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Phages A and fd were propagated in Escherichia coli strains that have either
host K-12 or the N-3 R-factor deoxyribonucleic acid-cytosine methylase activity.
Pyrimidine tracts containing *H-labeled 5-methylcytosine (MeC) were analyzed;
in all cases, the major methylated sequence was 5’ ... C-MeC-T ... 3".

Deoxyribonucleic acid (DNA)-cytosine meth-
ylases are controlled by both Escherichia coli
K-12 bacteria (5) and by certain drug resistance
R-factors (3, 6; R. Yoshimori, Ph.D. thesis,
University of California, San Francisco, 1971).
DNA-cytosine methylation is the basis for the
host-specificity system (hspll or RII; 1. 2, 13, 14;
Yoshimori, Ph.D. thesis, 1971) controlled by the
R-factors, N-3 and R15 (3, 10), whereas the
bacterial enzyme has no known biological func-
tion. We have proposed that the host and
R-factor enzymes methylate very similar nu-
cleotide sequences in phage DNA (9). In those
experiments, we propagated phages fd and A in
various strains of E. coli in the presence of
[methyl-*H Jmethionine. The purified phage
DNA was depurinated (4, 11), and the resulting
oligopyrimidine tracts were fractionated ac-
cording to chain length and base composition.
We found that in fd DNA isolated from phage
propagated in either E. coli K-12 mec* cells
(which have host cytosine methylase activity)
or in mec~ (N-3) cells (which lack host cytosine
methylase [7] but have N-3 plasmid methylase
activity), [5-°H]methylcytosine (MeC) was
present only in the (C,T) tripyrimidine tract;
the parenthesis indicates that the tract contains
a mixture of sequence isomers. For A propagated
in mec* or in mec- (N-3) cells, the major
[*H ]MeC-containing oligopyrimidine tract was
(C,T).

In the present communication we report the
base sequence of the MeC-containing tripyrimi-
dine. Labeled tracts from X or fd phage DNA
were prepared as above and analyzed according
to the general scheme outlined in Fig. 1. First,
the [*H ]MeC-containing tract, p(CpCpT)p, was
treated with bacterial alkaline phosphatase to
remove the terminal phosphate groups. The
labeled trinucleoside-diphosphate digestion
product was isolated by paper electrophoresis
and subjected to three different enzyme diges-

tions: (A) total spleen phosphodiesterase diges-
tion to determine if any [*H]MeC is located in
the 3'-terminal residue (released as a nucleo-
side); (B) total snake venom phosphodiesterase
digestion to determine if any [*H]MeC is lo-
cated in the 5'-terminal residue (released as a
nucleoside); and (C) partial snake venom phos-
phodiesterase digestion to determine which 5'-
terminal dinucleoside-monophosphate(s) con-
tains [*H]MeC. The results of these experi-
ments are summarized in Table 1.

After the total spleen and venom phosphodi-
esterase digestions (Table 1, columns A and B),
almost all the [*H]MeC label was found in the
mononucleotide. We conclude that only a minor
fraction of the [°*H]MeC is in the 3'- or 5'-termi-
nal residue; therefore, the [*H]MeC must be
located in the middle residue, within the se-
quence(s) C-MeC-T and/or T-MeC-C. The re-
sults of the partial snake venom digestions
(Table 1, column C) reveal that most of the
[*H]MeC is contained in the CpC-dinucleoside-
monophosphate. Therefore, C-MeC-T is the
major methylated sequence; this is true for both
A and fd DNA isolated from phage grown in
mec* or mec~ (N-3) cells.

These results are in harmony with those of
Boyer et al. (3), who determined the sequence
specificity of the RII DNA-cytosine methylase
controlled by the R15 plasmid. The double-
stranded sequence methylated in vitro by the
purified methylase was proposed to be

5...N,CC*TGG...%
3...GGAC*CN,...5

where the N, and N, bases are not specific and
the asterisk represents the MeC residue. For
phage A DNA methylated in vivo, we proposed
that N, is usually a purine (Pu) (9). The results
presented in this communication suggest that
the pentanucleotide PuCC*T Pu is the major
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Ikaline phosphata
*H-labeled p(CpCpT)p A P 5 sH.labeled (CpCpT)

3’ mononucleotides
and
(3'-terminal) nucleoside
(C)
snake venom phosphodiesterase
(partial digestion)

