Proc. Nat. Acad. Sci. USA
Vol. 69, No. 1, pp. 187-190, January 1972

Methylation of Cytosine Residues in DNA Controlled

by a Drug Resistance Factor

(host-induced modification/R factors/N¢-methyladenine/5-methylcytosine)

STANLEY HATTMAN, EDWARD GOLD, AND ALAN PLOTNIK*

Department of Biology, University of Rochester, Rochester, New York 14627

Communicated by S. E. Luria, November 8, 1971

ABSTRACT The proportion of 5-methylcytosine
(5MeCyt) and 6-methylaminopurine (/N°-methyladenine,
6MeAde) in bacteriophage P22 DNA was analyzed as
a function of the host-specificity the phage carried.
In the DNA of P22 grown in strains harboring the modi-
fying drug-resistance-transfer-factor N-3, the 5MeCyt
content was at least twice that after growth in strains lack-
ing the factor. In contrast, the 6MeAde level of P22 DNA was
unaffected by the presence or absence of the factor. The
6MeAde and 5MeCyt levels were unaffected by factors 222
and N-1, which do not modify phage DNA.

The 5MeCyt/6MeAde ratio was only slightly higher in the
DNA of Salmonella strains that had received the N-3 fac-
tor. After transfer of the N-3 factor to Escherichia coli
strain B, which normally lacks 5MeCyt, a high content of
5MeCyt is observed. We conclude that the N-3 factor con-
trols a DNA methylase specific for cytosine residues. If the
N-3 host specificity is imparted by cytosine methylation,
this would be the first instance where a biological role for
5MeCyt has been elucidated.

The amount of 6-methylaminopurine (N°-methyladenine,
6MeAde) in bacteriophage P22 DNA is affected by the host
cells in which the virus is grown (1). P22 grown in cells unable
to confer LT-host specificity (2-4) contained roughly half as
much 6MeAde (1), an indication that loss of ability to methyl-
ate certain adenines on the viral DNA leads to loss of the
LT-specificity. These data contrast with those on other bac-
teriophage modification systems, in which methylation also
appears to be involved, but where no gross changes in 6MeAde
have been correlated with changes in host specificity (5-9).

Besides the LT modification, P22 DNA can carry specifici-
ties determined by drug-resistance-transfer-factors (10-14).
The N-3 factor, which determines a specific restriction-modi-
fication system, as well as other R-factors that do not modify
or restrict P22, do not affect the 6MeAde content of P22 DNA
(1). We report here an N-3-directed increase in the 5-methyl-
cytosine (5MeCyt) -content of P22 DNA. Analysis of the
methylated bases in host cell DNAs indicates that the bac-
terial DNA also is subject to the N-3-determined increase in
5MeCyt. We conclude that the N-3 drug-res1stance factor
controls a DNA methylase specific for cytosine.

MATERIALS AND METHODS

Phage and Bacterial Strains. P22 was obtained from Dr. K.
Sanderson; a spontaneous clear-plaque—formmg mutant was
isolated and used for all the studies described. Salmonella
typhimurium strains and their relevant properties are listed in
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Table 1; this table is reproduced in part from ref. 1. It is
known that the N-3 factor modifies and restricts phages P22
and A when harbored by strains of Salmonella and Escherichia
coli, respectively (10, 12, 14). E. coli strain Be251 rgtmpt-
mal*t2® (15) was obtained from Dr. J. Wiberg; E. coli B834
rs~mp~met~gal~ [derived from Be251; (ref. 16)] was ob-
tained from Dr. H. Revel; the R-factors were transferred to E.
coli strains in our laboratory. The relative plating efficiencies
of P22 grown and tested on various host cells is summarized in
Table 2.

Media and Chemicals. [2-*H]Adenine (Schwarz), [2-14C]-
cytosine (Schwarz), L-[methyl-*H]methionine (Amersham/-
Searle), 6-methylaminopurine (Calbiochem); and 5-methyl-
cytosine (Mann) were obtained from the firms indicated in
parentheses. Minimal media and broth were described (17).

Determination of 6MeAde Content. Growth and purification
of labeled phage, isolation and hydrolysis of DNA, and paper
chromatography were described (1, 17).

