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BamHI, from Bacillus amyloqefaciens H, is a typeH restriction-modification system recogning and cleaving
the sequence G^GATCC. The BamHI restriction-modification system contains divergently transcribed endonu-
clease and methylase genes along with a small open reading frame oriented in the direction of the endonuclease
gene. The small open reading frame has been designatedbamHIC (forBamHI controlling element). It acts as both
a positive activator ofendonudease expression and a negative repressor of methylase expression ofBamHI clones
in Escherichia coli. Methylase activity increased 15-fold and endonuclease activity decreased 100-fold when
bamHIC was inactivated. The normal levels of activity for both methylase and endonuclease were restored by
supplying bamHIC in trans. The BamHI restriction-modification system was transferred into BaciUus subtiYs,
where bamHIC also regulated endonudease expression when present on multicopy plasmid vectors or integrated
into the chromosome. In B. subtilis, disruption ofbamHIC caused at least a 1,000-fold decrease in endonuclease
activity, activity was partially restored by supplying bamHIC in tans.

Restriction-modification (RM) systems are known to pro-
tect bacterial cells against invasion by bacteriophage (1).
They may also enhance recombination and subsequently be
a means to enhance genetic diversity within a population (2).
The restriction endonuclease acts to cleave incoming DNA
lacking the proper DNA modification. The cognate modifi-
cation methylase protects the cell's own DNA against deg-
radation by the endonuclease.
Although gene regulation is not yet well understood for

any RM system, it is clearly important for a system's
effective functioning. The cell's own DNA must be com-
pletely protected by the methylase before the endonuclease
can be allowed to act on invading DNA. Regulation is of
paramount importance when a system is transferred to a new
host with unprotected DNA but may also be important
during major changes in a cell's physiological state.

Since 1978, when Mann and Smith cloned the HhaII RM
system, a wide range of RM systems have been cloned and
expressed in Escherichia coli (22, 38). It was originally
anticipated that, in cloning a complete system in one step
into a naive E. coli host, the endonuclease might act on the
new host's DNA before the methylase had the chance to
completely protect it (7, 32, 36). That this occurs only rarely
suggests that the RM genes are regulated.

Investigators have used cloned RM systems to study the
sequence and organization of the genes and properties of the
protein components. However, the cloned systems have not
proved very useful in illuminating the regulation of these
systems. How regulation occurs is difficult to assess, since
the RM systems are usually cloned into a heterologous host,
maintained on multicopy plasmids, and sometimes tran-
scribed from foreign promoters.
However, RM system control has been demonstrated in

cloned systems. Tao et al. described a small open reading
frame (designated pvuIIC) in the PvuII RM system that has
transregulatory properties: its presence is necessary for the
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expression of the PvuII endonuclease gene (pvuIIR) in E.
coli clones of the system (34). The derived amino acid
sequence ofpvuIIC shows strong similarity to those of small
open reading frames found in the SmaI and EcoRV RM
systems (4, 16, 34).
The BamHI RM system was detected in Bacillus

amyloliquefaciens H, a gram-positive bacterium closely re-
lated to the genetically well-characterized species Bacillus
subtilis (37). BamHI was one of the first RM systems
discovered (37), and its endonuclease (R.BamHI) and meth-
ylase (M.BamHI) have been purified to apparent homogene-
ity and characterized (8, 18, 23, 30). The BamHI RM system
has been cloned and the nucleotide sequence determined; a
small open reading frame encoding 102 amino acids located
between the methylase and endonuclease genes was discov-
ered (8). This open reading frame was previously shown to
regulate bamHIM expression (8, 24) and has a predicted
amino acid sequence very similar to that ofpvuIIC (34). It
has been designated bamHIC (for BamHI controlling ele-
ment). In this report we describe the regulation of the
BamHI system by bamHIC in both E. coli and B. subtilis.

MATERIALS AND METHODS

Bacterial strains and media. E. coli RR1 (mcrBC), K802
(mcrA mcrBC), ER1451 [mcrA mcrBC (AlacZ)M15 lacl],
ER1562 (mcrA mcrBC), and ER1563 (mcrA) were described
in detail previously (26). Strain ADK21, a derivative of K802
carrying the bamHIM gene on a A lysogen, was constructed
at New England Biolabs (17b). B. subtilis 168trpC2, used in
Bacillus transformation and expression experiments, was
provided by Ken Bott.

