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ABSTRAcr
GOUGH, MICHAEL (Brown University, Providence, R.I.), AND SEYMOUR LEDER-

BERG. Methylated bases in the host-modified deoxyribonucleic acid of Escherichia
coli and bacteriophage X. J. Bacteriol. 91:1460-1468. 1966.-The deoxyribonucleic
acid (DNA) from strains of Escherichia coli and phage X was examined to deter-
mine whether the types or amounts of methionine-derived methylated bases present
correlated with the host-specific modification of that DNA. The DNA of strain
C600 (which has K-12 modification specificity) and of a modificationless mutant
of C600 are similar in their content of 5-methylcytosine and 6-methylaminopurine.
Strains Bc251 and its Pl-lysogen differ in P1-controlled specificity, but they have
the same content of 6-methylaminopurine, and both lack 5-methylcytosine in their
DNA. Phage X contains the same methylated bases as its host of origin, but in re-
duced amounts and in different proportions. Although minor amounts of these
methylated bases may have importance as a result of their location, the presence of
the majority of these methylated bases is irrelevant to the specificity of host modifi-
cation ofDNA.

A host-controlled or host-induced modifica-
tion is a change in bacteriophage host range which
depends on the last bacterial host for the phage
(32). Bacteriophage with a given host-controlled
specificity may be rejected or accepted upon in-
fection of a new host. When a bacteriophage suc-
ceeds in multiplying in a new host, the host
specificity of that strain may be acquired by the
newly made phage. Different types of host speci-
ficity are found in Escherichia coli strains B, C, and
K-12 (4, 6). A fourth type of specificity which
may be acquired independently and additively
by these strains is controlled by the prophage P1
(3, 27). In Fig. 1, the host specificity of these
strains is described in terms of the efficiency of
infection of these bacteria by phage X. The host-
specific patterns of restriction and modification
which apply to certain phages can also operate
to reduce the fertility of matings between these
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bacterial strains. Thus, a strain which restricts an
infection by bacteriophage grown on another
host is relatively infertile as a recipient for the
transfer of a bacterial chromosome from that
host (3, 5, 7, 8, 28, 37).

Restriction and modification of phage involve
two host activities: one imparts an identification
of the host of origin to phage; the other screens
for this host of origin. These activities are exerted
at the level of the phage deoxyribonucleic acid
(DNA) molecule, since phenol-extracted DNA of
phage X (24) exhibits the same host specificity as
the free phage in regard to infectivity (17). More-
over, this host specificity can be imparted to an
already-formed DNA molecule, since, under
certain conditions of infection, conserved phage
DNA can acquire a new modification specificity
(3).
Enzymatic mechanisms have been proposed for

host-controlled restriction and modification (27,
28). In these models, modification of DNA is
visualized as a protection against host-specific
screening activity. Protective modification carried
by DNA might operate directly by conferring re-
sistance on specific DNA sites otherwise suscep-
tible to host-specific nucleases. Alternatively, it
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FIG. 1. Host-controlled restriction and modifica-
tion in strains ofEscherichia coli. The arrows represent
infections of one strain by phage X grown on another.
The associated numbers indicate the approximate
relative efficiency ofplating ofphage X for some of the
different combinations of host-of-origin and plating
host [adapted from Bertani and Weigle (6), Arber and
Dussoix (2), Lederberg (28)]. Strains C600 and C600
rm4 have the properties of host restriction and modi-
fication characteristic of strains K-12 and C, respec-

tively. Strain Bc251, with the host specificity of strain
B, and Bc251 (P1) are used in the present work for
study of P1-controlled specificity. A qualitatively
similar scheme applies to the transfer of bacterial DNA
in matings between these strains.

