell. Scott (1970) has described 

a tharL)iDducibl5 mutant of Pt. This phage seemed an attractive 

source of the enzym'2 since the induction of the prophage 

should lead to a considerable increase in the n'ut*r of gene 

copies. As described in table 30  the specific activity of the 

modification enzyme in extracts of the induced 1ys0g4flt is at 

least four-fold higher than that in the iyeogenic strain 1100 

(PS), which was previously sasd as a source of enzyme. The 

following procedure was used to prepare pure enzyme. It 

differs in the following  salient characteristics from  the 

method described in tsult5 A (iii). 

(a) The crude lysate was treated with DNMS I and 

thencentrifuged to remove ribosomes. This replaced the MgCl2  

and streptomycin precipitation steps. 

The (N*4) 2804 precipitation was 'cut' between 35% 

and 60% saturation. 

(a) Two successive .DEAE cellulose fractionations were 

used. 
(A) The phosphoceltuiOse column was slated with a 

phosphate gradient. 

(.) An additional fractionation on eMseephadax was used. 

Growth of cells; strain $140 (P1 c1162) was grown in 

50 litres of t. broth at 30C to io cells/mi. The temperature 

was shifted to 42°C for 15 minutes and then 
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lowered to 0-56C by adding frozen 0.05 II NaCl, The cells are 

harvested by sedimentation in an Alfa-Laval centrifuge and 

stored at -20C. 

Step Is Preparation of crude extract. 850g of cells 

were resuspended in 900 ml of breaking buffer (0.05 M-tris-

tEl pii8.00  0.1 rti-EDTA, ln*t-2-mercaptoethsnol, 10 sM-Mgtl20  

5% () glycerol). Glass beads (1.5 kg) were added and the 

mixture was blended (with intermittent cooling) for 5 sin at 

low speed and 7.5 min at high speed. The supernatant was 

decanted and the beads re-extracted with 200 ml of breaking 

buffer. Pancreatic mass (5 mg) was added to the pooled extract 

which was incubated at 5-S.0 for 40 sin, and then centrifuged 

at low speed (10,000g, 20 sin, 09C), and at high speed 

(Superspeed 65, 6 x 250 rotor, 18,000 r.p.m., 2C, 4 We The 

supernatant (vol 1.2 litres) had 22 age protein/ail. 

Step 2. (NU  4)2504  fractionation. (t1u4)2504  (233g) was 

added slowly to the supernatant which was left to precipitate 

at 0.0 for 30 nSa. The precipitate was collected by centri-

fugation (12,000 g, 20 sin, 2C) and the supernatant precip-

itated again by adding (N04)2804  (163 g). The precipitate 

was collected by centrifugaticn, dissolved in 300 ml of 0,02  M-

PM(potassium phosphate pa 6.7, 5 MM-2-ctercaptoethanoi,5% () 

glycerol), and dialysed against 6 changes of 2 litres of 

0.02 fl-PM. 

Step 3, 0E23 fractionation. The 400 ml of dialysed 

(NN  4)2504  fraction was diluted to 2 litres with 0.02 11-PM and 

applied to a column (17 cm * 9.5 an diameter) of D223 cellulose 
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that had been equilibrated with 0.02 M-PM. The column was 

washed with 800 ml of 0s02 fl-PM, 800 ml of 0.05 fl-PM and then 

eluted with 0.3 J4-PM The conductivity of the effluent was 

equivalent to 03 fl-PM after the passage of S40 ml. The 0o05 N-

0.3 M-PS batch was concentrated by adding (MR4)2504  (950 9)0 

the precipitate was collected by centrifugation, dissolved 

in 90 ml of 0.0214-PM and dialysed against 4 changes of 3 

litres of 0.05 fl-PM. 

step 4. DE52 chromatography... The DE23 fraction was 

applied to a column (14.5 cm x 6.25 cm diameter) of DE52 

cellulose that had been equilibrated with 6'C5M-PM. The column 

was washed with 600 ml of 0.OSM-PM and eluted with a linear 

2 litre gradient of 0.05 fl-PM to 0.3 fl-PM which was collected 

In 30 ml fractions. The activity emerged in six neighbouring 

fractions ( mean [phosphate) - 0.12 N, total volume 190 ml, 

2.1 mg protein/ml) which were concentrated by adding (NH  4)2804  

(155g) • The precipitate was collected by centrifugation, 

dissolved in 30 ml of 0.05 fi-PEM (PM containing 0.5mM-Eon) 

and dialysed against 3 changes of 1.5 litres of 0.05 N-PEN. 

Step 52 p11 chromatography. The concentrated 0E52 

fraction was diluted to 80 ml with 0.05 N-PEN and applied at 

approximately 40 ml/hr to a column (7.2 cm z 3.75 cm diameter) 

of P11 phosphocellulose equilibrated with 0.05 N-PUt. The 

column was washed with 75 ml of 0.05 N-PEN and then eluted 

with a linear 500 nil gradient of 0.05 fl-PEN to 0.3 N-PEN which 

was collected in 10 ml fractions. The activity emerged after 

passage of approximately 0.6 of the gradient. Three neigh-

bouring fractions (31 32 a 33) were pooled, concentrated by 
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ultrafiltration in a Diaflo laicon pressure cell (P1(10 

membrane  20 lb/I!? of N  2  ) and 'dialysed' by concentrating on 

four occasions after addition of a ten fold nasal of 0.02 H - 

PSI) (potassium phosphate p0 6.5 l*I-dithiothrsitol, 0.5 mm-SDTA, 

5% glycerol). The volume of the final concentrate was 5 ml 

(1.3 mg protein/al). 

Step 6* CM-Sephadez chromatography. 4 ml of the P11 

fraction was applied to a column (5 on z 1.25 on diameter) 

of 0-Sephadex C25 equilibrated with 0.02 K-PEP. The column 

was washed with 20 ml of 0.02 H-PED and elated with 0.1 K-PEP 

(30 ml), 0.2 N-PEP (20 ml) and 0.4 N-PU) (30 ml). Yractions 

of S ml were collected. The activity elated sharply in the 

first two fractions of the 0.4 K-PEP step. these were pooled, 

concentrated in the Asicon cefl and 'dialysed' into 0.01 H- 

potassium zrrpholinoethanesulphonate pH 6.5, 1 m*-dithiotbrsitol, 

0.1 SI-EPTA, 5% glycerol by successive concentration as 

employed tor the P11 fraction. The voltae of the final con- 

centrate was 1.5 ml (0.6 mg protein/al). 

The purity of the QlSephaAn  fraction was investigated 

by polyaorylaaide gel electrophoresis in 0.1% sodium dodecyl 

sulphate (as. Methods 2d) • The anionic detergent dissociates 

oligonric proteins into their component subunits which then 

run on the gel with a mobility that is inversely proportional 

to the logarithm of their molecular weight (Shapiro at al. 

1967, HeInz S Osborne  1969) • As shown in Figure 10, the 

Cfl-Sephadex fraction shows two prominent bands and a number of 

minor components. It is known from genetic studies that 

C) 



Fig. 10 Anilysis of the O(-sephadez fraction by polyacrylanids 

gel electrpphoreeie in SDS. 

24 jig of protein (CM-sephadax fraction) was analysed by SDS 

gel electrophoresis as described in Methods 2(d). 
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the a2ç phenotype can result fros mutations in two distinct 

genes (Glower at aS. 1963) • Do these two bands represent the 

subunits of the 11.27 The following experiment was performed to 

answer this question. An aliquot of the 04-$epadea fraction 

was sedisented through a long glycerol gradient that was calibrated 

by reference to marker protein run in a sister bucket of the 

some rotor. The fractions of the gradient were assayed for K.? 

activity. A single peek of activity (Pig U) was buM at a 

position corresponding to 6$. The active fractions were con-

centrated by ?CA precipitation and analysed by acxy lai4e  gel 

.lectrophoresis in 5DM. As shown in tig.11, the intensity of 

the two bands increased and decreased oo-or'etely across the 

peak of activity. 

Although close inspection of the stained gels revealed 

trace contstntSng bands in Some of them, none of the trace 

bands exhthitSUa change in intensity across the  peak of 

enzyme activity. 

On the basis of the association of these two bands 

through the purification procedure and in the sedimentation 

analysis, it was concluded that they are the components of the 

65 11.2 enzyme. As with all such purifications, however, sinnr 

cctfl-".nts that might not be detectable could concievably be 

responsible for the activity. 

(ii) Molecular weights tnt aol* fractions of the two cowpoponts 

The molecular weights of the two components were 

estimated by determining their mobilities in 503 gels, relative 



Fig. 11. Analysis of the H.P by glycerol-gradient sedimentation 

and SUB gel electrophoresis. 