E. coli strains were grown in Luria broth (7) except during
McrB restriction studies, where the cells were grown in
Luria-Bertani broth (29). Media were supplemented with
5-bromo-4-chloro-3-indolyl-3-D-galactoside (X-Gal, 20 ,ug/
ml; American Bioanalytical), isopropylthio-o-D-galactoside
(IPTG, 0.4 mM; Promega), ampicillin (100 pg/ml), or chlor-
amphenicol (37.5 ,ug/ml) as required.
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Endonuclease activity was determined in B. subtilis cul-
tures grown in tryptic soy broth (TSB; Difco) or nutrient
broth (Difco). Transformed B. subtilis cells were selected on
tryptone blood agar base plates (Difco). Erythromycin (1
,g/ml) or chloramphenicol (5 ,ug/ml) was added to the media
as required.
For phage restriction assays, Bacillus cultures were grown

in Penassay broth (Difco); after phage infection, bacterial
cultures were plated on M agar as previously described (40).

Plasmids and bacteriophage. Plasmids pBamMl.8 and
pBamM2.2 (containing bamHIM [7]), pMspI-30 (containing
mspIM [25]), and pSUll (containing bsuRIM [20]) were
described previously. Plasmid pBamRM5.0, a pACYC184
derivative containing the complete BamHI RM system on a
5.0-kb HindIII fragment, was used in various subcloning
experiments (7). Plasmid pACYC184 was used as a control
in several complementation experiments (9). Plasmid
pBamRM2.7-HP13, containing the complete BamHI system,
was described previously (8). pY4Cm, a derivative of
pGEM-Blue (Promega Biotec), was used to construct clones
that would integrate into the B. subtilis chromosome (17).

Plasmid DNA was prepared by the alkaline lysis method
(10) or by the cleared lysate method followed by CsCl-
ethidium bromide ultracentrifugation (21).
The B. subtilis phage 43Tc, a clear plaque variant of +3T,

was used in B. subtilis phage restriction experiments; phage
lysates were prepared as described previously (12). All
phage dilutions were done in lx Spizizen salts (31).

Cloning enzymes and techniques. DNA manipulations and
subcloning procedures were done as described previously
(21) unless otherwise stated. All restriction endonucleases,
DNA linkers, T4 DNA ligase, and the large (Klenow)
fragment of E. coli DNA polymerase I were produced at and
used as recommended by New England Biolabs. Calf intes-
tine alkaline phosphatase was purchased from Boehringer
Mannheim and used as previously described (21).

Individual DNA fragments from restriction digests of
plasmids were separated by agarose gel electrophoresis with
molecular biology grade agarose (IBI), excised, and then
purified with a unidirectional electroelutor (IBI) as previ-
ously described (7) or a Prep-A-Gene DNA purification
matrix kit (Bio-Rad).

E. coli transformations were done by the CaCl2-heat shock
method (11) or by electroporation with a Bio-Rad gene
pulser and the manufacturer's recommended procedure.
Transformations for the McrBC restriction experiments
were done as previously described (7). B. subtilis transfor-
mations were done by the procedure of Bott and Wilson (3).
BamHI constructs in E. coli. The plasmid pBamC (Fig. 1)

carries bamHIC on a pACYC vector (9) that is compatible
with pUC (39) derivatives. The BalI site was first converted
to a BglII site, and a HincII-BamHI fragment of pACYC184
containing most of the tetracycline resistance gene was
deleted in the construction.
The plasmid pBamRM2.7 (Fig. 2) contains the complete

BamHI RM system and was constructed from a 2.7-kb
HindIII-BglII fragment of pBamRM5.0 and pUC19 cleaved
at the HindIII and BamHI sites. The ligation mix was
transformed into ADK21 cells, and the proper construct was
isolated.
The plasmid pBamRMdC (Fig. 2) is a derivative of

pBamRM2.7 in which the intergenic bamHIC has been
disrupted by inserting a BglII linker at an XmnI site within
the gene after partial digestion and religation.
BamHI constructs for expression in B. subtilis. The plasmid

