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s N-6-methyladenine is the only metiyiated base detected in baereriophage fd
DNA. Tts frequeney is (i host dependent: fd grown on a sirain pv‘ovld ing B-specific
modification to DNA cacrics twice as many methyl meiet.es in its DNA as phage
grown on a non-tuodifying host; and (2) dependent on the number of sites with
affinity for B-specific restriction: the DNA of a B-restriction insensitive donble
mutant of fd is only half as much methylated after growth on R as its wild type
parent.

R

B "t'hese results permit one to cerrelate methylation of specifically located adsnines

¢ with B-spceific modification. Quantitative measurements suggest that onc
N-s-methyladenine is carried per B-host sperificity site on the modificd, single
stranded fd DNA. Wild-iype 1d has two such sites. The remaining methyl groupa
are probebly wnrelated to B.modiScation. The biological function assigred io
methylation brought about by B-specific modification is the protection of the
DNA from its destruction by restriction endonuclease R-3

1. Introduction

A hywvothesis explaiuing the chemical nature of DNA modification by Escherichia col
&s nucleotide methylation is based on the observations that S-adenosylaethionine or
methionine, a precursor of S-adencaylmethionine, are required for modification in vivo

E (Kleir & Sauerbier, 1965; Arber, 1955) and that S-adenosylmethicuine is required for

B-specific modification #n vifro (Kithn'ein, Linn & Arber, 1969). S-adenosylrnethionine
is the methyl donor in cnzymic methylation of nucleic acids (Gold & Hwirwitz, 1963,
1964a; Fujimoto, Srinivasan & Borek, 1965). Direct evidence for this hypothesis was
sought by comnparing the frequency of methylated bases in modified and unmodified
TiNA, bat no sigrificant results were obtaned with either phage A DNA or bacterial
DNA (Ledinko, 1964; Klein, 1965; Gough & Lederberg, 1966; Lederberg, 1966;
Smith, Wood & Arber, cited by Arber, 1968 ; Mamelak & Boyer, 1970}, indicating that
only a minor fraction, if any, of the methylated bases in these DNA’s are involved in
strain-specific modification.

’ in the expuriments presented here, we determined the methylated bases contained

‘ in the DNA of phage fd. The low over-all methylation of fd DNA made it possible to

+ Paper XIII in this series is Lark, C. & Arber, W. (1970). J. Mol. Biol. 52, 337

$ Present address: Biozentrum der Universitat basel, CH-4056 Basel, Switzerland.

§ Prosent address: Departmont of Biochemistry, Stanford University Medical School, Stanford,
Calif. 91305, U.S.A.
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2 J. D. SMITH, W. ARBER AND U. KUHNLEIN

detect a difference between B-modified and unmodified DNA and thns to correlate
B-modification with the methylation of certain adenines. Preliminary data were
reported by Arber & Smith, 1966, Abstr. 5, Internat. Cong. Microbisl, Moscow, and
an accompanying paper confirms our conclusions by determining the products of in
vitro B-specific modification (Kiihnlein & Arber, 1972).

2. Mazterials and Methods

(a} Bacterial and phage strains

All strains are derivatives of E. coi¢ K12 and have been described previously (Arber,
1966). They are methionine auxotrophs and have the following host-specificiry phenotypes:
991 is rim¢ {strain K), 993 is rymy (strain 0), and 2027 is an rimj trensduction hybrid
(strain B) with the :najor part of its chromosome derived from K12.

The restriction and modification properties of phage fd were described by Arber (1966).
td sB-1°sB-2° (strain 601) is a double mutant which has lest its sensitivity towards
B-restriction (Kihnlein & Arber, 1972).

(b) Media
1 m-Tris buffer: 12:19%, Tris, 5% NaCl, 1% NH,C! (pBH. 7-4}. Tris mediurn: 9-1 ar-Tris
buffer, 10-3 wm-MgSO,, 10-% m-CaCly, 4-9x10-% M-Na,HPO,, 2-2x 10-* m-KH,PO,,
0-4% ghicose, 0-01%, gelatine, 9 ug L-methionine/ml. (pH 7-4). For strein 2027, the medium
contained in addition, £5 xg L-leucine/ml. Where indicated, adenine (20 pz/ml.) and uridine
(20 pg/ml.) were added during the periods of incubation with radioactive methionine.
Phosphate buffer: 0-7% Na,HPO,, ¢-49%, NaCl, 0-3% KH,FO, (pH 6-9).