A 0.5 ml portion (0.3 mg protein) of the (31-sephadex fraction 
was layered on a 12-25% (L) glycerol gradient (vol 13.5 ml) 
in 0.01   fl-potassium aorpholinsethanesulphonat. pH 6.5, 1mM-
dithiothrsitol, 0.5 MI-SUm. After centrifugation (5875, 
6 x 15 ml SW rotor, 70 h, 24,000 r.pa. at approx. 2°C), the 
gradient was collected in 15 drop fractions. Aliquots (0.02 ml) 
ware assayed for asthylation of XC1857.l( DNA (e) and XC 857 87.1C(PL) 
DNA (a) • Ite remainder of fractions 10-15 were precipitated by 
adding 10% () WA (0.4 .1). After 15 mist at 0C, the precip-

itate was collected by centrifugation ('Quickf it' microcentri-
fag., 20,000 g, 5 mm) and dissolved in 0.05 *1 of 0.01 *-
sodium phosphate pH 7.08  l%(-SDS, 1%()-2-a.rcapto.thsnol, 

- prior to SOS gel electrophoresis (Methods 2(4)). 

A parallel, gradient was layered with 0.5 ml of a solution 
containing bovine hasaoglobin (5 mg) and bacterial alkaline 
phosphatas. (0.4 mg) • After sedimentation and fractionation, 
the baeasglabin was located by its extinction at 410 na, and 
the phosphatase by following (at 410 nxi) the hydrolysis of 
1 MI p-nitrophunylpbosphate in 214-tnt-Rd pH 0.0. 
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to eight authentic protein standards • The accuracy of 

this method in said to be within 10% (Weber & Osborn, 1969). 

In the experiment described in Yi9.12, the mobilities of the 

two components indicated molecular weights of 66,000 and 43,000e 

four independent determinations gave the following values 

for the larger component - 660000, 710 000, 69,0000  73,000 

and gave the following values for the smaller component - 

43,000, 44,000, 48,000, 45,000. In each of these determin- 

ations, the marker proteins clustered tightly around a straight 

line in the log plot of tig.12. It is concluded that the 

molecular weight of the larger component is 70,000 ± 5,000, and of 

the smaller component is 45,000 ± 5,000. 

The following method was used to estimate the mole 

fractions of the two components. The stained BPS gels of the 

CM-sephadex and various glycerol-gradient fractions were scanned 

In a densitometer. The areas under the two peaks were 

determined by zeroxing the densitometer traces, cutting out the 

peaks with a rasor blade and weighing the paper to the nearest 

0.1 sq on aMttlsr balance. The investigations of fasekas de 

Ste qroth at al (1963) indicated that the amount of Coomassie 

brilliant blue bound to various proteins differs by lass than 

10% on a weight for weight basis. Thus if the two components 

are present in equisolar amounts, the amount of Co"sassie blue 

that is bound, and hence the areas under the densitometer peaks, 

should be in the ratio 7 • 4.5 that is 1.55. As shown in 

Table 7, the ratios observed are in excellent agreement with this 

and in distinct disagreement with other possibilities. The 
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Fig. 12 Plot of the mobility of various proteins on 8% 

polyacrylamide 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 determined 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 pg 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). 

V 



TABLE 7 Estimation of wit fraction of the two CO.q-""tS In various fraction 

The wit fraction of the tWO occponents in various fractions was estimated by denaitcabetry and weighing 

(so. teXt). 

Fraction Weight of peak 1 Weight of peak 2 Weight ratio 

• g C) 9 
pea I 
pak2 

at-s.hadex 0.0613 0.0414 1.48 

Glycerol-gradient No.11 (see Pig.lfl 0.0238 0.0142 1.68 

NO.12 0.0453 0.0286 1.58 
No.13 0.0592 0,0417 1.42 
50.14 0.0317 0.0219 1.45 
N0.15 0.0107 0.0072 1.49 

Average weight ratio for 6 gels a 1.52 

Expected weight ratio for 1 heavy: 1 light solar ratio* a 1.55 
Expected night ratio for 1 heavy *2 light molar ratio* - 1.29 
Expected weight ratio for 2 beavy:l light solar ratio* • 3.1 

•Zssuming molecular weights 70,000 and 45,000 (see Text) 



TABLE 8 Summary of enzyme purification 

The unit of activity was defined in Table 3. 

Purification stag. Protein Activity Specific Recovery 
(egg) (units) activity  (90 

(units/mg) 

High speed. supernatant 26,400 

('4)2 804  out 17,800 1061800 6.0 100 

DE23 batch 5,640 98,352 17.4 92 

Pooled DES2 fraction 400 480 401 121.2 45 

Pooled P11 fraction 6.5 17,563 2702 16 

Pooled CN-Sephadex fraction 0.9 70 831 8702 7 
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association of the two components in a !O1tCu1Q that sediments 

at 68 (Iiq.11) precludes the possibility of anything other than 

a 3. s 3. dint, assuming that the conformation is not grossly 

abnormal. 

Thus it is concluded from this analysis that the 6$ 

species of the MJ is a dint of distinct subunits. 
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C. Analysis of the nucleotide sequences around the nthtlated base. 

Mat is the nucleotide sequence or sequences that the 

NJ recognise.? In order to saner this question, an Attempt 

has been mede to analyse the sequences around the methylated base. 

Initially, a double labelling method was investigated. 

Phage A or 82 DNA was methylated with NJ and CT3-SAM. After 

purification by phenol extraction and dialysis1  the DNA was 

digested with pancreatic deoxyrthonuclease, treated with phospha-

tan to move the 5' terminal phosphate groups, and re-

phouphorylated with polynucleetid. kinase (Richardson, 1965) and 

34-labelled At?. The oligonucleotidee were than fractionated 

by two-dimensional ionophoresis and located by autoradiography. 

The spots were out out and counted for 32 and  In
.  Pancreatic 

mass lacks base specificity (Murray, 1970) and should give a 

population of 3H-labelled nuoleotides around the methylated base. 

Several emrSaents by Dr P • R.Brown, and latterly by the author 

have failed to detect significant 3Hin the 32P-Labelled øligo-

nucleotides. In two experiments by the author, the amount of 11 

initially present in the digest was enough to have been detected 

even if it had entered every 32P-lsbelled oligonucleotide. The 

two dimensional systems used in these experiments were (i) AZ 

paper pE 3.5, DE paper pM2 (ii) DE p1(9, DE pH2 (iii) cellulose 

acetate pH 3 • 5, polyethyleneiaine impregnated thin layer cellulose 

t.l.c. (Southern & Mitchell 1971). 

two explanations have been considered for the failure of 

these experiments. 
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After digestion, the abundance of the methylated 

o1iqonncleotidss is very low relative to their unsethylated 

counterparts. Therefore the success of the method depends on the 

icnopbor.tic mobility of the 34-wene1 methylated and unaethyla ted 

olLgonucl.otides being Identical. If the presence of the methyl 

groW alters the mobility then the 3H will not be associated with 

the detectable VP-labelled UMOthYlAted sequences. 

The 3M i. 1*t by an exchange process occurring on 

the ionophoretic systems at the pH values employed. 

The author has been reluctant to spend more time investi-

gating then possibilities. It is clear, however, that the 

method is not promising. 

An alternative approach was to methylate unlabelled A 

EllA with and N.V.The '4C-1* fled product was digested 

with xhThae and 'fingerprinted' by two dimensional ionophoresis 

followed by autoradiography (E'ig.13). As shown in P4.13 this 

procedure was successful in producing a number of oltgonucleo-

tides. An attempt has been made to sequence these nualeotidss 

by Bailey's method of partial exanucleolytic digestion. For 

anrjle, a partial digest of the 5' -tetranucleotide AGC? with 

snake venom phosphodiesterase would contain AGCT, AGC, AG and 

the four mononucl.otides • If the overlapping nucleotides are 

resolved by ionophoresis on AZ paper (pH 3.5) or DE paper 

(p112) then the mobility difference between successive nucleotides 

depends on the mononucleotide that has been removed. This 

method it discussed in more detail by Murray (1970). 



