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A restriction endonuclease was isolated from Bacillus stearothermophilus
1503-4R (Bst1503) and purified to homogeneity. The enzyme required Mg?* ion
as a cofactor. Bst1503 exhibited maximal activity between pH 7.5 and 8.0,
between 60 and 65°C, and with about 0.2 mM Mg?*. Bst1503 was not inactivated
after exposure at 55 or 65°C for up to 10 h. After 2 h of incubation at 70°C, Bs¢1503
was inactivated by 65%. Bst1503 was rapidly inactivated at 75°C. A single
protein-staining band having a molecular weight of 46,000 was observed when
Bst1503 was analyzed by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis. The enzyme was found to exist in two active forms, the predominating
form with an S value of 8.3 (180,000) and the second form with an S value of 5.4
(96,000). No conversion between the 8.3S and 5.4S forms was observed after
storage. Bst1503 recognized six sites in TP-1C deoxyribonucleic acid (DNA), one
site in pSC101 and simian virus 40 DNAs, and three sites in Avir DNA. Bst1503
and Bam HI were determined to be isoschizomers. The effect of temperatures on

the activity and stability of BamHI was determined.

Studies on the structure and function of de-
oxyribonucleic acid (DNA) have been greatly
aided by the use of bacterial restriction endonu-
cleases. Many of these specific endonucleases
recognize and cleave a specific sequence of base
pairs in DNA.

Studies on the structure of these specific en-
donucleases are also of interest because of the
specificity of the protein-DNA interaction. Re-
ports dealing with the isolation of restriction
endonucleases and the determination of their
sequence specificities, however, are far in ex-
cess of those reports dealing with their struc-
ture and catalytic properties.

Restriction endonucleases have traditionally
been placed into two groups based on their
cofactor requirements, catalytic properties, and
subunit structure. The nomenclature used for
restriction and modification enzymes is that
suggested by Smith and Nathans (35). Type I
restriction endonucleases EcoB (9, 20, 31),
EcoK (25), and HindI (12) require adenosine 5'-
triphosphate (ATP), S-adenosylmethionine
(SAM), and Mg?** for activity. Endo R-EcoP1
(13) requires ATP and Mg?* and is stimulated
by SAM. With the exception of the small circu-
lar DNA genomes that contain a single site,
type I enzymes do not appear to produce limit
digests with the various DNA substrates (15,
16).

! Present address: Department of Cell Biology, Baylor
College of Medicine, Houston, TX 77030.

EcoK, EcoB, and EcoPl have molecular
weights of about 400,000 (26), 450,000 (9), and
200,000 (13), respectively. Endo R-EcoB can
exist in several forms (9), each containing in
some ratio the subunits « (135,000), 8 (60,000),
and vy (55,000). Endo R-EcoK does not appear to
exist in several forms and has subunits identi-
cal to those of EcoB («a, 135,000; B, 62,000; and
v, 52,000; 26). Endo R-EcoPl is composed of
three subunits having molecular weights of
90,000, 62,000, and 49,000, respectively (1).

EcoK and EcoB exhibit adenosine 5'-triphos-
phatase activity after restriction cleavage (10,
26).

Endo R-EcoK (14), Endo R-EcoB (39, 40),
and Endo R-EcoPl1 (14) exhibit modification
methylase activity. Meth M-EcoB (17) and
Meth M-EcoP1 (5) do not exhibit restriction
endonuclease activity, and no modification
methylase having K-type specificity has been
isolated.

Modification methylase EcoB has also been
shown to exist in several forms, depending on
the environment of the enzyme during storage
(molecular weight of 115,000 to 235,000; 17).
Each form contains in some ratio two different
subunits with molecular weights of 60,000 and
55,000. These polypeptides are indistinguisha-
ble by polyacrylamide gel electrophoresis from
the B and y subunits of the EcoB restriction
endonuclease (17). These results suggest that
the EcoB restriction endonuclease and modifi-
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cation methylase share these two subunits.

Meth M:EcoP1 has only one form, with a
molecular weight of 115,000, which contains
two nonidentical subunits (4).

In the EcoB, EcoK, and EcoP1 restriction
and modification (R+M) systems, about half of
the single-step mutants have the phenotype
R"M- and half have the phenotype R"M* (44).
The letters R and M refer to restriction and
modification ability, respectively.

Complementation studies (3) using a single-
step mutant (R"M~) and a two-step mutant
(R"M") led to the proposal of the “three-gene
model” for restriction and modification in Esch-
erichia coli strain K, B, and P1 lysogens (1).
This model postulated that a gene (hsdS) codes
for a polypeptide that is responsible for the site
recognition for both restriction and modifica-
tion. The two other genes code for polypeptides
responsible for restriction or DNA cleavage
(gene hsdR) and modification or DNA methyla-
tion (gene hsdM).

The genetic studies are consistent with the
subunit composition of the type I R+M systems
in that the restriction enzyme contains all three
of the gene products (hsdR = a; hsdM = B;
hsdS = y), and the modification enzyme con-
tains the AsdM and hsdS gene products. Since
the hsdM polypeptide (B subunit) is also re-
quired for restriction activity, a mutation in the
hsdM gene would also affect restriction activity
(producing the phenotype R~-M").

