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A site-specific endodeoxyribonuclease was partially purified

from an extract of osmotically shocked sphaeroplasts of a Bacillus

vulgatus strain; the enzyme has been designated BvuI and its activi-

ty was characterized. The locations of BvuI-generated cleavages on

bacteriophages lambda and M13 derivatives mp7, mp8 and mp9, SV40

and pBR322 DNA molecules were determined. BvuI was shown to recog-

nize the DNA sequence

5'-G-Pu-G-C-Py-C-3'

3'-C-Py-C-G-Pu-G-5'

and cleaved it at the positions indicated by arrows. Two identical

BvuI recognition sites separated by fourteen nucleotide-pairs were

shown to occur within the tetracyline resistance gene of pBR322;

BvuI should be useful for molecular cloning in that plasmid vector.

The genes for the 13 and f3. subunits of RNA polymerase from

Bacillus subtilis, rpoB,C, were found to be present on an 11.5 kb

fragment of DNA produced by treatment of preparations of the chromo-

some with EcoRI. This rpoB,C-bearing fragment, which was detected

by its association with rfm and std transforming activities, was



purified with at least 10 to 13 other EcoRI fragments from a DNA

band appearing in preparative agarose gels. Cleavage of the rpoB,C

fragment by PstI occurred at two or more sites located between the

rpoB and rpoC genes; rfm and std transforming activities were as-

sociated with PstI+EcoRI-generated fragments of 4.7 kb and 6.0 kb,

respectively. At least one EcoRI cleavage site was found to occur

between the rfm and cysA14 loci on the B. subtilis chromosome. At-

tempts to clone either the EcoRI rpoB,C fragment or the PstI+EcoRI

rfm or std fragments using various plasmid or bacteriophage vectors

were unsuccessful.
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Genetic and Biochemical Studies in the Genus Bacillus

I. A Site-Specific Endonuclease from Bacillus vulgatus

INTRODUCTION

Host-controlled specificity was first described three decades

ago by Luria and Human (1952) from their studies of T-even phage in-

fection. This phenomenon, by which the efficiency of infection of

a given bacteriophage for various bacterial strains is altered by the

host bacterium, was found to affect infection by other coliphages such

as X and P2 (Bertani and Weigle, 1953). Interest in a molecular ex-

planation for this host-mediated restriction of phage infection and

modification of phage specificity led to the purification and charac-

terization of so-called restriction enzymes found in Escherichia coli

strains B (Linn and Arber, 1968) and K (Meselson and Yuan, 1968).

These enzymes are large, complex, multifunctional proteins having both

endodeoxyribonuclease and DNA methylase activities. They are able

to recognize and bind to specific nucleotide sequences in DNA and the

methylase acts at that site; binding does not occur if the recognition

site has been methylated previously. The endonuclease activity, also

dependent on binding of the protein to an unmethylated recognition

site, cleaves the DNA at a position (possibly random) at least 1,000

base pairs (1 kb) from that site. Cofactors required for the DNA

cleavage reaction include the Mg
2+

ion, adenosine 5'-triphosphate

(ATP) and S-adenosylmethionine (SAM).
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Subsequently, such enzymes have been found to occur in many di-

verse bacterial species. The great majority of these have properties

which are quite different from those of the enzymes described above.

They are called type II enzymes to distinguish them from the type I

group, which includes the E. coli B and K enzymes. The type II en-

zymes are smaller and less complex; the methylase activity, if it has

been shown to be present, is physically separate from the endonuclease

activity. These enzymes recognize two-fold rotationally symmetric

DNA sequences containing four to six base pairs (bp), unlike the asym-

metric sequences recognized by type I enzymes. Moreover, the type II

endonucleases cleave the DNA symmetrically within the recognition

sequence and this reaction requires only the Mg
2+

ion as a cofactor.

Several restriction enzymes, while similar to each other, fit

neither of the above groups and have been classified as type III.

They resemble those of type I in that nuclease and methylase activi-

ties are both associated with a single multifunctional protein and

that DNA cleavage occurs 24 to 26 by from the asymmetric recognition

site. The Mg2+ ion and ATP, but not SAM, are required cofactors for

the DNA cleavage reaction.

Despite the considerable attention that the restriction enzymes,

particularly the type II site-specific endonucleases, have received,

relatively little is known about the biochemical nature of their

reactions with DNA and of their role(s) in the bacterial cell. It

has not been established that these enzymes function only in their

restriction and modification capacities, that is, to prevent the
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spurious invasion of a bacterial cell by foreign DNA. Indeed, al-

though it is assumed that the type II endonucleases serve as true

restriction enzymes in vivo, no biological role has been demonstrated

for most of them. Because of the intriguing DNA cleavage properties

of these type II enzymes, Chang and Cohen (1977) have proposed that

they effect site-specific recombination in vivo. Reviews of the type

I (Endlich and Linn, 1981; Yuan, 1981) and type II (Wells, et al.,

1981; Roberts, 1976) restriction enzymes have been published.

The type II site-specific endonucleases have become indispensable

reagents for many physical and biological studies of DNA. The most

recent report lists 258 of these enzymes (Roberts, 1981). At least

69 different sequences recognized by the various endonucleases are

known (Roberts, 1981) and are exploited in genomic mapping and DNA

cloning and sequencing experiments. Thus, special interest is ac-

corded new reports of enzymes which recognize previously undescribed

sequences.

Thirty-six type II site-specific endonucleases are reported to

occur in eleven Bacillus species (Roberts, 1981). Such an enzyme has

been discovered in a strain of B. vulgatus and it has been designated

BvuI, as suggested by Smith and Nathans (1973). In this thesis, the

partial purification and characterization of BvuI is described and

its novel recognition sequence and cleavage sites are reported.



MATERIALS AND METHODS

Sources of Reagents
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Ampicillin was the gift of E. R. Squibb and Sons, Inc. Tetracy-

cline hydrochloride and chloramphenicol were purchased from Nutrition-

al Biochemicals Corporation and Calbiochem-Behring Corporation, respec-

tively. New England Nuclear supplied 32P-orthophosphate and [a-32P]

dATP. Glyceraldehyde 3-phosphate dehydrogenase, 3-phosphoglyceric

phosphokinase, 3-phosphoglyceric acid, dithiothreitol and ATP were

purchased from Sigma. Triton X-100 was purchased from Rohm and Haas.

Strains and Growth Conditions

A culture of B. vulgates 0SB816 was obtained from the culture

collection of the Department of Microbiology, Oregon State University

and was maintained on slants of AK agar sporulation medium (BBL).

Liquid cultures were grown in BHI medium (Difco) with rotary agita-

tion at 30°C.

E. coli 0SE165, a strain constructed by introducing pBR322 DNA

into an rk' mk C600 strain (0SE165) using the method described by

Cohen et al. (1972), was grown in Penassay broth (Difco) containing

25 ug each of ampicillin and tetracycline per ml (Bolivar et al.,

1977) and 100 g of uridine (Sigma) per ml (Norgard, et al., 1979)

with rotary agitation at 37°C. E. coli CSH45(AcI857S7) was grown in

Penassay broth, as described below. E. coli K12 strain JM1O3
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(A(lacpro) thi strA endA sbc815 hsdR4 supE/F' prof++, traD36

Z6M15) and bacteriophage M13 derivatives mp7,mp8 and mp9 were obtained

from Dr. Joachim Messing through BRL (Messing, et al., 1977). JM103

was maintained on minimal glucose agar (Miller, 1972) supplemented

with 5 ng of thiamine hydrochloride per ml. Stocks of these modified

viruses were prepared by mixing 10
7
phage with 0.1 ml of an exponen-

tially-growing culture of JM103 in 2X YT medium (Miller, 1972) and

3 ml YT top agar and pouring this mixture on a YT agar plate. Ten

such plates for each viral strain, which contained confluent pseudo-

plaque formation after incubation at 37°C for 12 h, were scraped with

a sterile spatula. All top agar material containing a given viral

strain was collected and placed in a sterile Oak Ridge centrifuge tube.