Fig.13. Fingerprint of 14C-nodified DNA 

The reaction (vol 3.05 ml) containing 50 uncles potassium 

morpholinoethanesulphonate pH 6.0, 0.25 price EDTA, 5 pmoles 

2-aercaptoethanol, 0.042 Uncles 14c-SAN (55 pCi/Pwle), 0.5 mg 

1C18578  7.t DNA and 20 pg of Md' (glycerol gradient fraction, see 

Results A (iii)), was incubated at 30C for 4 h. The reaction was 

extracted twice by rolling with distilled phenol (equilibrated 

with 0.5 14-Tris-HCl pH 8.0) and the aqueous layer was dialysed 

three times versus 2L of 0.01 M-Trio-11C1 pH 7.40  0.5N-NaCl, 

0.00114-Rink, then versus 21. of this buffer without NaCl, and 

finally versus two changes of 2L of 0.0114-sodium acetate pa 5.0, 

0.5mM-n9dl2. The dialysate was evaporated to 0.5 ml and pancreatic 

DNAse (1 mg) was added. After incubation (37C, 18 h) the DNA 

was desalted by adsorption to DR-cellulose (see Methods 3(d)) 

and applied to At 81 paper. After electrophoresis (pH 3.5, 50 

v/cm) until the my lent cyanol Ft blue marker dye had reached 

the bottom layer of buffer (35 cm), the az paper was dried 

and stitched onto a sheet of DE 81 paper which was electrophoreaed 

(p112, 15 v/cm) until the blue dye had moved 25 cm. The finger-

print was exposed to X-ray film for 4 weeks. Total incorporation 

of radioactivity was 9.84 * lO c.p.m., approximately 15 methyl 

groups per input A DNA molecule. 
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The analysis of the 
14 

thyZated nucleotides by this 

atSd is difficult for three reasons. 

The 140-radioactivity in the original nuc&eotids 

is already low and this is split up into several components by 

the analysts. Thus long exposures are required to visualize the 

prodeats of partial digestion. 

Boom of the spots from the fingerprint are mixtures 

of nucleotides and thus after partial digestion they produce a 

series of products that are difficult to interpret. 

The only label in the nucleotide is the 4C-sethy1ated 

A residue. Thus when the venom exonuclease has removed this 

residue, no further products will be seen. For example an oligo-

nucleotide with 3'-.ethyl A will only gin the original compound 

and methyl A. 

These three difficulties have hampered the sequence 

analysis of the 14C nucleotides. It has been possible, however, 

to obtain now sequence information and this is shown in Table 

9. The sequences are derivatives of (AG) and (AT) • The (AG) 

and (AT) sequences are currently being determined by eluting 

the dinucleotid.s, removing the 5' phosphate with phosphatase, 

and treating half with venom exonuclease (a 3' exonuclease) and 

half with spleen exonuclease (a 5' ezonuclease). If the 

4n,leotide is pApa then only the spleen enzyme will give 

methyl MGp if it is pOpA then only the tea enzyme will do so. 

It is important to try to confirm and extend these 

sequences and this is currently being attempted. 



14  Table 9 sequences of some Sated nucleotides by 

partial woe analysis 

)luclsotide Blue 
2  

Original & Products Mononualso 
3
- Sequence 

Number tide 

2 23 14.2 At (At?) 

3 30 12.4 —419.7 At (AtT)c 

4 30 14 A (keG) 

6 35 6.6 --+10.9 At (AtG)C 

7 22.9 3.1 VT)9,9 )1444 A (ACt)CT5  

13 29 6.4 13.5 (AG) n.d. (AG)T5  

15 29.1 3.7 "3.13.4 At (AG)T5c 
Identical 

f28 

23 29.5 5.5 At (AG)A' 

A4  29.8 2.2? 5.0 VT)146 At (AG) AL 

a' 29.8 6.0 VT 145  At (Ad1G)A5  

Notes All of these partial digests were resolved on U paper pH 3.5. 
* S 14C-methyl group  

The sequence of nucleotides enclosed in brackets is not known. 
m.d - not detectable 

1 - position (oms', from origin) -j! of zylene cyanol fl marker 
2 - position of original oligonucleotide followed by successive 

products of partial digestion and nucleotides inferred from 
the mobility differences (Msray 1970). 

3 - 4C-mononucleotide Product of digestion 
4 • nucleotide obtained from a fingerprint on cellulose acetate/ 

PEI t.l.c. (Southern S Mitchell, 1971) 

5 • A,, ambiguity resolved on the basis of position of original 
nucleotide on the fingerprint. 
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V. DISCUSSION 

Ci) Identity of the enzyme 

Three lines of evidence identify the enzyme studied 

in this thesis as the DNA modification enzyme of phage P1 (NJ). 

Phage A or 82 DNA that has been modified in vivo 

is not a substrate for the enzyme whereas unmodified phage DNA is 

methylated. 

The activity is present in extracts of cells infected 

with wild type P1, but is absent in cells infected with a modi-

ficationless mutant of P1! 

Methylation of phage A DNA confers protection against 

a challenge by purified P1 restriction enzyme. 

An additional criterion, which has not been tested, 

would be to demonstrate that aethylation of phage A DNA confers 

specific protection against a loss of infectivity due to restri-

ction by recipient bacteria. (Kaiser & Hogneaa 01960) that are 

lysogenic for P1. 

Reselson & Yuan (196$) have suggested that the K 

restriction enzyme might also be the K modification enzymee the 

purified LP is free of detectable Rep activity, however, and 

sediments at 65 on glycerol gradients, whereas the LIP sediments 

at los (Murray, Brown & Brookes, unpublished work) • Thus the 

purified activities are distinct. 

If the purified LIP is incubated with SAM and unmodified 

DNA for 24h at 370C then modification activity is detected 

[unpublished results quoted in Meselson at aX. (1972)] • The 

molecular species that is responsible for modification has not 
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yet 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. 

(ii) General properties of the purified enzyme. 

The sole product of the 14.?, 6flP, is also the product 

of B specific modification both in thu (Smith at *1. 0  1972) 

and in vitro (tthnlein & Arber, 1972) 0, and of K specific modi-

fication in vitro (unpublished results of the author) • Prophage 

P1 also restricts the ungluoosy1ated (Ugt) mutants of phages 

T2 and T4 (reviewed in Revel & Luria, 1970), but, for reasons 

that are obscure, P1 modification does not operate on these 

phages. It is possible, however, to obtain a mutant of 'H ugt 

that is ung1ucosylat.d but not restricted. This mutant has 

hypermethyla ted DNA and the product of aethylation is GUlP 

(Hattman, 1970) • The extent of aethytation is in excesseS the 

number of sites of P1 restriction (Rattmtn, 1970) • The simplest 

explanation is that a phage-induced enzyme has mutated to an 

activity that confers protection against P1 restriction. The 

interpretation of T-even phage restriction phenomena is 

complicated, however, by the failure of purified R.P to break 

unglucosylated DNA in vitro (quoted in Revel & Luria,, 1970). 

Revel & nina speculate that the restriction enzyme may need 

to act on T-even DNA in conjunction with the bacterial 

membrane. Further investigation is required to clarify these 

phenomena. 

The characteristic properties of the NJ, in particular 

its pH optimum, SAM dependence and kinetics are similar to 
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those of the LB (X6hn1ein szrber, 1972).. The slow kinetics 

of methylation pose a particular problem.. Figure 7 shows tat 

at the X for SAM, saturating levels of enzyme takes 3h to 

incorporate the full quota of methyl groups into phage 82 DNA 

xthnlein a Arbor (1972) have presented similar data for B 

specific modification of phage fd DNA, although they did not 

comment on the slowness. Xn collaboration with Dr. R. Yuan, the 

author has investigated the binding of the LI' to phage A DNA 

by using the filter binding method (Riggs & Bourgeois, 1968 

Yuan & Meselson, 1970) • In the presence of SAM, the glycerol 

gradient fraction (see Methods A (iii)) binds within 2 minutes 

(at 30'0 to both LX and X.IC(P1) DNA. Since these DNA species 

are the substrate and product of the We  the enzyme should 

be retained on the DNA after asthylation. This is found to be 

the case (unpublished experiments of LYuan & the author). 

The presence of the enzyme, bound at a site of potential asthy-

lation (possibly on the opposite strand), could 'repress' 

subsequent aethylation until the enzyme comes off the DM. 

Although the details of the reaction remain unclear, this effect 

may well provide a basis for the slow kinetics. It is important, 

however, to determine whether the LP is binding at a sLte cE  

asthylation. This question could be answered by binding the 

H.P to 3H-methylated DNA and digesting the complex with DNMe. 

If the enzyme is binding at the site of nethylation, then the 

3H-radioactivity should be protected from digestion. 

It is unclear why unmodified DNA is restricted and not 

modified on entering the call. The observation that the H.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. 

The restriction enzyme does not bind to unmodified DNA (Yuan & 

Meselson, 1970) and is thus free to attack incoming unmodified 

DNA. These considerations suggested the use of DNAse to 

remove DNA in the purification procedure (Results 2(i)), rather 

than stremptomycin sulphate which might precipitate enzyme-DNA 

complexes. No systematic study has been made, however, to 

determine if this modified procedure increases yield. 

