JOURNAL OF BACTERIOLOGY, Aug. 1985, p. 573-579
0021-9193/85/080573-07$02.00/0
Copyright © 1985, American Society for Microbiology

Vol. 163, No. 2

Determination of DNA Sequences Containing Methylcytosine in

Bacillus subtilis Marburg

SIBAJYOTI GUHA
Laboratoire d’Enzymologie du Centre National de la Recherche Scientifique, 91190 Gif-sur-Yvette, France

Received 29 January 1985/Accepted 7 May 1985

The methylcytosine-containing sequences in the DNA of Bacillus subtilis 168 Marburg (restriction-
modification type BsuM) were determined by three different methods: (i) examination of in vivo-methylated
DNA by restriction enzyme digestion and, whenever possible, analysis for methylcytosine at the 5’ end; (ii)
methylation in vitro of unmethylated DNA with B. subtilis DNA methyltransferase and determination of the
methylated sites; and (iii) the methylatability of unmethylated DNA by B. subtilis methyltransferase after
potential sites have been destroyed by digestion with restriction endonucleases. The results obtained by these
methods, taken together, show that methylcytosine was present only within the sequence 5'-TCGA-3'. The
presence of methylcytosine at the 5’ end of the DNA fragments generated by restriction endonuclease Asull
digestion and the fact that in vivo-methylated DNA could not be digested by the enzyme Xhol showed that the
recognition sequences of these two enzymes contained methylcytosine. As these two enzymes i a
similar sequence containing a 5’ pyrimidine (Py) and a 3’ purine (Pu), 5'-PyTCGAPu-3', the possibility that
methylcytosine is present in the complementary sequences 5'-TTCGAG-3’ and 5'-CTCGAA-3' was postulated.
This was verified by the methylation in vitro, with B. subtilis enzyme, of a 2.6-kilobase fragment of lambda
DNA containing two such sites and devoid of Asull or Xhol recognition sequences. By analyzing the
methylatable sites, it was found that in one of the two PyTCGAPu sequences, cytosine was methylated in vitro
in both DNA strands. It is concluded that the sequence 5'-PyTCGAPu-3' is methylated by the DNA

methyltransferase (of cytosine) of B. subtilis Marburg.

Procaryotic DNA contains S-methylcytosine and N-6-
methyladenine as modified bases. These two methylated
bases are present in specific base sequences which vary
among different bacteria, and the sequence specificity may
even vary within strains of the same species (40). A great
diversity of methylated-base-containing sequences was ob-
served in different species of the genus Bacillis (20, 26, 38,
41). DNA methylation in bacteria is generally associated
with restriction-modification (R-M) phenomena, although
other roles are also attributed to DNA methylation (3, 14, 19,
31).

The presence of R-M systems in different. strains of
Bacillus subtilis and the chromosomal loci of the genes
controlling these systems have been reported (23, 33, 35, 38).
Of the six different strain-specific R-M systems identified so
far, only the restriction endonuclease of strain R has been
isolated and characterized (7). Different investigators have
determined the methylcytosine-containing sequences in dif-
ferent R-M systems present in B. subtilis (24, 25). Although
in B. subtilis Marburg (identified as BsuM in the R-M
system) the presence of methylcytosine as the predominant
methylated base has been known for some time, the se-
quences that contain the methylcytosine remain unknown. A
hint that one of the bases in the sequence recognized by the
restriction endonuclease X4ol may be methylated came from
the observation that B. subtilis 168 Marburg chromosomal
DNA remains unrestricted by this enzyme (8). As Xhol is
known to be sensitive to both cytosine and adenine methyla-
tion (29), it seemed reasonable to assume that in this strain
methylation in vivo occurs at Xhol sites. It has also been
reported that in strain Marburg, the only methylcytosine-
containing site is the sequence recognized by Xhol (25).

Based on methylation experiments in vivo and in vitro, I
found that in B. subtilis 168M the Xhol recognition site is not
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the only methylated sequence and that cytosine methylation
occurs in 5'-PyTCGAPu-3’ sequences.

MATERIALS AND METHODS

Bacteria and plasmids. The bacterial strains used are listed
in Table 1. Recombinant plasmid pGsOB2 (6) and the
bifunctional vector plasmid pHV33 (30), which can replicate
in both Escherichia coli and B. subtilis, were used for this
work. Transformation of competent bacteria with plasmids
was carried out by standard methods for E. coli and B. subtilis
(6). For the preparation of plasmid and chromosomal DNA,
cells were cultured in LB medium (10).

Culture of phage lambda. E. coli dam-3 dcm-6 grown in LB
medium containing S mM CaCl, was infected with
bacteriophage lambda cI857 Sam7 (2) at a multiplicity of
infection of 0.1. After induction, cells were grown overnight
at 37°C and lysed with chloroform, and phage were precip-
itated with polyethylene glycol 6000 (final concentration,
10%). The precipitate was dissolved in 10 mM Tris-
hydrochloride (pH 7.4)-10 mM MgSO, and purified further
by CsCl banding (2).

DNA preparations. (i) Plasmid and chromosomal DNA.
Plasmid DNA was prepared by the method of Birnboim and
Doly (4) and purified on cesium chloride gradients. DNA
from B. subtilis and methyltransferase-deficient E. coli was
isolated from lysozyme lysates (digested with RNase and
proteinase K) by centrifugation in cesium chloride gradients
containing 1% Sarkosyl (10).

(ii) Lambda DNA. Lambda DNA was isolated by
formamide extraction (10) and dialyzed exhaustively against
10 mM Tris (pH 7.4)-1 mM EDTA.