Determination of 56MeCyt Content. Bacteria were grown to
about 3 X 108 cells/ml at 37°C in minimal medium and in-
fected with 5-10 phage/cell. After 5 min of adsorption, 5 ml

TaBLE 1. Salmonella strains and relevant properties
: Drug resistance}
Host-specificity t markers on

Strain* phenotype R-factor
LT2 wild type rr fmrrt
LT2 (222) rertmprt TerSmrSurCm*
LT2 (N-1) rermpr TerSmrSur
LT2 (N-3) rertmerfrv_stmy_st TerfSmrSur
LT2 pro C90 fer rurTmpr T
LT2 pro C90 fer (N-3) rir mpir In—3tmy_3t Te'SmrSur
LT7 leu 119 fer Sm* rurmrr”
LT7 leu 119 fer SmT

(N-3) rer mpr N Tmy_st TerSmrSur

* The sources for these strains are given elsewhere (1). The
rur~mpr~ strains carrying the N-3 factor were prepared in this
laboratory. Strains harboring the 222-factor have lost all the drug
resistance markers except Tcr; nevertheless, the strains still re-
tain the ability to transfer the factor to other bacteria.

t The terminology for host specificity is that proposed earlier
(4). Thus, for example, r.r and myr refer to LT-specific restric-
tion and modification, respectively.

t Tc = tetracycline; Sm = streptomycin; Su = sulfanilamide;
Cm = chloramphenicol.
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TasLE 2. Efficiency of plating of phage P22 grown and
tested on various host strains* t

Host strain

rur fmer rLrmpr”
Phage rertmprt (N-3)  rormprT (N-3)
P22 -rprtmprt 1.0 9 X 10~¢ 0.3-0.8 2.5X 102
P22'I‘LT "'mm-“‘

(N-3) 1.0 1.0 0.7 1.0
P22~rLT'mLT‘ 2 X 108 108 1.0 5 X 1074
P22. Lt mLr-

(N-3) 2 X 1075 2 X 108 1.3 1.0

* Bacteria grown to saturation overnight in broth were used as
indicators.

t Strains carrying the 222 or N-1 factor do not appreciably re-
strict/modify P22 phage (12).

was removed to flasks at 37°C supplemented with 1-2 uCi/
ml [“Cleytosine, 1 ug/ml of cytosine, and 50 ug/ml
of thymidine. Lysis and further purification of the labeled
phage DNA were as before (1, 17). After phenol extraction and
alcohol precipitation, the DNA was hydrolyzed for 60 min at
100°C in 0.1 ml of 70%, perchloric acid. The hydrolyzate was
neutralized by the addition of H,O and KOH; KClO, was
removed by centrifugation. After several cycles of drying
(under an air stream at 37°C), suspension (in 10%, 2-propanol-
10% acetic acid) and centrifugation, most of the KClO, was
removed. Descending paper chromatography was performed
in 2-propanol-concentrated HCI-H:O 65:17:18. Authentic
5MeCyt and Cyt markers were included for each hydrolyzate.
The 5MeCyt and Cyt regions were identified, cut out, and
eluted into scintillation vials by successive washes with 0.1 N
HCI (at least 999, recovery was attained, as measured by
counting the label remaining in the paper). The eluates were
dried and resuspended, and the 5MeCyt regions were chroma-
tographed under the same conditions as above. Generally,
about 1-29%, of the original cytosine label overlapped into the
5MeCyt region; thus, after the second chromatographic run,
there was less than 0.049%, contamination of Cyt label in the
5MeCyt region. After rechromatography of 5MeCyt, the
paper was cut into measured strips and the 14C was eluted and
counted; the 5MeCyt was again identified by means of its
ultraviolet absorbance. The 4C in cytosine was determined
by directly counting the eluate from the first chromatogra-
phic run; in initial experiments, rechromatography of this
material revealed 4C only in cytosine.

Determination of 56MeCyt/6MeAde Ratio. Bacteria were
grown in minimal medium to about 3 X 10° cells/ml and in-
fected, if desired, for 5 min at 37°C; 5 ml of cell suspension was
removed to flasks containing [methyl-*H]methionine (10
uCi/ml), methionine (4 pg/ml), and a mixture of adenine,
uracil, and thymidine (40 ug/ml each). After 120 min of incu-
bation, the phage from infected cells was purified and the DNA
was isolated (1, 17); uninfected cells were washed by centri-
fugation and extracted with phenol-Sarkosyl (17). After alco-
hol precipitation, the nucleic acids were suspended in 10 mM
Tris- HCI (pH 7.2), 5 mM NH,C], 10 mM Mg(acetate)z, and
150 mM NaCl, and treated for 2 hr with boiled pancreatic
RNase (80 ug/ml). The digest was either neutralized and made
1.0 N in KOH (24 hr at 37°C), or precipitated with alcohol,
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washed, and then digested with alkali. The digest was acidified
and washed several times by centrifugation in 5%, cold tri-
chloroacetic acid. The DNA was hydrolyzed in perchloric acid
as above. The 5MeCyt and 6MeAde were well separated (R s
about 0.28 and 0.60, respectively) by descending paper
chromatography in n-butyl alcohol-NH,OH-H,O 86:1:13.
The 5MeCyt and 6MeAde regions were identified (by means
of the ultraviolet absorbance of cochromatographed authentic
markers) cut out, eluted, and counted.