pBamRM2.7-HP13 (8) contains the complete BamHI system
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FIG. 1. Construction of subclones containing the bamHIC gene.
The bamHIM gene ( M ) is transcribed from right to left (indicated
by its position above the horizontal line), and the bamHIR (E]i)
and bamHIC (J) genes are transcribed from left to right (indicated
by their position below the horizontal line). A vertical wavy line
indicates truncation of the bamHIR and bamHIM genes. The name
and size of the vector backbone are indicated inside each plasmid.
(A) The 2.2-kb HindIII fragment from pBamM2.2. The BalI site was
changed to a BglII site as described in Materials and Methods. (B)
The 1.1-kb BglII-ScaI fragment was ligated to a 2.9-kb HincII-
BamHI fragment of pACYC184 to form pBamC. The position and
orientation of the chloramphenicol (Cm) gene is indicated by an
arrow. (C) A 357-bp MseI fragment containing the intact bamHIC
gene was purified from the 1.1-kb ScaI-BglII fragment and inserted
into pHP13 to form pBamC-HP13. The positions and orientations of
the chloramphenicol (Cm) and erythromycin (Em) genes are indi-
cated by arrows.

on pHP13, an E. coli-B. subtilis bifunctional vector (15). The
plasmid pBamRMdC-HP13 contains theBamHI system with
a disrupted bamHIC on pHP13. It was constructed by
isolating the 2.7-kb HindIII-EcoRI fragment of pBamRMdC
and subcloning it in pHP13 (Fig. 2). The ligation mixture was
transformed into K802(pBamM2.2) host cells after a 30-min
induction with 0.3 p,g of chloramphenicol per ml. For large-
scale CsCl plasmid preparations of pBamRM2.7-HP13 and
pBamRMdC-HP13, these plasmids were transferred to E.
coli ADK21 cells. The CsCl-purified plasmids were then
used to transform competent B. subtilis 168trpC2 cells.
The plasmid pBamC-HP13 carries bamHIC on the pHP13

shuttle vector (Fig. 1). The 1.1-kb ScaI-to-BglII fragment
containing bamHIC was removed from pBamM2.2 (7) and
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purified with the Prep-A-Gene kit. The fragment was di-
gested with MseI, and a 357-bp piece containing bamHIC
was isolated. After HindIII linkers were added, the fragment
was ligated to pHP13. The ligation mix was electroporated
into E. coli ER1451 cells, and chloramphenicol-resistant
transformants were selected on LB medium containing
X-Gal and IPTG. Plasmids were isolated from white colonies
and screened for the proper insert.

Plasmid pY4Cm is a derivative of pGEM-Blue (Promega)
in which a chloramphenicol resistance gene cassette from
pMI1101 (13) was cloned into the BamHI restriction site of
the vector. In addition, pY4Cm contains a 1.8-kb PstI
fragment of B. subtilis DNA isolated from near the origin of
replication and harboring a cryptic tetracycline resistance
gene (17). The 2.7-kb HindIII-EcoRI fragments of
pBamRM2.7-HP13 and pBamRMdC-HP13 were cloned into
pY4Cm after the HindIII linkers were added, generating
pGBamC and pGBamRMdC (Fig. 2C). Recombinant plas-
mids were recovered and transformed into B. subtilis, gen-
erating two strains: 168fQpGBamC and 168QpGBamRMdC.
The proposed mechanism of integration of these plasmids is
shown schematically in Fig. 2D; proper integration was
confirmed by Southern hybridization analysis.

Analysis of M.BamHI and R.BamHI activities. In crude
extracts and during methylase purification, aliquots were
assayed by using ligated BamHI linkers [d(pCGGATCCG)]
as described previously (8). Methylase units were quantified
by using a protection assay (35) in which 1 ,g of treated A
DNA was challenged with 25 U of R.BamHI for 20 min. One
unit of M.BamHI is defined as the amount of enzyme which,
in a 50-,ul reaction volume after 1 h at 37°C, is sufficient to
completely protect 1 ,ug of A DNA (containing five BamHI
sites) against R.BamHI cleavage (8).
Endonuclease assays with E. coli extracts were performed

as described previously (7); for B. subtilis extracts, the
procedure was modified as follows. Fifty milliliters of culture
was grown to the mid-log phase in TSB medium and har-
vested. The cells were resuspended in 5 ml of sonication
buffer (10mM Tris-HCl [pH 8.0], 10 mM 2-mercaptoethanol,
100 mM NaCl) containing lysozyme (10 ,ug/ml) and 10 mM
EDTA and then frozen at -70°C. Before sonication, the cell
pellets were subjected to three freeze-thaw cycles to aid
lysis.