Unmethylated chromosomal, phage, or plasmid DNA was
from an E. coli methyltransferase-deficient strain (dam-3
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TABLE 1. Bacterial strains
Strain Genotype Source or reference
B. subtilis
168M trpC2 C. Anagnostopoulos
JH648  trpC2 phe-1, spo0B136 J. Hoch (21)
RM125 leuA8 argAl5 SP90(s) hsdR168 Bacillus Genetic
hsdM168 Stock Center (39)
E. coli
C600 F~ leu thr supE gal thi 1
GM48  dam-3 dcm-6 derivative of 27
C600

dcm-6). The absence of methylation in these DNA prepara-
tions was checked by Mbol and EcoRII digestion.

5'-Terminal labeling of DNA restriction fragments and
chromatography of 3’P-labeled mononucleotides. Chromo-
somal or plasmid DNA (10 pg) was usually digested over-
night with 20 to 40 U of the appropriate restriction enzyme
and dephosphorylated with bacterial alkaline phosphatase
(0.05 U/pg of DNA) for 3 h at 60°C. The restriction frag-
ments were purified by phenol extraction and concentrated
by alcohol precipitation. The dephosphorylated DNA frag-
ments (0.5 to 1.0 ng) were labeled at the 5’ end by incubation
with [y-*2P]JATP and 10 U of polynucleotide kinase. After
incubation for 45 min at 37°C, the reaction was stopped by
adding ammonium acetate solution, and the DNA was ex-
tracted by ethanol precipitation (28). The labeled DNA, in
the presence of 10 ug of carrier calf thymus DNA (total
volume, 20 pl), was digested overnight at 37°C with 4 pg of
snake venom phosphodiesterase. From 2 to 5 pl of the digest
was applied to the corner of polyethyleneimine thin-layer
plates (10 by 10 cm) which had been spotted with 2 pl of a
mixture of methyl-dCMP and dCMP (3 mg/ml each). The
plates were washed with methanol and dried before chroma-
tography.

Chromatography in the first dimension (from bottom to
top) was carried out in 1 M acetic acid adjusted to pH 3.4
with concentrated ammonia (5). Chromatography in the
second dimension (from left to right), after the plates were
washed with methanol, was done in saturated ammonium
sulfate solution-1 M acetic acid-isopropanol (80:18:2) (16).
The chromatograms were then washed with methanol, dried,
and exposed overnight at —70°C to Kodak X-Omat S film
with intensifier screens (Du Pont). Methyl-d CMP and dCMP
from the radioactive spots were counted in a toluene-based
scintillation mixture. The percentage of methylcytosine was
calculated from the ratio of methylcytosine to total cytosine
(methylated and unmethylated).

Assay and purification of DNA methyltransferase. The
assay mixture used for DNA methyltransferase described
previously (17) was modified to contain, in a total volume of
100 pl, 50 mM Tris-hydrochloride (pH 8.0), 50 mM NacCl, 5
mM EDTA, 5 mM dithiothreitol, 200 pg of bovine serum
albumin per ml, and 2.5 pM of S-adenosyl-L-[methyl-
3Hlmethionine (*H]SAM) (1 pCi of [PH]JSAM per assay
unless mentioned otherwise). The amount of unmethylated
DNA was usually 5 to 10 g per assay. In standard assays,
incubation was at 37°C for 15 min. The reaction was stopped
by adding 100 pl of 0.5 mM unlabeled SAM, followed by 200
pl of 20% trichloroacetic acid. After 20 min in ice, the
precipitate was pelleted by centrifugation and washed three
times with 1 ml of 10% trichloroacetic acid containing 5 pM
SAM. The DNA was degraded by heating the pellet in 100 pl
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of 10% trichloroacetic acid at 90°C for 20 min. After centri-
fugation, the solution was removed, mixed with 1 ml of
water, and counted in Aquasol (New England Nuclear
Corp.).

DNA methyltransferase was purified from B. subtilis
168M. Crude extract was prepared as described previously
(17). For most in vitro methylation assays, the enzyme was
purified further. Briefly, the homogenate was centrifuged at
30,000 X g, and the supernatant was precipitated with 0.6%
Polymin P. The precipitate was extracted in a buffer con-
taining 1 M NaCl. The enzyme in the supernatant was then
precipitated with ammonium sulfate. The fraction precipitat-
ing between 38 and 66% ammonium sulfate saturation was
collected, dissolved in buffer, and purified through a DEAE-
cellulose column with a gradient of NaCl. Active fractions
were pooled and concentrated by ammonium sulfate precip-
itation. This preparation, termed the DEAE eluate, was used
for some experiments. Base analysis (17) of DNA methyl-
ated in vitro by DEAE eluate has shown that only cytosine
is methylated. For other experiments the DEAE eluate was
further purified on a heparin-agarose column. The eluate was
then concentrated by centrifugation in Centricon-10
(Amicon) and, after dialysis against buffer containing 50%
glycerol, was stored at —20°C. The purification procedure
and the properties of the enzyme will be described else-
where.

