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4 is shown that in vitro Escherichia cnli ctrain B-speeifiz modification of the
replicative ferm of bacteriophege fd DINA is accorapanied by the methylation
of certain adenine moieties to form N-6-methyiadenine. The reaction foilows first
order kinotics and saturation is reached when about four adenines are methylated

. per replicative form. No methyl groups are trensferred to B-modified DNA.
The replicative form of a one step mutant of fd, which has a reduced sensitivivy
towards B-specif ¢ restriction, has lost tvrc of the four methyl aceeptor sites.
The replicetivo form of a second step mutant, which is not subject to B-speczific
restriction, 1s completely refractory to methylation by the modifization enzvine.
It is therefore concluded that the B-modification and the B-resteiction enzyme
react with the same sites on the substrate 2NA and that the replicative form of
wild type fd has two such sites. The number of N-6-methyladenines per B-spec-
ificity site of fuily modified double-stranded DNA is two.

L3 Y

1. Introducticn

Kiinnlein, Linn & Arber (1969) partially purificd the DNA-modification epzyme from
extracts of Escherichia coli strain B. The enzyme was identified by its ability to
render the unmodified replicative form of phage {d DNA resistant to B-specific
restriction. This in vitro modification requires S-adenosyl methionine. The role of this
fector Las now heen explored: it serves as methy! donor in a reaction nroducing N-6-
methyladenine. In vitro B-specific modification is thus obtained by nucleotidec
wethylation in confirmaticn of an old hypothesis {Arber, 1965 a,b). Data presented in
an accompanying paper lead to the same conclusion for ¢n vivo B-specific modification
(Smith, Arber & Kithnleir, 1972). ‘
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Q 2. Materials and Methods

(a) Chemicuals
Tritiated S-adenosylmethionine and [32PJorthophosphate were products of the Radio-
chemical Coentre (Amersham). Sephadex G100 weas purchased from Pharmacia (Uppsala),
snd benzoylated-naphthoylated DEAT-cellulose. propared as deseribed by Gillam et al.
{1967), was a gift of Dr T. Young. Toluene scintilletion liquid was 5 g PPO and 0-3 g
POPOP dissolved in 1 1. of toluene. All other reagents were the same as described pre-
viously (Kiithnlein et al., 1969).

5 tPresent address: Department of Biochemistry, Stanford University School of Medicine,
Stanford, Calif. 94305, U.S.A.

{Presont address: Biozentrum der Universitat Basel, CH-4056 Basel, Switzerland.

9

T s et

1y g T .
B T e

R A 1 R




1

LA

R e
i s

R e

I BTN TS B ST N TR T R

3
v %
§o
£
& %
v A
Q)l‘ E
!
i

TR NIRRT R R Ay
e S

K B o B Wt AT G RN R

R R S R N pn

,k.»,‘\,w'.»—‘l i ol i e RS g . i
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(b) Bacteriophage and bacicrial strains

Phage fd is the strain isolated by Hoffman-Berling, Marvin & Diirwald (1963).

The following strains of E. colv were used: 993 (Arber, 1966), an F+ry~mg~ strain;
991 (Arber, 1966), an F*re*mg* strain; 2027 (Arber, 1966), an I'* derivative of a K-B
transduction hybrid rg*mg*thrg*leuyx ~mety ~; 2539, a partial diploid (rg*mgp*thr-lew=/
F’ rg*mg*thr *lew™) derivative of Be 251, prepared by Drs 8. Linn and C. Berg with the
F.prime derived from XLF1 (Low, 1968).

According to the host specificity phenotype, 993 is an 0-strain, 991 a K-strain and
2027 a B-strain. Since the DNA of phage {d is insensitive to K-specific restriction (Arber,
1966) and modification (Smith et al., 1972), the K-strain will alsc be used as 0-strain
in this paper.

() Selecticn of restriction-veficient mutants of phage fd

Mutants of phage fd with a reduced sensitivity towards B-specific restriction were
selected by growing phage alternativély on the B-sirain 2027 and on the 9-strain 993.
Bacteris were grown in Tryptore broth to a concentration of 2 x 108 cells/ml. and mixed
with 1 to 5 phage particles/cell. After incubation for 15 mir at 30°C, the urahsorbed
phage was removed by washing the cells twice in Tryptone broth. The cells were rozus-
pended in the original volume of Tryptone broth and incubated for an additional 2 hr at
30°C, after which time the bacteria were removed by centrifugation. The phage con-
tained in the supernatant was used to initiate the next growth cycle.