B. subtilis phage restriction tests were done by a method
similar to that described previously for coliphage )80 (14).
+3Tc, a clear plaque mutant of +3T with six BamHI sites,
was the phage employed (12). Indicator cultures were grown
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FIG. 2. Construction of BamHI subclones. Details of the con-
structions are given in Materials and Methods. The bamHIM gene
( 1) is transcribed from right to left (indicated by its position
above the horizontal line), and the bamHIR ( E) and bamHIC
(=) genes are transcribed from left to right (indicated by their
position below the horizontal line). A disrupted bamHIC gene is also
indicated (_). The ampicillin (Ap), chloramphenicol (Cm), and
erythromycin (Em) resistance genes are indicated. The name and
size of the vector backbone are indicated inside each plasmid. (A)
pBamRM2.7 and pBamRMdC replicate in E. coli. (B) pBamRM2.7-
HP13 and pBamRMdC-HP13 replicate in both E. coli and B. subtilis.
(C) pGBamC and pGBamCdis integrate into the B. subtilis chromo-
some. The 1.8-kb PstI fragment containing the B. subtilis cryptic
chromosomal tetracycline resistance gene is indicated ( M ). (D)
Proposed mechanism of integration of pGBamC and pGBamCdis
into the B. subtilis chromosome. The wavy line represents B.
subtilis chromosomal DNA; the sizes of the expected PstI fragments
are indicated below the figure.
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to the mid-log phase at 37°C. Plaques were scored after 18 h
of incubation at 30°C.
MBnHIII purification. M.BamHI was purified in parallel

from E. coli K802 host cells containing pBamM1.8 and
pBamM2.2, respectively, so that the levels of methylase
produced could be compared. The purification regimen of
M.BamHI from E. coli K802(pBamMl.8) was described in
detail previously (8). The same purification scheme was used
for the K802(pBamM2.2) cells, except that 3.5 liters of cell
culture was used, yielding approximately twice as many
cells. After phosphocellulose chromatography, the most
active column fractions (30 ml for pBamM2.2 and 15 ml for
pBamM1.8) were pooled and concentrated fivefold with a
Centricon (Amicon) chamber. The concentrate was dialyzed
and stored as described previously (8).

RESULTS

Effect of bamHIC on McrBC restriction of methylase-
containing plasmids. E. coli normally contains restriction
systems that act on DNA carrying alien sequence-specific
methylation. The best characterized of these is the McrBC
system (26-28). During the initial cloning of the BamHI
system, two subclones of bamHIM, pBamM2.2 and
pBamM1.8, were generated (7). The former contained intact
bamHIC, whereas in the latter bamHIC was truncated (8).
Transformation studies showed that pBamM2.2 could trans-
form McrBC+ or McrBC- strains with approximately equal
efficiency, but pBamM1.8 was strongly restricted in
McrBC+ strains (7). It seemed possible that the bamHIC
gene product was preventing McrBC restriction of
pBamM2.2. If so, providing it on a second plasmid in a host
should prevent McrBC restriction of pBamM1.8.
To test this, pBamC, a construct containing bamHIC on

pACYC184, was made (Fig. 1). The plasmid was trans-
formed into ER1562 and ER1563, which are isogenic E. coli
McrBC- and McrBC+ strains, respectively. The strains
were transformed in a second step with pBamM1.8 or
pBamM2.2 plasmids, and the results are shown in Table 1 as
McrBC+/McrBC- transformant ratios. For pBamM2.2, the
ratio of the number of transformants on the McrBC+ host to
that on the McrBC- host was approximately 1.0; the addi-
tion of bamHIC on a second plasmid had no effect on
transformation efficiency.

In the case of pBamM1.8, the transformation efficiency for
the McrBC+ host was 100-fold lower than that seen for
McrBC- E. coli (Table 1). The presence of bamHIC on a
second plasmid alleviated McrBC restriction; transformation
efficiency increased 100-fold. The alleviation was not simply
due to the presence of a second plasmid, since pACYC184
by itself did not reduce the McrBC restriction of pBamM1.8.

