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Restriction of hemimethylated DNA

by the Bacillus subtilis R system
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Summary. The effects of restriction by the BsuR system
on hemimethylated SPPl DNA were investigated. In vitro,
single-stranded nicks were introduced in the nonmodified
strand of the hemimethylated DNA at the same sites as
recognized in nonmodified homoduplex DNA. Transfec-
tion with BsuR-treated hemimethylated DNA was severely
reduced.

In vivo, transfection with hemimethylated DNA was
also severely reduced in competent B. subtilis R cells. In
contrast, transfection of protoplasts of the R strain with
this DNA was not affected. The apparent restriction by
competent cells was attributed to the special mode of pro-
cessing of transfecting DNA.

The transformation/transfection systern of Bacillus subtilis
strain R has been successfully used to study the effects of
restriction (Trautner et al. 1974; Bron et al. 1980a, b; Can-
osi et al. 1981) and modification (Gunthert et al. 1977) on
biologically active DNAs, both in vivo and in vitro.A major
conclusion was that, in contrast to transfection, transforma-
tion was not affected by restricting competent cells. These
studies indicated that homology between donor and recipi-
ent DNA was the decisive factor in the protection ofbiolog-
ically active donor DNAs against restriction by competent
R cells. To explain these results, we reasoned that in trans-
formation of restricting recipients with nonmodified DNA,
tlie hemimethylated heteroduplex DNA molecules (one
strand modified, the other nonmodified) resulting frorn the
entry and integra4Ïon of donor DNA in a single-stranded
form (reviews: Dubnau 1976; Venerna 1979) would be resis-
tant to restriction by the BsuR systern in vivo. To obtain
support for this hypothesis, we assayed in the present stu-
dies the sensitivity of hemimethylated DNA to BsuR in
vivo and in vitro. These investigations were also of interest
since previous results, indicating that hemimethylated trans-
fecting DNA was inactivated by restricting competent cells
(Trautner et al. 1974), were in apparent conflict with the
prediction. The approach was to construct hemimethylated
SPP1 DNA molecules by renaturation of separated modi-
fied and nonmodified strands of this DNA (Bron et al.
1980b). Since SPP1 DNA is terminally redundant and par-
tially circularly permuted (Ratcliff et al. 1979), reannealed
double-stranded regions of this DNA may be linked via

single-stranded segments ofDNA. Under certain conditions
BsuR cleaves single-stranded DNA (Bron et al. 1980b).
Since this might complicate the interpretation of the results
obtained with hemimethylated DNA, all experiments de-
scribed in this paper were carried out with DNAs from
which possible single-stranded regions had been removed
with S1 nuclease.

The hemimethylated H+L -(heavy, H, strand modified;
light, L, strand nonmodified) and H -L + (H strand nonmo-

dified; L strand modified) duplex DNAs were incubated
for 1 h at 37° C with 0.2 U BsuR per ~g DNA under stan-
dard conditions (Bron and Horz 1980), and subsequently
used to transfect competent nonrestricting (r-) and nonmo-
difying (rn-) 8G-5 B. subtilis cells as described before (Bron
et al. 1980b). This treatment reduced the transfecting activi-
ties of the hemimethylated DNAs to about 1 %, whereas
under the same conditions no effect on the fully modified
H + L + homoduplex was observed. These results indicate

that in vitro restriction of hemimethylated SPP1 DNA by
BsuR occurs. However, the level ofinactivation ofthe hemi-
methylated DNAs was less that with fully nonmodified
H-L- DNA (0.1% residual transfecting activity). Qualita-
tively similar results were obtained with restriction nuclease
Hael11, an isoschizomer of BsuR.