5’ mononucleotides
and
(5'-terminal) nucleoside

N
(5'-terminal) dinucleoside-monophosphate
and
5’ mononucleotide

Fi6. 1. Analysis of the location of [*HIMeC in the (C,T) tripyrimidine tract. The [*H])MeC-labeled
p(CpCpT)p tract (~0.3 mg; 2,000 counts/min) was digested with ~0.03 mg of heated (8) E. coli alkaline
phosphatase [in 0.5 ml of 0.02 M tris(hydroxymethyl)\aminomethane (Tris)-hydrochloride, pH 8 at 37 C for 1 h].
The digest was evaporated to dryness, suspended in water and spotted onto Whatman 3 MM paper (2.5 by 57
cm) together with ~0.05 mg each of CpCpC and p(CpCpT)p markers. After paper electrophoresis in a water-
cooled flate-plate apparatus (in 0.1 M Tris-hydrochloride, pH 8) at 2 kV for 1.25 h, the *H-labeled tri-
nucleoside-diphosphate was eluted, evaporated to dryness, and subjected to the following. (A) Total spleen
phosphodiesterase digestion: the *H-labeled (CpCpT) (~200 counts/min) and 0.15 mg of carrier CoCpC were
digested with 2.0 units of spleen phosphodiesterase (in 0.5 ml of 0.05 M sodium acetate, pH 5.5, 0.001 M
disodium ethylenediaminetetraacetic acid, 0.05% [vol/vol] Tween 80). After 2 h at 37 C the mixture was
evaporated to dryness and subjected to paper electrophoresis as described above. The nucleoside and nucleotide
spots were extracted and counted for *H radioactivity. (B) Total snake venom phosphodiesterase digestion:
*H-labeled (CpCpT) (~200 counts/min) and 0.15 mg of carrier CpCpC were digested with ~25 ug of
purified (12) snake venom phosphodiesterase (in 0.5 ml of 0.05 M Tris-hydrochloride [pH 8.9}, 0.01 M MgCl,
at 37 C for 2 h). The nucleoside and nucleotides were separated and analyzed as in (A). (C) Partial snake
venom phosphodiesterase digestion: *H-labeled (CpCpT) (~600 counts/min) and 0.15 mg of carrier CpCpC
were digested with 2.5 ug of purified snake venom phosphodiesterase (in 0.5 ml of 0.05 M Tris-hydrochloride,
pH 8.9, and 0.01 M MgCl, at 37 C for 0.5 h). The digestion products (dinucleoside monophosphate, nucleotide,
nucleoside, and undigested tract) were separated in two successive paper electrophoresis runs: (i) in 0.1 M
Tris-hydrochloride, pH 8.0 (at 2 RV for 1.25 h), to isolate the [*Hdinucleoside monophosphates (CpC and
(TpC)), and then (ii) in 0.1 M ammonium formate, pH 3.2 (at 2.5 RV for 1.25 h), to separate the dinucleoside-
monophosphates according to base composition. In this electrophoresis run, markers UpC (which should
co-electrophorese with CpT and TpC) and CpC were included. The relevant regions were eluted and
counted for *H radioactivity. (The enzymes used above were from Worthington Biochemicals; the marker
oligonucleotides were from P-L Biochemicals.)
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TaBLe 1. Location of [*H|MeC in tripyrimidine
(CpCpT) tracts®

Fraction of [°H ]MeC label in®
(C)5'-
(A) 3 (B)5' Terminal
DNA Nucleotides | Nucleotides| CpC after
after spleen | after venom partial
phospho- phospho- |venom phos-
diesterase | diesterase phodies-
terase“
fd-mec- (N-3) 0.9 0.9 1.0
fd -mec* 0.8 0.9 0.7
A-mec (N-3) 0.8 0.9 0.8
A-mec* 0.8 0.9 0.7

aSee legend to Fig. 1 for details of methods.

®The values presented are an average of 2 to 3
independent determinations; the variation was +10%
of the mean.

¢Fraction in CpC/total dinucleoside monophos-
phate.

sequence methylated in A DNA by both the N-3
and mec* DNA-cytosine methylases. For phage
fd propagated in mec* and mec~ (N-3) cells, the
only MeC-containing sequence in mature, sin-
gle-stranded viral DNAis ... PuCC*TPu...
(this presumably corresponds to the N,-con-
taining strand, where N, = Pu).