Subunit structure of the 

The diaeric structure of the enzyme is consistent with 

the genetic data of Glover at al (1963) • The three gene model 

(see Introduction) indicates that one subunit is the product of 

gene m 1  and one is the product of gene %is If the subunits 

could be successfully renatured from $DS gels (Weber a miter, 

1971), then their identity could be tested by determining if one 

subunit (the Sl product) hound SM, or the other (the 8 1 roduct) 

bound to DNA. If, however, these properties were dependent on 

the dlneric structure then such an approach would be unsuccessful. 

Nucleotide sequences around the methylated base 

It is clearly premature to draw any firm conclusions 

on the basis of the sequence data presented in the Results 

(section C). The failure of the double labelling methods 

has made the sequence analysis rather difficult. 
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Attempts are being made, however, to try to confirm and extend 

these sequences. The sequences around the break points made 

by the R.P are also being determined in this laboratory, It 

is hoped that consideration of these data will contribute some 

insight into the general problem of how proteins are able to 

recognise specific nucleotide sequences in duplex DNA. 
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PfltNDIX I. Construction of an Endonualsasu X7 Psi Al strain 

The mutant Psi Al (D. Lucia a Cairns, 1963), which 

lacks detectable DNA polymerase I, has proved valuable in 

studies of DNA synthesis. The combination of Pot Al with the 

endonucleas. C mutation (Dirwald a I1offaan-8erling, 1968) provides 

• favourable strain for investigating various aspects of DNA 

ensymology in vitro. Extracts of endonuclea.s C strains lack 

at least 95% of the total andomucleaso activity of wild-type 

extracts (Dtrvald a Noffman-B.rling. 1968) • The doubly mutant 

strain was constructed by isolating a r!n'eC (rha) mutant of 

strain 1100 (endo C) and transducing to whe with a lysats 

grown on Pot Al. The rha+ pot Al transductants were detected 

by their sensitivity to aethylsethanesulpbonate (10(8). 

Step I. Isolation of 1100 rhC. Strain 1100 au' 

was grown overnight in 7. broth, p.11eted in a bench centrifuge, 

and resuspended in an equal volume of phage buffer. After 

irradiation with ultra-violet light (1,000 ens, 26 sea), the 

survivors wee plated on r""ose tetrasolta agar and incubated 

overnight at 370C. 81.x deep red colonies (that colonies are 

white on this indicator agar) were picked and purified by streaking 

on r--on tetrasolis agar. The isolate, were tested for 

'.1.,-jth on ftininal age supplemented with rhssnne, glucose or 

lactose. Of the six isolates, two gave leaky growth on rhamnose, 

two had a pleiotrcpic defect in suar catabolism since they 

grow on none of the carbon sources, and two were non-reverting 

rharse negatives. One of this latter pair (strain 7) was 

retained for the P1. transduction. 
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Step II Isolation of 1100 Pol Al • Strain 7 was trans- 

duced with a P1 lysate (a gift from Dr M.MOnk) grown on Pol Al. 

1tha transductants were selected on rhamnose minimal agar and 

300 were patched onto the sane medium. The patches were replicated 

onto rhamnose minimal plates with and without MMS. Twelve of the 

patches showed negligible growth on M1'IS plates. One of the 

isolates (strain 8) was verified as. follows. 

(a) Endo f character. Parallel extracts of W1485 endo 

1100 an and strain B were made as described by Dftrwald and Hoffman- 

Berling (1968). the extracts were assayed for endonuclease 

activity by following the appearance of acid soluble E760  units 

(Dflrwald & Hoffman-Berling ,1968). This presumably reflects the 

combined action of endonuclease and exonuclease activity. As 

shown in Figure Al, strain S had a lower level of nuclease than 

the endo I strain 111485 and had a comparable level to its parent 

strain 1100. It is interesting 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 (lcornberg, 1969). 

(b) Pol Al character. Parallel cultures of 1100, strain 

8 and Pol Al were grown in 1. broth at 370c to 3 x 10 cells/ml. 

The cells were resuspended in 7.5 ml buffer (0.01M-Tris-UC1 pH 7.0, 

2mM-2 nuercaptoethanol), disrupted by sonication, and centrifuged 

at low speed (15,000g, 15 rain) and at high speed (38,000g 1.5h). 

The DNA polymerase activity in the extracts was assayed according 

to Lehman at al (1958). As shown in Table Al, the DNA polymerase 

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

that in strain 1100. 



While this endo f p01 Al double mutant has not been 

used by the author, it has proved useful in studios of DNA 

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

salmon sperm DNA by various extracts. 

Reaction mixtures in 002M Tris-'HC1 pH 7.8, O.1N-NaCl, 6mM-Mg 

(CH  3Z00) 2  were set up as described byDtIald and Hoffman-Berling 

(1968, Fig. 2); At the times indicated 1 ml portions were withdrawn 

and assayed for acid soluble E260  units. 

s—a W1485 extract 
0-0 1100 extract 
X—'X strain 8 extract 



Table at: Reaction mixtures (vol 0.2 ml) contained 0CM  moles 

potassium phosphate pH 68, Up moles 2-nrcaptoethanol, 9p moles 

0.075 mg salmon sperm CM, Sn notes dtrP, ion soles IT??, 
5.6n motes dc'rr, 40n roles 14c-dfl? (7 x lOc.p.m./n moles) 
and, when appropriate, 0.1 mg of extract protein. After incubation 

at 37C for 30 tin, the acid ptecipitabls radioactivity was pre-

pared for counting as described by Lehman at aS (1958). Glass 

fibre discs were counted for 30 via on S nuclear Chicago law 
background tat flow counter. 

14C, c.p,30a. 

Ad 1100 sit f pal C extract + cocktail 20711 
1754,7 

extract added at 30 Udn to cocktail 267 

cocktail alone 117 

b vol al extract + cocktail 116 

extract added at 30 pain to cocktail 100 
cocktail alone 63 

a. Strain S extract + cocktail SII1 124 Duplicate 

catnot added at 30 sin to cocktail 169 

Cocktail alone 3.10 

Net promotion of incorporation by 1100 sit C pal C  extract 
- 1912

3
; 267 - 55 c.pas. E COp moles 6MP/30 win at 370W 

0.1 ng Protein/0.075M ma prison. 
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APPENDIX IL. A hypothesis for the role of SAM in phosphodiester 

bond cleavage by endonucleas. R.X. 

The nucleolytic activity of endonuclease R.X is absolutely 

dependent on Mg24', 
 Afl and BAN (Meselson s Yuan, 1968). What is 

the role of SAN in this reaction? The experiments on enzyme-DNA 

complex formation show that SAN is required for the initial 

binding of enzyme to unmodified DNA (Yuan & Meselson, 1970). 

Another role is suggested by the close relation between the mod-

ification methylase and the restriction endonuclease. This 

table sumarises various data discussed in the introduction. 

Gene products 

Cofactors 

Action 

M.lC 

"x]x 

SAM 

aethylation of 6- 
amino of adenine 

It. K. 

re mr, Or 

Mt, SAN 

DNA breakage 

Why is the apparatus of methylation implicated in DNA 

breakage? It is known from work with monofunctional methylating 

agents such as methyl ssthanesulphonae (4MB) that DNA can be 

broken by methylation (Lawley, 1963). MKS reacts readily with 

the purins nucleophilic centres such as the N7 of guanine and the N3 

of adenine. This aethylation labilises the N-deoxyriboside bond 

such that 7-methylguan4ne or 3 methyladenine are released from the 

DNA; this is a particular variety of depurination reaction. The 

resulting structure, while being quite stable at neutral pH, is 

labile to general acid-base catalysis so that the phosphodiester bonds 

on either side of the deoxyribose residue may break -under 

these conditions. 
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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 extensive flpase activity 

of the .nzyae 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, 

If A DNA is restricted by endonuclease R.K, than 

the resulting ends are not phosphorylated by 932P_AW  and 

polynucleotide kinase, either before or after phosphatase treat-

ment to rove 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-

diest.r bond occurs so as to leave a 51  terminal deozyribose. 

This would not be an acceptor in the polynucleotide kinase 

reaction (Novogrodsky a Hurwit., 1966). 

If a restriction reaction is run with CT  SAM and 

stopped after two minutes then 3u-radioactivity is associated 

with the DNA after gel filtration in high salt (Pig.A2) • After 

hydrolysis with nd, the 30-radioactivity chromatographi with 

authentic 143 methyladenine (from Cyclo Chemicals) on two 

successive solvent systems (Pig 13). 

Attempts are being made to confirm and extend these 

findings. 



Fig. A2 Agarosa elution profile of 7t DNA recovered from a two 

minute restriction reaction. 