A majority of the restriction endonucleases
isolated, however, are of the type II variety.
These enzymes require Mg?* as a cofactor and
produce characteristic limit digests with DNA
substrates.

The type II restriction endonucleases have
smaller molecular weights than the type I en-
zymes and generally contain two subunits of
identical size. HindII has been assigned a mo-
lecular weight ranging from 67,000 to 92,000 (1,
36). Restriction endonucleases Hpal and Hpall
have molecular weights of about 65,000 and
13,370, respectively (33). Endo R:EcoRII has a
molecular weight of about 86,000 (32) and is
composed of two identical subunits with a mo-
lecular weight of about 40,000 (32).

Restriction endonuclease EcoRI has a molec-
ular weight of about 59,000 and a subunit mo-
lecular weight of about 29,500 (11). The EcoRI
methylase is a monomeric protein with a molec-
ular weight of about 40,000 (32).

From functional and structural considera-
tions, type II enzymes are less complex than
type I enzymes. Genetic evidence for distinc-
tions between the two types, however, is less
convincing. Bannister and Glover (2) isolated
single-step mutants having the phenotypes
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R"M- and R"M* from the EcoRI and EcoRII
R+M systems. In contrast, Yoshimori et al.
(46), using the same R + M systems, were only
able to isolate the R"M* phenotype.

A “two-gene model” was proposed for type II
restriction and modification systems (46). In
this model, a mutation in the hsdM gene would
lead to the R"M~ phenotype. This would imply
that the restriction endonuclease has two types
of subunits and that one of them alone is suffi-
cient for modification. Neither the “three-gene”
nor the “two-gene” model is consistent with the
subunit composition reported for the EcoRI en-
donuclease and methylase.

There are no experimental data demonstrat-
ing that type II restriction endonucleases and
modification methylases share a common sub-
unit. This conclusion is difficult to reconcile
with the observation that a single-step muta-
tion can result in equal numbers of the pheno-
types R"M~ and R~M*.

A restriction and modification system has
been detected in each of five strains of B. stea-
rothermophilus: strains 4S (6, 19), 1503-4R (6),
and 2184, 10, and 9 (unpublished data). Prelimi-
nary studies on the isolation and characteriza-
tion of Endo R-Bst4 have been reported by
Catterall et al. (6). Bst4 requires Mg?**, is
stimulated by SAM, and does not produce limit
digests with DNA substrates. On the basis of
cofactor requirements and catalytic properties,
Endo R-Bst4 is a type I restriction endonucle-
ase.

This paper describes the purification and
characterization of a type II restriction endonu-
clease from B. stearothermophilus 1503-4R
(Bst 1503).

MATERIALS AND METHODS

Strains and growth conditions. B. stearother-
mophilus 1503-4R was grown in 2% Trypticase
(BBL)-0.5% yeast extract (Difco)-0.5% glucose
(TYG) medium containing FeCl-6H,0 (7 mg/liter),
MnCl,-4H,0 (1 mg/liter), and MgSO,- 7H,0 (15 mg/
liter).

A 14-liter fermentor vessel containing 11 liters of
TYG medium was inoculated with 1.1 liters of cul-
ture prepared as follows. A 2,800-ml Fernbach flask -
containing 1.1 liters of TYG medium was inoculated
with 12- to 15-h cells from a 2% Trypticase-2% agar
(Difco) plate and shaken on a New Brunswick model
G-25 gyratory incubator shaker for 3 h at 55°C. The
fermentor culture was agitated and aerated at 55°C
in a New Brunswick fermentor (model FS 114):
Growth was measured in a Bausch & Lomb Spec-
tronic-20 colorimeter at 525 nm. Bacillus amyloli-
quefaciens H (RUB 500) was obtained from G. Wil-
son.

DNA. Lysates of thermophilic phage TP-1C were
prepared and quantitated by the methods described
by Welker and Campbell (42). Phage were isolated
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by a modification of the procedure described by Ya-
mamoto et al. (45). Fresh phage lysates were placed
at 5°C overnight so that the cell debris could settle to
the bottom of the container. The supernatant fluids
were decanted, and the debris was removed by cen-
trifugation. The supernatant fluids were heated to
37°C and treated with 1 ug of deoxyribonuclease
(Sigma) and ribonuclease (Sigma) per ml for 1 h.
Solid sodium chloride was added to a concentration
of 0.5 M, and the solution was equilibrated at 5°C.
Solid polyethylene glycol (PEG; average molecular
weight, 6,000 to 7,500; Matheson, Coleman and Bell)
was added with stirring to a concentration of 10%
(wt/vol). After the PEG was dissolved, the mixture
was allowed to stand at 5°C for at least 20 h or until a
precipitate appeared at the bottom of the container.
The supernatant fluids were decanted to a level
above the precipitate. The precipitate was collected
by centrifugation at 8,000 x g for 20 min. The phage
pellets were combined and suspended in 12 to 15 ml
of 50 mM tris(hydroxymethyl)aminomethane (Tris)-
hydrochloride buffer (pH 7.5) containing 10 mM
NaCl and 1 mM CaCl, (TNC buffer). The recovery of
phage was between 80 and 90%.