The experiment described in Fig. 1 was aimed at study-
ing, whether BsuR inactivated the nonmodified strand, or
both strands of hemimethylated SPP1 DNA. Heteroduplex
molecules, one strand of which was derived from wild-type
SPP1 and the other from the temperature-sensitive double
mutant SPP1ts (B3-M1o), (Behrens etal. 1979), were incu-
bated for various periods of time with BsuR and subse-
quently used in transfection under marker-rescue condi-
tions. Under the nonpermissive conditions of the marker
rescue experiment the effect of BsuR on them -(wild-type)
strand is assayed with the H-L(ts)+, and on the rn+ (wild-
type) strand with the H(ts)-L + heteroduplex. The results
show that theH(ts)-L + heteroduplex is as resistant to BsuR
as the H+L + homoduplex, indicating that the modified

strand in the hemimethylated DNA molecule was not inac-
tivated by BsuR. On the contrary, rescuability by the
H-L(ts)+ heteroduplex rapidly decreased, indicating that
BsuR inactivated exclusively the nonmodified strand in the
hemimethylated DNA. The rate of inactivation of the
H-L(ts)+ heteroduplex was similar to that of the H-L -
homoduplex. This indicates that restriction of the rn -

strand in hemimethylated DNA by BsuR occurs efficiently
and is not hindered by methylation of the other strand.Offprint requests ta: s. Bron
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Fig. 1. Kinetics ofinactivation ofindividual strands in hemimethyl-
ated DNA. Mixtures of 10 I!g H and 10 I!g L strands in 100 1!1
10 mM Tris-HCI, pH 7.4, plus 150 mM NaCI, were renatured for
1 h at 68° C in the combinations indicated. Strands marked with
the suffix (ts) had been purified from SPP1 ts (B3-M10) DNA.
The buffer was adjusted to BsuR conditions and the volumes of
the mixtures increased to 380 1!1. The DNAs were prewarmed for
5 min at 37° C, and BsuR, 0.1 U/l!g DNA, was added to each
(zero time of incubation). Incubation at 37° C was continued and
samples of 50 1!1, withdrawn at the times indicated, were immediate-
Iy heated for 10 min at 68° C to inactivate BsuR. The samples
were then assayed for the ability to rescue nonmodified SPP1 ts
(B3-M10) helper phage. For marker rescue, competent 8G-
5(r-m -) cells were preinfected (5 min, 34° C) with the helper phage
at input ratios of three phage per bacterium and subsequently incu-
bated for 40 min at 34° C with the DNA samples (concentration
DNA: 0.1I!g/ml cells). Infective centers were scored on TY agar
plates at 46° C. The numbers of infective centers obtained with
the zero time control samples were (per 0.1 ml); H-L -,1.3 x 104;
H-L(ts)+, 0.7 x 104; H(ts)-L +,0.4 x 104; H+L +,1.0 x 104. .-.
H-L- ; D-D H+L + ; 0-0 H-L(ts)+ ; ~ ~ H(ts)-L +

Fig. 2. Agarose gel analysis of the cleavage products of hemi-
methylated DNA by BsuR. Mixtures of H and L strands were
renatured in the combinations H-L- and H-L +. After digestion
with excess EcoRI, DNA fragments were separated on 1% agarose
gels. Fragment 12, 0.58 megadalton, was extracted from the gel
on DEAE NA-45 membranes (Schleicher and Schiill, Dassel, FRG)
as indicated by the manufacturer. Approximately Il!g H-L- and
0.3 I!g H -L + of segment 12 were recovered. The purified segments