Other McrBC-sensitive methylase clones were used to test
whether the bamHIC function interferes directly with
McrBC action. The same McrBC+ and McrBC- isogenic
strains were used, and the plasmids pMspI-30 (encoding
mspIM, methylating meCCGG [25, 36]) and pSUll (encoding
bsuRIM, methylating GGmCCC [19, 20]) were selected, since
both have been shown to be strongly restricted when trans-
formed into McrBC+ hosts (20, 27). bamHIC had no effect
on McrBC restriction of the mspIM plasmid; in both the
presence and absence of bamHIC, the plasmid was re-
stricted 10,000-fold (Table 1). It was of particular interest to
see whether bamHIC would alleviate the McrBC restriction
of pSUll. Like BamHI, the BsuRI RM system is isolated
from a Bacillus strain and contains a small open reading
frame located between the bsuRIM and bsuRIR genes (19,

TABLE 1. Effect of C.BamHI on McrBC restriction of
methylase plasmids

M plasmid" Auiffliay Normalized efficiencyplasmdi of transformation'

pBamM2.2 6 x 10-
pBamM2.2 pBamC 4 x 10-
pBamM2.2 pACYC184 5 x 10-1

pBamMl.8 4 x 10-3
pBamMl.8 pBamC 5 x 10-1
pBamMl.8 pACYC184 5 x 10-3

pMspI-30" 1 x 1O-4
pMspI-30 pBamC 1 x 10-4

pSUII 9 X 10-3
pSUII pBamC 5 x 10-3

a Plasmid with a methylase gene cloned onto pUC19 or pBR322.
b Isogenic strains ER1562 (McrBC-) and ER1563 (McrBC+) were trans-

formed in a first step with the plasmid indicated before transformation by the
M plasmid.

' Efficiency of transformation (EOT) = [transformants per ml in
ER1563(McrBC+)J/[transformants per ml in ER1562(McrBC-)]. Normalized
EOT = [EOT ofM plasmidJ/[EOT of vector (pUC19 or pBR322)]. All platings
were done in triplicate, and the average values were used in computations.

d pMspl-30 is a pBR322 derivative containing the mspIM gene (24).
e pSUll is a pBR322 derivative containing the bsuRIM gene (19).

20). Despite these similarities, the bamHIC gene had no
effect on McrBC restriction of pSUll; in the presence or
absence of bamHIC, the plasmid was still restricted more
than 100-fold (Table 1). The bamnHIC effect was specific for
the BamHI system.

Effect of bamHIC on MJBamHI expression in E. coli. To
determine whether bamHIC was exerting its effect at the
level of methylase expression, M.BamHI was purified in
parallel from E. coli K802(pBamMl.8) and K802
(pBamM2.2) cells. The purification was performed as de-
scribed previously (8) and in Materials and Methods; sodium
dodecyl sulfate-polyacrylamide gel electrophoresis of
M.BamHI purified from the two sources is shown in Fig. 3.
Cells containing pBamMl.8 clearly made more M.BamHI
than did cells containing pBamM2.2 (Fig. 3). The methylase
yield from cells containing pBamM1.8 was 7.4 x 104 U/mg of
cellular protein compared with 4.4 x 103 U/mg of methylase
from cells containing pBam2.2. The specific activities of the
purified methylase were 1.4 x 105 U/mg of protein when
determined on ADNA from cells containing pBaml.8 and 8.0
x 103 U/mg from cells containing pBam2.2. By visual
estimation, approximately 80% of the most active fraction
purified from K802(pBaml.8) was M.BamHI protein; less
than 10% of the most active fraction purified from
K802(pBam2.2) cells was M.BamT{I protein. Therefore, E.
coli hosts with bamHIM alone produce approximately 15-
fold more M.BamHI than do E. coli cells carrying bamHIM
together with bamHIC.

In methylase assays, the use of high concentrations of
purified M.BamHI led to methylation of noncanonical sites;
this result had been reported previously for M.BamHI (23).
Plasmid DNA modified by M.BamHI at noncanonical sites
proved to be a good substrate for McrBC cleavage in an in
vitro assay; plasmid DNA modified at canonicalBamHI sites
did not (31a). It is likely that in vivo high methylation levels
caused by disruption of bamHIC leads to enough noncog-
nate methylation to trigger McrBC restriction.