Five ml of 2X YT medium was added, the slurry was homogenized using

a vortex mixer and subjected to centrifugation at 27,000 x g. for 30

min at 4°C. The supernatant suspension of virus particles was col-

lected and stored at 4°C. The titers of these suspensions of M13 mp8

and mp9 were 7 x 1012 and 6 x 1012 infective particles per ml, respec-

tively. The ability of these M13 strains to complement the defective

lacZ gene in JM103 was checked by mixing approximately 100 infective

particles with 0.1 ml of an exponentially-growing culture of JM103,

10 pl of 100 mM IPTG (Nutritional Biochemicals Corporation), 50 pl

of 2% (w/v)(Xgal (BRL) in dimethylformamide and 3 ml of molten YT top

agar (0.4%, w/v). This mixture was poured on the surface of a YT agar

plate and, when the top agar had solidified, the plates were inverted

and incubated at 37°C for 8 h.
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E. coli stock cultures were maintained on stabs of nutrient agar

(Difco) at 20°C or in Penassay broth containing 20% glycerol at -70°C.

Growth of liquid cultures was monitored by measuring turbidity

using a Klett-Summerson Colorimeter (red filter) or by measuring op-

tical density at 550 nm using a Zeiss PMQ II spectrophotometer.

DNA

Bacteriophage X lysates were prepared and phage particles were

concentrated by subjecting them to CsC1 isopycnic ultracentrifugation

as described by Miller (1972) and dialysed against X_extract buffer

(10 mM Tris hydrochloride (pH 7.0), 150 mM NaC1, 1 mM EDTA). The

concentration of the particles was adjusted to the equivalent of

100 lig A DNA per ml using A extract buffer and the DNA released from

the particles by two extractions with redistilled, A extract buffer-

saturated phenol (pH 7.0). The phenol was removed by extraction with

ether, which was repeated until the DNA-containing phase was clear.

After the residual ether was removed by evaporation, the DNA was con-

centrated by precipitation with ethanol.

pBR322 DNA was obtained by growing a one-liter culture of 0SE196

to an optical density at 550 nm of 0.7 and adding 0.1 gm of chloram-

phenicol. Incubation at 37°C with agitation was continued for 16 h

and the cells were collected by centrifugation at 7,970 x g for 15

min at 4°C. The cells were resuspended in a total of 30 ml 50 mM Tris

hydrochloride buffer (pH 8.0) containing 25% sucrose and 1 mM EDTA

and a cleared lysate was prepared as described by Guerry, et al.
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(1973). The cleared lysate was incubated at 4°C for 15 h, centri-

fuged at 48,200 x g for 30 min at 4°C and the supernatant plasmid DNA

solution was extracted twice with redistilled, 50 mM Tris hydrochloride

buffer-saturated phenol (pH 7.0). After dialysis against 20 mM Tris

hydrochloride buffer (pH 8.0) containing 20 mM NaCl and 1 mM EDTA (TNE

buffer), the DNA was precipitated with ethanol and resuspended in 2 ml

of TNE buffer. Ribonuclease I (Sigma) was added to a final concentra-

tion of 50 pg per ml and the mixture was incubated at 37°C for 30 min.

Fifteen ml TNE buffer and 18 gm CsC1 (Calbiochem-Behring) were added.

One hundred pg of ethidium bromide (EtBr) (Sigma) per ml was added

and the density of this solution was measured gravimetrically. After

the density had been adjusted to 1.65 gm per cc, the sample was sub-

jected to centrifugation in a Beckman SW41 rotor at 32 krpm and 15°C

for 40 h in a Beckman L2-65 ultracentrifuge. The lower band was col-

lected from each tube and the EtBr was extracted from the pool using

CsCl-saturated isopropanol.

To prepare M13 mp8 and mp9 RF DNA, infected cells from blue

pseudo-plaques on YT-Xgal-IPTG plates, above, were transferred to 1 ml

2X YT medium and incubated with agitation at 37°C for 3 h. This 1 ml

infected cell culture and 10 ml of an exponentially-growing culture

of JM103 in 2X YT medium were transferred to 400 ml of 2X YT in a

2.8 1 Fernbach flask and incubated with agitation at 37°C for 9 h.

The culture was subjected to centrifugation at 7,970 x 2. for 15 min

at 4°C. Each cell pellet from 200 ml culture fluid was resuspended

in 4 ml of 50 mM Tris hydrochloride buffer (pH 8.0) containing 25%
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(w/v) sucrose and each suspension was transferred to an Oak Ridge

centrifuge tube. To each tube was added 0.8 ml of a freshly-prepared

aqueous solution containing 5 mg of lysozyme per ml, 50 mM Tris hydro-

chloride buffer (pH 8.0) an 10 mM Na2EDTA; the mixtures were incubated

on ice for 10 min. Subsequent addition of reagents were made very

gently and they were mixed with the samples by slowly revolving and

tipping the tubes. Each sample was then mixed with 1.8 ml of 0.25 M

Na
2
EDTA (ph 8.0); after incubation on ice for 10 min, 0.16 ml of a

heat-treated solution containing 10 mg Ribonuclease I per ml was

added. Following an additional 5 min period of incubation on ice,

7.2 ml of a solution containing 0.14 M Tris hydrochloride buffer

(pH 8.0), 0.27% (v/v) Triton X-100 and 0.17 M Na
2
EDTA was added to

each sample and incubation on ice was continued for 20 min. The

samples were subjected to centrifugation at 29,000 x j for 60 min at

4°C. The supernatant fluids from each viral strain were pooled and

the volumes were adjusted to 34 ml using 50 mM Tris hydrochloride

buffer (pH 8.0). Thirty-two gm of CsC1 (BRL) were dissolved in each

sample and 0.4 ml of a solution containing 10 mg EtBr per ml was

added to each. The samples were subjected to centrifugation in a

Beckman type 50 rotor at 40 krpm and 15°C for 40 h in a Beckman 12-50

ultracentrifuge. The lower band was collected from each tube

and the EtBR was extracted as described above. The RF DNA samples

were then dialysed thrice against 2 1 of 50 mM Tris hydrochloride

buffer (pH 7.4), precipitated by treatment with ethanol and resus-

pended in 200 ul 50 mM Tris hydrochloride buffer (pH 7.4).
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Adenovirus type 2 and adenovirus type 5 DNAs were provided by

G. D. Pearson. SV40 DNA was provided by J. C. Leong or purchased

from BRL. Phage U174 RFI DNA was purchased from BRL.

Site-Specific Endonucleases

EcoRI and PstI were prepared using the methods of Green, et al.

(1974) and Smith, et al. (1976), respectively. Smal was purified

using the unpublished method referred to by McParland, et al.

(1976). HaeIII was provided by G. D. Pearson. BamHI, Sall and

TaqI were purchased from BRL.

The EcoRI reaction mixtures, which contained 100 mM Tris

hydrochloride buffer (pH 7.5), 100 mM NaCL and 20 mM MgC12, were

incubated at 37°C. The PstI reaction mixtures, which contained

20 mM Tris hydrochloride buffer (pH 7.5), 50 mM (NH4)2504, 10 mM

MgC12 and 100 lig of bovine serum albumin (BRL) per ml, were incu-

bated at 30°C. HaeIII reaction mixtures contained 30 mM Tris hydro-

chloride buffer (pH 7.4) and 5 mM MgC12 and were incubated at 37°C,

as were the BamHI reaction mixtures, which contained 25 mM Tris

hydrochloride buffer (pH 7.5), 10 mM KC1 and 10 mM MgC12. The Sall

reaction mixtures contained 8 mM Tris hydrochloride buffer (pH 7.6),

150 mM NaC1 and 6 mM MgC12 and were incubated at 37°C. The Smal

reaction mixtures contained 10 mM Iris hydrochloride buffer (pH 7.2),

100 mM KC1 and 5 mM MgC12 and were incubated at 37°C. The TaqI

reaction mixtures, which contained 10 mM Tris hydrochloride buffer

(pH 7.4), 6 mM NaC1, 6 mM MgC12 and 100 jig of autoclaved gelatin
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(Difco) per ml, were incubated at 65°C in heat-sealed capillary

tubes.