(c) Preparation of phage fd DNA

The host bacteria wore grown in 10 ml. of Tris medium to a concentration of 108
cells/ml., centrifnged and resuspended in 1 ml. of the same medium lacking methionine.
The cells were infected with properly modified phage at a multiplicity of 0-1. After 20 min
at 37°C without aeration 39 ml. of Tris mediura containing 9 pg L-[methyl-1*Clmethionine/mi
{29-1 Ci/umole unless ctherwise stated ; Radiochemical Centre, Amersham) and. a known
ainount of [32PJorthophosphate (Radiochemical Centre, Amersham) were auded, and the
incubation was continued with aeration for 6 hr. Chloroform was then added and the phage
separated from bhacteria and debris by centrifugation at 4000 g. Where indicated the
supernatant was treated with pancreatic DNase (1 pg/ml.).

The phage was purified by either of two methods. (a) The piiage was sediraented into
layers of CsCl with increasing densities (1:27 to 1:77 g cm =3 in 0-1 m-Tris buffer). The phage
was located by plaque assay, dialysed against 0:02 m-Tris buffer, 0-001 >-EDTA, treated
with parcreatic RNase (10 pg/ml.) for 30 min at ¢°C and again sedirnented into CsCl.
Finally the phage was purified by equilibriuin density-gradient centrifugation in CsCl
(1-30 g em=-3 in 0-1 M-Tris buffer). The purified phage was dialysed against 0-C2 a-Tris
buffer, 0-001 M-EDTA.

(b) To the 40 ml. phage lysate, 16 ml. of 309, polyethelene glycol 6,000 (Carbowax,
Union Carbide), 1-2 ml. of 209 dextran sulphate 500 (Pharmacia Chemicals, Tppsalaj,
and NaCl to give a final concentration of 28 mg/ml., were added. After vigorous mixing,
phase separation was achieved by ‘centrifugation for 10 min at 1000 g. The iower and upper
phase were removed and the phage contained in tho interphase was further purified by one
or two repetitions of the two-phase separation. The final interphase was resuspended in
2 ml. ¢f 002 M-Tris baffer. Then, the remaining dextran sulphate was precipitated by
adding 0-15 vol. of 3 M-KCL After 2 hr at 9°C, the precipitate was rernoved by centrifuga-
tion at 4000 g. The phage suspension was treated with RNase as under (a) and dialysed
extensively against 0-02 m-Tris buffer containing 20-fold diluted phosphete buffer and
0-019% gelatine and finally against 0-02 M-Tris buffer, 0-001 M-EDTA.

The DNA was isolated from the purified phage by two successive phenol extractions at
room temperature. The two supernatants were pooled and the phenol rermoved by ether
extraction.

() Method (1)
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(d) Analysis of the fd DNA

(i) Method (1)

The DNA was hydrolysed with. HCIC, according to Wyatt (1951). The hydroly=ate was
diluted with an equal volume of water, centrifuged to remove the carbon, and then 30 ul.
of the supernctant containing 25 g each of carrier N-6-mcthyladenine and 5-methyl-
eytosine were placed near the corner of a sheet of Whutinan no. 1 paper and chromato-
graphed in isopropanol-water (65:35, v/v)-2 N-HCl (Wyatt, 1951). The area containing
cytosine, 5-methyleytosine end N-6-methyladenine was chromatographed in a second
dimension in n-butanol-water—-33% aqueous ammonia (86:13:1, by vol.). Cytosine,
5-methyleytosine and N-6-methyladenine separate in that order of increasing Ry value.The
5-methylcytosine and N-6-methyladenine spots, located in ultraviolet light, as well as the
incrganic phosphate spot, were cut out and counted on the paper in a scintillatio:n counter.
‘The counting efficiencies of 14C and 32P, used to caleulate the frequency of methylated
basos of the DNA, were determined by counting standards of 1.-{methyl-1*Clmethionine and
132p jorthophosphate under the same conditions. :

tii) Meihod (2)