Phage TP-1C DNA was extracted as previously
described by Streips and Welker (38) except that the
phenol was saturated with TNC buffer. The DNA
was purified by the procedure of Marmur (23).
Phage TP-1C DNA was stored in 0.15 M NaCl-0.015
M sodium citrate buffer, pH 7.0 (SSC).

Phage Avir DNA and plasmid pSC101 DNA were
provided by T. T. Wu and J. E. Donelson, respec-
tively. Samples of simian virus 40 (SV40) DNA were
provided by T. Vogel, R. Kotesware, and L. Overby.
Phage ¢$X174 and fl DNAs were provided by L.
Dumas.

All DNA samples were stored in SSC at 5°C.

Restriction endonucleases. Restriction endonu-
clease BamHI was prepared using the procedures
described by Wilson and Young (43; personal com-
munication). Endo R:EcoRI was purchased from
Miles Laboratories.

Restriction endonuclease assay. Endo R-Bst1503
assay mixture contained 10 mM Tris-hydrochloride,
0.2 mM MgCl,, and 6.6 mM 2-mercaptoethanol (as-
say buffer), pH 7.8, and 1 ug of phage TP-1C DNA in
a final volume of 50 ul. Reactions were run in 0.5-ml
capped polyethylene sample tubes (Bel-Art Prod-
ucts). After equilibration at 55°C, the reaction was
initiated by the addition of 5 ul of an enzyme prepa-
ration. The reaction was stopped by the addition of 5
ul of 100 mM ethylenediaminetetraacetic acid
(EDTA) containing 0.125% bromophenol blue and
40% sucrose. Reaction products were analyzed by
agarose-ethidium bromide gel electrophoresis (33).
Samples (60 ul) were loaded on 1.0% agarose gels
(6.8 cm long) containing 0.5 ug of ethidium bromide
per ml. Electrophoresis was carried out at 5 mA/gel
for about 100 min at 12°C.

Undiluted column fractions were assayed for 30
min at 55°C. Fractions containing low concentra-
tions of enzyme were assayed for 1 h at 62°C.

A unit of Endo R-Bst1503 activity is defined as
that amount of enzyme required to completely
cleave 1 ug of native phage TP-1C DNA into DNA
fragments (limit digest) in 30 min at 55°C. Units of
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enzyme activity were qualitatively determined by
noting the time required to convert native DNA into
fragments.

The Bst1503 assay was valid for amounts of en-
zyme that completely digested TP-1C DNA within
30 to 60 min. Digestion proceeded in a linear manner
during this period, and the estimation of the time
required for complete cleavage was accurate to
within +5 min.

Endo R:-BamHI assay mixture contained 6 mM
Tris-hydrochloride (pH 7.4), 6 mM MgCl;, 6 mM 2-
mercaptoethanol (43), and 1 ug of DNA in a final
volume of 50 ul. Endo R-EcoRI assay mixture con-
tained 100 mM Tris-hydrochloride (pH 7.5), 50 mM
NaCl, 5 mM MgCl, (11), and 1 ug of DNA in a final
volume of 50 ul. After equilibration at 37°C, the
reaction was initiated by the addition of 5 ul of
BamHI or EcoRI (0.1 to 0.2 units). The reaction was
terminated by the addition of EDTA, and the prod-
ucts were analyzed as described for Bst1503.

Protein was determined by the absorbance (280
and 260 nm) method of Warburg and Christian as
described by Layne (18).

Concentration of Endo R-Bst1503. Bst1503 was
concentrated by ultrafiltration in an Amicon model
12 cell equipped with a PM-30 membrane filter. The
enzyme was stirred under 25 lb/in? of nitrogen. Con-
centration of small volumes (less than 2 ml) was
accomplished by surrounding a dialysis tubing (8-
mm width) containing Bst1503 with PEG. A four- to
fivefold increase in concentration with no loss of
enzyme activity was obtained by both methods.

Isoelectric focusing in polyacrylamide gels. The
procedure used was that described by Eder (8).
Twenty microliters of Bst1503 (3 to 5 ug of protein)
was mixed with 5 ul of an Ampholyte (30%, pH 3 to
10; LKB Produkter)-sucrose (50%) solution and
loaded onto a gel. Electrophoresis was carried out at
1 mA/gel (12°C) until a maximum of 400 V was
attained (approximately 4 h). After electrophoresis
for an additional 5 h, the gels were stained with
Coomassie brilliant blue. The pH gradient was esti-
mated by slicing a blank gel into 1.5-mm segments.
The segments were put into tubes containing 1 ml of
distilled water and placed at 5°C for 12 to 15 h. The
pH of each sample was determined.