Isolation of 2.6-kb restriction fragment of lambda DNA and
its methylation in vitro. Lambda DNA (100 ug) was digested
overnight at 37°C with 200 U of Clal, and the fragments were
separated by electrophoresis on a preparative gel. The band
corresponding to the 2.6-kilobase (kb) DNA fragment was
removed and electroeluted in an ISCO electroelution appa-
ratus. The eluate was brought to 0.3 M in sodium acetate,
and the DNA was precipitated with 3 volumes of 95%
alcohol at —20°C overnight. The precipitate, collected by
centrifugation, was dissolved in 0.5 ml of 10 mM Tris (pH
7.4)-1 mM EDTA-300 mM NaCl. The solution was centri-
fuged, and the supernatant was applied to a NACS Prepac
column (Bethesda Research Laboratories). The column was
washed with at least 5 ml of adsorption buffer, and the DNA
was eluted with the same buffer containing 1 M NaCl.
Fractions (100 wl) were collected and checked by electro-
phoresis on agarose gels for the presence of DNA fragments.
Fractions containing DNA were pooled, concentrated by
two ethanol precipitations, and dissolved in 10 mM Tris (pH
7.4-1 mM EDTA. It was found that agarose strongly
inhibited DNA methyltransferase activity and therefore it
was necessary to remove traces of agarose for methylation
to occur.

The 2.6-kb DNA was methylated for 3 h with 2 pg of
heparin-agarose-purified methyltransferase in the presence
of 10 pCi of [PHISAM (specific activity, 81 Ci/mmol) and
precipitated with alcohol after phenol extraction and the
addition of 10 pg of yeast tRNA as carrier. Tagl digestion of
the in vitro-methylated fragment was carried out in 25 pl of
solution, and separation was done on 6% acrylamide gels
(28).

Destruction of potential methylatable sites. To destroy
potential sites for methylation, chromosomal and lambda
DNAs were exhaustively digested with Xhol, Asull, or
Taql. The restriction fragments were purified by phenol
extraction and concentrated by ethanol precipitation. These
fragments were used as the substrate for methyltransferase
assays. The cohesive ends were destroyed by heating at 70°C
for 5 min before in vitro methylation.

Enzymes and isotopes. Restriction endonucleases were
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obtained from New England Biolabs and Boehringer Mann-
heim and were used as specified by the suppliers. EcoRI
methylase was purchased from New England Biolabs.
EcoRII was purchased from Miles Laboratories. AsuIl (11)
was from A. De Waard, Sylvius Laboratories, Leiden, The
Netherlands. Marker nucleotides were from P-L Biochemi-
cals GmbH. DNase, snake venom phosphodiesterase, and
polynucleotide kinase were from Boehringer Mannheim.
Bacterial alkaline phosphatase was from Amersham Interna-
tional. [y->*P]ATP (2,900 Ci/mmol) was purchased from New
England Nuclear Corp., and ’H]SAM was from Amersham
International.

Specificity of Asull restriction. The specificity of Asull
restriction was determined by digesting lambda DNA either
with Asull alone or with Asull followed by Xhol. It was
found that digesting lambda DNA with Asull gave rise to
eight fragments (seven sites) of the sizes predicted by the
sequence coordinates (9). A 3.9-kb Asull fragment which
contained the Xhol site remained undegraded. This fragment
disappeared after further digestion with Xhol, giving rise to
two fragments of 3.1 and 0.8 kb.

DNA sequence coordinates. The DNA sequences in the text
are written from left to right, from 5’ end to 3’ end. Lambda
DNA restriction site coordinates were obtained from the
computed data (9), and the data for other sequences were
from the complete nucleotide sequence of the phage as
published previously (34).

RESULTS

Methylation in vivo. Bifunctional plasmids are useful tools
for comparative analysis of base methylation in the DNA of
E. coli and gram-positive bacteria (12). To determine the
sequences containing methylated bases, I used a bifunctional
plasmid, pGsOB2, carrying an early sporulation gene of B.
subtilis (6), which replicates in both B. subtilis and E. coli
(methyltransferase-positive and methyltransferase-negative
strains). During replication in E. coli C600, this plasmid was
found to acquire the host-specific methylation pattern. On
the other hand, the same plasmid derived from a methyl-
transferase-deficient strain (E. coli dam-3 dcm-6) was re-
stricted by the endonucleases Mbol and EcoRII, indicating
an absence of E. coli-specific methylation (19). This finding
suggested that the plasmid, when replicated in B. subtilis,
will acquire a host-specific methylation pattern. First it was
determined that the plasmid obtained from the three different
sources mentioned above showed the same restriction pro-
file when digested with restriction endonucleases that are
insensitive to the presence of methylated bases.

The comparative analysis for methylation in specific se-
quences was carried out by digesting the plasmid with
restriction isoschizomers, one of which was sensitive to the
presence of a methylated base in the recognition sequence
and the other of which was insensitive to such methylation.
When such a pair of isoschizomers was not available, the B.
subtilis JH648-derived plasmid was digested with a methyl-
ated-base-sensitive enzyme, and the restriction profile was
compared with that of the unmethylated plasmid. In the B.
subtilis-derived plasmid, the following sequences were de-
void of methylated cytosine (the restriction enzymes used
are indicated in parentheses): CCGG (Hpall and Mspl),
GGCC (Haelll), GCGC (Hhal), and GATC (Sau3Al; see
reference 13). Plasmid pGsOB2, as determined on the
unmethylated form, did not contain any Xhol or Xbal sites.