Effect of bamHIC on the complete BamHI system. In the
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FIG. 3. M-BamHI proteins purified from K802(pBamM1.8) and
K802(pBamM2.2). The most active fractions of M.BamHI from
each preparation were purified, pooled, and concentrated as de-
scribed in Materials and Methods. Samples of each were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a
10 to 20% polyacrylamide gradient gel (Integrated Separation Sys-
tems) and stained with Coomassie blue. Molecular mass markers
(lane a) are indicated in kilodaltons on the left side of the figure.
Lanes: b through g, 7, 14, 21, 28, 35, and 42 Fg of purified protein,
respectively, from the K802(pBamM2.2) preparation; h through k,
6, 12, 18, and 24 pg of purified protein, respectively, from the
K802(pBamMl.8) preparation. The arrow to the right indicates the
49-kDa M.BamHI protein band. Its identity was confirmed by its
N-terminal amino acid sequence (8).

intact BamHI system, bamHIC is located between bamHIR
and bamHIM and oriented in the same direction as bamHIR.
Its position and orientation suggest that the bamHIC
function could affect both endonuclease and methylase
expression. The effect of bamHIC on expression of both the
methylase and endonuclease was tested by comparison of a
plasmid containing bamHIM and bamHIR with bamHIC
intact (pBamRM2.7) with a plasmid with bamHIM,
bamHIR, and a disrupted bamHIC (pBamRMdC). Both
constructs are shown in Fig. 2. In addition, a test was made
to determine whether bamHIC supplied in trans altered
methylase or endonuclease expression.
To maintain the intact BamHI system in E. coli, it is

necessary to have an additional source of bamHIM present
(7). Therefore, a X lysogen in which X carries bamHIM fused
with the his promoter (strain ADK21) was employed (17b) as

the host strain. When bamHIC was disrupted, methylase
activity increased (Table 2). This was similar to the effect on

TABLE 2. Effect of bamHIC function on R-BamHI and
M-BamHI activitiesa in E. coli ADK21

Enzyme activity, U/g of wet wt
Plasmid Auxiliaiy (% of wild-type activity)plasmiy av

M.BamHIc R.BamHI

pBamRM2.7 7.4 x 104 (100) 8.0 x 105 (100)
(wild type)

pBamRMdC 2.2 x 105 (300) 8.3 x 103 (1)
pBamRMdC pBamC 8.4 x 104 (110) 2.5 x 106 (310)
pBamRMdC pACYC184 2.3 x 105 (310) 7.2 x 103 (1)

a Cultures (50 ml) containing these plasmids were grown to the mid-log
phase and harvested. Endonuclease and methylase activities were assayed
from crude extracts as described in Materials and Methods. All experiments
were done by growing and assaying three independent colonies; the means of
the three assays are reported.
b E. coli ADK21(pBamRMdC) was transformed in a second step by the

plasmids indicated, and survivors were selected for Apr and Cmr.
C Values have been adjusted by subtraction of methylation activity found in

ADK21 cells. This value is less than 5% of the measured activity shown in
each case.

methylase activity when bamHIR was absent. However, the
level of increase was more modest: a 2- to 3-fold increase
rather than the 15-fold increase seen in the methylase clones
described above. It is not clear why the difference is smaller
in these experiments. The smaller difference could be due to
the presence of a second copy of bamHIM in ADK21 cells,
to the presence of bamHIR on the plasmid construct, to the
use of a disruption rather than a deletion of bamHIC, or to
some combination of these factors.
When pBamC was present with pBamRMdC, methylase

activity dropped to the level found in the intact system, as
was found when bamHIR was absent. It is clear that the
drop in activity was not due merely to the presence of a
second plasmid, since the addition of pACYC184 alone did
not change methylase activity.

In contrast, the presence ofbamHIC increased the expres-
sion of the endonuclease. The plasmid pBamRM2.7, with
bamHIC intact, in ADK21 cells directed synthesis of 8 x 10'
U of R.BamHI per g; pBamRMdC directed synthesis of only
8.3 x 103 U of R.BamHI per g, a 100-fold drop. As in the
case of methylase activity, bamHIC complemented in trans:
when pBamC was present with pBamRMdC, RBamHI
activity increased again to the level found in pBamRM2.7
clones. Once again, pACYC184 in the cells had no effect on
activity. Thus, in E. coli, bamHIC serves to decrease
M.BamHI activity while increasing R.BamHI activity, pre-
sumably through its gene product.