The DNA together with 0-5 mg carrier salruon sperm DNA was adjusted to 0-15 M with
ammonium acetate and precipitated with 2 vol. of ethanol. The precipitate was washed
with 709, ethanol, 0-02 M-ammonijum acetate and dried. The DNA was redissolved m 0-12
ml. of 0-02 M-Tris-HCI (pH 7-6), 0-002 M-magnesium acetate, containing 40 g pancreatic
DNase, and incubated fcr 1 hr st 37°C. Then the pH was adjusted to 8-9 by addition of
5 ul. of 2 M-Tris. 5 pl. venom phosphodiesterase (1-5 mg/ml.; Worthington) was added and
the incubation continued for 2 hr. 50-pl. fractions were placed neur a corner of a sheet, of
Whatman 3 MM paper and run on electrophoresis in 0-1 M-amrmonium formate buffer (oH
3-5) to sepsrate the 4 major nuclectides (IV-6-methyldeoxyadenylic ucid and 5-methylde-
oxyeytidylic acid migrate with deoxyadenylic acid and deoxycytidylic acid, respectively).
The areas containing deoxycytidylic, deoxyguenylic and deoxythymidylic acid were
located with ultraviolet light, ecut out and counted in a scintillation counter. A strip con-
taining the combined deoxyadenylic and N-6-methyldeoxyadenylic acid spot was cut out.
5 n-HCI was run down the strip to cover the spot and the paper was dried at room tem-
perature. This treatment hydrolysed the nucleotides to the corresponding purines. 30 pg
AN'.¢-methyladenine was placed over the adenine spot and the two bases were separated by
chromatography in n-butanol-water-339%, aqueous emmonium as under method (1). The
ereas containing N-6-methyladenine and inorganic phosphate were cut out for radioactive
measurements.

3. Results

(a) Identification of the methylated bases in jd DN A

Phage fd- B, fd-0 and fd-X were grown on host strains B, 0 and K, respectively, in
medium suppleraented with L-[methyl-1*Cjmethionine. Free DNA in the Iysates was
degraded with pancreatic DNase and the phage purified. The phage DNA swas then
extracted and examined by two methods for the presence of *C-labelied methyl
groups.

In method (1), the DNA was hydrolysed with HCIO,, and the bases were separated
by two-dimensional paper chromatography (see Materials and Methods), together with
warkers of 5-methylcytosine and N-6-methyladenine. All the radioactivity was found
to migrate together with N-6.methyladenine.

In mecthod (2), the DNA was treated with pancreatic DNase and venom phosphodi-
esterase, and the resulting 5'-nucleotides were separated by electrophoresis at pH 3-5.
Only the area of deoxyadenylic acid and N-6-methyl-deoxy-adenylic acid (the two
tompounds do not separate) was radioactive. The nucleotides of this region were
bydrolysed with HCI and the adenine and the N-6-methyladenine were scparated by
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chromatography. Again, the radioactivity comigrated with a marker of N-6-methyl.
adenine.

We conclude that adenine is the only base of fd DNA to receive methyl groups from
methionine during growth in any of the host strains used. In particular, no 5-methyl.
cytosine could be detected.

(b) Extent of methylation of unmodified and B-modified fd DN A

Phage fd was grown on various host strains in medium containing L-[methyl-1C]
methionine and {32PJorthophosphate. The DNA was analysed as described above,
except that counting of the 322 spots of the chromatograms permitted one to measure
the amount of DNA, i.e. the total DNA in method (1) and the adenine nucleotides in
method (2). The number of ¥-G-methyladenines was calculated from these determina-
tions by assuming that the specific activity of 32P in {d DNA was the same as that of
the exogenous 32P and that the specific activity of *C in N-6-methyladenine was the
same as that ia the exogenous *C in methionine. It was further assumed that one
DNA mclecule contains 6600 nucleotides (see Marvin & Hchn, 1969) and that it has
an adenine content of 23-59%, (our own determination, in agreement with the vaiue of
24-49%, puklished by Hoffmann-Berling, Marvin & Diirwald, 1963).