(d) Purificaiion of the B-specific modification enzyme
The B-specific modification enzyme was isolated from an extract of the paitial diploid
strain 2539 as described previously (Kithnlein ef al., 1969). The parification was approx-
imately 200-fold. Incubation. of unmodified fd RF{ with the enzyme preparation under
modifying conditions for 5 hr or restricting conditions (Linn & Arber, 1968) for 30 min
did not lead to detectable loss of infectivity on strain 0. This was taken as evidence that
e enzyms preparation was relatively free of endonuclease activity.

() Isviciion of the replicative form of fd DNA :

Bacteria were grown in Tryptone broth at 37°C to a density of 3 X 16° cells/ml. and
infected with a multiplicity of 8 phage particles/bacterium. The acration was reduced for
15 min in order to faciliate infection. Then the aeration was resvored and the incubation
st 37°C continued for another 75 min. The infected cells wero chilled, harvested by centri-
fugation and the RF extractod acenrding to the method deseribed by Komano & Sinshetmer
(1968) with the following modifications: the denaturation step bofore chromatography nn
BN-cellulose was omitted and ivhe BN-cellulose was oluted with a linear NaCl gradient
between 0-4 and 1 Mm-salt concentration. The purest RF fracticns obtained from this
column contained less than 109, bacterial DNA as determined by clectron microscopy.
The IP’NA concentration of the RT preparation was determined by the method of Burton
1956).
( Fo;3 the preparation of 32P-labelled fd RF, cells were grown in TPG2A medium
(Lindquist & Sinsheimer, 1967) supplemented with 1-7 X 10~3 m-KH,PO,. At a density
of 2 X 108 cells/ml., the bacteria were concentrated fivefold in tho same medium containing
no phosphate, and infected with phage at a mnltiplicity of i0. After 10 min at room
temperature, the infocted cells were diluted fivefold into TPG2A medium containing
3 mCi of [*2PJorthophosphata/l. and a total phosphate concentration of 1-7x10-% u
{adjusted with KH,PO,). The RF was isolated atter 75 min of incubation at 37°C following
the procedure doscribed above. The rolatively low DNA concentrations did not allow
accurate measurements with the methed of Burton (1956). They were therefore deter-
mined by compering the infectivity of the preparatiors with the infectivity of an RF

tAhbreviations used: RF, replicative form; BN-celiulose, henzoylaied-naphthoylated DEAE
cellulose; S-AM, S-adenosylmethionine.
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proparation of known DNA concentration. The purified RF had a spocific activity of
approximately 50 uCi/mg.

The host strain 2027 was used to isolate B-modified RF (fd RFB) und the host strain
991 to isclate unmodified RF (fd RF-0).

(f) Assay conditions for in vitro medificatior

Reaction mixtures contained 0-07 M-potassium phosphate (pH 6-7), 7 mu-EDTA and
1 mx-2-mercaptcethanol. The amounts of enzyme, fd RF and [metlyl-*H]S-AM are
indicated in each assay. [methyl-3H]S-AM, stored in dilute sulphuric acid (pH 25 to 3-5),
was added without being neutralized. This did not markedly change the pH of the reaction
wmixture. Incubations were carriad out at 37°C.

(g) Measurement of the extent of methylation

The RF sample to be tested was mixed in kncwn proportions with 32P-labellod fd
sB-1°sB-2°RF-B. As shown in the Results section, this mutant dcos not accept methyl
groups in the modification reaction, even if isolated from strain 0. The modifiration
roaction was carried out as described above and was stopped by the addition of 0-075 rcl.
of 0-5 M-sucrose, 0-7 M-NaCl, 0-01 Mm-glycine-NeOH (pE. 9-5) to the reaction mixture
{0-15 ml. or less) and subsequert incubation at 65°C for 10 min. The sample was layered

tween the gel surface and the eluent layer of a 15 cm X 1 em Sephadex G1C0 column and
oluted with a buffer containing 0-3 M-MaCl, 10-% M-EDTA and 10~2 »m-Tris-HCI (pH £-9).
The flow rate was approximately 0-2 ml./min, and fractions of 1 ml. were collected. After
adding 0-25 mg of carrier DNA to each column fraction, the DNA was precipitated by
adding 4 ml. of 2 N-HC! and incubating for 30 min at 0°C. The precipitate was collected
by filtration through Whatman giass fiber filters (type GF/C). The Slters were successively
washed with 2 x 20 ml. 2 ¥-HCl and 4 ml. of ethanc!. Thoy were dried and counted with
toluene scintillation fluid in & Beckman scintillation counter in the 3H-channel and tho
33p_3H.channel. Most of the RF (32P counts) was found in 3 adjacent fractions, separated
from the bulk of {methyl-*H]S-AM. The recovery of RF was betweer. 709, and 80%.