might act indirectly in conjunction with host-
specific agents to form complexes which are re-

sistant to degrading activities present in all these
strains.
The survival of host-controlled modification

through the preparation of transforming DNA
argues for consideration of the loss or gain of
covalently bound groups as the molecular basis
for modification of DNA. The methyl group is a
suitable candidate for this function because of its
known presence in minor quantities in some
microbial DNA preparations (16), and because
of the nuclease resistance conferred on some
polynucleotides by methylation (18, 41). In addi-
tion, host specificities controlled by strain K-12 or

prophage PI were not imparted to phage X

propagated under methionine-deficient conditions
(2; Lederberg, unpublished data).
The present report deals with an examination

of the methylated bases and nucleosides in the
DNA of phage X and its host strains to learn
whether a correlation existed between the pattern
of methylation of DNA and host-controlled
modification. A likely source of any methyl group
which might be involved was thought to be S-
adenosyl-L-methionine for which L-methionine is
a precursor (11). This view was reinforced by the

report on S-adenosyl-L-methionine dependent
DNA methyl transferases (21). The systems
chosen for this study were C600 and a mutant,
C600 rm4, possessing K-12 and C host speci-
ficity, respectively. Strains Bc251 and Bc251 (P1)
were used as representatives of cells with and
without Pl-controlled specificity.

MATERMILS AND METHODS

Bacteria and bacteriophage. The following strains
of E. coli were employed. [Abbreviations and sym-
bols used for designations of genotype are: thr,
threonine; leu, leucine; B,, vitamin B1; met, methio-
nine; ade, adenine; lac, lactose; mal, maltose; +,
capable of producing or utilizing; -, incapable of
producing or using; T6r, resistant to phage T6; strr,
resistant to streptomycin; (P1), lysogenic for phage
P1; rm, restriction-modification mutant; int,
mutant of X not inducible by ultraviolet light; cs67,
mutant of X forming clear plaques at 37 C, and in-
ducible by heat shock at higher temperatures.] C600,
F-, thr-, leur, Bi-, lac- (1) has the host specificity
characteristic of K-12 strains in that it restricts phage
X grown on strains with the host specificity of E. coli
C (for example, C or C600 rm4) or with the host
specificity of E. coli B (for example, B or Bc251).
This strain imparts to phage X the ability to grow on
strains having K-12 host specificity, such as K-12 or
C600 (3, 6). C600 rm4, a mutant of C600 lacking the
restriction and modification activities of the parent
strain [described as C600.4 by Meselson (36)], does
not restrict phage X, but X grown on this mutant is
restricted by strains of either K-12 host specificity or
B host specificity. In this respect, strain C600 rm4 has
a host specificity identical to that of E. coli C. Bc251,
a F, mal+, X-sensitive prototroph (4) derived from
strain Bc (Ila), a prophage-cured variant of strain B,
has B host specificity in that it restricts phage X grown
on strains with the host specificity of E. coli C or
K-12, and phage X grown on this strain is restricted
by K-12 strains.

T6-resistant derivatives of C600, C600 rm4, and
Bc251 were isolated as spontaneous mutants in order
to use these strains for mating experiments reported
elsewhere. Methionine-requiring auxotrophs, in tum,
were derived from T6-resistant cultures treated with
the mutagen, l-methyl-3-nitro-1-nitrosoguanidine
(33). Adenine-requiring auxotrophs of C600 T6r
mer and C600 rm4 T6r mer were obtained from cul-
tures irradiated with ultraviolet light. The Plkc vari-
ant of phage P1 (30), which imposes an additional
restriction and modification on phage (3, 27), was
used to derive P1-lysogens from Bc25l T6r and Bc251
T6r met-.

For the preparation of labeled phage X, lysogens
were derived by use of the heat-inducible mutant,
X ind- c87 (40). These lysogens are induced to lyse
and liberate phage by a short exposure of the cells to
44 C. The host specificity characteristics of this mu-
tant X are the same as those of wild type X.

Media. Broth was 1% tryptone (Difco) with 0.5%
NaCl. Tryptone agar and soft tryptone agar contained
broth with 1% agar (Difco or Oxoid No. 3) and 0.6%
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agar (Difco), respectively. PN salts contained 0.3%
K2HPO4, 0.04% KH2PQ4, 0.2% (NH4)2SO4, and
0.012% MgSO4. PNG medium was PN salts with
0.04% glucose. PNG agar contained PNG with 1%
agar (Difco Noble). When necessary for growth,
PNG medium or PNG agar was supplemented with
20 mg of L-threonine, 20 mg of L-leucine, 1 to 2 mg
of L-methionine, 100 mg of adenine, and 1 mg of
thiamine hydrochloride per liter. For adenine proto-
trophs, 100 mg of adenine, or 50 mg of adenine and
50 mg of guanosine were added per liter of PNG
medium to prevent the synthesis of any labeled ade-
nine and guanine, detectable amounts of which are
otherwise formed.