The results presented in Table 1 (for method (1)) and in Table 2 (for method (2))
show that B-modified fd DNA is consistently more methylated than unmodified fd
DNA. The average number of N-6-methyladenines per fd-B DNA molecule was 3-8
{with individual determinations ranging between 4-9 and 2-7), while it was only 1-8
(with individual determinations between 2-0 and 1-7) for fd-0 DNA. We attribute the
higher N-6-methyladenine content for fd-B DNA to B-specific medification.

Phage fd grown on strain K carries the same number of methylated moieties as the

TaBLE 1
N-6-methyladenine content of the DN A of fd-B, fd-0, and fd-K as determined by
* method (1)
. 6-MetAde
Experiment So;;rlse A of Analysis ?O;Gilgl)‘qA (6 -g:lt;:;le residues/6600
- n p nucleotides
I fd-B a 185 915 3-66
b 15-9 7-95 3-30
I fd-B a 167 12:3 4-88
b 19-7 14-3 4-80
fd-0 a8 21-0 6-2 1-95
b 30-4 9-3 2-02
faK a 15-8 4-1 1-73

Phage fd was grown in Tris medium supplemented with [32PJorthophosphate (0-06 xCi/ml. in
experiment I and 0:17 uCi/ml. in experiment II) and L-[methyl-14*C]methionine (batch 32, 29-1
uCifumole), treated with DNase, and purified. The DNA was extracted and analysed according
to mothod (1) by base hydrelysis and 2-dimensional chromatography. The amcunt of N-6-methyl-
adexine (G-MetAde) was determined from the radicactivity (14C) of the corresponding area of the
chromatogram and the total DNA {rom the radioactivity (3P} of the inorganic phosphate spot at
the crigin.

LI T w
(.z -

i A ed
LA mﬂly‘ﬂ”

A ALY A W WO
WDocygorm ¥ I'NA

e AR A B

$4 8

T Voing 1.5 war gro
P LAY
g te tmth IS BRI
TN goartare dolew W
mien o tael N B
P R R 1 T
e rateel By ehay e
ey, W S B $EN

she ranie edetaesty (5

wetre whifun] TdNb
tawned by anethy s
iArtar, Vimd has

fci Bedgcen
frnshe mutan
ety touanis e
Jeev s Walkd tige $
weamn 3 ared (i
S ArS R ETE NS
Lo ae mmach N b
Frvull suggprets thn

cady Jowt thear 4l

corm puar oicin b

Goraarow off TiN g

o s o e,

e n

tisdt Fofl R

M3 repem e d
svoiigen Wity CAl g g
Py & Yeuw ) oAt
pra-ilonsmi a:ry oAb §d

" & R gonie R AN ZREY. S T L PRI o
R T e . R

EETE A ey e r 2 e, N SR T S



LEIN
marker of N-6-methyl-

ve methyl groups from
articular, no 5-methyl-

ed fd DNA

itaining L-[methyl-14C]
d as described above,
mitted one to measure
adenine nucleotides in
from these determina-
as the saine as that of
1ethyladenine was the
her assuraed that one
1969) and that it has
1ent with the value of
33).

hle 2 (for method (2))
d than unmedified fd
NA molecule was 3-8
while it was only 1-8
NA. We attribute the
nodification.

rlated moieties as the

" as determired by

6-MetAde
residves/6600
nucleotides

\de
8)

3-66
3:30

4-86
4-80

1-95

2:02 9

1-73

sphgte (0-08 xCi/ml. in
uonine (batch 32, 29-1
ind analysed according
smount of N-.¢-methyl-
responding area of the
sanic phosphate spot at

HOST SPECIFICITY OF DNA b

TABLE 2
N-6-methyladenine content of the DNA of f4-E end fd-0 as determined by method (2)

Ade + 6-MetAde 6-MetAde 6-MetAde residues/

Source of DNA Analysis (nmoles) (pmoles) 8600 nucleotides
fd-B 8 3-00 5-22 270
b 374 7-82 325
fd-0 a 2:52 2-69 1-86
b - 514 343 1-69