The 3H counts which eluted with the RF were first corrected for the counting back-
ground, second for the 3*P-overlap, and third for an additional background due to in-
complete removal of [methyl-*H]S-AM. This background was determined graphically by
plotting the acid-precipitable 3H-counts versus the 32P-counts for each column fraction.
A straight line was obtained, and the intercept with the oidinate was taken as back-
gronnd value. The values obtained varied between 10 and 75 cts/min, depending on the
concentration of [nethyl-SH]S-AM of the reaction mixture.

The ratio of ®H counts to 32 counts, corrected for tho 3H-background as deseribed
above, gives the relative incorporation of methyl groups into the substrate DNA. From
this value and the proporticn of substrate fd RF to 32P-labelled fd sB-1°B-2° RF-B, the
aumber of methy! groups incorporated per RF n.olecule was calculated. ivo paraineters
erter this calculation, the counting efficiency of *H and the specific activity of {methyl-*H]
S-AM. For the determination of the couniing efficiency, samples of [methyl-SH]S-AM
wera applied to a filter. dried ard counted with toluene scintillation liquid. For the
specific activity, the value given by the commercial source was used.

(h) DN A hydrolysis and chromatogravhy of the bases

After the modification reaction, the RF was separated from [methyl-*H]S-AM by
filtration on a Sephadex column as described above. The fractions which contained the
R¥ were pooled, and 0-2 mg of carrier DNA were added. The total DNA was precipitated
with 5%, trichloracetic acid for 30 min at 0°C, collected by centrifugation and redissolved
in 0-5 ml. of 0-2 N-NaOQII. After another precipitation with 109, trichloroacetic acid, the
DNA was re-dissolved in 0-5 ml. formic acid. The formic acid hydrolysis of the DNA was
ticn carried out as described by Wyatt & Cohen (1953). The resulting bases, together with
markers ¢f 5-methyl-cytosine and N-6-methyladenine (4 0.D.pqo units each), were
chromatographed on Whatman no. 1 chromatography paper in an ammonia-vapour phase
with n-butanol-water (86 : 14, v/v) as the solvent (Hotchkiss, 1948). After approximately
30 hr the bases were located by u.v. light. The chromatogram was cut into strips, 2 cm
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wide and 1 em long (i.e. in the direction cf solvent migration). Since snough counts were
available, the strips were direcily placed into vials, toluene scintillation fluid was added,
and the radioactivity was determined.

(i) Other methods

The techniques used to assay bacteriophage fd and to prepare phage stocks were those
described by Arber (1966), except that the host cells were grown in Tryptone broth with-
out maltose. Assays for infectious RF were carried out according to Benzinger (1968).
Protein was determined by the method of Lowry, Roscbrough, Farr & Randall (1951),
and phosphate concentration by the method of Chen, Toribara & Warmer (1956).

3. Results
(a) Correlatior. of B-specific modification with methylation of DNA

S-adenosylmethionine is required for in viiio B-specific modification (Kiihnlein et al.,
1969). The role played by S-AM iun this reaction was explored in the experiment
presented in Figure 1. T'wo reaction mixtures for ¢n vitro modification were prepared
with [methyl-SH]S-AM. Unmodified replicative form of id DNA (fd RF-0) was added
as substrate to one reaction mixture and B-modified f{d RF (fd RF-B) to the other.
Both were incubated at 37°C for five hours, allowing extensive B-specific modification,
and then dialysed in order to remove most of the unincorporated radioactivity. The
DNA was reisclated and analysed by sucrose-gradient sedimentation. Assays of the
gradient fractions for biological activity revealed two peaks. Their relative positions
correspoud to those expected for the two forms of fd RF, i.e. RF I (24 s, supercoiled)
and RF IT (19 s, nicked) (see Marvin & Hohn, 1369). Both peaks cbtained with the
unmodified substrate, fd RF-0, contained radioactivity, indicating incorporation of
3H-lavel into the DNA. No such incorporation was obtained with the B-modified
substrate, fd RF'B. These observations demonstrate a correlation between B-
specific wnoditication and transfer of the methyl group of the S-AM to the DNA
substrate.