Polyacrylamide gel electrophoresis. Polyacryl-
amide gel electrophoresis was carried out using the
procedure described by Weber and Osborn (41), ex-
cept that gels contained 15.6 g of acrylamide mon-
omer (enzyme grade; Ortec) and 0.42 g of methylene-
bisacrylamide (Ortec) per 100 ml of water and so-
dium dodecyl sulfate (SDS) was not added. Twenty
microliters of Bst1503 (3 to 5 ug) was mixed with 2 ul
of a bromophenol blue (0.125%)-sucrose (40%) solu-
tion and layered onto a gel. Electrophoresis was
carried out at 8 mA/gel in 200 mM sodium phosphate
buffer, pH 7.2, for 4.5 h. Gels were stained with
0.025% Coomassie brilliant blue for 4 h. Destaining
and storage of the gels were accomplished in an
acetic acid (7.5%)-methanol (5%) solution.

When it was necessary to elute Bst1503 from a
gel, a duplicate gel was sliced into 1.5-mm segments
and placed into tubes containing 0.1 ml of 20 mM
potassium phosphate (pH 6.8) containing 0.2 mM
EDTA, 0.5 mM dithiothreitol, and 10% glycerol (P
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buffer). The gel segments were crushed and placed
at 5°C for at least 6 h.

SDS-polyacrylamide gel electrophoresis was run
according to the procedure described by Weber and
Osborn (41). SDS was added to Bst1503 and the
marker proteins in P buffer to a final concentration
of 1%. Twenty microliters of Bst1503 (3 to 5 ug) or
marker protein (10 pg) was mixed with 2 ul of a
bromophenol blue (0.125%)-sucrose (40%) solution
and layered onto a gel. Electrophoresis was carried
out at 8 mA for 5 h (12°C). Gels were stained with
0.025% Coomassie brilliant blue for 2 h. Destaining
and storage were as described above.

Glycerol gradient sedimentation. Gradients (3.8
ml) of 20 to 40% glycerol (vol/vol) in P buffer (minus
10% glycerol) were prepared. Endo R-Bst1503 in P
buffer (0.1 ml) was layered on top of the gradient,
and centrifugation was carried out at 56,000 rpm in
a Beckman SW56 rotor for 20 h at 5°C. Fractions (0.2
ml) were collected from the bottom of each tube, and
the absorbance at 280 nm was monitored with the
Gilford model 2400 spectrophotometer equipped with
a turbulence-free flow cell (Molecular Instruments,
Co., Evanston, Ill.). Bst1503 activity was measured
in each fraction. Sedimentation coefficients and mo-
lecular-weight estimates were determined by the
method of Martin and Ames (24) from the positions
of human hemoglobin (s, = 4.56, molecular
weight of 64,500; 7) and gamma globulin (s, =
7.18, molecular weight of 163,750; 37) when sedi-
mented under the same conditions.

High-speed equilibrium ultracentrifugation.
High-speed sedimentation equilibrium experiments
were done with a Spinco model E ultracentrifuge
fitted with interference optics, using the method
described by Yphantis (47). Data were analyzed by
the computer program of Roark and Yphantis (30).

Bst1503 was dialyzed against 20 mM potassium
phosphate buffer, pH 6.8, and placed (0.13 ml) into a
12-mm, three-channel, aluminum-filled Epon cen-
terpiece equipped with sapphire windows and inter-
ference window holders. The concentrations of pro-
tein in the three channels were 0.88, 0.52, and 0.28
mg/ml (centripetal to centrifugal), respectively. Sol-
vent chambers contained 20 mM potassium phos-
phate buffer. Centrifugation was carried out at
16,000 rpm at 20°C in a Beckman An-H rotor. At the
end of the run, the protein in each channel was
redistributed in the cell and centrifugation was car-
ried out at 2,000 rpm for 1 h.

Purification of Endo R-Bst1503. Cultures were
grown to the late logarithmic phase of growth (4 x
10® to 5 x 10® viable cells/ml) and collected by cen-
trifugation. The yield from 12 liters of culture was
approximately 40 g (wet weight) of cells. The cells
were washed once in TNC buffer and stored at
-20°C.

Although the enzyme was prepared from 20- to 40-
g batches of cells, the procedure can be scaled up by
combining the 72% ammonium sulfate precipitate
from up to 120 g of cells. All steps were carried out at
5°C.

Step 1: sonication. Cells were suspended in soni-
cation buffer containing 20 mM Tris-hydrochloride,
0.5 mM dithiothreitol, 0.1 mM phenylmethylsulfo-
nyl fluoride, 0.5 mM EDTA, 50 mM NaCl, and 10%
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(vol/vol) glycerol, pH 7.4 (1 g/ml), placed in an ice
bath, and disrupted by sonic irradiation (Bronwill
Biosonik III). Cell disruption was followed with a
phase-contrast microscope.

Step 2: removal of nucleic acids. Cell debris was
removed by centrifugation at 105,000 x g for 1 h.
After the addition of 10% streptomycin sulfate (1 ml
per 1,500 units of optical density at 260 nm), the
nucleic acid precipitate was removed by centrifuga-
tion at 35,000 x g for 15 min.

Step 3: ammonium sulfate fractionation. Solid
ammonium sulfate (enzyme grade) was added with
stirring to a 50% saturation. After the ammonium
sulfate was dissolved, the mixture was stirred for 1
h. The precipitate was collected by centrifugation at
35,000 x g for 20 min and discarded. Solid ammo-
nium sulfate was added to the supernatant fluids to
a 72% saturation and stirred for 1 h. The precipitate
was collected by centrifugation at 35,000 x g for 20
min.