Growth responses of the methionine auxotrophs. A
1-mg amount of L-methionine per liter of PNG
medium permitted the growth of 2.2 X 1011 cells of
all methionine-requiring auxotrophs, with doubling
times of 51 to 62 min. For strains C600 T6r mer and
Bc251 T6r met, DL-homocysteine (the purity of which
was confirmed chromatographically in solvent ii
described below) at 2 mg per liter of PNG medium
permitted the growth of 1011 to 1.5 X 1011 cells with
doubling times of 3 to 4 hr. At concentrations of 20
mg of DL-homocysteine per liter, the doubling times
approximated that with 1 mg of L-methionine. No
growth response was seen with 10 pg of vitamin B12 per
liter. These two mutants appear to be blocked before
the synthesis of homocysteine. The methionine re-
quirement of C600 rm4 T6r met- was satisfied by 10
to 100 pug of vitamin B12 per liter, but not by 20 mg of
DL-homocysteine. This mutant is probably blocked
in the synthesis of vitamin B12.

Preparation of bacterial DNA. A 40-ml amount of
a culture of cells growing exponentially in PNG
medium at 108 to 4 X 108 bacteria per milliliter was
centrifuged. The cells were washed once in PN salts
and resuspended in 100 ml of PN medium con-
taining H3- or C14-methyl-labeled methionine (New
England Nuclear Corp., Boston, Mass.). The bac-
teria were chilled and harvested after 1 to 3 genera-
tions, and the DNA was extracted and purified by
the phenol method of Saito and Miura (38). The
amount of DNA in the culture made during growth
in the labeled medium, and in the final preparation,
was determined by the diphenylamine (DPA) reac-
tion of Burton (10).

Preparation of phage DNA. Bacteria lysogenic for
X ind c07 were grown in 50-ml cultures at 30 C to a
concentration of 2 X 108 to 4 X 108 bacteria per
milliliter. The cells were warmed to 44 C for 11 min,
then chilled, centrifuged, washed once, and resus-
pended at 37 C in 100 ml of PNG medium containing
the desired label. The culture was incubated at 37 C
for about 75 min, by which time lysis was complete.
Bacterial debris was removed by centrifugation at
15,000 X g for 10 min. Phage X was collected and
washed by two cycles of centrifugation at 70,000 X
g for 75 min, then purified by equilibrium centrifuga-
tion in isopycnic CsCI solution (43). DNA was
liberated by shaking purified phage with redistilled
phenol saturated with water at pH 8.5. The phenol
was extracted from the aqueous phage with redis-

tilled ether. Phage DNA was assayed by the DPA
reaction.

Hydrolysis of DNA. Crude snake venom (Crotolus
adamanteus, Ross Allen Snake Farms, Silver Springs,
Fla.) was fractionated through the first acetone
precipitation step of Williams, Sung, and Laskowski
(44), and was purified further by the method of Keller
(25). A 10-pug amount of this preparation [in 0.5- to
1-ml reaction volume containing 0.001 M CaCI2,
0.01 M NaCl, and 0.01 M tris(hydroxymethyl)amino-
methane (Tris) buffer (pH 9.0) plus a drop of chloro-
form] rendered 8 to 25 pug of DNA ethyl alcohol-
soluble in 6 to 16 hr at 30 C. Three to eight units of
purified bacterial alkaline phosphatase [a gift from
Atsuo Nakata; a unit is that amount of enzyme which
will produce a change in optical density at 410 mju
of 1 per minute at 37 C when the substrate is nitro-
phenolphosphate at 0.2 mg/ml in 1 M Tris buffer,
pH 8.0 (20)l were then added, and the incubation
was continued for 6 to 8 hr. Protein was precipitated
with cold 5% perchloric acid (PCA) and discarded.
The preparation was then neutralized, and reduced in
volume to less than 0.01 ml by freeze-drying. The
deoxyribosides in the final preparation were assayed
with DPA and separated by chromatography.