Thage fd was grown in Tris medium supplemented with [**PJorthophosphate (0-17 uCi/ml.) and
L-{methyl-14Clmethionine (batch 37, 29-5 uCi/umole). The DNA was extracied and digested aceord-
ing to method (2) with pancreatic DNase and venom phosphodiesterase to give the 5’-nucleotides.
The nucleolides were separated by electrophoresis. The area cuntaining the mixture of deoxy-
edenylic and N-6-methyl-deoxyadenylic acid wes exposed to 5 x-HCI, in order to hydrolyse the
nucleotides to the corresponding bases. Adenine and N-6-methyladanine (6-MetAde) werv thon
soparated by chromatography. The amount of 6-MctAde was determined by couating the radio-
activity (14C) of the corresponding area and the toial adenine nucleotide concentration by counting
the radioactivity (32P) of the inorganic spot at the origin of the chromatogram.

unmodified fd-0 DNA (Table 1). Assuming that K-specific modification is also ob-
tained by methylation, it indicates that phage fd, which is not subject to K-restriction
(Arber, 1966), has also no affinity for K-modification.

(c) Reduced methylation of DNA from a restriction-insensitive jd mutant

Double mutants of phage fd had been isolated which have entireiy lost their sensi-
tivity towards B-specific restriction (Arber & Kiihnlein, 1967; Kiihnlein &. Arber,
1972). Wild type fd and one of these mutants (fd sB-1°sB-2°, strain 601) were grown: on
strain B and their DNA methylation measured according to method (2). Like non-
modified fd-0 DNA, the mutant fd DNA, although grown on strain B, carried only
half as much N-6-methyladenine as B-modified wild type phage DNA (Table 3). This
result suggests that the mutated specificity sites on the DNA of strain 601 had not
only lost their affinity for B-specific restriction, but also for B-specific modification.

TaBLE 3
Comparison between the N-6-methyladenine content of fd sB-1° sB-2°-B DNA
and fd-B DN 4

. Ade + G-MetAde 6-MetAde 6-MetAde residuesf

Source of DNA Analysis {omoles) (pmoles) 6600 nucleotides
fd-B a 2-86 5-0 2-71
b 2-78 4-9 2-73
fd sB.1° sB-2°B a 15-2 . 144 1-47
b 14-0 11-5 1-27

Wild type fd and its double mutant sB-1°B-2° (strain 601) were grown on host strain B in Tris
medium with [32PJorthophosphate (1 uCi/ml.), L-[methyl-**CJmethionine (batch 40; 25 uCi/umole),
20 #8 adenine/ml. and 20 pg uridine/ml. After treatment of the phage lysates with DNase and
purification of the phage, the DNA was extracted and analysed according to method (2).
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4, Discussion

The DNA of phage fd grown on the B-strain 2027 contains twice as much
N-6-methyladenine as the DNA of phage grownon the non-modifying strain 993. This
result was obtained in two independent determinations, i.e. by paper chromatography
of HCIO, hydrolysates of the DNA (method 1) and by electrophoretic analysis of de-
oxynucleotides from enzymic digests of the DNA (method 2). In the two experiments,
the ratio of N-6-metkyladenine carried by B-modified fd to that carried by non.-

. modified fd was 2-4 (Tzble 1) and 1-8 {Table 2), respectively. The two host strains used

had both been derived from E. coli K12: 2027 is a transduction hybrid carrying the
genes for DNA restriction and modification from E. coli B, while 993 is a restriction.-
and modification-deficient mutant of K12. It is thus likely that the increased methyla-
tion of fd-B is related to its B-specific modification. Supporting this interpretation,
when the double mutant fd sB-1° sB-2°, which is insensitive to B-specific restriction,
was grown on B, it was found to contain only half asmuch N-6-methyladenine as wild
type fd grown on the same strain (Table 3). We infer that fd sB-1° sB-2°-B does not
carry B-specific methylation and that its residual methylatiown, as in fd-0, is unrelated
to B-modification. In confirmation, replicative form prepared from fd sB sB-7° sB.2°
on strair 0 accepts no methyl group from S-adenosylmethionine upon incubation with
B-modification enzyme, but replicative form prepared from wild type fd does {Kiihn-
lein & Arber, 1972).