Further searching for sites methylated in vivo was done
with the chromosomal DNA of B. subtilis 168M. Chromo-
somal DNA was digested with several restriction enzymes
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FIG. 1. Thin-layer chromatography of 3?P-labeled 5’'-terminal
nucleotides of the restriction fragments of B. subtilis chromosomal
DNA digested with (A) Tagl or (B) Asull. Fragments from the Tagql
(0.5 pg) and Asull (1.0 pg) digests were labeled with **P and
digested with snake venom phosphodiesterase in a total volume of
20 pl. The Taql and Asull digests (2 and S ul, respectively) were
applied to polyethyleneimine plates and chromatographed in two
dimensions. After chromatography, spots corresponding to methyl-
dCMP (™C) and dCMP (C) were cut out and counted for radioac-
tivity. The percentage of methylcytosine (average for two plates)
was 39.2% with Tagl and 12.1% with Asull.

which recognize four-base sequences and expose a cytosine
at the 5’ end. This cytosine was labeled with 3?P as described
above and analyzed by two-dimensional chromatography for
the presence of methylcytosine. Only the fragments gener-
ated by Tagl (recognition sequence, 5'-TCGA-3’) digestion
showed the presence of S-methylcytosine at the 5’ end. In a
DNA preparation from post-exponential-phase cells, almost
40% of the cytosine at the Tagl sites was in methylated form
(Fig. 1A).

Since the Xhol recognition sequence is a subsequence of
Taql cleavage sites, it seemed plausible that the partial
methylation observed in Tagl sites was due to the
methylcytosine present in the Xhol recognition sequence. In
fact, by a different method of analysis, Jentsch (25) observed
the occurrence of methylcytosine in Tagql sites and con-
cluded that this is due to the methylation of Xkol sites alone.
However, the method used by Jentsch (25) does not allow
methylcytosine to be quantified, and it was not clear whether
the amount of methylcytosine present in the Tagl recogni-
tion sequence could really account for methylated bases
being present only in Xhol sites. Moreover, Jentsch (25) did
not try to determine whether any other DNA sequence
containing TCGA was also methylated. Several six-base-
pair-recognizing enzymes have the core sequence TCGA in
their recognition sites (cleavage sites are shown by arrows;
the endonuclease is given in parentheses): AT'CGAT
(Clal); GYTCGAC (Sall); CYTCGAG (Xhol); TT ‘CGAA
(Asull).

I have tried to analyze the restriction sites of these
enzymes for the presence of methylcytosine by the 2P
end-labeling method. The restriction sites of Sall and Xhol
could not be analyzed by this method for two reasons. One
is that these two enzymes are affected in their restriction
capacity by cytosine methylation in their recognition se-
quences (29). Another reason, evident from the examples
above, is that the cleavage products of these enzymes have
a protruding thymine instead of a cytosine at their 5’ end.
However, it was observed that the unmethylated recombi-
nant plasmid pGsOB2 had a single Sall site and that this
plasmid, when replicated in B. subtilis, still showed total
linearization afer Sall digestion, indicating that there was no
cytosine methylation at this site. The absence of restriction
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FIG. 2. Restriction patterns of E. coli dam-3 dcm-6 (Eco) and B.
subtilis 168M (Bsu) DNAs with different endonucleases (ethidium
bromide staining). U, Undigested chromosomal DNA. Gel electro-
phoresis was done with 0.8 and 1% agarose for the first six and last
four lanes, respectively.

of B. subtilis DNA by Xhol (Fig. 2) would also suggest total
methylation of this site. Moreover, Jentsch (25) has shown
that DNA from phage $105C propagated in an R-M-deficient
strain can be restricted with Xhol. The Clal site, analyzed
for methylcytosine, totally lacked the modified base (data
not shown). When chromosomal DNA from B. subtilis was
restricted with Asull, it was found that about 12% of the
total cytosine at this site was methylated (Fig. 1B). The same
proportion of methylcytosine in Asull sites was observed in
both exponential-phase and post-exponential-phase B. sub-
tilis DNA. This finding also shows that the restriction
capacity of Asull was unimpaired by cytosine methylation.

Methylation in vivo of recombinant plasmid pGsOB2. Since
no methylated site could be identified by comparative re-
striction pattern analysis of plasmid pGsOB2, there was
some reason to doubt whether the plasmid is methylated in
vivo by the host enzyme. As the chromosomal Asull sites
were found to contain methylcytosine, I digested the plasmid
overnight with Asull (4 U of enzyme per ug of DNA), which
allowed its complete linearization. The 5’ end was analyzed
for methylcytosine, and it was found that 33% of the total
cytosine was methylcytosine. Since each plasmid has only
one Asull site, it is evident that one in three plasmids was
methylated in vivo.

Methylation in vitro. The information obtained by analyz-
ing in vivo-methylated chromosomal and plasmid DNA
appeared to be incomplete. It was then necessary to obtain
further information by methylating different DNAs in vitro.

(i) Plasmid pGsOB2. In an initial experiment, plasmid
pGsOB2 and its vector plasmid pHV33 were methylated in
vitro with a methyltransferase preparation. Each assay tube
contained 5 pg of purified plasmid DNA, 5 pnCi of [*'H]SAM
(specific activity, 73 Ci/mmol), and 52.4 pg of crude extract
as a source of methyltransferase, and the tubes were incu-
bated for 1 h at 37°C. pGsOB2 incorporated 4,225 cpm of
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[*HISAM, whereas pHV33 incorporated none (for compari-
son, 1 pmol of PH]JSAM was 15,870 cpm). It is interesting
that these two plasmids did not contain any Xhol site. One
Asull site was present in pGsOB2 within the sporulation
gene insert (6). This experiment showed that the B. subtilis
enzyme can methylate a DNA sequence even in the absence
of an Xhol recognition sequence.

To determine whether the Asull site of pGsOB2 was
totally methylatable, the plasmid derived from the methyl-
transferase-deficient strain of E. coli was methylated for 3 h
in the presence of heparin-agarose-purified methyltransfer-
ase. Half of the in vitro-methylated plasmid was digested
with Asull, and the other half was digested with Taql. The
completeness of digestion was checked by agarose gel elec-
trophoresis. A portion of each digest was analyzed for
methylcytosine by 3?P end labeling. About 63% of the
cytosine in the Asull sites was methylated in vitro; in the
Taql digest, 23% of the cytosine was methylated.