Chemical hydrolysis was carried out by the method
of Marshak and Vogel (35) with the use of 1 pAliter
of 70% PCA per 70 pg of DNA. When necessary,
unlabeled carrier DNA was added to bring the total
DNA to be hydrolyzed to 70 pig or more. After hy-
drolysis, the residue was extracted three times with
20 pliters of water, and the combined extracts were
applied to Whatman 3MM chromatography paper.

Chromatography. The solvents used were (i) n-buta-
nol-water (86:14, v/v) in troughs with 5% ammonium
hydroxide in n-butanol-water in the bottom of the
tank (34); (ii) 2-propanol-concentrated HCI-water
[176:44:30, v/v/v (45)]; (iii) 2-propanol-concen-
trated HCl (176:44, v/v). Chromatographic separa-
tions were made with Whatman 3MM paper at 20 to
22 C. Ascending solvent fronts were allowed to migrate
15 to 20 cm; descending fronts moved 35 to 40 cm.
Reference standards of adenine, cytosine, guanine,
thymine, 5-methylcytosine (5MC), and 6-methyl-
aminopurine (6MAP), or their deoxyribosides (Cal-
biochem) were included in each separation.

Measurement of radioactivity. Chromatograms were
cut into strips, 2 cm wide and 1 cm in the direction of
solute migration, and immersed in vials of scintilla-
tion solution [4 g of 2,5-diphenyloxazole and 0.05
g of 1 ,4-bis-2-(5-phenyloxazolyl)-benzene per liter of
toluene]. Radioactivity was measured with a Packard
Tricarb or Nuclear Chicago scintillation counter.
Standards were prepared with measured amounts of
H3-methyl-methionine and C'4-methyl-methionine on
Whatman 3MM chromatography paper.

Calculation of the content of methylated bases. For
methionine prototrophs, it was assumed that the
methyl transferases acting on cytosine and adenine
residues used the same methyl donor pool. Therefore,
the relative amounts of different methylated bases
were computed from the relative amounts of radio-
activity in the different regions of the chromatograms.

For methionine-requiring auxotrophs, it was fur-
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TABLE 1. Methylated bases in perchloric acid digests of the DNA of Escherichia coli*

Radioactivity (count/min) in Amt Radioactivity (count per
chromatogram regions (moles X10-) mbaes per unit of DNA Ratio of

Strain of labeled inbssprunto N MC-6MAP
DNA radioactivity

SMC 6MAP hydrolyzed 5MC 6MAP

C60 rm4 T6r ................. 348 596 159 2.2 3.7 0.58
C600 T6r . ........ 151 260 60 2.5 4.3 0.58
Bc251 T6r .. 0.3 523 90 0.003 5.8 <0.001
Bc251 T6r (pl) . 1.1 1380 288 0.004 4.8 <0.001

* Cells of all strains were grown under identical conditions in the presence of 1 jug per ml of C'4-
methyl-labeled L-methionine (6.3 counts per min per picomole). The DNA was extracted and hydro-
lyzed with PCA as described in Materials and Methods. The liberated bases were separated by descend-
ing chromatography in solvent i followed by ascending chromatography in a second dimension in
solvent ii. The amount of DNA made during the period of isotope labeling was determined by a diphe-
nylamine assay.

ther assumed that the original specific activity of the
input methionine was maintained during the incuba-
tion of cells with this supplement. This specific ac-
tivity, the radioactivity of the chromatograms, and
the amount of DNA synthesized in the presence of
label permitted an estimation of the number of bases
in DNA with methyl groups derived from methionine
(see Discussion).