The reaction mixture (vol 0.28 ml) contained 7.5 paclos 

potassium trio (hydro3qèasthyl)aethyl-2-aainoethanesulphonate p0 8.0, 

0.038 ptoles EDTA. 1.05 vmolez Mg Cl 2r LB paoles 2-aercaptoethanol, 

0.1 Moles ATP, 6.6 nn,les Ct3  UN (8J1Ci/nmol., prensutralised 

with 0.01 ml of iN potassium trio (bydro3Waethy1)nethy1-2-amino-

ethanesuiphonate pM), 5.5 pg AC1857S7tC DNA, and 0.125 ml of 

endonuoleace LX (final addition) • After incubation (2 sin, 300 

the reaction was stepped by adding 104 () SDS (0.01 ml) and 

0.SM-EDTA pn 8.0 (0.05 al)* after 1 sin at 30C, 3M-wad (0.01 ml) 

and 32P-labefled A DNA (0.025 iii, 3,000 c.p.a.) were added and 

the reaction mixture was applied to a column (50 one x 3. cm diameter) 

of A-SON Agatese equilibrated with 0.l5M-aionita bicarbonate 

pUB. The sample was washed in with small aliquots of ammonium 

bicarbonate and then eluted with the same solution. Fractions 

(approx. 0.5 ml) were collected every 6 sin and aliquots (0.075 ml) 

were counted for SH £ 4. 
The following variants of the above protocol gave essent-

ially no peak of 30 that was excluded with the 32P-1abclled A DNA. 

reaction mixture - MV 
reaction mixture with 4.8ug A.* DNA in place of A.0 DNA 
reaction mixture incubated for 30 sin. 

0-0 lap 

314 



no. 

'a 

C? 

Man- 'H 



Fig. A3. Bass analysis  of A DNA recovered from a two ainute 

restriction reaction. 

Fractions 15-18 inclusive from the Agarose column (see 

Pig.*3) were pooled, evaporated to dryness twice, and hydrolysed 

with IM--HCl (0.05 ml) for 30 ida at 100C. Marker bases were 

added (0.01 ml of 25 WI stock solutions) and the hydrolysate was 

evaporated to dryness, taken up in 0.02 *1 10% C) propan-2-ol, 

10% ( glacial acetic acid and applied to wMtaan No.1 paper. 

After descending chromatography for 27 hre in 86 n-autanol 

14 H2P (NB3  atmosphere) the paper was examined as described in 

Methods 3(b) • Strips 17-20 inclusive were eluted with IM-HCl and 

chrematographed on No.1 paper with 7 Methanolt 2 cone RCSs 1 N30 for 

10 hrs. 'the paper was again examined and counted. 
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The bacteriophage P1 modification enzyme, assayed by the specific methylation of 
unmodified bacteriophage 82 DNA, has been purified 500-fold from a bacteriophage 
P1 lysogen of Escheric/tia co/i. The enzyme catalyses the incorporation of approximately 
20-24 methyl groups per bacteriophage 82 DNA molecule. The solo 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 K,, for S-adenosyl-L-methionine is 5 x 10 6 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 DNA restriction and modifica-
tion offer an excellent opportunity for studying this 
problem (Arber & Linn, 1969). Many strains of 
Esc/,eric/,ia co/i are able to degrade or 'restrict' 
foreign DNA that enters the eel!. The enzyme re-
sponsible is a product either of the bacterial genorne 
or of plasmids such as bacteriophage P1 (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 (Mee1son & 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 (Kelly & Smith, 1970). 

The bacterial DNA, and any bacteriophage DNA 
that successfully infects the cell, is protected from 
the restriction endonuclease by host-induced 'modi-
fication' of the DNA (Arber & Dussoix, 1962). Yuan 
& Meselson (1970) have shown that purified E. coil 
K restriction enzyme will bind to unmodified bacterio-
phage A DNA, but not to bacteriophage A DNA 
carrying the strain K modification. With E. co/i B, 
the modification in viva of bacteriophage fd DNA 
involves methylation of four adenine residues at the 
6-amino position (Smith et a/., 1972). Gdnetic analysis 
(reviewed by Arber & Linn, 1969) of the E. co/i 13, 
E. co/i K and bacteriophage P1 restriction and 
modification systems indicates that the modification 
enzymes have at least one and probably two (Hubaeek 
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& Clover, 1970) polypeptide chains in common with 
the corresponding restriction enzymes. This pre-
sumably reflects the common specificities of the 
enzymes, since the adenine residue that is methylated 
on modification is believed to be located in the 
sequence recognized by the restriction enzyme 
(KUhnlein & Arber, 1972). The E. co/i B modification 
enzyme has been partially purified (KUhnlein 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 methyl groups from S-adenosyl-L-methion-
inc 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 written 
P1r,1 mc. Bacteriophage 'pedigree' is indicated 
after a point by the strain of the bacterial host, e.g. 
82.C600(Plr(mp1 j is bacteriophage 82 grown on 
E. co/i C600 lysogenized with the appropriate 
bacteriophage P1, and hence carrying bacteriophage 
P1 modification. Endonuclease R.P and endo-
nuclease R.K are the bacteriophage P1 and E. co/i 
K restriction enzymes respectively. 

Materials and Methods 

Bacteria/ and bacteriophage strains 

The endonuelease I strainE. co/i  1100 of Durwald 
& Hofman-Berling (1968) (obtained from Dr. I. R. 
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Lehman, Department of Biochemistry, Stanford 
University, California, U.S.A.) was made 
by Dr. N. E. Murray of this department by using 
ethylmethanesulphonate rnutagenesis (Hubacek & 
Glover, 1970), and was lysogenized with bacterio-
phage Pike (Lennox, 1955). E. coli C600 and its 
derivatives C600 (PI rp1  mp5 ), C600 (PI rp1  mp,) and 
C600 (P1) were obtained from Dr. S. W. Clover of 
this department. Bacteriophage 82c, a clear-plaque 
mutant of bacteriophage 82, was obtained from 
Dr. W. Arber, Biozentrum der UniversitAt, Base!, 
Switzerland, and bacteriophage Plkc from Dr. W. J. 
Brammar of this department. 

Enzymes and chemicals 

Pancreatic deoxyribonucleáse and snake-venom 
phosphodiesterase were purchased from Worthington 
Biochemical Corp., Freehold, N.J., U.S.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. Old and Dr. R. Yuan, both of this 
department. Dithiothreitol, bovine liver haemo-
globin, bovine serum albumin, adenine, S-adenosyl-
t-methionine, 6-methylaminopurine, 5-methylcyto-
sine and N-7-methylguanine were obtained from 
Sigma (London) Chemical Co., London S.W.6, 
U.K., Whatman DE52 cellulose (microgranular, 
pre-swollen), Whatman P11 phosphocellulose and 
AL 81 aminoethyl-cellulose paper were obtained from 
H. Reeve Angel and Co. Ltd., London E.C.4, U.K. 
Glass beads (ballotini no. 11) were obtained from 
Jencons (Scientific) Ltd., Hemel Hempstead, Herts., 
U.K. Streptomycin sulphate was a kind gift from 
Glaxo Laboratories 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., Duren, Germany. 
[methyl-3H]-S-Adenosyl-L-methionine (8.9 Ci/mmol, 
80pM) in H2SO4  (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 
(lOg), yeast extract (5g) and NaCl (lOg). 

DNA preparations 

2H-labelled bacteriophage A C185  ,S,.0 DNA and 
unlabelled bacteriophage A C1 857 57 .0 DNA. These 
were kindly provided by Dr. N. E. Murray of this 
department. 32P-labelled bacteriophage A C18575,. 
K (P1) DNA was kindly provided by Mr. R. W. Old. 

Bacteriophage 82c DNA. E. coli, either C600 
(Plrp(mpc) or C600 (Plrp(mp11, was grown in  

1 litre of L broth at 37°C to E(.50  = 0.5 (approx. 
5 x lOs cells/ml). The culture was made 1 nmi in 
MgSO4  and bacteriophage 82c was added at a 
multiplicity of infection of 0.3-0.5 phage/bacterium. 
The culture was shaken vigorously at 37°C for 3-4h 
and lysed with 5m1 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 P1 modification. The bacteriophages 
(generally 1011 plaque-formers/ml) were collected 
by centrifugation (45000g for 2}h), resuspended by 
gentle agitation overnight in 25m1 of bacteriophage 
A dil medium (Kaiser & Hogness, 1960) and twice 
banded by centrifugation (30h, 27000rev./min, MSE 
Superspeed 65 centrifuge, 3 x23 ml swing-out rotor) 
in 41.5% (w/w) CsCl. The final band was collected, 
dialysed against 10 mm-tris-1-ICI- 1 mm-EDTA, 
pH 7.4, and extracted three times by rolling with 
freshly distilled phenol that had been equilibrated 
with 0.5M-tris-HCl, pH8. The aqueous layer was 
dialysed exhaustively against 10mM-tris-FICI-- 1 mt-
EDTA-50mM-NaCI, pH7.4, and stored at 0°C. 