Partial Purification of BvuI

A one-liter culture of B. vulgatus was grown in a 2.8 liter

Fernbach flask to a density of 90 Klett units. The cells were har-

vested by centrifugation at 4,080 x a for 10 min at 22°C and resus-

pended in 80 ml of sucrose-saline-EDTA solution (25% sucrose, 0.15 M

NaC1, 0.1 M EDTA (pH 8.0). Six ml of a freshly prepared aqueous

solution of 10 mg of lysozyme (Sigma) per ml was added and the mix-

ture was incubated at 37'C with gentle rotary agitation for 80 min,

at which point the extent of sphaeroplast formation was greater

than 90% as determined by means of phase contrast microscopy. The

suspension was centrifuged at 5,900 x j for 15 min at 4°C and the

supernatant fluid was discarded. The sphaeroplasts were resuspended

gently in 40 ml of sucrose-saline-EDTA solution and recollected

by centrifugation as described. The supernatant fluid was discarded

and the washed sphaeroplasts were lysed in 20 ml of 10 mM sodium

phosphate buffer (pH 7.2) containing 10 mM EDTA and 1.4 mM 2-mer-

captoethanol (extract buffer) by subjecting them to vortex agitation.

The lysate was centrifuged at 27,000 x j for 15 min at 4°C and the

supernatant liquid was collected and stored at 4°C.

This crude extract was assayed for endonuclease activity by

adding a 5 ul-sample to a reaction mixture containing 25 mM Tris

hydrochloride buffer (pH 8.0), 15 mM MgC12 and 0.3 lig of phage X DNA
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in a final volume of 50 O. The reaction mixture was incubated at

37°C for 1 h, heated at 65°C for 5 min and subjected to electro-

phoresis on a vertical agarose slab gel.

Ten ml of the crude extract was applied to a 40 ml bed of DEAE-

cellulose (Whatman DE-52) which had been equilibrated with extract

buffer and was contained in a 2.5 by 30 cm column. The column was

washed with 20 ml of extract buffer and the enzyme was eluted with

a 400 ml linear gradient (0 to 0.7 M KC1) in extract buffer. Frac-

tions of 4.4 ml were collected. The flow rate for each step of

the procedure was maintained at 35 ml per h with a peristaltic pump.

The temperature was 5°C.

Fractions were assayed for endonuclease activity as described

for the crude extract, above, and those containing the activity

peak were pooled. The DEAE-cellulose-purified endonuclease was

concentrated by dialysis against extract buffer containing 50% gly-

cerol. Alternatively, the enzyme was applied to a 5 ml bed of hydro-

xylapatite (Bio-Rad Laboratories, Bio-Gel HTP DNA grade) which had

been equilibrated in extract buffer and was contained in a 0.9 x 30

cm column. BvuI was eluted from the hydroxylapatite with 10 ml

of 0.50 M sodium phosphate buffer (pH 7.2) containing 1.4 mM 2-

mercaptoethanol and 1 mM EDTA. One ml fractions were collected

at a flow rate of 10 ml per h. The pool of the active fractions

was dialyzed against 20 mM sodium phosphate buffer (pH 7.2) con-

taining 2 mM 2-mercaptoethanol and 0.2 mM EDTA and diluted with

an equal volume of glycerol.
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The concentration of protein in these extracts were determined

using the Bic-Rad Laboratories Protein Assay Reagent with bovine

serum albumin as a standard. The reagent was used as recommended

by the manufacturer.

DNA Ligation

Site-specific endonuclease-generated fragments of DNA were

ligated in reaction mixtures containing 66 mM Tris hydrochloride

buffer (pH 7.4), 10 mM MgC12, 10 mM dithiothreitol (Sigma), 0.066

mM ATP (Sigma), 50 pg of autoclaved gelatin per ml and 1 to 100

Weiss units of T
4

DNA ligase (New England Biolabs) per ml. Ligation

was carried out at 16°C for 18 h.

5'-End Labelling of DNA with
32

P

The exchange-synthesis of [y-32p]ATP, treatment of site-speci-

fic endonuclease-generated DNA fragments with bacterial alkaline

phosphatase (Worthington Biochemical Corporation) and, subsequently,

with polynucleotide kinase (Miles Laboratories) were carried out as

described by Maxam and Gilbert (1977).

Gel Electrophoresis of DNA

Electrophoretic separation of DNA fragments produced by treat-

ment with site-specific endonucleases was conducted using both ver-

tical and horizontal slab gels of 0.6 or 1.2% agarose (Sigma, Type

II). The electrophoresis buffer was either 40 mM Tris acetate
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(pH 7.2) containing 20 mM sodium acetate, 1 mM EDTA and 1 pg of ethi-

dium bromide per ml or 30 mM Tris borate (pH 8.5), 1 mM EDTA and 1 pg

of ethidium bromide per ml or 30 mM Tris borate (pH 8.5), 1 mM EDTA

and 1 pg of ethidium bromide per ml. From one-third to one-half

volume of a 90% glycerol solution containing 4 mM Tris acetate buffer

(pH 7.2), 5 mM sodium acetate, 0.1 mM EDTA and 250 pg of bromophenol

blue dye per ml (GBPB) was mixed with each sample before its applica-

tion to the gel. The vertical slab gels were developed at 22°C while

the horizontal gels were developed at 14°C and were submerged in elec-

trophoresis buffer.

To examine DNA fragments smaller than 1,000 base pairs with

greater resolution than could be obtained using agarose gels, elec-

trophoresis was carried out using 7.5 or 10% polyacrylamide vertical

slab gels. These gels contained acrylamide and methylene-bisacryla-

mide (Bio Rad) at the ratio of 20 to 1 and 25% glycerol. The electro-

phoresis buffer was 25 mM Tris borate (pH 8.3) containing 25% gly-

cerol, 0.5 mM EDTA and 1 pg of ethidium bromide per ml.

The DNA bands were made to fluoresce by placing the developed

gel on a short wave ultraviolet light-generating transilluminator

(UV Products). They were photographed using an MP3 Land camera with

an orange UV filter.

Extraction of DNA from Agarose Gels

DNA fragments were extracted from agarose by mascerating excised

portions of the gel in 10 mM Tris hydrochloride buffer (pH 7.4)
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containing 1 mM EDTA. The slurry was frozen at -20°C, incubated at

45°C for 30 min and centrifuged at 12,000 x j for 15 min. The DNA

was recovered from the supernatant liquid by precipitation with

ethanol.

Estimation of the Sizes of DNA Fragments

The sizes of endonuclease-generated DNA fragments were estimated

by subjecting them to agarose or polyacrylamide gel electrophoresis

with DNA fragments of known sizes. Standard curves were prepared for

each gel by plotting the electrophoretic migration distance against

the log of the number of base pairs contained in each known DNA frag-

ment. The migration distances of the DNA fragments for which the

sizes were unknown were then used to extrapolate the number of base

pairs contained in each by referring to the standard curve. DNA frag-

ments with known sizes included those produced by cleavage of A DNA

with EcoRI (Daniels, et al., 1980), fragments produced by HaeIII-

cleavage of 0174 DNA (Sanger, et al., 1978) and fragments resulting

from the cleavage of pBR322 DNA by EcoRI, PstI and TaqI (Sutcliffe,

1979). The sizes of the nine largest fragments resulting from the

cleavage of A DNA by HaeIII were estimated using this method and

these fragments were also used to prepare standard curves.