RESULTS

Methylated bases present in the DNA ofE. coli.
Methionine prototrophs E. coli C600 T6r, C600
rm4 T6r, Bc251 T6r, and Bc251 T6r (Pl) were
grown in the presence of H3- or CG4-methyl-labeled
methionine. The extracted DNA was hydrolyzed
with PCA; the products were separated by chro-
matography in solvent i followedby solvent ii. The
results listed in Table 1 show that strains C600 T6r
and C600 rm4 T6r produced labeled 5MC and
6MAP in their DNA, and that the ratio of5MC to
6MAP was about 0.6 in both strains. Strains
Bc251 T6r and Bc251 T6r (Pl) produced labeled
6MAP, but their labeled 5MC was less than 0.001
that of their 6MAP. No other labeled methylated
base was detected in the DNA of these strains.
Thus, although C600 T6r and C600 rm4 T6r
differ in having a host specificity of K-12 and C,
respectively, the types of methylated bases and
their amounts relative to each other are the same.
Likewise, no difference is found in the types of
methylated bases in the DNA of strains possess-
ing and lacking Pl-controlled specificity, i.e., Bc
251 T6r (P1) and Bc251 T6r. A qualitative differ-
ence in labeled methylated bases is found only
when C600 T6r and C600 rm4 T6r are compared
with Bc251 T6r which lacks 5MC in its DNA.
The absence of 5MC in the DNA of derivatives
of Bc251 is consistent with a report on its com-
paratively low level in strain B (12).
To determine the approximate levels of methyl-

ated bases in the DNA of these strains, the
analyses performed with prototrophs were carried
out on methionine-requiring auxotrophs. The
results in Table 2 indicate that the amount of
6MAP is about 0.2% of all bases present in DNA
for the strains listed here. In strains C600 T6r
met- ade- and C600 rm T6r met- ade-, 5MC is
about 0.12% of the DNA bases. The 5MC-6MAP
ratio is about 0.6 for both of these auxotrophs.
In strains Bc251 T6r met- and Bc251 T6r met-
(P1), less than 1 count/min of radioactivity was
detected in the 5MC region of the chromatogram
when 300 counts/min were found in the 6MAP
region. Hence, the amount of 5MC in the DNA
of these strains is again less than 0.003 of the
6MAP. No other labeled methylated bases were
found in any of the auxotrophs. Considering the
similarities in the experiments with prototrophs
and auxotrophs, the only distinguishing feature
in the types and amounts of methylated bases in
these strains is the difference in the 5MC content
between derivatives of Bc251 and of C600.

Several observations support this conclusion.
The thymine areas in the chromatograms of the
hydrolysates of DNA were void of detectable
radioactivity. Therefore, the values for 5MC in
these strains have not been underestimated as a
result of deamination. This measurement also
ensuired that the methylated bases found in
preparations of DNA were not derived from any
contaminant RNA, since thymine is the most
abundant methylated base in the total RNA of
E. coli and is present to the extent of 1 % of the
uracil in RNA (31).
To determine whether the difference in the

5MC content of derivatives of Bc251 and C600
was an artifact of preparation, strain Bc251 T6r
met- was grown in the presence of C14-methyl-
labeled methionine and strain C600 T6r met-
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TABLE 2. Methylated bases in the DNA of Escherichia coli*

Proportion (mole %) of bases in DNA present as
Strain Ratio of 5MC-6MAP

SMC 6MAP

C600 rm4 T6Fmer ade ................. 0.11 :1: 0.01 0.21 -4 0.02 0.57 i- 0.08
C600 T6r mer ade ..................... 0.12 4- 0.01 0.22 4t0.02 0.57 0.08
Bc25l T6rmer......................... <0.001 0.20 -4 0.04 <0.003
Bc251 T6r mer (P1) .......... .......... <0.001 0.22 ± 0.01 <0.003

* DNA was extracted from cells grown in the presence of 1 to 2 ,g/ml of HS- or C14-methyl-labeled
methionine (3.2 to 4.7 counts per min per picomole) and hydrolyzed by PCA as described in Materials
and Methods. Bases were separated by descending chromatography in solvent i. Bases from deriva-
tives of Bc251 were further separated by ascending chromatography in a second dimension in solvent
ii. Less than 1 count/min was found in the 5MC area of the chromatograms of bases from the DNA
of derivatives of Bc251 under conditions of labeling which produced about 300 counts/min in the 6MAP
region. The values given are averages of six determinations for C600 T6r mer ade-, five for C600 rm4
T6r mer ade-, two for Bc251 T6r mer, and two for Bc251 T6r mer (P1).