Methylation assay 

The reaction mixture contained, in a total volume 
of 2001A, 0.05 NI-potassium phosphate, pH 6.5, 5mM-
2-mercaptoethanol, 0.5 mM-EDTA, 121LM.[tnethyl-
3H]-S-adenosyl-L-methionine (3 Ci/mmol), bacterio-
phage 82 DNA (5zg) and the sample to be assayed. 
After 60min incubation at 30°C, 0.5% bovine serum 
albumin (0.1 ml), 0.2 M-tetrasodiurn pyrophosphate 
(0.2 ml) and 1 M-HClO4-2 mM-sodium pyrophosphate 
(0.5m1) were added. After 5min at 0°C cold water 
(1 ml) was added and the precipitate collected by 
centrifugation (5000g. 5mm). The precipitate was 
dissolved in 02M-NaOH (0.3 ml) and re-precipitated 
with 0,2M-sodium pyrophosphate (0.2m1) and I M-
1-IClO4-2mM-sodium pyrophosphate (0.5 ml). This 
washing procedure was repeated twice more and the 
precipitate was finally collected by filtration under 
reduced pressure through a 2.1 cm Whatman C FC 
glass-fibre disc. The disc was washed with I M-HC108  
(5m]), water (5 ml) and ether (2 ml). After drying 
under an i.r. lamp the discs were counted for radio-
activity in 2.5 ml of scintillant [4g of 5-(4-biphenyl)-
2-(4-t-butylpheny-1-oxa.3,4-diazOle/l of AnalaR 
toluene} in a Nuclear-Chicago Unilux liquid-
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 100-150e.p.m., except for the dialysed 
(NH4)2SO4 fraction, where it was 300-500c.p.m. 
owing to the presence of non-specific methylating 
activity. 
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BAcrERIOPHAGE P1 MODIFICATION ENZYME 

Degradation of DNA 

Acid hydrolysis. Bacteriophage 82 DNA from a 
methylation reaction was purified by acid precipita-
tion as described in the methylation assay, except 
that calf thymus DNA (0.2m1, 1.2mg/mi) was used 
as carrier in place of serum albumin. The final 
precipitate was hydrolysed with lm-HCl (0.2m1) at 
100°C for I h. The hydrolysate was evaporated to 
dryness (together with 20i41 of 5mM solutions of 
various marker bases), the residue dissolved in 10% 
(v/v) acetic acid-I0% (v/v) propan-2-oi (60/LI) and 
applied to Whatman no. 1 paper. After descending 
chromatography in butan-l-oi-water (43:7, v/v) in 
an NH3  atmosphere for 24h the paper was dried, 
markers were located under u.v. light and the paper 
was cut into strips (2cm x 1 cm); the radioactivity of 
each strip was determined by liquid-scintillation 
counting. The strips containing 6-methylaminopurine 
•were swirled in toluene to remove scintillant, dried, 
eluted overnight with 0.1 M-HCI and chromato-
graphed on Whatman no. 1 paper in an ascending 
system of methanol-water-conc. HCI (7:1:2, by 
vol.) for 24h. The chromatogram was again examined 
under u.v. light, cut up and counted for radio-
activity. 

Methylation of bacteriophage A DNA was in-
vestigated by hydrolysing 10/tI of the product with 
lm-HCl (SOp.l) for45min at 100°C in the presence of 
6-methylaminopurihe and 5-methylcytosine. The 
hydrolysate was dvaporated to dryness, the residue 
dissolved in 20/il of water and applied to a sheet 
(20cm x 20cm) of MN300 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 
radioactivity, together with the origin region, as 
described by Razin et at (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 0.1 M-SOdium 
acetate (pH5.0)-0.005M-MgCl2  and a solution of 
pancreatic deoxyribonuclease (1mg/mI; 0.1 ml) was 
added and incubated at 37°C for 2h. The reaction  

was adjusted to pH8.0 with IM-tris-HCI, pH8.0 
(lojil), and incubated with snake-venom phospho-
diesterase (1mg/mi; 20jJ; 37°C; 4h). The solution 
was evaporated to dryness, the residue dissolved in 
SOp.i of water and applied, together with mono-
nucleotide markers, to AE 81 cellulose paper. 
Electrophoresis was at 50 V/cm in pyridine acetate 
buffer, pH 3.5, until the blue marker dye (Xylene 
Cyanol FF) had run 25 cm. The paper was dried 
overnight at room temperature, examined under 
u.v. light, cut into strips (2cm xl cm) and the 
radioactivity determined in a liquid-scintillation 
spectrometer. 

Results 

P1 restriction of bacteriophage 82 

The bacteriophage P1 modification enzyme was 
selected for study because the efficient restriction of 
certain bacteriophages by the bacteriophage P1 
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 P1 
lysogen (see Table 1). The assay for the Pt modifica-
tion enzyme measures the extent of methylation of 
bacteriophage 82.C600 (P1rp1  mp1 ) DNA compared 
with DNA from bacteriophage 82.C600 (P1 r, _mpf) 

modified in viva. If modification in viva 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 0.5mM-EDTA Unless other-
wise stated. All potassium phosphate buffers were 
pH6.7. Protein in subcellular fractions was deter-
mined by the method of Lowry et at (1951) with 
bovine serum albumin as standard. 

Step 1: preparation of dialysed (NH4 )2504  fraction. 

[Linn & Arber (1968), with minor modifications.] 
E. coil 1100rC (P1) 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 Pt lysogenic host/titre on E. coii C600) of bacteriophage 82c 
and bacteriophage A grown on various hosts were determined by standard bacteriophage and bacterial 
techniques. 

Bacteriophage E. call C600 (P1) E. coil C600 (P1rp1-mt) 

82.C600 I x I0-3 x I0' I 
82.C600(P1r21 m 1 ) 1 1 
82.C600(P1r 1 mp1j lx 10.6_3  x 10-6 1 

A.C600(P1rp1mP1j lx 10 5-3x 10 1 
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to 10' cells/ml, sedimented in a continuous-flow 
Alfa-Lavall centrifuge and stored at -20°C. All 
subsequent operations were performed at 4°C. Cells 
(150g) were resuspended in 225m10f0.05M-tris-HC!, 
pH8.0, 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 lOOtni of 0.05M-tris-HCl, 
pH 8.0. The pooled supernatant and washings were 
centrifuged (10000g, 20mm). The supernatant 
(volume 354m1) was made 0.035m in MgCl2  and the 
resulting precipitate was removed by centrifugation 
(10000g, 15mm). Fresh 5% (w/v) streptomycin 
sulphate solution (125 ml) was added to the super-
natant and, after 20mm at 0°C, the precipitate was 
removed by centrifugation (10000g, 15mm). The 
supernatant was precipitated by adding 180g of 
solid (NHa2SO4, which was dissolved over 30mm 
at 0°C. The precipitate was collected by centrifugation 
in the MSE High-Speed 18 centrifuge (6x looml 
rotor, 17000rev./min, 30mm, 2°C). The pellet was 
dissolved in 0.02m-potassium phosphate (30 ml) and 
dialysed against the same buffer. 

Step 2: chromatography on DEAE-cellulose. The 
dialysed ammonium sulphate fraction was applied 
to a column (17emx4.5cn1 diam.) of Whatman 
DE52 cellulose that had been equilibrated with 
0.02 M-potassium phosphate. The column was washed 
successively with sOoml of 0.02M-potassium phos-
phate, 500m1 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. 45 ml) were collected and the enzyme 
activity was found in five neighbouringj'ractions with 
a mean phosphate concentration of 0.1l .m (Fig. 1). 
The pooled fractions (volume 240 ml) were precipi-
tated with (NH4)2504  (150g. The precipitate was 
collected by centrifugation, dissolved in 0.02m.  
potassium phosphate (30 ml) 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 nil). 