(ii) E. coli dam-3 dcm-6 chromosomal DNA. Further evi-
dence of methylation in Asull sites came from in vitro-
methylated chromosomal E. coli DNA. When the unmethyl-
ated DNA was methylated in vitro with DEAE eluate and
analyzed for methylcytosine as for the in vitro-methylated
plasmid DNA, it was found that 37% of the cytosine in Asull
sites and 15% of the cytosine in Tagl sites was methylated.
In addition, it was observed that in vitro-methylated chro-
mosomal DNA digested with Xhol showed less restriction
than unmethylated DNA did.

(iii) 2.6-kb fragment of lambda DNA. The recognition
sequences of Asull and Xhol are similar in that both se-
quences contain, apart from the common TCGA, a
pyrimidine (Py) at the 5’ end and a purine (Pu) at the 3’ end.
The question arose whether the other two possible
PyTCGAPu sequences, which are complementary in double-
stranded DN A, could also be methylated by B. subtilis DNA
methyltransferase. This was determined by using lambda
DNA, which contains two such sequences about 2 kb apart
within a 2.6-kb fragment (from nucleotide 43825) generated
by Clal digestion. This fragment lacked Asull and Xhol sites
but contained one EcoRlI site. Each assay tube contained 0.5
ug of the 2.6-kb fragment, 5 pCi of [PHIJSAM (specific
activity, 73 n.Ci/mmol), and 28.9 ug of DEAE eluate from B.
subtilis or 1 U of EcoRI methylase, and the tubes were
incubated for 1 h at 37°C. Blank counts (without DNA) were
deducted. The 2.6-kb fragment was methylated in vitro by
the B. subtilis enzyme (4,237 cpm incorporated), indicating
that sites other than those of Asull or Xhol can also be
methylated by the DNA methyltransferase of B. subtilis
Marburg. With the EcoRI methylase, the 2.6-kb lambda
DNA fragment incorporated 7,232 cpm.

To identify the methylated-base-containing sequences, the
3H-methylated 2.6-kb DNA was digested to completion with
Taql, which cleaves within the PyTCGAPu sequences,
allowing determination of whether the cytosines in the
sequences TTCGAG and CTCGAA are methylated differ-
ently. In the PyGCGAPu sequence starting from nucleotide
43891, after digestion with Tagl the methylatable cytosine in
the sequence CTCGAA was segregated in a 0.41-kb frag-
ment, whereas the methylatable cytosine of the TTCGAG
sequence, was in the contiguous 0.068-kb fragment. Simi-
larly, in the PyTCGAPu sequence starting from nucleotide
45894, the methylcytosine in the two complementary se-
quences was segregated into 0.054- and 0.26-kb fragments,
respectively. The digest was electrophoresed on an
acrylamide gel and autoradiographed. Among the 13
nonoverlapping Taql fragments, only the bands correspond-
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ing to the 0.26- and 0.054-kb fragments contained radioac-
tivity (Fig. 3). This indicates that only the PyTCGAPu
sequence starting from nucleotide 45894 is methylated in
both strands, whereas the PyYTCGAPu sequence starting
from nucleotide 43891 is totally unmethylated.

Destruction of potential methylatable sites and methyl-
accepting capacity of DNA. It is known that the potentially
methylatable sites in DNA can be destroyed by digestion
with specific restriction endonucleases (36). To identify such
sites, unmethylated DNA was digested overnight at 37°C
with Xhol, Asull, or Taql. The resulting restriction frag-
ments were used as the substrate for subsequent methyla-
tion. Undigested DNA served as a control. Digestion with
Xhol or Asull caused only a partial loss of methyl-accepting
capacity (Table 2), indicating that the recognition sequence
for either enzyme is not the exclusive site for methylation. It

-0.41

-0.068

- —0-054

FIG. 3. Autoradiography of the H-labeled, Taql-digested frag-
ments of in vitro-methylated 2.6-kb lambda DNA. Electrophoresis
was carried out on a 16.5-cm-long, 1-mm-thick 6% acrylamide gel
for 15 h at 50 V in buffer containing 45 mM Tris, 45 mM boric acid,
and 1.125 mM EDTA (pH 8.3). The gel was stained with ethidium
bromide (1 pg/ml) (lane 1), photographed, dried, and exposed to
Kodak X-Omat S film for 12 days (lane 2). Fragment sizes (in
kilobases) are indicated. The radioactive bands at 0.26 and 0.054 kb
correspond to the complementary sequences TTCGAG and
CTCGAA, respectively (from nucleotide 45894). The second
PyTCGAPu site at nucleotide 43891 was totally unmethylated. The
fragment sizes were determined from the lambda sequence data and
also from an Hpall digest of plasmid pBR322 (not shown).
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TABLE 2. Effect of restricting DNA on in vitro methylation®

DNA and digesting [*HISAM incorporated % Activity
enzyme (wmol/mg of protein per 15 min) remaining

E. coli dam-3 dcm-6

None 2.04 100

Xhol 1.15 56

Asull 1.50 73

Taql 0 0
Lambda

None 0.48 100

Xhol 0.32 66

Tagql 0 0

“ Different DNA preparations were digested overnight at 37°C with 4 U of
restriction enzyme per pg of DNA. Undigested DNA was sonicated twice for
1 min each at 100 W in a Branson sonifier. Digested DNAs were extracted
with phenol and concentrated by ethanol precipitation. Each assay tube
contained 3.4 pg of DNA (0.068 A, unit) and 2.4 pg of heparin-agarose-
purified DNA methyitransferase from B. subtilis. Incubation was at 37°C for
15 min. A separate experiment showed that in Asull-digested lambda DNA
only 37% of the activity remained compared with that in the undigested
control. Sall digestion caused practically no loss of activity.

was also evident (Table 2) that digesting either chromosomal
or lambda DNA with Tagl caused a total loss of methyl-
accepting capacity, indicating that all methylatable cytosines
are located within the TaglI site.