RESULTS

Restriction of phage P22 by independently

controlled systems

In agreement with earlier reports (12), we observed that P22-
rurtmert phage (carrying LT-host specificity) is severely
restricted when it infects rLrtmer* cells containing the N-3
factor (see Table 2). It was of interest to determine whether
the LT and N-3 systems were independently ‘controlled. To
test this, we transferred the N-3 factor into rur"mur~ cells
and examined the modification/restriction properties of such
a strain. As seen in Table 2, the rur mpr— (N-3) host strongly
restricts phages P22 rurfmurt and P22 -rur~mer™. In addi-
tion, phage P22-rrr~m~rr (N-3) is resistant to N-3 restric-
tion, while it remains susceptible to the LT restriction. These
results indicate that the LT and N-3 restriction/modification
systems are independent of one another.

Effect of R-factors on the extent of methylation of P22 DNA"

We showed that the mutational loss of ability to confer LT-
specificity (mpr* — mvr~) resulted in a decreased ability to
methylate P22 DNA; in this case, about 40-50 fewer 6MeAde
per DNA were present in P22-myr~ as compared to P22-
mert phage (1). When various R-factors were introduced into
the mur* strain, no appreciable effect on the 6MeAde concen-
tration was observed (1). It was conceivable that the N-3
factor affected so few sites that a gross change in 6MeAde con-
tent could not be detected. In view of the reduced concentra-
tion of 6MeAde in P22-myr~ phage, we considered it possible
that a small increment in adenine methylation specified by
N-3 might be detected if the phage were propagated in myr~
(N-3) cells; this possibility has now been excluded because no
appreciable change in the concentration of 6MeAde is seen in
P22 DNA after growth in these cells (Table 3, column a).

In view of these findings, we then turned our attention to
the possibility that the N-3 specificity might be imparted by
means of the methylation of specific cytosine residues. The
proportion of 5MeCyt was determined in P22 DNA labeled
after growth in various bacterial strains. The three most
significant observations are as follows (Table 3):

(@) the mrr+ — myr~ mutation has no significant effect on
the 5MeCyt content of P22 DNA (contrast this with the
effect on 6MeAde);

(b) the presence of the N-3 factor increases the 5MeCyt
content of P22 DNA 2- to 3-fold. It should be noted that the
measurements of 5MeCyt content were made by two indepen-
dent procedures; namely, the 5MeCyt/Cyt ([**C]cytosine
labeling) and 5MeCyt/6MeAde ([methyl-*H ]methionine label-
ing) ratios were determined;

(¢) the presence of the N-1 or 222 factor does not influence
the 5MeCyt concentration. Thus, it appears that the N-3
factor specifically affects the methylation of cytosine residues
in P22 DNA.
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Effect of R-factors on the methylation of bacterial DNA

We extended the above 5MeCyt/6MeAde analysis to bacterial
DNAs in the hope of further demonstrating specific N-3-
mediated cytosine methylation, Summarized in Table 4 are
the results of such experiments. The nonmodifying N-1 and
222 factors exert little influence on the 5MeCyt/6MeAde ratio
in Salmonella DNA; however, a small increase (up to 20%) in
this ratio was observed in the Salmonella strains harboring
the N-3 factor. The magnitude of this change is considerably
lower than that seen for P22 DNA ; therefore, the relative pro-
portion of Ade- and Cyt-methylation sites differs for phage and
cell DNAs. (Inasmuch as absolute determinations of 5MeCyt
and 6MeAde content were not made, we cannot calculate the
number of methylated bases per cellular DNA molecule.)
These findings indicated N-3 also influences the methylation
of cytosine residues in bacterial DNAs; however, it was not
clear whether this effect is controlled directly (by a new DNA
methylase) or indirectly (by altering the specificity of the
resident bacterial cytosine methylase). To test these possibil-
ities, we transferred the N-3 factor to E. colt B strains, which
are known to be devoid of 5MeCyt (5, 7, 9, 18-21), and exam-
ined the DNA for the presence of 5MeCyt. As seen in Table
4, the N-3 factor, but not the N-1 or 222 factors, directed ex-
tensive methylation of cytosine residues in cellular DNA. We
interpret these observations as an indication that N-3 controls
the formation of a DNA methylase specific for cytosine
residues.