Step 3: chromatography on phosphocellulose. Of 
the concentrated DE fraction 34m1 was applied to a 
column (18emx 1.25cm diam.) of Whatman Pit 
phosphocellulose that had been equilibrated with 
0.02M-potassium phosphate. The column was eluted 
with 0.02M-potassium phosphate (75 ml), 0.1 NI-
phosphate (lOOml), 0.2M-potassium phosphate 
(75m1), 0.3M-potassium phosphate (100m1) and 
0.5M-potassium phosphate (100 ml). The methylation 
activity was found in the 0.2m step and was im-
mediately concentrated by the addition of  
(40g). The precipitate was collected by centrifugation 
and dissolved in 0.02m-potassium phosphate (3m1). 
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Fig. 1. Chromatography of dialysed ammonium sat'-
phate fraction on DEA E-cellulose 

Adsorption and elution was as described in the 
Results section under 'Purification of the modifica-
tion enzyme'. Samples (0.15m1) of the fractions were 
assayed in parallel for methylation of bacteriophage 
82.C600 (Plrp1Thip,) DNA () and bacteriophage 
82.C600(PI r 1 mp,) DNA (o). The continuous line 
in (a) is the difference in radioactivity incorporated 
into the two substrates. Fractions enclosed by the 
bar were pooled and concentrated as described 
tinder 'Purification of the modification enzyme'. 
(b)--, £280;-, [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 1.2m1 portions on 20m1 of 10-25% 
(v/v) glycerol gradients made up in 0.02 M-potassitlm 
phosphate - 0.1 nmt-EDTA - 5 mM-dithiothreitol, 
PH 6.5. After cent rifugation for 36 It at 30 000 rev./m in 
in the MSE Superspeed 65 centrifuge, 3 x 23 ml 
swing-out rotor at 2°C, the gradients were collected 
in 1 ml fractions. The active fractions (see 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 dilute column fractions were all un-
stable and the glycerol gradient fraction lost activity 
if stored at 0°C. It was found necessary to complete 
all steps before the glycerol gradient in 2-3 days. The 
glycerol-gradient fraction had no detectable bacterio-
phage P1 restriction activity, and no detectable endo-
deoxyribonuelease activity at pl-17.5 in 5ni-MgCl2, 
as assayed by neutral sucrose-gradient sedimentation 
of bacteriophage A DNA. Under the conditions of 
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met hylat ion reactions [0.05 rt-2-(N-morphoI i no)-
ethanesuiphonic acid (pl-1 6.0)-0.25 nmi-EDTA] it had 
no detectable effect oil the sedimentation profile in 
neutral sucrose gradients of supercoiled bacterio-
phage M13 RH DNA (kindly provided by Mr. 
G. G. Peters of this department). 

The enzyme has also been purified from 27g of 
bacteriophage P1-infected cells by an identical pro-
cedure, and is currently prepared from induced 
lysogens of the thermoinducible mutant PI.C1162 
(Scott, 1970). This increases the specific activity of 
enzyme five- to ten-fold. 

r. 
F 800 

I 
r 

400 
2 L 

200r 
'0 

0 
7 9 II 13 IS 17 19 21 

Fraction no. 

Fig. 2. Glycerol-gradient sedimentation of co/ice/i-
trated phosphocellulose fraction 

Sedimentation of the phosphocellulose fraction was 
as described in the Results section under 'Purification 
of the modification enzyme'. Portions (251J) were 
assayed for methylation of bacteriophage 82.C600 
(P1 rp1  mp,) DNA (G) or bacteriophage 82.C600 
(P1 rp1  mpi ) DNA (a). The 4.35 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 right 
to left. 

Properties of the purified modification activity 

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

Requirements for the activity. The requirements 
were investigated as shown in Table 3. The enzyme 
is specific for native, unmodified DNA and is 
stimulated 1.5-fold by 5mM-Mg2 , a property also 
noted by Kuhnlein et at (1969) with the E. call B 
modification activity. A threefold inhibition by 
0.1 mM-ATP was also observed. 

pH-dependence. The pH-dependence of the activity 
in 2-(N-morpholino)ethanesulphonic acid and 
piperazine-NN'-bis-2-ethanesulphonie acid buffers is 
shown in Fig. 3. In 2-(N-morpholino)ethanesulphonie 
acid buffer the pH optimum is between 6.0 and 
6.25, although significant methylation was observed 
from pH5.5 to pH8.0. No significant methylation 
of bacteriophage P1-modified DNA was observed 
over this pH range. 

Tune-course of methylation. The time-course of 
methylation of unmodified bacteriophage 82 DNA 
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 more enzyme after 5 h 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-met/no-
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 plot 

Table 2. Summary of enzyme purification 

1 unit of activity makes 0.16pmo1 of methyl groups acid.insoluble/5tg of unmodified bacteriophage 82 DNA 
per Wolin incubation at 30°C. This is equivalent to 125c.p.m. under the conditions of assay. The blank value 
for incorporation into modified DNA is subtracted, as noted in the Materials and Methods section. The recovery 
values for the phosphocellulose and glycerol-gradient fractions are corrected for purification of total pooled 

DEAE-cellulose fraction. 
Total Total Specific 

protein activity activity Recovery 
Purification stage (mg) (units) (units/mg) (°/) 

Crude supernatant 10700 
Dialysed (NH4)2504  fraction 4820 7520 1.56 100 
Pooled DEAE-cellulose fraction 301 4420 14.7 59 
Pooled phosphocellulose fraction 9.1 2161 230.8 29 
Pooled glycerol-gradient fraction 1.5 1230 820 16 
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Table 3. Requirements for met/zy lotion 

The complete system contained, in a volume 
of 100jil: 0.05M-2-(N-morpholino)ethanesulphOnic 
acid, pH6.0, 0.25 mM-EDTA, 5mM-2-mereapto-
ethanol, 4/LM-[,net/:yl-3H]-S-adenosyl-L-methiOnine 
(8.9Ci/mmol), 61xg of bacteriophage 82.C600 
(Plrpmpj j DNA and 25t'1  of glycerol-gradient 
fraction modification enzyme. After incubation for 
45min at 30°C the mixtures were assayed for 
acid-preeipitable radioactivity as described in the 
Materials and Methods section. Bacteriophage 82 
DNA was denatured by heating at 100°C for 7mm 
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 (P1rrm1) DNA 
Substitute heat-denatured DNA 185 
Minus enzyme 78 
Substitute heat-inactivated 113 

enzyme 
Plus 5mM-MgCh 3392 
Plus 0.1ntM-ATP 713 
Plus 5mM-MgCl2  and 0.1 mm- 2984 

ATP 

(Lineweaver & Burk, 1934) gave an apparent Km  
for S-adenosyl-L-methionine of 5 x 10-1m. The value 
obtained by KUhnlein & Arber (1972) for the E. coli 
B modification enzyme was 4x10 6 M. 

Product of methvlation. A sample of methylated 
DNA was analysed by enzymic digestion to mono-
nucleotides and high-voltage electrophoresis on 
aminoethylcellulose paper at pH 3.5 (seethe Materials 
and Methods section). A single peak of radioactivity 
(Fig. do) 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. 6b and 6c). 6-Methyl-
aminopurine is thus the sole detectable product of 
methylation. 

Modification and restriction of bacteriophage A 
DNA in vitro. The effect of this methylase can be 
demonstrated by incubating DNA that had been 
methylated in vitro with purified bacteriophage P1 
restriction enzyme. Unlabelled bacteriophage A.0 
DNA was methylated with the enzyme and [methyl-
31-1].S.adcnosyl.L-niethionine in the presence of  

22 

20 

E 

0 

0 
C 
0 

a 
I, 

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 
pH 

Fig. 3. pH-dependence of methylation in 2-(N-
morpholino)ethanesulphonic acid (pK,, = 6.15) and 
piperazineNN'-bis-2-ethanesttlphoflic acid(pK, = 6.8) 

buffers 

The complete system was made up as for Table'$ in 
0.05M2(N.morpholino)cthafleSulPhonic acid or 
0.05 Mpiperazine-NN'-bis-2-ethanesulphonic acid 
buffers of the appropriate pH value, which was 
measured at 27°C on a Vibron model 39a p11-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 82.C600 (P1 r,1  m,-) DNA: o, 2-(W-morpho-
lino)ethanesulphonic acid; A, piperazine-NN'-bis-
2ethanesulphonic acid. Bacteriophage 82.C600 
(P1 rp1 mp j4) DNA: o, 2-(N-morpholino)cthane-
sulphonie acid; A, piperazmne-NN'-bis-2-ethane 
sulphonic acid. 