DISCUSSION

To identify the methylated sites in the DNA of a particular
bacterial strain, the cleavage site revealed by the homolo-
gous restriction enzyme is often determined first. The even-
tual protection from cleavage by methylation with a ho-
mologous methylating enzyme permits the localization of
methylated-base-containing sequences (36). Although in B.
subtilis Marburg the methyltransferase of cytosine is consid-
ered part of the R-M system, no restriction enzyme has so
far been detected in this strain. Previous attempts (23),
including those in my laboratory, to detect any restriction
activity in this strain have been unsuccessful. However,
several findings on a restriction-deficient (of phage $105C)
mutant of strain Marburg, strain RM125 (39), suggest that
this methyltransferase may be a part of the R-M system. The
DNA of this mutant is restricted by Xhol (25) and can serve
as a methyl acceptor with the BsuM DNA methyltransferase
(unpublished data). Moreover, preliminary experiments with
a crude extract of mutant strain RM125 showed that this
mutant is also deficient in DNA methyltransferase activity.
Experimental details will be published later.

Several phage-induced DNA methyltransferases in B.
subtilis were reported and reviewed by Gunthert and
Trautner (18). The sequences methylated by these enzymes
were analyzed by restriction endonuclease isoschizomers;
none of them, however, methylated the cytosine in the
sequence TCGA. Moreover, the persistence of DNA
methylation in a strain of B. subtilis 168 Marburg excised of
its resident phage SPB (42) indicates that this methylation
enzyme is of chromosomal origin (25).

The facts that chromosomal DNA in strain Marburg was
not restricted by Xhol and that the DNA of an R-M-deficient
strain was susceptible to Xhol restriction clearly indicate the
presence of a methylated base in the Xhol recognition
sequence (CTCGAG). It is not known whether the adenine
or the cytosine in this sequence is methylated or, in the latter
case, whether it is the internal or external cytosine. Jentsch
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(25) found that the internal cytosine of the Xhol recognition
sequence is methylated, and he concluded that methylation
occurs only in the Xhol site.

Several findings, however, suggest that the Xhol recogni-
tion sequence is not the only methylatable site in strain
Marburg (BsuM). In initial experiments I found that plasmid
pGsOB2 can be methylated in vitro by the B. subtilis enzyme
even though it does not contain any Xhol site. Moreover,
digesting unmethylated lambda DNA with Xhol resulted in
only a 33% loss of methylatability. If the Xhol recognition
sequence were the sole site of methylation by the B. subtilis
enzyme, digestion would have caused a total loss of
methylatability. These results together indicated that
methylatable sites other than those of the Xkol recognition
sequence also exist in strain Marburg. Moreover, Jentsch
(25) did not try to determine whether the sequences contain-
ing TCGA recognized by other six-base-pair-recognizing
enzymes (see above) are also methylated. The findings
reported here show clearly that, in fact, another such site
recognized by Asull (TTCGAA) is also methylated, both in
vivo and in vitro. Since the possibility of methylation in Clal
and Sall sites is excluded by the results reported herein, my
attention was drawn to the fact that Asull and Xhol recog-
nition sequences bear some similarity: a 5’ pyrimidine, a
common TCGA, and a 3’ purine. The question I posed was
whether the other two complementary PyTCGAPu
(CTCGAA and TTCGAG) sequences are also methylatable.
Since no restriction enzyme identified to date can recognize
these two sequences, analysis by restriction was not possi-
ble. A 2.6-kb Clal fragment of lambda DNA without AsuII or
Xhol sites carries two such sequences. As this DNA frag-
ment was found to be methylatable by the B. subtilis
enzyme, it was analyzed further to detect the methylated
sequences. Tagl digestion was chosen because this enzyme,
which is insensitive to cytosine methylation, produces a cut
within the PyTCGAPu sequences and segregates the
methylatable cytosine of each DNA strand into a separate
contiguous fragment. It is thus possible to determine
whether the cytosines in the two nonpalindromic but com-
plementary sequences TTCGAG and CTCGAA are methyl-
ated differently. It was found that one of the two PyTCGAPu
sequences was methylated in both strands, which indicates
that the BsuM enzyme is able to methylate both CTCGAA
and TTCGAG sequences. The reason why the other
PyTCGAPu sequence in the 2.6-kb DNA fragment remained
totally unmethylated is not clear. It is possible that the
lambda DNA used in this study had undergone a mutation
within this site, causing loss of recognition by the methyl-
transferase.

The possibility of the occurrence of methylcytosine in the
sequence PyTCGAPy was ruled out by examination of the
nucleotide sequence of plasmid pHV33 (30). This composite
plasmid was constructed by joining plasmids pBR322 and
pC194, whose complete sequences are known (22, 37). The
component plasmids of pHV33, devoid of PyTCGAPu se-
quences, have several PyTCGAPy sequences (four in
pBR322 and two in pC194), and pHV33 was not a methyl
acceptor for the B. subtilis enzyme (see above).