Cloning of BvuI Recognition-Site-Containing DNA in M13 mp8 and mp9

A derivative of pBR322 DNA lacking the 14 by between the two

identical BvuI sites was constructed by treating pBR322 DNA with BvuI
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and, subsequently, T4 DNA ligase. Ampicillin-resistant, tetracycline-

sensitive isolates resulting from transforming 0SE165 cells with

this ligated DNA were grown and plasmid DNA was recovered and puri-

fied using CsCl-EtBr gradient ultra-centrifugation. The 261 by

fragment resulting from cleavage of this modified pBR322 DNA with

BamHI and SalI and containing the BvuI recognition site was inserted

in both M13 mp8 and mpg bacteriophage vector DNAs by preparing liga-

tion mixtures (100 pl) containing 2.5 lig each of BamHI and Sall-

treated modified pBR322 DNA and vector DNA per ml. After incubation

at 16°C for 18 h, these DNA mixtures were used to transfect 1.5 ml

of CaC1
2
-treated JM103 cells as described above. The DNA-cell sus-

pensions (0.3 ml) were mixed with 0.1 ml of a culture of exponen-

tially-growing JM103 plus 1PTG, X-gal and YT top agar and plated

as described above. Colorless pseudoplaques, appearing at frequen-

cies of 17% and 6% for the M13 mp8 and mp9-mediated transfections,

respectively, were picked with sterile wooden applicator sticks

and used to inoculate 0.5 ml of 2X YT medium to which 0.1 ml of

an exponentially-growing culture of JM103 had been added. After

incubation of these cultures with agitation at 37°C for 8 h, they

were transferred to 1.5 ml conical polypropylene tubes and sub-

jected to centrifugation in a Beckman microfuge for 2 min. The

supernatant culture media, which contained phage particles, were

decanted and stored at 4°C as reference stocks.

The infected cell pellets were resuspended in 100 ul of 50 mM

glucose, 25 mM Tris hydrochloride buffer (pH 7.5) and 1 mM Na2EDTA.
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To these suspensions was added 10 pi of an aqueous solution contain-

ing 25 mg lysozyme per ml and they were incubated on ice for 30

min. Cells were lysed and chromosomal DNA denatured by adding 200 pl

of a 0.2 N NaOH and 1% SDS solution, vortexing for 10 sec and incu-

bating on ice for 5 min. The suspensions were neutralised by mixing

with 150 pi of 3 M sodium acetate (pH 4.8) and incubated on ice

for 1 h. After subjecting the suspensions to centrifugation for

5 min, the supernatant fluids containing phage RF DNA were decanted

and placed in clean 1.5 ml conical tubes and the pellets were dis-

carded. The RF DNA samples were precipitated twice with ethanol

and the second DNA pellet was washed twice with 80% ethanol, once

with 100% ethanol, dried in vacuuo and resuspended in 50 pl dis-

tilled H20. To characterize the DNA insertions, if any, in these

M13 derivative RF DNA preparations, they were treated with EcoRI

and BvuI and, subsequently, subjected to agarose gel electrophore-

sis (Figure 1).

One M13 mpg clone, M13 mp9-12, which was shown to contain the

261 by insert from the modified pBR322 DNA (Figure 2), was selected

for DNA sequencing studies. Single-stranded viral DNA was prepared

using the polyethylene glycol-phenol procedure. One ml of 2X YT

medium was inoculated with 10 0 of the phage stock of that clone

from the RF DNA screening procedure, above, plus 10 pl of an expo-

nentially-growing JM103 culture and was incubated with agitation

at 37°C for 9 h. The culture was transferred to a 1.5 ml conical

tube and subjected to centrifugation (microfuge) for a total of 10
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Figure 1. Electrophoresis in a 1.2% agarose gel of BvuI and
EcoRI-treated DNA from a clone resulting from the inser-
tion of the 261 by BamHI + Sall fragment of the modified
pBR322 plasmid into the bacteriophage vector M13 mp9.
EcoRI cleaved this molecule at one site, producing one

linear fragment of 7490 bp. BvuI cleaved
at one site in the vector and one site in the
inserted DNA, generating fragments of 6624 by
and 766 bp; the wailer fragment is not visible

in this photograph. EcoRI fragments of
bacteriophage. x DNA are included in the

photograph as size standards.
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Figure 2. Maps showing the orientation of insertion of
the 261 by BamHI t Sail fragment of the modified
pBR322 plasmid into the bacteriophage vectors M13
mp8 and M13 mp9. The hybrid M13 mp9 DNA was used
in DNA sequencing experiments to determine the

positions cleaved in DNA by BvuI. The
numbers indicate the distance
between endonuclease cleavage

sites in bp.
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min. The supernatant fluid was poured into a clean 1.5 ml conical

tube with no effort made to recover the last drop. Two hundred

pl of 20% polyethylene glycol (PEG-6000, BRL) containing 2.5 M NaCl

was added to and mixed thoroughly with this phage suspension. After

incubation at 22°C for 15 min, the tube was subjected to centrifuga-

tion (microfuge) for 5 min, the supernatant fluid was discarded

and the inside wall of the tube was dried with a kimwipe. The pellet

was resuspended in 100 pl of 20 mM Tris hydrochloride buffer (pH

7.5) containing 10 mM NaC1 and 0.1 mM Na2EDTA (TES buffer) by vor-

texing for 2 sec. Fifty pl of redistilled, neutralized phenol which

had been saturated with 50 mM Tris hydrochloride buffer (pH 7.0) was

added and the tube was vortexed for 2 sec, set aside for 5 min and

vortexed again for 2 sec. The tube was subjected to centrifugation

(microfuge) for 4 min and 80 pl was decanted for the upper, aqueous

phase and transferred to a 0.5 ml conical tube. Three pl of 3 M

sodium acetate (pH 4.8) and 200 pl of 95% ethanol were added and

the mixture was incubated at -20°C for 8 h. The tube was subjected

to centrifugation (microfuge) and the DNA pellet was washed and

dried as described previously and resuspended in 50 pl of TES buffer.

Determination of the BvuI Cleavage Sites

To prepare the dideoxyribonucleotide termination sequencing

reaction using the single-stranded M13 mp9 clone DNA as a template,

a modification of procedures described by Sanger et al. (1977) and

Smith (1980) were used. A sample containing 750 ng (0.3 pmole) of
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single-stranded DNA from this preparation was mixed with 3.8 ng

(0.8 pmole) of the "Genentech" 15 by primer DNA (P-L Biochemicals,

Inc.) in a 7.5 p1 annealing reaction which contained 7 mM Tris hydro-

chloride buffer (pH 7.5), 7 mM MgC12 and 50 mM NaCl. This mixture

was sealed in a 0.5 ml conical tube and heated to 90°C for 5 min.

After the mixture had been allowed to equilibrate to ambient tempera-

ture over a period of 45 min, its volume was made 15 pl by adding

15 pCi of [x-
32

P] dATP (New England Nuclear), 1.5 units of DNA

polymerase I, large fragment (Klenow reagent, P-L) and DTT to a

final concentration of 1 mM. Three p1 of the mixture was placed

in each of four 0.5 ml conical tubes, each of which contained 3 pl

of the four mixtures of deoxyribonucleoside triphosphates and dide-

oxyribonucleoside triphosphates supplied in a P-L DNA sequencing kit

(the concentrations of dGTP and dCTP in the "G" and "C" reaction mix-

tures, respectively, were raised from 0.83 to 1.00 01 to increase

the efficiency of DNA polymerization). After incubation of these

samples at 22°C for 15 min, 1 pl of 0.5 mM dATP (unlabelled) was

added to each and incubation was continued at 22°C for an additional

15 min. Three pl of the formamide/xylene cyanol/bromophenol blue/

Na
2
EDTA stop solution from the P-L kit were then added to each sample

and they were stored at 4°C.

The remaining 3 pl of the annealed DNA solution containing

[1-
32

P] dATP and Klenow reagent was mixed with 3 pl of a solution

containing 0.063 mM each dCTP, dGTP and dTTP and 1.5 pl of 35 mM

Tris hydrochloride buffer (pH 7.5), 35 mM MgC12 and 250 mM NaC1 as
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described by Brown and Smith (1980). After incubation of this sample

at 22°C for 3 min, 1 pl of 0.5 mM cold dATP was added and incubation

at 22°C was continued for 15 min. The sample was then extracted

with 7.5 pl 50 mM Tris hydrochloride buffer (pH 7.4)-saturated phenol

and four times with 200 1.11 of H20-saturated ether. The residual

ether was removed by evaporation using a stream of air and the volume

was adjusted to 10 pl with reagents so that final concentrations

of 20 mM Tris hydrochloride buffer (pH 8.0) and 20 mM MgC12 were

achieved. This mixture was divided equally into two samples; 1 pl

of BvuI was added to reaction I and 1 pl of BvuI plus 1 pl (0.1 unit)

of T4 DNA polymerase (BRL) were added to reaction II. These were

incubated at 37°C for 15 min and 8 pl of P-L stop solution were

added to each sample. They were stored at 4°C.