Step 4: Sephadex G-25 fractionation. The precipi-
tate was suspended in 10 ml of 10 mM sodium phos-
phate buffer (pH 7.4) and applied to a column (2.5 by
30 cm) of Sephadex G-25 (course grade; Pharmacia,
Inc.). Enzyme activity was eluted from the column
using the same buffer.

Step 5: DEAE-cellulose chromatography. Active
fractions were pooled and dialyzed twice (2 and 12 h)
against 40 volumes of sonication buffer, pH 8.2. The
preparation was passed through a column (2.5 by 20
cm) of diethylaminoethyl (DEAE)-cellulose (stan-
dard capacity; Schwarz/Mann) equilibrated with
sonication buffer, pH 8.2.

Step 6: phosphocellulose chromatography. The
eluate containing the enzyme was dialyzed twice (2
and 12 h) against 30 volumes of P buffer and applied
to a column (1.2 by 15 cm) of phosphocellulose
(Whatman P11). Phosphocellulose was washed with
0.5 N NaOH and then with 0.5 N HCI and equili-
brated with P buffer. The enzyme was eluted with a
300-ml linear gradient (0 to 1.0 M KCl) in P buffer.
Only one peak having endonuclease activity was
detected in the eluate. Bst1503 eluted between 0.27
and 0.33 M KCl. Phosphocellulose peak fractions
containing 200 units or higher of Bst1503 activity
per ml were used in these studies (not pooled).

Enzyme preparations contained no detectable nu-
clease activity. Approximately 200,000 units (7 to 10
mg of protein) were obtained from 10 g (wet weight)
of cells.

Endo R:-Bst1503 activity could not be detected
until after DEAE-cellulose chromatography because
of the presence of contaminating nucleases. For this
reason the purity and recovery of enzyme could not
be calculated.

The enzyme can be stored at 5°C for at least 1 year
in phosphocellulose elution buffer (P buffer contain-
ing approximately 0.3 M KCl) without any detecta-
ble loss of activity. The enzyme was dialyzed into P
buffer as required.

RESULTS

Homogeneity of Endo R:Bst1503. Purity of
the Bst1503 enzyme preparation was deter-
mined by polyacrylamide gel electrophoresis. A
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single protein-staining band was observed, in-
dicating a homogeneous preparation (Fig. 1). A
duplicate gel cut into 1.5-mm segments showed
that Bst1503 activity coincided with this band.
A faint protein-staining band (accounting for
less than 1% of the total protein), migrating
ahead of the major band, was observed in this
enzyme preparation. Bst1503 (3 to 5 ug) was
also analyzed by isoelectric focusing on poly-
acrylamide gels. A single protein-staining band
was observed, with an isoelectric point (pI) of
about 6.6 to 6.8.

The minor protein-staining band observed
after polyacrylamide gel electrophoresis (Fig.
1A) could not be detected in the isoelectric fo-
cusing gels. This component is probably not an
impurity but another form (dimer) of the en-
zyme. Evidence in support of this will be pre-
sented later.

Characterization of Endo R-Bst1503.
Bst1503 was active over a pH range of 7.0 to 8.5,
with maximum activity between pH 7.5 and 8.0
(Fig. 2). No detectable activity was observed at
pH 6.5 or 9.0. The enzyme required Mg?* ion as
a cofactor. The optimum concentration was
about 0.2 mM (Fig. 3). No activity was observed
if Mg** was omitted from or EDTA was added to
the reaction mixture. Manganous ion could
partially substitute for Mg?* in the reaction.
Although the optimal concentration for Mn?*
was the same as for Mg?*, the formation of a
limit digest was 10 times slower. Calcium, Fe?*,
Hg?*, and Co** ions were not effective.

The enzyme was not stimulated by SAM or
ATP or sensitive to increasing ionic strength
(up to 200 mM KCI or NaCl). In this study we
did not investigate the effect of the components
of P buffer on the storage of the enzyme.

Bst1503 was active over a temperature range
of 25 to 75°C, with maximal activity between 55
and 65°C (Fig. 4). The stability of Bst1503 with
respect to temperature was determined by incu-
bating samples of enzyme (50 ug/ml) in P buffer
containing approximately 0.3 M KCl at various
temperatures. Samples were removed after 1
and 2 h and assayed at 55°C. Bst1503 was not
inactivated after a 2-h exposure at 55 or 65°C
(Fig. 5). Prolonged incubation (10 h at 55 or
65°C) did not inactivate the enzyme. After 2 h of
incubation at 70°C, Bst1503 was inactivated by
65%. Bst1503 was rapidly inactivated at 75°C.