was grown in the presences of H3-methyl-labeled
methionine. The cultures were chilled, mixed,
and harvested by centrifugation. The DNA ex-
tracted from the mixture was hydrolyzed with
PCA and analyzed by chromatography in solvent
i and also in solvent iii. The C14 radioactivity of
strain Bc251 T6r met- moved as a single spot with
an RF identical to that of reference 6MAP in
both solvent systems. The 5MC regions contained
less than 2% of the C14 radioactivity of the 6MAP
areas. The H3 radioactivity of strain C600 T6r
met- was partitioned between 5MC and 6MAP
in the ratio of 0.6. Therefore, the absence of
labeled 5MC in the DNA of strain Bc251 is a
property of that DNA acquired before its purifi-
cation, and is not a consequence of any 5-methyl-
cytosine deaminase or demethylase activity
which might be present in extracts of strain Bc251.

Methylated deoxyribosides in the DNA of E.
coli. The DNA of C600 T6r met-, labeled with
C4-methyl-methionine, was hydrolyzed with
purified snake venom phosphodiesterase and
bacterial alkaline phosphatase. Chromatographic
separation of the hydrolysate in solvent i revealed
two major radioactive spots (Fig. 2). The slower
spot corresponded to reference 5-methyldeoxy-
cytidine (5MCdR). The other, faster spot had an
RF of 0.58, which compares with the RF value of
0.59 reported for 6-methylaminopurine deoxy-
riboside (6MAPdr) by Dunn and Smith (16).
Although further identification was not made,
the ratio of the radioactivity in the slower compo-
nent to that in the faster was 0.6, which agrees
with the ratio for 5MC-6MAP found for the
free bases after PCA hydrolysis. Of the radio-
activity measured in the chromatogram, 89%
was in the presumptive 5MCdR and 6MAPdR,
5% was at the origin, and the rest was diffusely
distributed. No methylated deoxyribosides other
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FIG. 2. Chromatogram of methylated deoxyribo-
sides from the DNA ofEscherichia coli C600 T6rmer.
DNA was extractedfrom cells grown in the presence of
2 Mug/ml of C14-methyl-labeled methionine (3.2 counts
per min per picomole) and hydrolyzed by snake venom
phosphodiesterase and bacterial alkaline phosphatase
as described in Materials and Methods. The liberated
deoxyribosides were separated by descending chroma-
tography in solvent i. The enclosed area represents the
region of authentic SMCdR located by its absorption
of ultraviolet light. The arrow indicates the RF for
6MAPdR in this solvent reported by Dunn and Smith
(16).

than presumptive 5MCdR and 6MAPdR were
detected. The methyl-labeled components of
DNA revealed by enzymatic hydrolysis agree
with those found by PCA hydrolysis, indicating
that no methyl-labeled products were overlooked
either as a result of destruction by acid or be-
cause of methylation of the sugar residue.

Methylated bases and deoxyribosides in theDNA
of phage X. The DNA of phage X, labeled with
C14_ or H3-methyl-methionine, was hydrolyzed
by PCA and analyzed by chromatography (Tables
3 and 4). The methylated bases present in phage X
were the same as those present in their host of
origin, but the amounts and proportions differed
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between X and E. coli. A similar result was ob-
tained when the methylated components were
isolated by enzymatic procedures (Table 5).
Again, for phage as for host cell, the DNA
preparations with host specifiicty of strain K-12
and of strain C are not characterized by differ-
ences in methylated bases. The sole distinguishing
feature in these DNA preparations is the absence
of 5MC in DNA from Bc251 or from phage X
grown on that strain. This feature argues for the

absence in Bc251 of an in vivo methylation of the
5-cytosine position in DNA with methyl groups
derived from methionine, rather than a special
sensitivity of 5MC groups in the DNA of Bc251
toward acid hydrolysis, since the results are simi-
lar for PCA and enzymatic hydrolyses of phage X
grown on Bc251. From the molecular weight of
3.4 X 107 Daltons (9) and the average weight of
about 340 for a deoxyribonucleotide unit, a value
of 106 nucleotides can be assigned to X DNA.