An 8% polyacrylamide gel was prepared which contained acrylamide

and methylene-bisacrylamide at the ratio of 19 to 1, 8.3 M urea

(Schwartz-Mann, ultrapure), 0.05% ammonium persulfate, 0.00077%

TEMED, 0.1 M Tris hydrochloride buffer (pH 8.3), 0.1 M boric acid

and 2 mM Na
2
EDTA and had the following dimensions: 23 x 33 x 0.04 cm.

Three pl of the sequencing reaction mixtures were applied to 4 mm-wide

wells and electrophoresis was conducted at 900 volts for 5 h. The

notched glass plate, which had been treated with a siliconizing

agent, was removed from the gel "sandwich" and the gel was covered

with Saran film. A sheet of Kodak No-Screen X-ray film was placed on

top of this with a Kodak enhancing screen on the other side of the

film. Thisautoradiograph was exposed for 20 h at -65°C and developed.
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RESULTS

Purification of BvuI Endonuclease

BvuI endonuclease activity was present in the crude extract after

osmotically shocking spheroplasts of B. vulqatus; no contaminating

exonuclease was detected. The partial purification of BvuI endonu-

clease from protein in the crude extract by DEAE-cellulose chromato-

graphy ranged from 10 to 20-fold, depending on the number of eluant

fractions pooled. Contaminating nucleic acids were also separated

from the enzyme during this procedure. BvuI was eluted from DEAE-

cellulose in one peak at approximately 0.3 M KC1 (Figure 3).

When either the crude extract or the DEAE-cellulose purified en-

zyme was subjected to phosphocellulose chromatography, the endonuclease

eluted in the wash with no detectable enhancement of its activity. No

activity was recovered after similar experiments using CM-cellulose,

even after the columns were washed with extract buffer containing 1.5 M

KCI.

Stability of the Enzyme

The optimum storage temperature for DEAE-cellulose purified Bvul

was found to be 4°C. Subjecting the enzyme preparation containing

20% or 50% glycerol to the temperature of -20°C resulted in the com-

plete loss of endonuclease activity after 8 h.

In addition of 0.1% Triton X-100, 10 mM (NH4)2SO4 or 50 pg of

phenylmethylsulfonyl fluoride per ml to samples of the enzyme
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Figure 3. Electrophoresis in 1.2% agarose of bacterophage
X DNA treated with fractions obtained by loading an extract

from B. vulgatus sphaeroplasts on a DEAE-cellulose
column and eluting with a linear 0 to 0.7 M KC1

gradient. BvuI endonuclease activity was present
in fractions which eluted between 0.2 M and 0.3 M

KC1. RNA from the B. vulgatus extract was
visible in fractions which eluted between

0.45 M and 0.7 M KC1.
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completely inactivated it. The addition of from 100 to 1,000 pg of

bovine serum albumin per ml to the enzyme had no detectable stabi-

lizing effect on the endonuclease activity. No agent was found

which would prevent the rapid loss of enzyme activity at -20°C.

The DEAE-cellulose purified enzyme preparation was concentrated

approximately three-fold by dialysing it against extract buffer con-

taining 50% glycerol and this resulted in a significant enhancement of

the shelf-lives of samples so treated. No loss of activity was de-

tected after storage of these concentrated enzyme preparations at

4°C for eleven months.

Inactivation of BvuI in extract buffer containing 50% glycerol was

detectable after heating to 65°C for 30 sec and was complete after

2 min.

Optimum Reaction Conditions

BvuI was active over the pH range of 7.4 to at least 10.0 with

a broad range of maximum activity between pH 7.8 to at least 10.0.

No activity was observed between pH 6.0 and 7.2 (Figure 4). The

enzyme required Mg
2+

ion as a co-factor and the optimum concentra-

tion was 15 mM. No endonuclease activity was detected below 1 mM

Mg
2+

and the ion inhibited the reaction at 20 mM and above (Figure 5).

Mn2+, Co2+, Zn2+, and Ca2+ ions were ineffective as co-factors in the

reactions within a concentration range from 0.1 mM to 100 mM. Na+

ion did not enhance activity at 10 mM and was inhibitory at 20 mM and

above. e ion was inhibitory at 50 mM and above (Figure 5). SAM and

ATP did not stimulate the activity of the enzyme.
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Figure 4. Electrophoresis in 1.2% agarose of
bacteriophage A DNA samples which were
treated with BvuI in the presence of
buffers of which the pH was varied

from 6.0 to 10.0.
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Figure 5. Electrophoresis in 1.2% agarose of bacteriophage A
DNA samples which were treated with BvuI in the presence

of various amounts of the Na+ and K+ ions and
of various amounts of the Mg2+ ion.
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BvuI was active over a temperature range of 22 to 53°C with

maximum activity occurring between 30 and 37°C.

BvuI Cleavage Sites on Various DNA Molecules

The electrophoresis in agarose of BvuI-treated SV40 DNA revealed

that the enzyme cleaved that genome at two sites, producing fragments

of 3.74 and 1.48 kb (Figure 6). Asymetric cleavage of the large

fragment by BamHI and of the small fragment by EcoRI to generate

fragments of 3.47 and 0.27 kb and 1.00 and 0.48 kb, respectively,

permitted the mapping of the BvuI cleavage sites (Figure 7).

Phage Xc185757 DNA was cut at seven sites, producing eight

fragments when the cohesive ends of the molecule were denatured

(Figure 6). The locations of these BvuI cleavage sites on the A

genome (Figure 7) were determined by treating both mixtures of frag-

ments and individually-purified fragments produced by EcoRI, BamHI

or SmaI cleavage of A DNA with BvuI and subjecting the reaction

mixtures to electrophoresis on agarose gels. For cases in which

these results were ambiguous,
32
P-5' end-labelled DNA fragments

were treated with Bvui, subjected to electrophoresis and auto-

radiographs of the gels were prepared.

pBR322 DNA appeared to be cleaved at one site by BvuI. The

location of this site was found when EcoRI, PstI, BamHI and TaqI

fragments of pBR322 DNA were treated with BvuI and subjected to

electrophoretic analysis (Figure 6). Following this analysis, it

was determined that pBR322 DNA contains two BvuI sites which are
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Figure 6. Patterns produced after electrophoresis of var-
ious DNA-endonuclease reaction mixtures through either 1.2%
agarose in 40 mM Tris-acetate buffer (pH 7.2) containing
20 mM sodium acetate, 1 mM EDTA and 1 14 of EtBr per ml
(a-t) or 10% acrylamide in 25 mM Tris-borate buffer
(pH 8.3) containing 25% glycerol, 0.5 mM EDTA and 1 ug of
EtBr per ml (the acrylamide to methylene-bisacrylamide
ratio was 20 to 1) (u-w). a and b. BvuI +XUDNA, 400 and
60 ng, respectively; c and d. Bvul+EcoRI+X DNA, 410 and
60 ng, respectively; e. BvuI+SVTU DNA, 80 ng;f. BvuI+
EcoRI+SV40 DNA, 170 ng; gTBvuI+BamHI+SV40 DNA, 250 ng;
h. HaeIII+$174 DNA; i. HaeIII+XDNA; j. EcoRI+X DNA;
k. gVi .JI+pBR322 DNA; 1. EcoRI+pBR322 DNA; m. BvuI+
EcoRI+pBR322 DNA; n. BvuI+PstI+pBR322 DNA; o. EcoRI+
PstI+pBR322 DNA; p. BvuI+EcoRI+PstI+pBR322 DNA; q.
BvuI+BamHI+pBR322 DNA; r. HaeIII+0174 DNA; s. HaeIII
+X DNTTt. EcoRI+X DNA; u. TaqI+pBR322 DNA; v. BvuI
+TaqI+pBR322 DNA; w. HaeIII +X174 DNA. Channels a, c,
f and g were loaded with large amounts of DNA to demon-
strate the positions of bands composed of fragments

smaller than 1000 bp.
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Figure 7. Site-specific endonuclease cleavage maps of
bacteriophage X, pBR322 and virus SV40 DNA

molecules. The scales are in kb. EcoRI and

BvuI fragments of A DNA are numbered in order
of size. The sizes of Bvui-generated fragments

of these DNAs are as follows: A: 13.5,

10.0, 9.72, 9.39, 3.22, 1.87, 1.13 and
0.595 kb; SV40: 3.74 and 1.48 kb;

pBR322: 4,348 and 14 bp.
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separated by 14 bp. An endonuclease cleavage map of this molecule

appears in Figure 7.