The results reported here lend further cre-
dence to our hypothesis that the host E. coli
K-12 mec* and RII DNA-cytosine methylases
possess similar sequence specificity (9). In this
regard, we have recently shown that a variety of
phage and cell DNAs methylated in vivo by the
mec* enzyme are protected against in vitro
cleavage by purified RIl-restriction nuclease
(S. G. Hughes and S. Hattman, submitted for
publication; S. Schlagman, S. Hattman, M. S.
May, and L. Berger, in preparation). Thus,
the mec* methylase behaves as an RII modi-
fication enzyme, and it is likely that the mec*
and the RII enzymes methylate the same sites
on phage and bacterial DN As.

The excellent technical assistance of Diane Kuharik is
most gratefully acknowledged. This work was supported by
U.S. Public Health Service grant AI-10864 and by Public
Health Service Research Career Development Award
AlI-28022 to S.H., from the National Institute of Allergy and
Infectious Diseases.

12

14.

J. BACTERIOL.

LITERATURE CITED

. Bannister, D.. and S. W. Glover. 1968. Restriction and

modification of bacteriophages by R* strains of Esche-
richia coli K12. Biochem. Biophys. Res. Commun.
30:735-738.

. Bannister, D., and S. W. Glover. 1970. The isolation and

properties of nonrestricting mutants of two different
host specificities associated with drug resistance fac-
tors. J. Gen. Microbiol. 61:63-71.

. Boyer, H. W., L. T. Chow. A. Dugaiczyk, J. Hedgpeth,

and H. M. Goodman. 1973. DNA substrate site for the
EcoRII restriction endonuclease and modification
methylase. Nature (London) New Biol. 244:40-43.

. Burton, K., and G. B. Petersen. 1960. The frequencies of

certain sequences of nucleotides in deoxyvribonucleic
acid. Biochem. J. 75:17-27.

. Gold, M., and J. Hurwitz. 1964. The enzymic methyla-

tion of ribonucleic acid and deoxyribonucleic acid. V.
Purification and properties of the deoxyribonucleic
acid-methylating activity of Escherichia coli. J. Biol.
Chem. 239:3858-3865.

. Hattman, S., E. Gold. and A. Plotnik. 1972. Methylation

of cytosine residues in DNA controlled by a drug
resistance factor. Proc. Natl. Acad. Sci. U.S.A.
69:187-190.

. Hattman, S.. S. Schlagman, and L. Cousens. 1973.

Isolation of a mutant of Escherichia coli defective in
cytosine-specific deoxyribonucleic acid methylase ac-
tivity and in partial protection of bacteriophage A
against restriction by cells containing the N-3 drug
resistance factor. J. Bacteriol. 115:1103-1107.

. Kemper, B., and J. Hurwitz. 1973. Studies on T,-induced

nucleases. Isolation and characterization of a man-
ganese-activated T,-induced endonuclease. J. Biol.
Chem. 248:91-99.

. May, M. S., and S. Hattman. 1975. Deoxvribonucleic

acid-cytosine methylation by host- and plasmid-con-
trolled enzymes. J. Bacteriol. 122:129-138.

. Schlagman, S., and S. Hattman. 1974. Mutants of the

N-3 R-factor conditionally defective in hspll modifica-
tion and deoxyribonucleic acid-cytosine methylase ac-
tivity. J. Bacteriol. 120:234-239.

. Spencer, J. H., R. E. Cape., A. Marks, and W. E.

Mushynski. 1969. Nucleotide clusters in deoxyribonu-
cleic acids. II. Investigation of methods for isolation of
pyrimidine oligonucleotides. Can. J. Biochem.
47:329-337.

Sulkowski, E., and M. Laskowski, Sr. 1971. Inactivation
of 5" nucleotidase in commercial preparations of venom
exonuclease (phosphodiesterase). Biochim. Biophys.
Acta 240:443-447.

. Watanabe, T., T. Takano, R. Arai, H. Nishida, and S.

Sato. 1966. Episome-mediated transfer of drug-resist-
ance in Enterobacteriaceae. X. Restriction and modifi-
cation of phages by fi R-factors. J. Bacteriol.
92:477-486.

Yoshimori, R., D. Roulland-Dussoix. and H. W. Boyer.
1972. R-factor-controlled restriction and modification
of deoxyribonucleic acid: restriction mutants. J. Bacte-
riol. 112:1275-1279.