Molecular weight and subunit composition
of Endo R-Bst1503. Since high-speed sedimen-
tation equilibrium experiments revealed that
most preparations contained two forms of the
enzyme, the sedimentation of enzyme activity
was determined by use of glycerol gradient cen-
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trifugation with protein markers of known sedi-
mentation coefficient. Figure 6 shows the pro-
files of Bst1503 activity as a function of fraction
number (equivalent to distance of migration).
A major peak of Bst1503 activity was observed
with a sedimentation coefficient of 8.3. Assum-
ing a spherical shape for the protein, this value
is equivalent to a molecular weight of about
180,000. Some enzyme preparations contained a
second peak (or shoulder) exhibiting Bst1503
enzyme activity with a sedimentation coeffi-
cient of 5.4 (see arrow). The 5.4S peak would
correspond to a molecular weight of about
96,000. The proportion of the 5.4S component in
the various enzyme preparations (phosphocel-
lulose fractions containing at least 200 units/
ml) varied from less than 1 to 10% of the total
activity (or protein). The relative amounts of
the 8.3S and 5.4S peaks in each fraction did not
change after storage for 3 months.

The various Endo R-Bst1503 preparations
were examined for methylase activity by the
procedure of Catterall et al. (6). The Bst1503
preparations did not contain any detectable
methylase activity.

The leading phosphocellulose fractions (less
than 200 units/ml) contained a larger propor-
tion (20 to 60% of the total Bst1503 activity) of
the 5.4S peak as determined by glycerol gra-
dient sedimentation. The presence of the 5.4S
component in these fractions was also visual-
ized by polyacrylamide gel electrophoresis. The
catalytic properties of the two forms were indis-
tinguishable. No other active forms of the en-
zyme were detected.

A single protein-staining band was observed
when Bst1503 preparations were analyzed by
SDS-polyacrylamide gel electrophoresis. The
molecular weight was found to be 46,000 (see
arrow) by comparison of its mobility with those
of proteins of known molecular weight (Fig. 7).
Endo R-Bst1503 could exist in two forms, each
containing a subunit of molecular weight of
46,000. Peak phosphocellulose fractions were
enriched with the 180,000-dalton form (tetra-
mer), and the leading phosphocellulose frac-
tions contained, in addition to the tetrameric
form, the 96,000-dalton form (dimer). The di-
mer appeared to elute from phosphocellulose at
a lower KCI concentration. No detectable asso-
ciation-dissociation between the dimer and tet-
ramer occurred during storage.

Dissociation of the tetramer to the dimer was
observed when a Bst1503 preparation contain-
ing only the tetramer was subjected to high-
speed sedimentation equilibrium. The experi-
ments gave weight-average molecular weights
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Fi1c. 1. Polyacrylamide gel electrophoresis of Endo R -Bst1503. (A) Gels were stained with Coomassie
brilliant blue. The amount of Bst1503 protein per gel was 3 to 5 ug (upper) and 10 to 12 ug (lower). (B) A
duplicate gel containing 10 to 12 ug of Bst1503 was cut into 1.5-mm segments. Bst1503 activity was measured
in each segment by agarose-ethidium bromide-gel electrophoresis. Gels were photographed under ultraviolet
illumination with Polaroid type 55 PN film through a Tiffen series 6 no. 15G orange filter. The drawing
(upper portion only) of a Coomassie brilliant blue-stained gel (10 to 12 ug of protein) shows the correspondence
between Bst1503 activity and the protein-staining band.
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F1G. 2. Effect of pH on Endo R -Bst1503 activity.
Bst1503 (0.5 ug of protein) activity was measured in
assay buffer (pH 6.5 to 9.0) at 55°C.
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ity. Bst1503 (0.3 ug of protein) activity was measured
in assay buffer (pH 7.8) in which the Mg?* ion con-
centration was varied between 0 and 1 mM. The
reactions were run at 55°C.
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Fic. 5. Thermostability of Endo R -Bstl503.
Bst1503 (50 pg of protein per ml) in P buffer (pH 6.8)
containing approximately 0.3 M KC! was incubated
for1and2 h at 55 (—@—), 65 (- -@--), 70 (—O—),
and 75°C (--O--). Bst1503 (025 ug of protein)
activity was measured in assay buffer (pH 7.8) at
55°C.

of 133,000, 136,000, and 147,000, for an average
of 139,000 + 7,000. If the two forms of Bst1503
having molecular weights of 180,000 and 96,000
are present, one would calculate the weight-
average molecular weight to be 138,000. The
dissociation of tetramer to dimer may occur at
the meniscus region as it is depleted of protein.
The dissociation may also be favored by other
conditions. In the initial stages of this investi-
gation, Bst1503 was prepared by pooling all of
the active phosphocellulose fractions. This one
enzyme preparation contained only the dimer
as judged by glycerol gradient sedimentation
and polyacrylamide gel electrophoresis.

The conditions that favor the dimer-tetramer
transition were not determined. In all experi-
ments, fractions containing mostly the 8.3S
form were used.

Endo R-Bst1503 cleavage patterns on var-
ious DNA substrates. The cleavage patterns of
Bst1503 on TP-1C, \vir, SV40, and plasmid
pSC101 DNAs were determined by agarose-
ethidium bromide gel electrophoresis. Bst1503
recognized six sites in TP-1C DNA (linear ge-
nome; Catterall, unpublished data), one site in

sured in assay buffer (pH 7.5) at various tempera-
tures.



Vou. 129, 1977

T T T T T T

T
-—

70

35 .