Phage X174 DNA was not cleaved by BvuI. Adenovirus type 2 and

adenovirus type 5 DNAs resisted complete digestion by BvuI; agarose

gel patterns produced by electrophoresis of these reaction mixtures

contained greater than 30 bands. Bacteriophage M13 derivatives

mp7, mp8 and mp9 DNAs were each cleaved at one site by BvuI.

Ligation of BvuI-Cleaved DNA

BvuI-cleaved pBR322 DNA was treated with T4 DNA ligase at 1,

10 and 100 Weiss units of ligase per ml. These samples, plus EcoRI-

cleaved pBR322 DNA which had been treated in the same manner, were

subjected to agarose gel electrophoresis (Figure 8). Seven bands

migrating more slowly and one much more rapidly than that consist-

ing of linear pBR322 DNA were observed in the electrophoresis pat-

terns of the BvuI-treated DNA. The degrees of ligation in each

of the three samples appeared to be identical.

Both ligated and unligated samples of BvuI-cut pBR322 DNA

were used to transform cells of E. coli. While the unligated

DNA produced no ampicillin-resistant (Apr) transformants, approxi-

mately 500 Apr colonies were obtained per pg of ligated DNA. Of

these Apr colonies, 97% were sensitive to tetracycline. Plasmid

DNA preparations from several of the Apr, Tc
s
colonies were treated

with BvuI and subjected to electrophoretic analysis. Each of these

samples contained one linear fragment which had an electrophoretic
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Figure 8. Electrophoresis in 1.2% agarose of pBR322 DNA
samples which were treated with either BvuI or
EcoRI and, subsequently, with T4 DNA ligase at

concentrations of 1, 10 or 100 Wiess
units of ligase per ml.



mobility indistinguishable from that of the 4,348 by fragment re-

suiting from treatment of pBR322 DNA with BvuI.

The BvuI Recognition and Cleavage Site

33

The nucleotide sequences for SV40 DNA (Reddy et al., 1978),

pBR322 DNA (Sutcliffe, 1979) and X174 DNA (Sanger et al., 1978)

are known. That of gene 0 of X, in which the BvuI site between

fragments 1 and 4 was estimated to occur, is also known (Scherer,

1978). The BvuI cleavage site mapping data were analysed using a

computer program containing the nucleotide sequences for these mole-

cules (Tolstoshev and Blakesley, 1982) The nucleotide sequence

which was found to be common to the observed BvuI cleavage sites

was

5'-G-Pu-G-C-Py-C-3'
3'-C-Py-C-G-Pu-G-5'.

This sequence was not found to occur in the X174 genome.

The nucleotide sequence for M13 DNA has also been reported

(van Wezenbeek et al., 1980). The BvuI recognition sequence

(5'-GGGCTC) was found to occur in the intergenic space between genes

IV and II at nucleotide numbers 5643 to 5648. This sequence does

not occur in the DNA regions which were inserted in the M13 genome

during the construction of the mp7, mp8 and mp9 derivatives of that

phage (Vieira, J. and Messing, J., personal communication).

These frequency data for the BvuI recognition sequence in p8R322,

SV40, (PX174 and M13 DNAs were identical to those reported by Fuchs

et al. (1980).
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Dideoxyribonucleotide termination sequence analysis of the

modified and cloned pBR322 DNA fragment containing the BvuI recogni-

tion site (Figure 9) confirmed the presence of the following hexa-

nucleotide sequence:

5'-G-A-G-C-C-C-3'
31-C-T-C-G-G-G-5'.

The top strand, above, represents DNA from the template strand;

the DNA strand synthesized in vitro during the sequencing reaction

is at the bottom. The positions of the bands in reactions I and II

(Brown and Smith, 1980) on the sequencing gel, in relation to those

of reactions T, C, A and G, indicated the sites cleaved in both

DNA strands by BvuI. The band of reaction I, in which the DNA was

treated with BvuI alone, moved through the gel with an electropho-

retic mobility indistinguishable from that representing the thymi-

dine in the above sequence. This indicated that BvuI cleaved the

labelled, in vitro-synthesized DNA strand between the thymidine

residue and the cytosine residue on its 3' side. The band produced

by reaction II, in which the DNA was treated with both BvuI and

T4 DNA polymerase, had the same electrophoretic mobility as the

band representing the 5'-most guanosine residue in the hexanucleo-

tide sequence above; in other words, the DNA fragment comprising

the band from reaction II was 4 bases shorter than that from reaction

I. The template DNA was cleaved by BvuI between the two 3'-most

cytosine residues, leaving a 3' single-stranded extension of the

labelled strand which was removed by the 3' exonuclease activity
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Figure 9. Autoradiograph of a gel containing the products
of DNA sequencing reactions (dideoxynucleoside

triphosphate chain-termination method) in
which the M13 mp9 clone containing the

BamHI + Sall fragment of modified pBR322 DNA
was used as a template. The bands in

channels labelled T, C, A and G represent
single-stranded DNA fragments terminating
with thymidine, cytosine, adenosine and
guanosine residues, respectively. Chan-

nels I and II contain the products of reactions I
and II, respectively (see text). The
hexanucleotide sequence recognized by
BvuI is indicated by the bracket.
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associated with the T4 DNA polymerase. Thus, the arrows in the fol-

lowing hexanucleotide sequence indicate the sites cleaved by BvuI:

51-G-Pu-G-C-Py±C-31
3E-C-Py-C-G-Pu-G-5'.
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DISCUSSION

BvuI endonuclease was found to require the Mg
2+

ion and to pro-

duce limit digests of DNA containing the appropriate recognition site.

Its activity was not stimulated by either ATP or SAM. These charact-

eristics are consistent with those of the type II site-specific

endonucleases.

When the BvuI recognition sequence and its locations in SV40 DNA

and pBR322 DNA were known, it was possible to determine the exact

lengths of the fragments shown in Figure 6. What had appeared to be

one BvuI cleavage site in pBR322 DNA was resolved into two sites sepa-

rated by 14 nucleotide residues. The size estimations of DNA frag-

ments reported here varied from the actual values by < 3% and < 6% for

the fragments greater than and less than 1 kb, respectively.

Of the three possible hexanucleotide sequences recognized by

BvuI, GAGCCC occurred once in gene 0 of X DNA, twice in pBR322

DNA, once in SV40 DNA and once in the DNA of M13 derivatives mp7,

mp8 and mp9 and GGGCCC occurred once in SV40 DNA. The remaining

BvuI recognition sequence (GAGCTC) is recognized and cleaved by

SStI (Goff and Rambach, 1978), Sad (Arrand, J. R., Meyers, P. A.

and Roberts, R. J., unpublished observations reported in Roberts,

1981) and HgiAI (Brown et al., 1980). SstI cleaves X DNA at two

sites located within the A DNA fragment EcoRI-5, at 0.515 and 0.535

map units on the A genome. These SstI cleavage sites were those cut
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by BvuI to produce BvuI-A DNA fragment 7, shown in Figure 7. Thus,

Bvul was shown to recognize all three possible hexanucleotide se-

quences represented above.