Incidental to these experiments, we confirmed the reports of
others (10, 11) that phage X is restricted/modified by the N-3

factor.

TaBLE 3. Analysis of methylated bases in P22 DN A

()
(@)* (b)* 5MeCyt/6MeAdet

Mole 9%, Mole 9%, Calcu-

Phage 6MeAde 5MeCyt* lated Observed
P22 -rprtmprt 0.56f 0.25 0.45 0.35
P22 -rir*mpr* (N-3) 0.511 0.60 1.20 1.05
P22. TLT +mLT + (222) 0. 571 Not done —_ 0.37
P22'I‘LT+II1LT+ (N-l) 0561 Not done —_ 0.36
P22-rprmyr™ pro C90 0.30 0.30 1.0 0.58
P22. rLr-myr- pro C90
(N-3) 0.30 0.60 2.0 1.67
P22 -rpr~mpr— leu 119 0.31 Notdone —  Notdone
P22. LT MLt leu 119
(N-3) 0.29 Notdone —  Notdone

* Mole 9, 6MeAde and mole 9, 5MeCyt are based on radio-
activity determination after paper chromatographic separation of
the methylated base from its normal counterpart; the values are
expressed in terms of 6MeAde per 100 adenine (6MeAde + Ade)
residues and 5MeCyt per 100 cytosine (5MeCyt + Cyt) residues.
The figures presented are the average of at least two indepen-
dent preparations analyzed; the range of values was generally
+109%, of the average value.

t The calculated values were obtained by dividing column
(b)/(a), since the Cyt/Ade ratio of P22 DNA is roughly 1.0. The
observed values were determined in [methyl-*H]methionine label-
ing experiments.

1 Values taken from ref. 1.
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TaBLE 4. Analysis of 56MeCyt/6MeAde ratio in DN A derived
from various bacterial strarns

Salmonella strains 5MeCyt/6MeAde
LT "’mLT + 0.55
rur tmprt (N-3) 0.66
rerfmpr t (N-1) 0.52*
rLT+mLT+ (222) 0.56*
rLr-myr- pro C90 0.66
rur mer ™~ pro C90 (N-3) 0.77
Escherichia coli B strains 5MeCyt/6MeAde
rp*mp*; rs"mp~ <0.01; <0.01
rs~mp~ (N-1) <0.01*
rg"mp~ (222) <0.01*
s mp~ (N-3) 0.66*
rg*mpt (N-3) 0.68

* Based on a single determination.

DISCUSSION

We present evidence indicating that the N-3 factor controls a
DNA methylase specific for cytosine. In preliminary
in vitro experiments with crude extracts from E. coli B and
B(N-3) we have observed methylation of cytosine residues in
calf thymus and E. colv B DNAs with the B(N-3) extract
only. The most important question is whether this methyla-
tion is of biological significance with respect to the restric-
tion-modification phenomenon. Relevant to this question is
that the nonmodifying N-1 and 222 factors do not control
such an activity; only the modifying/restricting N-3 factor
exhibits this property. The results reported here do not ex-
clude the possibility that the N-3 factor also directs an (ade-
nine) DNA-methylase that actually confers the N-3 host
specificity. This possibility can be resolved by purification of
the N-3 cytosine methylase enzyme, followed by an in witro
demonstration that it biologically modifies DNA (in a trans-
fection system). These experiments are in progress. We should
also point out that A phage DNA is subject to N-3 modi-
fication/restriction. In preliminary experiments, we observed
that X -rs~mp~(N-3), but not \-rg~ms~, contained 5MeCyt.

Finally, if the N-3 modification is achieved via methylation
of certain cytosine residues, then this will be the first instance
of a biological role for 5MeCyt in DNA. Higher organisms
contain 5MeCyt, but not 6MeAde (22-32); however, no clear
role for 5MeCyt has been demonstrated. We would favor the
notion that 5MeCyt is essential for protection against nu-
cleases designed to destroy foreign (viral?) DNAs.
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