TABLE 3. Methylated bases in perchloric acid digests of the DNA ofphage X*

Radioactivity Residues per
(count/min) in Proportion of bases in DNA molecule of X
chromatogram Amt (moles X present as Ratio of DNA

Phage regions 10-9) of DNA SMC-6MAP
hydrolyzed ___

SMC 6MAP SMC 6MAP 5MC 6MAP

X-C600 rm4 T6r mer
ade ................. 84 194 27.5 0.05 A 0.01 0.11 4 0.01 0.43 50 110

X C600 T6r mer ade-.. . 191 473 66.5 0.05 4 0.01 0.11 4 0.(01 0.40 50 110

* Phage X was grown in cells in the presence of 1 ,ug/ml of C14-methyl-labeled methionine (6.3 counts
per min per picomole). Measured amounts of the DNA from purified phage were hydrolyzed with PCA
as described in Materials and Methods. Bases in the hydrolysates were separated by descending chro-
matography in solvent i. A value of 10' nucleotides per molecule of X DNA was used to calculate the
number of methylated bases present in X.

TABLE 4. Methylated bases in the DNA ofphage X carrying B host modification specificity*

Radioactivity (count/min) Proportion of bases in DNA present Residues per molecule
Prheagne in chromatogram regions Amt (moles X as Ratio of of X DNAPhage_ 1-9) of DNA Ratio____of_
prepn hydrolyzed 5MC-6MAP

5MC 6MAP 5MC 9MAP SMC 6MAP

1 <0.5 635 112 <0.00007 0.09 .01 <0.001 <0.1 90
2 <0.6 431 64 <0.00015 0.11 I .01 <0.002 <0.2 110

* Phage X was grown in cells of strain Bc251 T6r mer in the presence of 1 ,ug per ml of C14-methyl-
labeled methionine (6.3 counts per min per picomole). Measured amounts of the DNA extracted from
purified phage were hydrolyzed with PCA as described in Materials and Methods. Bases in the hydrol-
ysate were separated by descending chromatography in solvent i followed by ascending chromatogra-
phy in a second dimension in solvent ii. A value of 106 nucleotides per molecule of X DNA was used
for the calculation of the number of methylated bases present in X.

TABLE 5. Methylated bases in enzymatic digests of the DNA ofphage X*

RadioactivityPrprinodexroncosesn(count/mmn) in Amt rooriNAodreeoxrbnucesidesioin
Phage chromatogram regions (moles X dNAxpreent aes RtoMfR

10-9) of DNA 5M CPdR-
hydrolyzed 6Ad

SMCdR 6MAPdR SMCdR 6MAPdR

X-C600 rm4 T6r mer ade- . 99 258 23.2 0.04 :1 0.01 0.11 4 0.01 0.39
x*C600 T6r mer ade......... 98 243 21.2 0.05 :1 0.01 0.11 41 0.01 0.40
X-Bc251 T6r mer ........... <2.5 341 26.0 <0.002 0.12 + 0.01 <0.002

* Phage X was grown in cells in the presence of 1 ,ug/ml of H3-methyl-labeled methionine (9.9 counts
per min per picomole). Measured amounts of the DNA extracted from purified phage were hydrolyzed
with snake venom phosphodiesterase and bacterial alkaline phosphatase as described in Materials and
Methods. The liberated deoxyribonucleosides were separated by descending chromatography in sol-
vent i.
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After taking into account the possibility that side
reactions may dilute the specific activity of the
labeled methionine used in these experiments, the
results in Table 4 indicate that there is less than
one residue of 5MC per X*Bc251 DNA molecule.
However, in the absence of knowledge of the dis-
tribution of this trace 5MC among viable and
nonviable phage, the possibility remains that a
single residue of 5MC is relevant for the function-
ing of normal phage.

DIscussIoN
The bacteria chosen for the present study were

two pairs of strains relatively isogenic except for
differences in the modification they impart to
DNA. E. coli C600 rm4 is a mutant with C-type
host modification specificity isolated from strain
C600 which has K-12-type host modification
specificity. E. coli Bc25l (PI) has Pl-controlled
modification in addition to the B-type host
specificity present in its parent nonlysogenic
strain.