were dissolved in 40 1!1 standard BsuR buffer and incubated with
5 U BsuR for 2 h at 37° C. One-half of the digested samples was
denatured by heating for 5 min at 100° C, foliowed by rapid chilling
in ice. To the denatured samples, NaOH was added to 0.1 M.
Native and denatured DNA samples were electrophoresed on a
neutral 2% agarose gel and the fragments transferred by capillary
blotting to Gene Screen membranes (NEN, Dreieich, W. Ger-
many). After transfer, the membranes were prehybridized for 24 h
at 42° C in 5 x SSC, 50% (v/v) formamide (Eastman Kodak, Roch-
ester, USA), 1% SDS (w/v), 250 I!g/ml denatured calf thymus
DNA, 0.04% polyvinylpyrrolidone-40T (Sigma, St. Louis, USA),
0.04% ficol1400 (Pharmacia, Uppsala, Sweden) and 0.04% bovine
serum albumin. Subsequently, the membranes were transferred to
fresh solutions of the same composition to which nick-translated
«(X-32p)-labeled SPPI DNA probes were added to 0.02 I!g/ml (ap-
proximately 106 cpm/ml), and incubated for 24 h at 42° C for hy-
bridization. The membranes were then washed twice with 2 x SSC
for 5 rnin at room temperature, twice with 2 x SSC plus 0.5% SDS
for 30 min at 65° C, and finally twice with 0.1 x SSC for 30 min
at room temperature. Autoradiographs were made on Kodak Xar5
fi\ms. A, position of native segment 12; A' , position of denatured
segment 12. a, b, and c, positions of native BsuR fragments from
segment 12; a', b' and c', positions of denatured fragments a, b
and c. Fragments a and b are of nearly the same size and did
not separate in the gels used. (1, 2, 3), native DNAs; (4, 5, 6),
denatured DNAs. (1, 4), H-L -, no BsuR; (2, 5), H-L -, plus
BsuR; (3,6), H-L +, plus BsuR

In this respect BsuR differs frorn a number of other site-
specific restriction enzymmes that have been reported to
cleave the nonmethylated strand in hemimethylated DNA :
BspI (Koncz et al. 1978), Sau3A (Streeck 1980), MspI and
Ha el II (Gruenbaurn et al. 1981). The efficiency ofcleavage
ofhemimethylated DNA by these enzymes seems to be rath-
er low, since excess arnounts of enzyme, or prolonged peri-
ods of incubation, were required.

To investigate whether the sites cleaved in the nonmodi-
fied strand of hemimethylated DNA were identical to the
-GGCC- sites cleaved in nonmodified DNA under stan-
dard conditions, native and denatured restriction fragments
frorn hemimethylated DNA were compared on agarose gels.
Because of the complexity of the band pattem frorn whole-
length SPP1 DNA (approximately 100 fragments), a small
(0.58 megadalton) segment of the SPP1 molecule (fragment
12 frorn an EcoRI digest), containing two BsuR sites, was
chosen for this purpose. The results (Fig. 2, lane 3) show
that under nondenaturating conditions the BsuR-treated
H-L + DNA yielded only one band at the position A of

intact segment 12, indicating that no double-strand cuts
were introduced. On the bases of the results frorn Fig. 1
this was to be expected, since only the m- strand will be
cut. Denaturation of untreated segment 12 (Fig. 2, lane 4)
resulted in a major (lower) band A', representing the dena-
tured strands, and a minor (upper) band at the position
A of native segment 12. The minor band A resulted frorn

renaturation of part of the denatured H and L strands dur-
ing electrophoresis. Denaturation ofthe BsuR-treated hemi-
methylated DNA (Fig. 2, lane 6) resulted in several bands.
The position of the upper band corresponded to the posi-
tion A' of denatured segment 12, and represented the un-
fragmented rn + strand. Comparison of lanes 5 and 6 shows

that the double band a'b' in lane 6 was found at the same
position as the denatured fragments a'b' from the nonmodi-
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Table 1. lnactivation of hemimethylated SPPl DNA by restricting
B. subtilis protoplasts

DNA Relative
restriction
ratio
(b/a)

SPP1.0
SPP1.R
H-L-
H-L+
H+L-
H+L+

48,400
36,700
7,795

12,110
9,680

13,510

<2.0 x 10-5
0.95

<1.2x10-4
0.82
0.86
1.00

introduction of the donor DNA in the double-stranded
state. Transfection of protoplasts is suitable for this pur-
pose, because donor DNA enters protoplasts double-
stranded (de Vos and Venema 1981). The results (Table 1)
show that, as in transfection of competent cells, complete
restriction of the nonmodified SPP1.0 and H-L- homo-
duplex es occurred. However, in contrast to the results ob-
tained with competent cells, transfection of protoplasts with
hemimethylated SPP1 DNA was not affected by restriction
(relative restriction ratios 0.82 and 0.86 for H-L + and

H+L -, respectively). These results indicate that hemi-
methylated SPP1 DNA is not restricted by B. subtilis R
cells and that, as outlined above, the previously observed
inactivation of transfecting DNA was a consequence of the
mode of processing of donor DNA by competent cells. The
present results are therefore in good agreement with the
hypothesis that the protection of donor DNA which has
homology with DNA of the recipient against restriction
by B. subtilis R (Bron et al. 1980a, b, 1982) is due to the
formation of restriction-resistant hemimethylated heterodu-
plex molecules.