The chemical nature of the reaction product was further analysed (Fig. 2). A sample
of fd R¥'0 was modified in witro, purified from non-integrated radioactivity and
hydrolysed with formic acid which degrades DNA into bases. These were analysed by
paper chromatography together with 5-methyleytosine and XN-8-methyladenine
mearkers. The radicactivity of the hydrolysate migrated with N-6-methyladenine.
Hence, the product of B-specific modification is V-6-methyladenine, and the modifica-
tion enzyme is a methylase, to be called DNA methylase M- B as suggested by Arber &
Linn (1969).

(b) Characterizaiion of specificity site mutants of fd

If phage {d is grown alternatively on host strains of type 0 ard of type B, each
infection of B selectively favours the growth cf mutants of fd, which are less efficiently
restricted by B than wild type phage. Such mutants are eventually highly enricked
and may form the majority of the phage population. The foilowing typical experiment
made with non-mutagenized phage fd confirms preiiminary data published by Arber
& Kiihnlein (1967). After three selective cycles of fd on host B and readaptation of the
phage to strain 0, phage lysates were tested for mutants. Among 60 isolates from two
independently cycled lysates, approxirately 709%, had a relative infeciivity on B
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Fic. 1. Incorporation of radioactivity from [methyl-*H]S-AM into fd RF during i wvitro B-
specific modification.

Samples of fd R¥-0 and fd I.T™B were exposed to the modification enzyme in the presence of
{methyl-*H}S-AM and analysed on a sucrose gradient. The reaction mixture (130 pl.), with the
composition described in Materials and Methods, contained 50 un [methyl-°II}S-AM (specific
activity 4:2 Ci/m-mole), 5 x10~2 mg/ml. of the purified enzyme fraction and 2-:5 X 10~2 mg/ml.
of RF. After incubation for 5 hr at 37°C the reaction mixtures were dialysed for 30 hr against
4 x509 ml. of 10-3M-ED'TA, 0-02 M-glycine-NaOH (pH 9-5). The 2 sumples were iayered on
5.mnl. sucrose gradients (5% to 209, sucrose in 10-° M-EDTA, 0-02 M-glycine-NaOH (pH 9-5))
and centrifuged in a Spinco SW39 rotor for 6 hr at 35,000 rev./min at 15°C. Fractions of 0-2 l.
were collected through a hole punched in the bottom of the tubes. The ®H counts of the fractions
{—3— B —) were determined by counting 0-1-ml. samples in 10 ml. Bray scintillation liquid. The
mfectivity (—Q—(QO—) was determined by plating on spheroplasts prepared from strain 991 as
described by Benzinger (1968).

(plaque forming units on strain B divided by plaque forming units on strain 0) of
3-2x 102 (Table 1). The remaining 309, had retained the restriction response of the
wild type phage, i.e. a relative infectivity on B of 7 X104

To four of the mutants (two of each lysate) the same enrichment procedure was
applied again. Thirty phage lines were tested of each of the four lysates. Onthe average
299 of the isolates still grew with an efficiency of 3 X 10~% cn B, while 809, were new
mutants which had entirely lost their sensitivity to B-specific restriction. These
phages are believed to be double mutants.

Together with other results tc be discussed below, these data are taken as evidence
that the DNA of phage fd carries two sites with afiinity for B-specific restriction, each
of which can be lost by mutation. According to the nomenclature of Arher & Linn
(1969), the intact specificity sites will be called sB-1 and ¢B-2 and their loss will be
indicated by the symbols sB-1° and sB-2°, respectively. Thus the one step mutants are
either sB-1°sB-2 or sB-1sB-2° and the double mutants are sB-1°sB-2°. OQur experiments
do not reveal whether a particular mutant with restriction response at the intermediate
level has Jost the specificity site I or the specificity site 2. The mutant strain 101 used
for further experiments is arbitrarily called sB-1°sB-2.