All four bacterial strains contain similar
amounts of 6MAP in their DNA. Strains C600
and C600 rm4 have a similar content of 5MC in
their DNA, but strains Bc251 and Bc251 (P1) lack
this base or have only trace amounts. No correla-
tion was found between methylated bases in DNA
and the modification specificity which distin-
guishes K-12-type from C-type strains, or Pl-
type from non-Pl-type strains. The DNA from
C-type modificationless mutants of Bc251 and
from K-12-type recombinants of crosses between
K-12 and Bc251 is still void of 5MC (Lederberg,
in preparation). Therefore, these modification
specificities are not derived from the gross pres-
ence of that base. Ledinko (29) reported that the
5-methylcytosine deoxyribotide content of DNA
was the same for X grown on E. coli C600, C600
(P1), and C. Similarly, 5MC and 6MAP levels
in the DNA of phage Ti could not be correlated
with host modification specificity when such
phage were produced without a disruption of
host methionine metabolism (26). Clearly, if
methylation of DNA is the basis for host modi-
fication, then its specificity must lie either in the
arrangement and location of methylated residues
or in only a minor fraction of these bases. In this
connection, it is necessary, and perhaps sufficient,
for some of the host-specific modifications to be
at or near that end of the DNA molecule which
first enters a restricting cell during bacterial
mating or phage infection. If this localized pro-
tection can permit the functioning rather than
the degradation of an entire DNA molecule, then
it would be plausible that only a few nucleotide
residues need be relevant. An examination of the

distribution of methylated bases betwen the two
strands and along the length of DNA of X might
assist in our understanding the function of these
groups.
The DNA of phage X contains the same methyl-

ated bases as its host of origin, but in different
proportions. The DNA of coliphage T2 differs
from the DNA of its host in its content of 6MAP
(16). The quantitative differences among methyla-
tions of phage and bacterial DNA might be due to
variations during infection in the synthesis or
activity of the methyl tranferases, changes in the
concentration of available S-adenosyl-L-methio-
nine, or to a limited duration of accessibility of
phage DNA to methylation before it acquires a
protein coat. Since not all cytosine or adenine
residues in DNA are methylated, some structural
or compositional feature must differentiate the
neighborhood of the methylatable site. Biases
such as the preferential location of5MC inpyrimi-
dine isopliths (13) could also affect the ratio of
5MC to 6MAP in DNA.
By direct isolation of bases in DNA, Dunn and

Smith (16) obtained values of about 1.8 moles of
6MAP per 100 moles of adenine or about 0.45
moles of 6MAP per 100 moles of bases in the
DNA of strains B/R, K-12, and 15T- of E. coli;
5MC was not reported. Using radiophosphorus
label, Ledinko (29) obtained values of 0.07 to
0.08 mole per cent 5-methyldeoxycytidylate in the
DNA of phage X grown on strains W3110, C600,
C600(P1), and C; 6MAP was not reported, nor
was X grown on strain B studied. The values re-
ported here for the absolute amount of 6MAP
and 5MC in the DNA of phage X and its hosts
may be lower limits, because it is possible that
some methyl groups were made available from
sources other than methionine, or from recycling
of the S-adenosyl-L-homocysteine formed in
transmethylation. Several enterobacterial strains
can degrade S-adenosyl-L-homocysteine to ribo-
syl-L-homocysteine (14, 15). If this product is
further metabolized to homocysteine, then two
separate pathways are known which carry out the
transfer of a methyl group from 5-methyltetra-
hydropteroylglutamate or the triglutamate to
form methionine (19, 22, 23). Any methionine
synthesized in this fashion would dilute the
labeled methionine added to the medium. The
extent of this recycling would be expected to de-
pend on whether these interconversions are re-
pressed or inhibited under a given set of physio-
logical conditions. These considerations may
apply to the labeling of methylated bases in the
nucleic acids of E. coli strain 58-161 (42) whose
methionine requirement is satisfied by homocys-
teine (39). However, these possibilities would not
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affect the present conclusions on the role of
methionine-derived methyl groups, since strain
Bc251 and its Pi-lysogen share the same met+ or
met- alleles, and mer mutants of strains C600
and C600 rm4, whose methionine requirements
are satisfied by homocysteine and vitamin B12,
respectively, yielded similar results to each other
and to their met+ parents.
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