Regulation of the cloned BamHI RM system in B. subtilis.
The above studies were conducted in a heterologous host.
To study whether a similar regulation operates during Bacil-
lus growth, the cloned system was transferred to B. subtilis
168trpC2. It had previously been shown that the BamHI RM
system could be transferred to B. subtilis in one step without
the need for premodification of the host, as was the case in
E. coli (8). In E. coli, bamHIC regulation of R.BamHI and
M.BamHI could be assessed by assaying crude extracts.
However, M.BamHI activity could not be reliably assayed
in crude extracts of B. subtilis because of low activity levels.
A similar observation was reported for M.BamHI activity
from B. amyloliquefaciens extracts (23). Crude B. subtilis
extracts were assayed for endonuclease activity, as had been
done in E. coli. The BamHI RM system is known to restrict
incoming phage in B. amyloliquefaciens (37). Therefore, the
clones were also evaluated for the level of phage restriction
by using the B. subtilis phage 43Tc.
The results of the endonuclease assays and phage tests for

the plasmid-borne system in B. subtilis are shown in Table
3. Cells containing the complete BamHI system on
pBamRM2.7-HP13 produced 4.4 x 104 U of R.BamHI per g.
As in E. coli, the disruption of bamHIC caused reduction of
endonuclease activity. However, in B. subtilis, the reduction
was more dramatic. Instead of the 100-fold drop found in E.
coli, a drop of greater than 1,000-fold, down to undetectable
levels, was observed in B. subtilis extracts. Similar results
were found in phage restriction tests. Phage +3Tc can infect
and form plaques on B. subtilis 168 with high efficiency,
giving titers of 4.5 x 108 phage per ml. When B. subtilis
(pBamRM2.7-HP13) was used as a host, the phage were
strongly restricted. Disruption of bamHIC resulted in total
loss of phage restriction.
Next, the BamHI system was studied when integrated in a

single copy on the Bacillus chromosome, as it is found in B.
amyloliquefaciens. In this configuration it was also possible
to determine whether bamHIC could restore restriction
endonuclease activity in trans in B. subtilis as it does in E.
coli. Therefore, copies of the BamHI RM system, with
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TABLE 3. Regulation of the BamHI RM System in B. subtilis
168 by the bamHIC gene

Seod Endonuclease
Plasmida aecondEndonucteav e Efficiency ofPlasmida plasmid aU/g)i platine

Control (none) None detected 1

Autonomous plasmids
pBamRM2.7-HP13 4.4 x 104 3.6 x 10-6
pBamRMdC-HP13 <3.0 x 101 7.7 x 10-

Integrated plasmids
pGBamC 5.9 x 104 <3.0 x 10-6
pGBamCdis <3.0 x 101 8.3 x 10-1
pGBamCdis pHMBamC 1.5 x 104 8.3 x 10-4
a The plasmidless host strain, B. subtilis 168typC2, was used as a control.

No endogenous endonuclease activity was detected; the detection level of
R.BamHI in vitro is <30 U/g. Autonomous plasmids can replicate indepen-
dently in B. sublis 168trpC2; integrated plasmids are established by homol-
ogous recombination with the chromosome.

b Cultures (25 ml) containing the test plasmids were grown to the mid-log
phase and harvested. Endonuclease activity was assayed from crude extracts
on pBR322 as described previously (7).

c Efficiency of plating is defined as the titer of+3Tc grown on B. subtilis 168
containing the test plasmid divided by the titer of +3Tc grown on the control,
plasmidless strain B. subtilis 168tbpC2.

bamHIC intact or disrupted, were cloned onto pY4Cm, a
nonreplicative vector that integrates into the B. subtilis
chromosome (Fig. 2). A small fragment containing bamHIC
was also cloned onto pHP13 to produce pBamC-HP13 (Fig.
1). B. subtilis strains containing both forms of the integrated
system were then tested for endonuclease activity and phage
restriction.

B. subtilis 168QkpGBamC produced essentially the same
amount of R.BamHI as that produced by the plasmid-borne
system. With bamHIC disrupted (168flpGBamdis), no en-
donuclease was detected in extracts, as is the case with the
plasmid-borne system. Introduction of bamHIC on pBamC-
HP13 restored endonuclease activity to approximately 25%
of the level for the complete system.
The results of the phage tests on the integrated system

were more complex. When 168flpGBamC was used as the
host, phage restriction was pronounced: over 6 orders of
magnitude. When bamHIC was disrupted, phage restriction
disappeared. When bamHIC was supplied to this mutant
on pBamC-HP13, phage restriction was partially restored;
but instead of the 4-fold difference in endonuclease activity
between 16&QpGBamC and 168QlpGBamCdis(pBamC-
HP13) seen in crude extracts, the two strains exhibited a
1,000-fold difference in phage restriction. These results show
that the in vivo and in vitro activities of the endonuclease are
not directly proportional, suggesting that other factors, in
addition to the amount of endonuclease in the cell, affect
phage restriction. However, the results clearly demonstrate
that in both E. coli and B. subtilis, bamHIC positively
controls R.BamHI activity.