Besides their changed properties towards B-specific restriction, no difference be-
tween any of the mutants tested and the wild type phage could be detected. The
Plaque morphology, the yield of phage in lysates grown on host 0 and the sensitivity of
the mutants towards Pl-specific restriction were not altered.
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Fi1a. 2. Chromatogram of the methylated bases of in vitro modified fd RF

The reaction mixture for modification was as indicated in Materiels and Methods, with
5-3 X 30~3 mg/ml. of the enzyme fraction, 5 X 16~2 mg of fd RF-0/ml. and 14 pm [methyl-*H}S-AM
(specific activity 4-7 Ci/m-mole). Incubation was vvernight at 37°C. The RF was purified from
[methyl-*H]S-AM, hydrolysed and the buses separated a3 indicated in Materials and Methods. The
squares indicate regions of auvthentic 5-méthylcytosine (5-MeCyt) and N-G-methyladenine
(6-MoetAde) localized by their absorption of ultraviolet light.

TaBLE 1
Relative infectivity on B of bacteriophage fd and of its specificity site mutants

Strain Genetic symbol  Grown on Relative infectivity on B
0 0-0007
Wild-iype fd sB-1 sB-2
B 1
13-1°B-2 .
Ono-step 8B-1°sB-2 0 9032
mutants or ‘
sB-1 sB-2° B 1
" : 0 1
Two-step sB-1°5B-4°
mutants "B 1

The relative infectivity on B was determined by dividing the number of nlaques formed on’

the B-strain 2027 by the number of plaques formed on the 0-strain 991. Strain 991 was used to
grow stocks of unmodified phege, and strain 2027 was nsed to produce B-modified phage. The
designation of the one-step mutants is arbitrary. As discussed in the text, they might iuclude the
two classes 8B-1°sB-2 and sB-1 sB-2°.

(¢) The sensitivity of the replicative form of specificity site mutants of fd to
DN A methylase 3 - B and the quantitation of methylation

Having defined specificity site muatants as refractory to B-specific restriction, we
examined whether the P.F of such mutants is sti'l 2 substrate for methylase M- B,
i.e. whether mutated sites undergo modification.

The unmodified replicative forms of fd sB-7°¢B-2 (strain 101) and of fd sB-1°B-2°
(strain 601, derived as a second-step mutant from strain 101) were isolated, and their
capacity to accept methyl groups in the modification reaction was compared with that
of the wild type REF. In these experiments, the RY¥ samples to be tested were mixed in
known proportions with 32P-labelled fd sB-1°sB-2° R¥*B whkich is refractory to 3H-
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incorporation (see below). After overniglit incubation to allow the completion of the
reaction (see section d), the [methyl-*H]S3-AM was separatéd from the RF by
filtration on Sephadex G100. The RT contained in the columr fractions was precipi-
tated, collected on filters and the ratio of *H counts : ®?P counts was measured.

The results are summarized in Table 2. The amount of *H counts incorporated per
RF molecule of the mutant fd sB-1°sB-2 was half of that found with the RF of the
wild type phage. Essentially ro incorporation was obtained with RF of the double
mutant fd sB-1°sB-2° as substrate. Again, the 7% vivo modified wild type RF, {d RF-B,
run as a control, gave very little incorporation.

The calculation of the number of methyl groups incorporated per RF molecule was
based on the specific activity of the [methyl->H]S-AM as given by the producing firm
and on a molecular weight of {d RF of 4 x 1G¢ daltons (see Marvin & Hohn, 1969).
The values obtained were 4-5 methyl groups incorporated per wild type RF molecule,
and 2-2 methyl groups per R¥ for the mutant sB-1°sB-2. One specificity site would
tLus receive two methyl groups in B-specific modification.

TasrE 2
Relative incorporation of methyl groups into RF premared frem phage
Jd and from iwo of its specificity site mutants

Incorporation of methyl groups
RF concentration
of reaction mixture
(mg/ml. X 10?%)

Bubatrate 3H cts/mg of

of RF

: Relative incorporation
Ratio of methyl groups/R¥

SH cts : 32P ot

(cts/min X 10-3) molecule
X ] 073 072 4320 10n0
Id 4B-1 ¢B-2 RF-0 1.45 135 £060 =1009%,
0-75 0-36 2100
fd 4B-1°sB-2 RF-0 1-39 . 065 2100 499,
1-50 0-67 1850
fid ¢B-1°sB-2°RF-0 145 0-03 90 29,
{1 48-1sB-2 RF-B 1-58 010 280 7%,

The methylation reactions were carried out as indicated in Materials and Mcthods. The volume
«f the reaction mixtures was 50 ul. and contained 8G pM of [methyl-3H1S-AM (sperific activity
4-2 Ci/m-miole), 6 x10~2 mg/ml. of the euzympe fraction, 43,600 cte/mirn/ml. of 32P-labelled fd
#B.1°¢8-2° RFB (approx. 4 X 10~ ¢ mg/ml.), and the ariounts of unlabelled RF indicated. Incuba-
tion was carried out for 12 hr et 37°C. The [methyl-H]S-AM was removed and the incorporation
of °H was determined as indicated in Materials and Methods.