Enzyme Activity
(units /ml)

1 1 1 | 1

1
6 8 10 12 14 16 18
Fraction Number

1 !
2 4

Fic. 6. Glycerol gradient sedimentation of Endo
R -Bst1503. Fractions were assayed for Bst1503 ac-
tivity. The arrows show the position of human
gamma globulin (y-G; sy, = 7.18), human hemo-
globin (Hb; sy, = 4.56), and the second peak of
Bst1503 activity (arrow), which was detected in some
preparations. The direction of sedimentation is from
right to left.
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Fic. 7. Determination of subunit molecular
weight by SDS-polyacrylamide gel electrophoresis. A
semilogarithmic plot of the molecular weights of
standard proteins (10 ug) and Bst1503 (3 to 5 pg)
versus their mobility is shown. Protein markers used
were bovine serum albumin (68,000), carbonic anhy-
drase (29,000), and myoglobin (17,000). The arrow
indicates the mobility of Bst1503.
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pSC101 and SV40 DNAs, and three sites in Avir

DNA (Fig. 8).
Only a few DNA genomes have been exam-
12 3 4 5 6 78

Fi1c. 8. Agarose-ethidium bromide-gel electropho-
resis of TP-1C, pSC101, SV40, and \vir DNAs after
digestion with Bst1503. Approximately 1 ug each of
TP-1C (gels 1 and 2), pSC101 (gels 3 and 4), SV40
(gels 5 and 6) and \vir (gels 7 and 8) DNAs was
digested for 30 min at 55°C (assay buffer, pH 7.8)
with Bst1503. Conditions for electrophoresis are de-
scribed in Materials and Methods, except that in gels
7 and 8 the length of the gel was increased to 10.5 cm
and electrophoresis was carried out for 4 h. The
modified procedure was necessary to separate bands
2 and 3 of the \vir digest. Gels were photographed as
described in the legend of Fig. 1. The even-numbered
gels contain DNA that was treated with Bst1503.
Undigested pSC101 (gel 3) and SV40 (gel 5) DNAs
contained 85 and 30%, respectively, of the supercoil
configuration. Under the conditions of electrophore-
sis used, supercoiled (form I) pSC101 and SV40
DNAs had the highest mobility, followed by linear
(form III) and open circular (form II) forms.
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ined as substrates for Bst1503. Thermophilic
phage TP-12 DNA is cleaved, whereas DNAs
from phages ¢$X174 (form I) and f1 (form I),
Bacillus subtilis phages ¢25 and SPL11, and
thermophilic phage TP-8 are not cleaved.

Incubation of TP-1C DNA with Bst1503 for 10
h at 55 or 65°C did not change the number of
DNA fragments or the relative amounts of each
fragment. These results indicate that the
Bst1503 preparations were free of contaminat-
ing nucleases.

Although phage $X174 DNA was not cleaved
by Bst1503, incubation with the enzyme did
result in a conversion of some $X174 form I
(closed circles) DNA to form II (open circles).
These results indicate that either the Bst1503
preparations contain trace amounts of a con-
taminating nuclease not detected with the
larger DNA genomes or that Bst1503 is capable
of making single-strand scissions in this DNA.

Prolonged incubation of native or Endo
R-Bst1503-treated TP-1C DNA at 65°C (longer
than 10 h) resulted in DNA degradation as
judged by the disappearance of fluorescent
bands in agarose gels.

The conversion of SV40 and pSC101 DNAs to
linear forms after incubation with Bst1503 was
judged by a comparison of the product with the
linear form of SV40 and pSC101 DNAs pro-
duced by the action of EcoRI.

Bst1503 cleaves Avir into four fragments and
A into five fragments (R. Roberts, personal
communication). These results suggest that the
immunity region of the A genome contains a
Bst1503 cleavage site.

Preliminary studies by R. Roberts (personal
communication) demonstrated that Bst1503
and BamHI recognize identical palindromic
sites in various DNA genomes. Restriction en-
zymes having this property are designed iso-
schizomers. We have verified this finding by
comparing Bst1503 and Bam HI limit digests of
TP-1C, \vir, SV40, and pSC101 DNA. Sequen-
tial digestion of TP-1C DNA with Bst1503 and
BamHI did not alter the DNA fragment pat-
tern. Since BamHI recognizes and cleaves DNA
containing the sequence GGATCC (G. Wilson,
R. Roberts, and F. Young, unpublished data),
we conclude that Bst1503 recognizes and
cleaves the identical nucleotide sequence.

Effect of temperature on Endo R-BamHI.
Although Bst1503 and BamHI are isoschizo-
mers, Bst1503 may be potentially more useful
in some studies because of its inherent thermo-
stability. The effect of temperature on BamHI
activity and stability was examined by the
same procedure described for Bst1503. BamHI
was active over a temperature range of 25 to
65°C, with maximal activity between 30 and
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40°C (Table 1). BamHI was not inactivated
after a 2-h exposure at 37 or 40°C. After 1 h at
45°C or above, however, the enzyme was com-
pletely inactivated. Increasing the concentra-
tion of BamHI (fivefold) did not protect the
enzyme from thermal inactivation.