To explain why hemimethylated SPP1 DNA is sensitive
to BsuR restriction in vitro and resistant in vivo, it could
be speculated that intracellularly the BsuR recognition sites
are methylated before the restriction enzyme is able to cut.
This might be a consequence of, for example, differences
in cellular location, concentration, or affinity of the restric-
tion enzyme and the corresponding methyltransferase for
the hemimethylated substrate. An alternative possibility
would be that intracellular nicking ofhemimethylated DNA
does in fact occur, but that the single-strand breaks are
rapidly repaired.

Native nonmodified SPP1.0 and modified SPP1.R DNA and rena-
tured DNAs of the combinations of strands indicated were used
to transfect protoplasts of 8G-5(r-m -) and 6G-R(r+m +). Proto-
pIast transfection was based on the method described by Chang
and Cohen (1979) for plasmid transformation. The media used
were described by Chang and Cohen (1979). DNA entry was al-
lowed for 2 min at 20° C in mixtures containing 1.5 ~g SPP1 DNA,
150 ~I protoplast suspension, 15 ~12 x SMM and 450 ~140% (w/v)
PEG6000. SMMP, 1.5 ml, was subsequently added, and the proto-
plasts were collected by centrifugation (3 min, Eppendorf) and re-
suspended in 450 ~I SMMP of 37° C. Phage multiplication was
allowed for 2 h at 37° C, non-absorbed free DNA degraded with
pancreatic DNAase, and the protoplasts were burst by dilution
in minimal medium. Free phage was scored on TY plates with
non-restricting indicator cells.

The relative restriction ratio was calculated from the ratios b/a
(numbers of transfectants on 6G-R(r+m +)/8G-5(r-m -)) by cor-
recting the .'raw" ratios b/a for differences in competence between
the r+m+ and r-m- strains. This was achieved by comparing the
transfection frequencies of the two recipients with modified DNA
(i.e. by setting the b/a ratio for the rn + /rn + DNA at 1.00)

fied m -/m -homoduplex (the small fragment c' was not
visible in this autoradiograph). This indicates that the non-
modified strand in the hemimethylated DNA was cleaved
at the same sequences ( -GGCC -) as recognised by BsuR
in nonmodified homoduplex DNA.

Our previous result that hemimethylated transfecting
SPP1 DNA was inactivated in vivo by competent restricting
B. subtilis cells (Trautner et al. 1974) seems to be in agree-
ment with the results presented above on restriction in vitro.
However, the observed inactivation by competent cells does
not necessarily mean that in vivo restriction did occur on
the original hemimethylated donor DNA. This is due to
the particular mode of processing of donor DNA. Compe-
tent B. subtilis cells fragment the donor DNA and render
it single-stranded upon entry (for a review: see Venema
1979). Loveday and Fox (1978) have shown that in transfec-
tion the entered complementary single-stranded fragments
anneal to partial duplices and that the remaining single-
stranded gaps are filled in by repair synthesis. Therefore,
in the case of hemimethylated donor DNA, the initially
reannealed m + /m -partial duplexes will contain stretches

of single-stranded m- DNA. Repair synthesis on these
stretches will produce m -/m -duplex regions, which will
be substrates for restriction. This means that the observed
inactivation would be due to restriction of fully nonmodi-
fied regions of DNA, which are forrned during the process-
ing of transfecting DNA by competent B. subtilis cells.
Therefore, to answer definitely the question whether a hemi-
methylated DNA substrate is restricted by B. subtilis R
cells, an assay system was needed that would allow the
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