The group of sequences recognized by HgiAI ( GAGCTC) includes

two which were not expected to be recognized by BvuI. These hexa-

nucleotide sequences, which contain the other two possible combina-

tions of the adenosine and thymidine residue degeneracy, comprise the

eight HgiAI cleavage sites in pBR322 DNA. Since none of these sites

was cleaved by BvuI, it was inferred that the positions of the

purines and pyrimidines in this report of the BvuI recognition se-

quence are correct.

Two of the BvuI sequences (GAGCTC and GGGCCC) are cleaved by

Alul (AG CT) and HaeIII (GG CC), respectively.

Since BvuI-generated pBR322 DNA fragments appeared to be as

effective a substrate for low concentrations of T4 DNA ligase as

were those produced by EcoRI, it was assumed that BvuI-cleavage

of DNA resulted in the formation of fragments with staggered ends.

The DNA sequencing experiments confirmed that BvuI cleaves the DNA

within its recognition site to produce single-stranded 3' ends which

are four bases long. Since BvuI ends are substrates for T4 DNA

ligase and T4 DNA polymerase, it may be assumed that 3' hydroxyl

and 5' phosphorylated termini are produced by this endonuclease.

The transformation of E. coli by pBR322 DNA which had been

cleaved by BvuI and subsequently ligated produced additional evi-

dence that the location of the BvuI cleavages in that molecule are
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correct as reported here. These ligated Apr-transforming plasmid

molecules were unable to mediate resistance to tetracycline and

could be recut by BvuI. This indicates that BvuI cut the pBR322

DNA at sites within the tetracycline resistance gene and that the

ligated molecules lacked the 14 by fragment separating the two

sites, thus preventing expression of that gene. Results of sequence

analysis confirmed that this 14 by fragment had been removed from

the plasmid. These two adjacent BvuI sites in the pBR322 molecule

can be used for cloning any DNA fragment having the appropriate

ends.

DNA methylases associated with type II site-specific endo-

nucleases generate either N
6
-methyladenosine or 5-methylcytosine

residues within the DNA sequence recognized by both enzymes. While

no attempt has been made to detect a site-specific DNA methylase

in B. vulgatis, it is probable that one does exist. That complete

digestions were not observed after extensive BvuI-treatment of the

adenovirus type 2 and adenovirus type 5 genomes, DNA molecules which

contain 5-methylcytosine, indicates that many of the BvuI recognition

sequences in these DNA molecules may have been protected from cleav-

age because cytosine residues within them had been methylated. More-

over, since adenosine residues are present in only three of the

four possible BvuI recognition sequences, the hypothetical BvuI

DNA methylase probably generates 5-methylcytosine. The positions

of bases methylated by type II site-specific DNA methylases either

within the recognition sequence or in relation to the position
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cleaved by the cognate endonucleases do not comprise a pattern firm

enough to predict which cytosine resides in the BvuI recognition

sequence would be targets for such a methylase (McClelland, 1981).

The banding pattern of BvuI-treated X DNA after electrophoresis

in agarose appeared to be the same as that produced by BpuI-cleaved

DNA (Ikawa et al., 1976) (The similarity noted between the A

cleavage patterns of these two enzymes is dependent on the assump-

tion that X DNA fragment BpuI-8, to which Ikawa, et al. allude in

a postscript, migrates to the same relative position in the pattern

as does A DNA fragment BvuI-8). Both endonucleases cleave SV40

DNA at two sites, generating fragments of the same sizes. While

there are differences between the two enzymes, namely, their sensi-

tivities to ammonium sulfate and sodium chloride, optimum pH ranges

and the ability of the Mn2+ ion to serve as a co-factor in the

reaction mixtures, BpuI probably recognizes the same hexanucleotide

sequence as BvuI.
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II. Purification and Attempts at Cloning the rpoB,C
Genes from Bacillus subtilis

INTRODUCTION

Much of what is known about the structure and expression of

the genes coding for the f3 and f3' subunits (rpoB and rpoC, respec-

tively) of bacterial DNA-dependent RNA polymerase (nucleoside tri-

phosphate: RNA nucleotidyltransferase E.C. 2.7.7.6) has resulted

from studies of this enzyme in Escherichia coli. Reviews of the

genetics, structure and function of bacterial RNA polymerases have

been published (Pura and Ishihama, 1979; Chamberlin, 1976; Burgess,

1976). The isolation of Xrifd18, a specialized A transducing phage

carrying the rpoB,C genes and four ribosomal protein genes in the

order rp1K,A,J,L, rpoB,C (Kirschbaum and Scaife, 1974), made it

possible to study the genetic structure and transcription of this

region of the E. coli chromosome, as well as to construct merodi-

ploids of rpoB,C.

Cloning of various site-specific endonuclease-generated DNA

fragments from Arifd18 in A phage vectors (Yamamoto and Nomura,

1978; Linn and Scaife, 1978) permitted fine structure mapping of

these genes and detailed analysis of their transcription. The re-

sults of these studies indicate that the rpoB,C genes are contran-

scribed with two adjacent ribosomal protein genes, rp1J and rp1L,

from a promotor to the left of rp1J. Minor promoters are situated

between rp1J and rplt. and between rplL and rpoB (Barry, et al.,

1979; Fiil, et al., 1979) and evidence for an attenuator sequence
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in the intercistronic region between rplL and rpoB has been reported

(Barry et al., 1980). Posttranscriptional regulation of expression

of these genes has been described (Fallon et al., 1979; Barry et al.,

1980).

Cloning of the E. coli rpoB,C genes has resulted in the eluci-

dation of the nucleotide sequence of both wild type and rifd2l rpoB

(Ovchinnikov et al., 1981a; Ovchinnikov et al., 1981b). The rifd2l

mutation arises from an AT +TA transversion at nucleotide position

1547 from the beginning of the rpoB gene.

No equivalent of the high-frequency, specialized X transducing

phage exists for genetic studies of the rpoB,C genes of Bacillus sub-

tilis. As a consequence, the limited information available about

the structure of these genes has resulted from the transformation

studies using genetic markers such as rifampin resistance (rfm)

in rpoB and streptolydigin resistance (Std) and temperature sensiti-

vity (ts) lesions in rpoC (Haworth and Brown, 1973; Hailing et al.,

1978). The effects of various metabolic conditions of B. subtilis

cells on the expression of rpoB,C have been reported (Libby and

Brown, 1982); synthesis of the a and a' subunits is probably coor-

dinately controlled.

A detailed understanding of the structure and expression of

the B. subtilis rpoB,C genes might be possible by studying relatively

large amounts of purified DNA containing those genes. Accordingly,

attempts have been made to clone DNA from the rpoB,C region of the

B. subtilis genome. Such experiments are described here.
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MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

Strains used in these studies are listed in Table 1. Growth

media used for B. subtilis include antibiotic medium No. 3 (Penassay

broth (PAB); Difco), Tryptose-blood-agar base (TBAB; Difco) and

MG medium, which is the minimal salts medium described by Anagnosto-

polis and Spizizen (1961) supplemented with glucose at 0.5%. Media

used for growth of E. coli were PAB, Penassay agar (PAA), YT medium

(Miller, 1972) and the minimal salts-glucose medium also described

by Miller (1972). Cultures were incubated at 37°C with rotary agi-

tation. Stock cultures of B. subtilis were maintained on AK agar

sporulation medium slants at 20°C. Those of E. coli were maintained

either on stabs of nutrient agar (Difco) at 20°C or in PAB contain-

ing 20% glycerol at -70°C.

Growth of liquid cultures was monitored by measuring turbidity

using a Klett-Summerson Colorimeter (red filter) or by measuring

optical density at 550 nm using a Zeiss PMQ II spectrophotometer.