There was a distinct difference in the thermo-
stability between Bst1503 and BamHI. Bst1503
was inactivated at temperatures above 65°C,
whereas BamHI was inactivated at tempera-
tures above 40°C.

Although Bst1503 and BamHI have similar
catalytic properties, no studies on the subunit
composition of BamHI have been reported.

DISCUSSION

From the data presented, Endo R-Bst1503
possesses the characteristics of a type II restric-
tion endonuclease: it requires Mg?* as the only
cofactor, produces limit digests with DNA sub-
strates, and is composed of subunits of identical
size. Two active forms of Bst1503 were detected,
one with a molecular weight of 180,000 (tetra-
mer) and the other with a molecular weight of
96,000 (dimer). No dimer-tetramer interconver-
sion was detected during storage. The dimer
elutes from phosphocellulose at a lower salt
concentration than the tetramer. We are un-
able to say at this time which is the active form
in vivo.

Several single-step nonrestricting mutants of
strain 1503-4R have been isolated. One-half of
these mutants have the phenotype R"M-, and
half have the phenotype R-M*. These results
indicate that either the restriction and modifi-
cation enzymes share a common polypeptide or
there is a regulatory gene that controls the

TaBLE 1. Effect of temperature on BamHI
endonuclease

Enzyme activity® Enzyme stability®

. Percgnt of . Percent.
Temp (°C) ﬁ:ﬁry‘n Temp °C) ;1 activation

25 75 37 0
30 75 40 0
37 90 45 100
40 100 55 100
45 15 70 100
55 5 75 100
65 2

75 0

2 BamHI (0.1 ug) activity was measured at var-
ious temperatures.

® BamHI (20 pg/ml) in 10 mM KPO,, pH 7.5, 0.1
mM EDTA, 10% (vol/vol) glycerol, and 10 mM 2-
mercaptoethanol was incubated for 1 h at each tem-
perature. BamHI (0.1 ug) activity was measured at
37°C.
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restriction and modification functions. The sub-
unit composition of Endo R-Bst1503 argues
against the former. It is possible, of course, that
Endo R-Bst1503 is composed of two nonidenti-
cal subunits, each having a different primary
structure but similar molecular weight. Alter-
natively, multiple, single-step mutations may
occur in this region of the genome.

Cells of B. stearothermophilus 1503-4R
R-;M* were subjected to the Endo R-Bst1503
purification procedure, and less than 5% of the
Bst1503 activity obtained from strain 1503-4R
R*M* was recovered. We did not determine
whether the R~ strain contained less Bst1503
protein or contained wild-type amounts of en-
zyme having a reduced specific activity.

In vivo studies have been published which
demonstrate that Bst1503 is a restriction endo-
nuclease (6). Strain 1503-4R also contains a cor-
responding modification methylase. The isola-
tion of Meth M-Bst1503 from strain 1503-4R
R, M* has been accomplished, and an investi-
gation of its properties is underway in this labo-
ratory.

Although Bst1503 and BamHI are isoschizo-
mers, the enhanced thermostability of Bst1503
may prove to be useful in the analysis of high-
molecular-weight (eukaryotic)c DNA at ele-
vated temperatures. Fragmentation of chroma-
tin by restriction endonucleases has met with
limited success due to the contamination of
chromatin preparations with endogenous nu-
cleases and by the production of a large number
of DNA fragments (27, 28). Incubation of chro-
matin with Bst1503 at 60 to 65°C should elimi-
nate or reduce the activity of endogenous nu-
cleases and cause the melting of the adenosine-
thymidine-rich regions of the DNA. The reduc-
tion in the number of double-stranded regions
containing cleavage sites would result in a
smaller number of DNA fragments. Low melt-
ing regions in chromatin are associated with
transcribable or template-active chromatin (22,
29, 34). The chromatin fractions that elute late
from ECTHAM-cellulose (29, 34) and the early
fractions from high-temperature hydroxyapa-
tite chromatography (22) are enriched in low-
melting sequences.

Fragmentation of these DNA fractions, en-
riched in adenosine and thymidine, by Bst1503
at elevated temperatures may result in a spe-
cific subpopulation of chromatin DNA frag-
ments that can be separated and analyzed.

There have been several reports concerning
the thermal stability of enzymes and other pro-
teins isolated from thermophiles. If we accept
the concept that thermophilic and mesophilic
microorganisms have a common origin, we can
also postulate that the various cell constituents
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must also have evolved from a common source.
It follows from this, therefore, that an enzyme
from a mesophilic or thermophilic species of the
same genus would have similar structural and
functional properties, but that the thermophilic
enzyme would be relatively more heat stable
than the mesophilic enzyme. Although there
are subtle differences in some of the physical
properties and in amino acid composition and
sequence (21), specific explanations for the dif-
ference in thermostability between homologous
proteins of thermophiles and mesophiles re-
quire a determination of the amino acid se-
quence and their three-dimensional structure.
Endo R:Bst1503 and its counterpart isolated
from a mesophile (Endo R-BamHI) are excel-
lent candidates to study the molecular basis for
thermophily. An added bonus resulting from
these studies is the information obtained on the
specificity of the protein-DNA interaction.
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