"P-labelled bacteriophage A.K (Pt) DNA. After the 
incubation the DNA species were purified by phenol 
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.l.c.; 
85°A of the 3 H was found in 6-methylaminopurine. 
The remainder of the 3H-methylated DNA was 
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Fig. 4. Ti,ne-course of methylation 

The reaction mixtures had the same composition as 
the complete system in Table, except that 414g of 
bacteriophage 82.C600 (P1 rp1 mp1 j DNA (o) or 
bacteriophage 82.C600 (P1 pp(f)  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 mixtures 
(a) 3g of bacteriophage 82.C600 (P1 rpcniplj 
DNA was added after 5 It; to another set (0) a further 
2514 of enzyme was added. All tubes had a blank 
value of 129c.p.m. subtracted for an incubation 
without enzyie assayed at 0mm. 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. 7/4 or without enzyme (Fig. 7c). 
The activity of the endonuclease R.P was checked by 
incubating it with an equivalent amount of 3H_  

labelled bacteriophage A.0 DNA and 32P-labelled 
bacteriophage A.K(P1) DNA that had been subjected 
to the same protocol of incubation and phenol extrac-
tion, except that S-adenosyl-L-methionine was omit-
ted (Fig. 7d). All reaction mixtures were analysed 
by neutral sucrose-gradient ccntrifugation in buckets 
on the same rotor (see Fig. 7 and legend). The near-
superimposability of the 3H and 32P distributions in 
Fig. 7(a) and 7(c) shows that the 3H-methylated 
DNA had not been significantly degraded by in-
cubation with endonuclease R.P. The 3H-methylated 
DNA was, however, broken by the heterospecific 
endonuclease R.K (Fig. 7/4, and in the control 
incubation mixture (Fig. 7d) the 3H-labelled A.0 
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 

Vol. 127 

0 0.4 0.8 1.2 
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Fig. 5. S-Adenosyl-L-;net/iionine dependence of 
methylation 

The reaction mixtures contained, in a volume of 
150 gil, 0.05 M-2- (N- morpholino) ethanesulphonic 
acid, pH 6.0, 0.2mM-EDTA, 5niM-2-mercaptoethan-
ol, 7.5jg of bacteriophage 82.C600 (P1 rpL mpj) 
DNA, 50ji1 of enzyme and [metl1yl-3H]-S-adenosyl-
L-methionine adjusted with the required amount of 
unlabelled S-adenosyl-L-methiorline 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. 

Discussion 

Three lines of evidence identify the methylase as 
the bacteriophage P1 modification enzyme: (a) 
bacteriophage 82 DNA that has been modified by 
bacteriophage P1 in vivo is not methylated, whereas 
unmodified DNA is a substrate for methylation; 

methylation of bacteriophage A DNA protects 
against breakage by purified restriction enzyme; 

the activity is found in the dialysed (NH4)2SO4  
fraction prepared from E. co/i 1100 infected with 
bacteriophage P1, but is absent (<10%) on infec-
tion with bacteriophage P1 ni i  (P. R. Brown & 
J. P. Brockes, unpublished work). 

The product of the activity, 6-methylaminopurine, 
is also the product of E. co/i B modification both in 

vivo (Smith et at, 1972) and in vitro (Kuhnlein & 
Arber, 1972), and of E. coli K modification in vitro 
(I. P. Brockes, unpublished work). 6-Methylamino-
purine has been reported as the product of the 
bacteriophage T4  -induced methylase that protects 
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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 chromatography (see the Materials and Methods section) on butan-1.ol---water 

(NH3  atmosphere) then methanol—water—HCI. The material remaining at the origin (indicated by an arrow) 
after the butan-1-ol--water system was eluted with 0.1 M-1-ICI and hydrolysed with I M-HCI at 100°C for 2h. On 
re-chromatography more than 90% of the radioactivity remained at the origin. This material was also found in the 
hyclrolysate of a reaction from which the DNA was omitted and hence is not a product of DNA methylation. 
Methylated DNA for both analyses was obtained by incubating 4/2g of bacteriophage 82 DNA for 4h at 30°C 
in the complete system described in Table3. 7McG, N.7-mcthylguaninc; Ad. adenine; 5 MeC, 5-mcthylcytosine 

GMAt', 6.methylaminopurine. 
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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 I (350y1) 
contained 0.05 M2-(N.morpholino)ethanesulphonic 
acid, pH 6.0. 0.25 nvi-EDTA, 5 nni-2-mercapto-
ethanol, 41sM- [me;hyl- 31-1]- S-adenosyi-L-methio-
nine (8.90Jmmol), 20/Lgof bacteriophage AC DNA, 
2x I04 c.p.m. of 32P-labelled bacteriophage A.K(P1) 
DNA and 2251J of enzyme. Reaction mixture 2 
(1 15[41) contained 6.01ig of bacteriophage A.0 DNA, 
6x 103 c.p.m. of 32P-labelled bacteriophage A.K(PI) 
DNA and 5.5 x 10 3 c.p,m. of 3H-labefled bacterio-
phage A.0 DNA (I yg), 75 td of enzyme in addition 
to 2.(N.morpholino)ethanesulphonic acid, EDTA 
and mercaptoethanol as for reaction mixture 1. 
After incubation for 3.0h at 30°C, both reactions 
were extracted three times with an equal volume of 
freshly distilled phenol. The aqueous layers were 
dialysed twice against I litre of I0nvvt-tris—HCl--
0.1 mM-EDTA-0.4 i-NaCl, pH 7.4, then twice against 
I litre of the same buffer without NaCl. After both 
samples had been kept at 60°C for 10min to dis-
sociate concatenates, 10p.1 of reaction mixture 1 
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(volume after dialysis SIOp.l) was analysed by acid 
hydrolysis followed by t.l.c. (see the Materials and 
Methods section). The volume of reaction mixture 
2 after dialysis was 154 pI. 

Restriction reactions. (a) (Challenge with endo-
nuclease R.P.) The reaction mixture (3601l) con-
tained 0.1 .N-tris(hydroxymethyl)methyl-2-amino-
ethanesuiphonic acid, pH8.0, 1.2mM-EDTA, 8mM-
MgCl2, 60 mM-2-mercaptoethanol, 2.5 mm-ATP, 
Iop.M-s-adenosyl-L-methionine, 1504l of DNA from 
reaction mixture I (5500c.p.m. of 3H and 6300c.p.m. 
of 32P), 1501il of endonuclease R.P. (b) (Challenge 
with endonuclease R.K.) The reaction mixture 
(360ji1) contained DNA, N-tris(hydroxymethyl)-
inethyl2.aminoethanesulphonic acid,EDTA,MgCl,, 
2-mercaptoethanol and AT? as for (a), but 20p.M-S-
adenosyl-L-methionine and 1001I of endonuclease 
R.K instead of endonuclease R.P. (c) (No restriction 
enzyme.) As (a) except that water (1501Al) replaced 
endonuclease R.P. (d) (Endonuclease R.P control.) 
As (a) except that 150/Li of DNA from reaction 
mixture 2 (5200c.p.m. of 3H and 6000c.p.m. of 32P) 

replaced DNA from reaction mixture 1. 
All reaction mixtures were incubated at 30°C for 

continued on page 10 
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20mm; reactions were terminated with lOzl of 
0.5M-EDTA, pH 8.0, and the mixture was layered 
on 6-20% (w/v) sucrose gradients in 0.01M-tris-110-
I rnM-EDTA-0.04 % (w/v) sodium dodecyl sulphate, 
pH7.4 (volume 4m1). After centrifugation (MSE 
Superspeed 65) in a 6 x 5 ml swing-out rotor at 
50000rev./min for 130min at 20°C, 5 drop fractioHs 
were collected into vials and counted in a Beckman 
liquid scintillation spectrometer after the addition 
of 1.5m1 of scintillanf (30g of naphthalene, 2g of 
2,5-diphenyloxazole, 0.lg of dimethyl 1,4-bis-(4-
methyl-5-phenyloxazol-2-yl)benzene, 50m1 of meth-
anol and 500m1 of p-dioxan). The arrows in (a)-(d) 
indicate the position of sedimentation of whole 
molecule "P-labelled bacteriophage A.K (P1) DNA 
and 3H-labelled bacteriophage A.0 DNA. The small 
peak of 3   at the top of the gradient in (a), (b) and 
(c) is [n7ethy/-3H]-S.adenosyl-L-methionine remain-
ing after dialysis. Sedimentation was from right to 
left. o, 3H; 0, "P. 

unglucosylated bacteriophage T4 DNA in viva against 
bacteriophage P1 restriction (Hallman, 1970). For 
reasons that are unclear, bacteriophage P1 modifica-
tion does not operate in viva against bacteriophage P1 
restriction in this latter system (Revel &Luria, 1970). 

The rather slow kinetics of methylation (Fig. 4) 
were also observed with E. coil B modification 
activity on bacteriophage fd DNA (Kuhn1ein & 
Arber, 1972). In collaboration with Dr. R. Yuan we 
have been studying the binding of the bacteriophage 
Pt modification enzyme 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 modified and unmodified DNA) and is 
thus released very slowly after methylation (R. Yuan, 
unpublished work). This effect may well provide 
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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