The accuracy in the determinations of the N-6-methyladenine content per fd DNA
molecule depended on a number of factors. Values obtained by methed 1 were some-
what higher than those obtained by method 2. Other scurces of systematic errors
might have been (1) the specific activities of the radicisotopes used as well as a possible
difference of specific activities in endogenous versus exogenous label; (2) the counting
efficiency of the radioisotoves; (3) the degree of completeness of DNA methylation; (4)
a possible leakyness of the mutation responsible for the methionine auxotrophy of the
host strains; and (5) a possible alternative methylation pathway. However, the id-B
phage used in these experiments were completely modified as defined by equal infec-
tivity on strair. B and strain O. In addition, Arber (1965) has demorstrated a strong
requirement of methionine for modification, using strains with the methionine auxe-
trophy carried by the host strains used here. Therefore, the last three sources of error
listed allove were probably minor.

The number of N-6-methyladenine attributed to B-specific modification of fd-B
DNA varied in the individuval determinations between one and ithrce per DNA
molecule, with an average made over all measurements close to two. If wild type fd

. has two B-specificity sites and its double mutant fd sB-1° sB-2° has none, as suggested

by a number of observations (Arber & Kiihnlein, 1967;. Kiihnlein & Arber, 1872;
Boyer, Scibienski, Sloeum & Roulland-Dussoix, 1971; Boon & Zinder, 1971), it is
reasonable to assume that the number of N-6-methyladenine produced on {d DNA in
B-specific modification is two or a multiple of two, each specificity site receiving an
identical number of methyl groups upon its modification. Our data would then suggest
that each B-specificity site of the sirgle stranded fd DNA becomes modified by
methylation of one adenine nucleotide.

In vitro experiments show that only the double-strarded replicative form of fd
DNA, but not the single-stranded viral DNA, is sensitive to B-specific modification
(Kiihnlein, Linn & Arber, 1969) and restriction (Linn & Arber, 1968). Upon in vitro
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modification fd replicative form receives four methyl groups (Kiihnlein & Arbc_er, 19:7 2).
If the viral strand has two, as suggested above, thc? other two N -6-metl{y1§dcn1nes
must be on the ccmplementary strand. This distribution. ?f me‘thyl greups is in agree-
ment with earlier observations that phage A DNA is modified in both strandsi at sach
specificity site (Arber, Hattman & Dusscix, 1263 ; Keller, 1664; Kellenberger, Symends
& Arber; 1966; Meselson & Yuan, 1968). . . o .

Methylation of fd DNA unrelated to B-specific modlﬁcatx.on is lo.w. B.y comparisor,
DNA of phage A0 is about 8 times and DNA of the bacterial st‘ratn 0 itself about 15
times higher methylated than {d DNA (J. D. Smith,‘W. B. Wood & W..z}rber, unpu.b-
lished results obtained with the methods used in this paPer)_. In ad:dltlon, ba-ctem?l
and A DNA contain N-6-methyladenine and 5-methylcytosme 1'n aratic of about 2 t? 1,
whereas only N-6-methyladenine was detected in fd DNA. The reason for t'he low
methyiation of fd DNA is unknown; it might be duf: to absence of accopuor sites for
mnthylatibn by the previously described methylating enzymes of E. coli (Gold'&
Hurwitz, 1963, 1964a,b; Fujimoto e al., 1965), or related to methyl transferase in-
hibitors triggered by the phage infection (Falaschi & Kornberg, 1965). If so, such
inhibitors do not prevent B-specific methylation. .

The N-6-methyladenines involved in B-specific modification are the first methyl-

" ated moieties in DNA for which a biological function is known. Less direct evidence

indicates that methylation is also responsible for DNA modification by E. coli K32

{Arber, 1965), by Salmonella typhimurivm (Hattman, 1971) and by bacteriophage P1

(Arber, 1965; Hattman, 1970). The methyl groups protect the n.lodiﬁ.ed pNA from
degracation by the restriction endonuclease, probahly by blocking bm'dmg by the
endonuclease (Yuan & Meselson, 1970). We note that methyl groups do not specifically
mark a site on the DNA, permitting site recognition by f-hfz en@onuclea‘se. I.{ather, the
methyl groups mask the nucieotide sequence of a specificity site, making it unrecog-
nizable by the restriction endonuclease.
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Research.
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