{d) Kinetics of the vncorporation of methyl groups :

The incorporation of methyl groups into fd sB-1°B-2 RF as a function of time is
represented in Figure 3. In the course of about 4 hr of incubation the incorporation of
methyl groups, measured as the ratio of 3H counts : 32P counts, reaches a saturation
kvel. Upon further addition of RF, the incorporation of methyl groups resumes,
indicating that the plateau is not due to exhaustion of S-AM or inactivation of the
emzyme during the reaction.
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F16. 3. Incorporation of maethyl groups as a function of the time of incubation.

The reaction mixtures (0-4 ml.) contained 90 um [methyl-3H]S-AM (spec. act. 4-2 Ci/m-mole),
5-2 X 10~ 2 mg of the purified enzyme fraction/ral., 54,6C0 cis/min/ml. of 32P.labelled fd «B-1°B-2°
RF-B (approx. 3-3 x10-% mg/ml.) and 1-1:710~2 mg/ml. of fd sB-1°B-2 RF-0. At the times
indicated, samples of 20 ul. were removed and the ratic of 3H counts : 32P counts of the RF was
determined as described in Materials and Methods (). After 480 mirn of incubation, additicnsl
fd sB-1°sB-2 RF-0 was added to a portion of the reaction mixture to give a total RF concen-
tration of 2-0 x10~2 mg/ml. (A).
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Fic. 4. Semilogarithmic plot of the time-dependance of the methylation reaction.

From the data represented in Fig. 3, the values 1/E XIn(M,/M, — M) were calculated and
plotted versus the time of incubation. £ = enzyme concentration, M, = saluration value of the
ratio of °H counts : 32P counts, M = ratio of *H counts : °2P counts at time ¢. The points were
calculated from the beginning of the reacticn (i, = G-4 ; Q) and from the reaction where addi-
tional RF had been added (M, = 0-8 ; A). A similar experiment was carried out with wild type
fd KF as subsirate (M). In this reaction the [methyl-SH]S-AM was 34 uum anc the enzyme couven-
tration 4-7 X 10~ 2 mgfml.

The semilogarithmic plot of the time dependence of the methylation reaction gives a
straight line as expeeted of a first-order reaction. The same result was obtained with
the wild type RT which carries twice the number of methyl acceptor sites per molecule.
Again the reaction follows first-order kinetics and the velocity constant is the sanie as
for the mutant RF (Fig. 4).

In agreement with first-order kinetics, the velocity of methylation is proportionai
1o the enzyme concentration (Fig. 5) and the S-AM dependence of the reaction follows
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sfichaelis-Menten kinetics (Fig. 6). The Michaelis constant is 4 X 10~¢ m. This value is
io times lower than the value for the DNA methylases isolated by Gold & Hurwitz

(1064).
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Fia. 5. Dependence of the reection velccity upon the enzyme concentration.

The resection mixtures (0-105 ml.} contained 35 um [meihyl-*H}S-AM (spec_. a_.ci;. 4'-7 Ci/
m-mole), 3:6X10-2 mg of fd sB-7°B-2 RF-0/ml. and the amounts of enzyme x'ndxcv,tea. T}}e
volumes of the reaction mixtures were adjusted with 509, glycerol. After incL}batlon for 40 min
at 37°C, 820 ¢ts/min of 3°P-labelled fd #B-1°B-2°RF-B were added and tha ratios of *H counts to
1p counts were determined s described in Materials and Methods.

S/v (arbitrary units)
- N
1 I

\

ol ] 1
) 30 60

S-AM ccncentration { M)

F1c. 6. Lineweaver—Burk plot of the S-AM dependcnce of the methylation reaction.