DISCUSSION

Regulation ofBamHI in E. coli and B. subtilis. It is possible
to show bamHIC regulation of both endonuclease and meth-
ylase expression in E. coli. In the presence of bamHIC,
endonuclease activity increases while methylase activity
decreases. The magnitude of the effect is different for the
two proteins; while the difference in M.BamHI activity with

and without bamHIC is 15-fold at most, the difference in
R.BamHI activity is 100-fold.

It was of interest to see how the system would function
when present as a single copy on the B. subtilis chromo-
some, similar to the way it is found in B. amyloliquefaciens.
In B. subtilis, as in E. coli, R.BamHI activity increases in the
presence of bamHIC. However, in B. subtilis, the effect of
bamHIC is significantly stronger, giving a 1,000-fold differ-
ence in R.BamHI activity with and without R.BamHI. It is
unclear why this should be the case. It is possible that in B.
subtilis there are other regulatory factors that keep bamHIR
repressed in the absence of bamHIC or perhaps regulatory
factors that enhance bamHIC activation of bamHIR. It is
also possible that the difference is simply due to a higher
basal level ofbamHIR expression in E. coli relative to that in
B. subtilis in the absence of bamHIC. Whatever the cause, it
is likely that the situation in B. amyloliquefaciens more
closely resembles that in B. subtilis than that in E. coli. The
integrated B. subtilis system is currently being used to
characterize regulation of R.BamHI activity under different
physiological conditions.

It had previously been shown in B. subtilis that increasing
the copy number of certain chromosomal genes increased
their expression level (41). Therefore introducing the BamHI
system into B. subtilis on a multicopy plasmid seemed like a
plausible way to increase R.BamHI expression. However,
this did not occur; the same level of expression was found
with the system on the plasmid as when it was integrated into
the chromosome. The results may be due to the existence of
a regulatory mechanism in Bacillus strains, limiting the
amount of R.BamHI that can be produced in the cell. Or it is
possible that since the system is integrated near the B.
subiilis replication origin and the assays are done on loga-
rithmically growing cells, there may not have been a signif-
icant difference in gene copy number in the two types of
clones. In any event, the plasmid-borne BamHI system did
not provide a better source for production of the R.BamHI
enzyme.

Possible mode of action of bamNHIC. At present there is no
direct evidence to show how bamHIC is controlling the
BamHI system. However, the fact that bamHIC can act on
both bamHIR and bamHIMwhen provided in trans suggests
it is acting via a protein product, C.BamHI. Since C.BamHI
contains a potential helix-turn-helix motif typical of site-
specific DNA binding proteins (5, 6), our hypothesis at
present is that C.BamHI acts as a transcriptional activator of
bamHIR and a repressor of bamHIM. A similar mode of
action has been proposed for C.PvuII (33, 34). Since
bamHIM and bamHIR are divergently oriented, it is possi-
ble that by binding at one strategic site on the DNA,
C.BamHI could simultaneously repress bamHIM transcrip-
tion while activating that of bamHIR. To confirm this
hypothesis, it would be helpful to identify the system's
promoters.
The hypothesis does not preclude additional control mech-

anisms operating posttranscriptionally. In fact, preliminary
experiments suggest that although bamHIC disruption has a
strong effect upon transcription, another level of control is
also operating (17a). Clarification of the control mechanism
awaits overexpression and purification of the C-BamHI
protein as well as the development of an in vitro assay.
Purification of C.BamHI is currently under way in this
laboratory.

Evolutionary aspects of bamHIC regulation. As more RM
systems are sequenced, more are found to contain C-like
open reading frames (38). The C genes are widespread, being
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represented in both gram-positive and gram-negative bacte-
ria. The C proteins are more related among themselves than
to their respective endonuclease or methylase components
(33), which raises interesting questions as to whether they
are evolving independently of their restriction systems.
Since they are so similar, it is possible that they have
retained functional equivalence while shuttling between dif-
ferent hosts. Experiments are being done to determine
whether the C genes can cross complement, and the results
look promising.
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