It was found that only some of the Asull recognition
sequences are methylated in vivo (12% in chromosomal and
33% in plasmid DNA), and the total absence of Xhol
restriction of chromosomal DNA would suggest that all the
Xhol sites are methylated. Whether the methyltransferase of
strain Marburg methylates some sites in preference to others
is yet to be determined by using a DNA of known sequence
as the substrate. However, analysis of Asull sites after in

J. BACTERIOL.

vitro methylation of both chromosomal and plasmid DNA
clearly showed that Asull sites are methylatable.

The observed partial methylation of Asull sites can also be
explained by the existence of partial in vivo methylation of
DNA in B. subtilis. In fact, it was found that B. subtilis 168M
DNA can be methylated in vitro (about 1% compared with
unmethylated DNA) with a homologous methyltransferase.
Vanyushin and Dobrista (41) have reported a similar obser-
vation for Bacillus brevis. This indicates that in B. subtilis,
DNA sites susceptible to methylation are not fully saturated.
An alternative explanation is possible. With Haemophilus
influenzae type d, a portion of the cells in a culture at any
time are deficient in the R-M system (15). In fact the strain of
H. influenzae from which the restriction enzymes and
methyltransferases were isolated was found to contain about
50% HsdR~ HsdM~ cells in any given culture, which ex-
plains why the DNA of this strain is methylatable by a
homologous enzyme (32). Because in B. subtilis a certain
percentage of cells of the clear-plaque mutant of phage $105
escape restriction, it is possible that in a culture of strain
Marburg some cells are HsdR™ HsdM ™. Consequently, the
chromosomal DNA of these cells remains unmethylated and
serves as the substrate for in vitro methylation with a
homologous enzyme.

A cytosine-methylating enzyme is apparently induced in
competent B. subtilis cells (14). I have also observed that
methylation, although very low, occurs during the sporula-
tion phase. It is not known whether methylation under these
conditions occurs in a sequence(s) different from those
identified so far. In B. subtilis, no correlation has been
observed between the state of methylation and gene expres-
sion. Any role for methylation apart from R-M is yet to be
determined.

ACKNOWLEDGMENTS

1 wish to thank J. Szulmajster for going through the manuscript. I
thank him and Céline Bonamy for giving me E. coli C600 containing
plasmids pHV33 and pGsOB2 and also for information about the
sporulation gene nucleotide sequence. I thank Oscar Reyes for
providing the initial phage lysate and for advice about the culture and
purification of lambda cI857 Sam7. I thank the Bacillus Genetic Stock
Center for providing me with B. subtilis RM125. Lastly, I thank
Jocelyne Mauger for skillful editing of the manuscript.

LITERATURE CITED

1. Appleyard, R. K. 1954. Segregation of new lysogenic types
during growth of a doubly lysogenic strain derived from E. coli
K12. Genetics 39:440-446.

2. Arber, W., L. Enquist, B. Hohn, N. E. Murray, and K. Murray.
1983. Experimental methods for use with lambda, p. 433—466. In
R. W. Hendrix, J. W. Roberts, F. W. Stahl, and R. A. Weisberg
(ed.), Lambda II. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

3. Bale, A., M. d’Alarco, and M. G. Marinus. 1979. Characteriza-
tion of DNA adenine methylation mutants of Escherichia coli
K12. Mutat. Res. 59:157-165.

4. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

5. Bochner, B. R., and B. N. Ames. 1982. Complete analysis of
cellular nucleotides by two-dimensional thin layer chromatog-
raphy. J. Biol. Chem. 257:9759-9769.

6. Bonamy, C., and J. Szulmajster. 1982. Cloning and expression
of Bacillus subtilis spore genes. Mol. Gen. Genet. 188:202-210.

7. Bron, S., K. Murray, and T. A. Trautner. 1975. Restriction and
modification in Bacillus subtilis. Purification and properties of a
restriction endonuclease from strain R. Mol. Gen. Genet. 143:
13-23.



VoL. 163, 1985

8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cregg, J. M., and J. Ito. 1979. A physical map of the genome of
temperate phage $3T. Gene 6:199-219.

Daniels, D. L., J. L. Schroeder, W. Szybalski, F. Sanger, A. R.
Coulson, F. Hung, D. F. Hill, G. B. Petersen, and F. R. Blattner.
1983. Complete annotated lambda sequence, p. 662-676. In
R. W. Hendrix, J. W. Roberts, F. W. Stahl, and R. A. Weisberg
(ed.), Lambda II. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Davis, R. W., D. Botstein, and J. R. Roth. 1980. Advanced
bacterial genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

De Waard, A., and M. Duyvesteyn. 1980. Are sequence-specific
deoxyribonucleases of value as taxonomic markers of cyano-
bacterial species? Arch. Microbiol. 128:242-247.
Dreiseikelmann, B., and W. Wackernagel. 1981. Absence in
Bacillus subtilis and Staphylococcus aureus of the sequence-
specific deoxyribonucleic acid methylation that is conferred in
Escherichia coli K-12 by the dam and dcm enzymes. J. Bacte-
riol. 147:259-261.

Dybvig, K., D. Swinton, J. Maniloff, and S. Hattman. 1982.
Cytosine methylation of the sequence GATC in a mycoplasma.
J. Bacteriol. 151:1420-1424.

Ganesan, A. T. 1979. Genetic recombination during transforma-
tion in Bacillus subtilis: appearance of a deoxyribonucleic acid
methylase. J. Bacteriol. 139:270-279.