The reaction mixtures {0-1 ml.) contained 1-4Xx10-2 mg of the enzymeo prepa,ration/ml‘.,
31x10-3 mg of £d sB-1°sB-2 RF-0/ml. and the amount of [methyl-3FI]S-AM (spec. act. 4(-7 Cl{>
m-mole) indicated. After incubation for 40 min at 37°C, 1290 cts/min of 22P-labelled fd 83-1 83-2
KF-B wero added to each reaction mixture and the ratio of °H counts : 32P counts was3 detcrmined
aa indicated in Materials and Methods. In the Figure, the values Sjv (S = concentratiou of S-z_\M,
¢ = ratio of 3H cts : 32P cts after 40 min of incubation) are plotted versus the S-AM concentration.
The intercept with the abscissa is the negative value of the Michaelis coustant.

4. Discussion

Good experimental evidence has now been obtained that nucleotide methylation is
the chemical basis for B-specific modification of DNA. The in vivo data presente.d by
Senith et al. (1972) show that B-modified phage fd DNA contains a twofold hlghf&l‘
level of N-6-methyladenine than unmodified fd DNA. The in vitro data presented in
this paper demonstrate that the B-modification enzyme is a methylase: it transfers the
wethyl group of the coenzyme S-adenosylmethionine to the substrate DNA, the
“double-stranded replicative form of fd DNA. The reaction product is N-6-methyl-

sdenine, No methylation is obtained with B-modified DNA as substrate.
z
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The correlation between modification and nucleotide methylation is also reflected in
the response of specificity site mutants to modification. These mutants were isolated
as refractory to B-specific restriction. They are now found to have no affinity for B-
specific methylation, both #n vivo and ¢n vitre. The simultaneous loss of sensitivity for
restriction and modification indicates that the two responsible enzymes recognize the
same base sequences on the substrate DNA. However, only the mutated specificity
sites of strain 601 have been tested, and we do not know whether restriction refractory
sites can be obtained which still accept strain-specific methylation.

The strains of fd which arc completely refractory to B-specific restriction could only
be obtained in two discrete steps of mutation. This is taken as evidence that the DNA
of wild-type fd carries two B-specificity sites. Support for this thesis comes (1) from
Linn’s (personal communication) electron microscopical observation that in vitro B-
specific restriction of the circular replicative form of fd produces two DNA fragments
of unequal length, and (2) from the quantitative measurement of B-specific mothyla-
tion of fd and itz mutants (see below). Two B-specificity sites are also carried on the
DNA of phage f1, a close relative of fd. The sites of f1 have been genetically mapped
(Boon & Zinder, 1971). '

Wiid-type fd with two B-specificity sites bypasses restriction with a probability
amounting to roughly the square of the value fourd for the mutants which have lost

one of the sites. This observation indicates that successful infection of restrictive

bacteria with DNA molecules carrying a small number of specificity sites is primerily a
function of the number of sites recognized by the host-specificity enzymes, and only
secondarily a function of “‘exceptional’ host cells, which are belicved to determine
whether o DNA molecule with a higher number of specificity sites escapes restriction
(see Arber & Linn, 1968). '

The number of methyl groups incorperated per fully modified RF molecule is close
to 4 for the wild type fd and 2 for the mutant fd sB-1°sB-2. Thus, each B-specificity
site of the double-stranded RF receives two methyl groups in complete modification.
Experiments of Kellenberger, Symonds & Arber (1966) and of Meselscn & Yuan (19€8)
indicate that odification alters both strands at each specificity site. Cue might
consequently expect that the two methyl groups of a modified site are located on
cpposite strands of the DNA. This conclusion is supported by the result of Smish ef al.
1972) that in vivo modified single-stranded fd DNA carries one X -6-methyladenine
per B-specificity site.

The methylation reaction is of first order and the §-AM dependence of the reaction
velocity follows Michaelis-Menten kinetics. These data indicate that the four mcthyl
groups of modified fd RF (two per specificity site) are transferred to the DNA in
independent reactions with almost identical rate constants. The 2qual reactivity of the
mathyl acceptor sites suggests that (1) the specificity sites have similar structures (i.e.
base sequences) and (2) the sites themselves possess an internal symmetry which allows
the enzyme to react with equal probability with either of the strands. Kelly & Smith
(1970) have determined part of the base sequence of the sites which are recognized by a
restriction enzyme from Haemophilus influenzae. They found that ali these sites
contain the sequence pGpTpPy’ pPupApC (the apostrophe indicates where restriction
scission occurs). This sequence is symmetric: the complementary scquence, also read
in the 5’ to 3’ direction, is again pGpTpPy pPupApC. It is not yet kingwn if symmetry
is also a property of the B-spacificity sites. However, the kinetic of B-specific methyl-
ation is suggestive.
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