Glover, S. W., and A. Piekarowicz. 1972. Host specificity of
DNA in Haemophilus influenzae: restriction and modification in
strain Rd. Biochem. Biophys. Res. Commun. 46:1610-1617.
Gruenbaum, Y., R. Stein, H. Cedar, and A. Razin. 1981.
Methylation of CpG sequences in eukaryotic DNA. FEBS Lett.
124:67-71.

Guha, S. 1984. Effect of 5-azacytidine on DNA methylation and
on the enzymes of de novo pyrimidine biosynthesis in Bacillus
subtilis Marburg strain. Eur. J. Biochem. 145:99-106.
Gunthert, U., and T. A. Trautner. 1984. DNA methyltrans-
ferases of Bacillus subtilis and its bacteriophages. Curr. Top.
Microbiol. Immunol. 108:11-22.

Hattman, S. 1981. DNA methylation, p. 517-548. In P. D. Boyer
(ed.), The enzymes, vol. 14A (3rd ed.). Academic Press, Inc.,
New York.

Hattman, S., T. Keister, and A. Gotteherrer. 1978. Sequence
specificity of DNA methylase from Bacillus amyloliquefaciens
and Bacillus brevis. J. Mol. Biol. 124:701-711.

Hoch, J., and J. L. Mathews. 1973. Chromosomal location of
pleiotropic negative sporulation mutations in Bacillus subtilis.
Genetics 73:215-228.

Horinouchi, S., and B. Weisblum. 1982. Nucleotide sequence
and functional map of pC194, a plasmid that specifies inducible
chloramphenicol resistance. J. Bacteriol. 150:815-825.

Ikawa, S., T. Shibata, T. Ando, and H. Saito. 1980. Genetic
studies on site-specific endodeoxyribonucleases in Bacillus sub-
tilis: multiple modification and restriction systems in transform-
ants of B. subtilis 168. Mol. Gen. Genet. 177:359-368.

Ikawa, S., T. Shibata, K. Matsumeoto, T. Ijima, H. Saito, and T.
Ando. 1981. Chromosomal loci of genes controlling site-specific
restriction endonucleases of Bacillus subtilis. Mol. Gen. Genet.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.
37.

38.

39.

41.

42.

METHYLCYTOSINE IN B. SUBTILIS DNA 579

183:1-6.

Jentsch, S. 1983. Restriction and modification in Bacillus subti-
lis: sequence specificities of restriction/modification systems
BsuM, BsuE, and BsuF. J. Bacteriol 156:800-808.

Koncz, C., A. Kiss, and P. Venentianer. 1978. Biochemical
characterization of the restriction-modification system of Bacil-
lus sphaericus. Eur. J. Biochem. 89:523-529.

Marinus, M. G. 1973. Location of DNA methylation genes on
the Escherichia coli K-12 genetic map. Mol. Gen. Genet. 127:
47-55.

Maxam, A. L., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-580.

McCleland, M. 1983. The effect of site specific methylation on
rstriction endonuclease cleavage (update). Nucleic Acids Res.
11:169-173.

Primrose, S. B., and S. D. Ehrlich. 1981. Isolation of plasmid
deletion mutants and study of their instability. Plasmid 6:193-
201.

Radman, M., and R. Wagner. 1984. Effects of DNA methylation
on mismatch repair, mutagenesis and recombination in Esche-
richia coli. Curr. Top. Microbiol. Immunol. 108:22-28.

Roy, P. H., and H. O. Smith. 1973. DNA methylases of
Haemophilus influenzae Rd. 1. Purification and properties. J.
Mol. Biol. 81:427-444.

Saito, H., T. Shibata, and T. Ando. 1979. Mapping of genes
determining non permissiveness and host-specific restriction to
bacteriophages in Bacillus subtilis Marburg. Mol. Gen. Genet.
170:117-122.

Sanger, F., A. R. Coulson, G. F. Hong, D. F. Hill, and G. B.
Petersen. 1982. Nucleotide sequence of bacteriophage \. J. Mol.
Biol. 162:729-773.

Shibata, T., and T. Ande. 1974. Host controlled modification
and restriction in Bacillus subtilis. Mol. Gen. Genet. 131:275-
280.

Smith, H. 0. 1979. Nucleotide sequence specificity of restriction
endonucleases. Science 205:455—462.

Sutcliffe, J. G. 1978. pBR322 restriction map derived from the
DNA sequence: accurate DNA size markers up to 4361 nucle-
otide pairs long. Nucleic Acids Res. 5:2721-2728.

Trautner, T. A., B. Pawlek, S. Bron, and C. Anagnostopoulos.
1974. Restriction and modification in Bacillus subtilis: biological
aspects. Mol. Gen. Genet. 131:181-191.

Uozumi, T., T. Hoshino, K. Miwa, S. Horinouchi, T. Beppu, and
K. Arima. 1977. Restriction and modification in Bacillus spe-
cies. Genetic transformation of bacteria with DNA from dif-
ferent species. Mol. Gen. Genet. 152:65-69.

. Vanyushin, B. F., A. N. Belozersky, N. A. Kokubina, and D.

Kadirova. 1968. 5-Methylcytosine and 6-methyl-aminopurine in
bacterial DNA. Nature (London) 218:1066-1067.

Vanyushin, B. F., and A. P. Dobrista. 1975. On the nature of the
cytosine methylated sequence of Bacillus brevis var G.B.
Biochim. Biophys. Acta 407:61-72.

Yasbin, R. E., P. 1. Fields, and B. J. Andersen. 1980. Properties
of Bacillus subtilis 168 derivatives freed of their natural pro-
phages. Gene 12:155-159.