To obtain chromosomal DNA from B. subtilis, a modification

of a procedure described by Haworth and Brown (1973) was used (Jones,

C.J., Ph.D. Thesis, Oregon State University, 1976). One 1 of pre-

warmed, double-strength PAB was inoculated with 7 ml of an overnight

culture grown in 2X PAB. After incubation for 4.5 h at 37°C, the

cells were collected by centrifugation at 7,970 x .for 15 min at



Table I.

Bacterial Strains

Genomic Plasmid

Strain Markers Plasmid Markers Source

Bacillus subtilis

0SB192 cysA14

OSB420 rfm

0SB431 rfm std is

0SB528 arg15 leuA8 T. Uozumi

r
m

mm (Rm125)

OSB529 trpC2 thr-5 pUB1110 Kan J. Hoch (80336)

02530 trpC2 thr-5 J. Hoch (80224)

recE4

Escherichia coli

05E162 thi-1 thr-1 pSF2124 amp colE1 M. So (plasmid)

leu-6 lacY1

0SE165 thi -1 thr -1 S. Cohen (SC 181)

leu-6 lacY1

hsdR hsdM

0SE196

0SE199

OSE200

0SE201

0SE203

0SEI65 pBR322 amp tet F. Bolivar

(plasmid)

0SE165 pBR325 amp tet cam F. Bolivar

(plasmid)

OSE165 03H20 amp tet H. Boyer
17077

thi-1 thr-1

(plasmid)

Construction

leu-6 hsdR

hsdM lacIS, YI

L(lacpro) thi strA J. Messing

endA sbc815

hsdR4 supE/F.

proe, ritra036

lacig, LIM15

45
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37°C, the cells were collected by centrifugation at 7,970 x 9_ for 15

min at 4°C; approximately 3 gm of cells was harvested from such

a culture. The cells were washed twice with 50 ml of a solution

containing 0.15 M NaCl and 0.1 M Na2EDTA (pH 8.0) (saline-EDTA)

and, if necessary, the cell pellet was stored at -20°C. The cells

were resuspended in 30 ml of saline-EDTA and 2.1 ml of a freshly-

prepared solution containing 10 mg lysozyme per ml was added. After

incubation at 37°C for 30 min, the viscosity of the suspension had

increased dramatically and sphaeroplasting of the cells was nearly

complete. SDS was added to the final concentration of 1% (1.8 ml

of a 20% solution) and the mixture was agitated for 10 min. The

mixture was diluted with 20 ml saline-EDTA and 60 ml of redistilled,

50 mM Na
2
HPO

4
(pH 7.0)-saturated and neutralized phenol was added

and the mixture was agitated for 10 min. This mixture was subjected

to centrifugation at 7,970 x 2 for 15 min at 4°C and the aqueous

top fluid was decanted gently with an inverted 10 ml pipette and

combined with an equal volume of a 24:1 (U/V) mixture of chloroform

and isoamyl alcohol. After vigorous agitation for 15 min, this

mixture was subjected to centrifugation and the aqueous phase was

decanted as described above. The sample was placed in a 125 ml

Erlenmeyer flask on ice and two volumes of ice-cold 95% ethanol

was added gently. The fibrous precipitate which formed at the inter-

face of the sample and the ethanol was spooled onto a glass rod.

The precipitate was rinsed in cold 70% ethanol and dissolved in

6 ml 0.1X SSC (1X SSC is 0.15 M NaC1 and 0.015 M sodium citrate,



47

pH 7.0). When the material had completely dissolved, 0.6 ml 10x SSC

was added with 0.25 ml of a heat-treated (80°C for 10 min) solution

containing 2 mg of Ribonuclease I per ml of 1X SSC (pH 5.0) and

this mixture was incubated at 37°C for 30 min. The sample was

treated with an equal volume of phenol as described above and, after

centrifugation, the aqueous fluid was transferred to a 125 ml flask

on ice. Four ml of 1X SSC was added to the phenol phase and it

was agitated and subjected to centrifugation as above. The aqueous

phase of this sample was decanted and added to the first one, above,

and, after the addition of two volumes of 95% ethanol, the DNA pre-

cipitate was again spooled on a glass rod and washed in 70% ethanol

as above. The spooled precipitate was dissolved in 5 ml 0.1X SSC

and 0.5 ml of 10X SSC and 0.5 ml of a solution containing 3.0 M

sodium acetate and 1 mM Ha
2
EDTA (pH 7.0) were added. This sample

was placed on ice and 4.2 ml of ice-cold isopropanol was added quickly

while agitating with a glass rod. The DNA precipitate was spooled

onto the rod, washed in 70% ethanol and dissolved in 10 ml of 100 mM

Tris hydrochloride buffer (pH 7.2) containing 100 mM NaCl.

B. subtilis plasmid DNA was purified using a modification of

the cleared lystate procedure described by Guerry et al. (1973).

Six 200 ml PAB cultures containing 10 pg Kanomycin (Sigma) per ml

were grown to the density of 5 x 10
8

cells per ml. The cultures

were subjected to centrifugation at 7.970 x a for 15 min at 22°C

and the cell pellets were resuspended in a total of 120 ml of 50mM

Tris hydrochloride buffer (pH 7.5) containing 25% sucrose and

0.1 M NaCl. The suspension was divided into 12 equal samples in
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Oakridge centrifuge tubes and 0.5 ml of a freshly prepared solution

containing 10 mg lysozyme per ml was added to each sample. After

incubation at 37°C for 20 min, the following reagents were added

in this order: 2.4 ml of 5M NaCl, 0.6 ml of 0.5 M Na2EDTA and 13 ml

of 2% SDS, 0.7 M NaCl. The tubes were agitated gently and incubated

at 4°C for 20 h. The samples were subjected to centrifugation at

48,200 x g for 30 min at 4°C and the supernatant fluid was decanted

and pooled. This sample was treated with ethanol to precipitate

the DNA. After centrifugation, the DNA was suspended in 30 ml of

20 mM Tris hydrochloride buffer (pH 8.0) containing 20 mM NaC1 and

1 mM Na
2
EDTA and subjected to CsCl-EtBr ultracentrifugation as des-

cribed in the previous chapter.

E. coli plasmid and bacteriophage DNAs were purified as des-

cribed in the previous chapter.

Site-Specific Endonucleases

Treatment of DNA with various site-specific endonucleases was

carried out as described in the previous chapter.

Agarose Gel Electrophoresis

DNA samples were subjected to electrophoresis in agarose gels

as described in the previous chapter

Preparative Agarose Gel Electrophoresis of DNA Fragments

EcoRI-generated fragments of B. subtilis chromosomal DNA were

purified by subjecting them to electrophoresis in a 0.7 x 19.5 x 38 cm
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horizontal slab gel composed of 0.5% agarose. A 0.7 ml sample con-

taining 500 pg DNA and 14% GBPB (see previous chapter) was heated to

65°C for 5 min and placed in each of two 0.1 x 19.5 cm wells, one of

which was formed at the extreme cathode side of the gel and the

other was at the middle. A current of 100 mAmp was applied to the

gel for 15 min and the gel was submerged in Tris-acetate electro-

phoresis buffer. Electrophoresis was continued at 60 mAmp for 20 h.

DNA bands were recovered from the gel as described below. EcoRI-

generated DNA fragments purified in this manner and subsequently

cleaved with PstI were subjected to preparative electrophoresis by

placing them in 0.1 x 6 cm wells which had been formed in 1.2% agar-

ose.

Extraction of DNA from Agarose Gels

DNA fragments were separated from the agarose gel in which

they had been subjected to electrophoresis either by the masceration

method described in the previous chapter or,for more efficient

recovery of DNA, by an adaptation of a procedure described by Tabak

and Flavell (1978). A 1 mm-wide slot was cut in a horizontal agar-

ose gel, immediately below the DNA band to be recovered. The slot

was filled with hydroxylapatite (Bio-Rad, Bio-Gel HTP DNA grade)

which had been equilibrated in electrophoresis buffer. Electropho-

resis of the DNA was confined until the entire band had migrated

into the hydroxylapatite (HA) (this can be monitored in a gel-

containing EtBr by illuminating it with a hand-held short-wave UV
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source (UV-Products)). The HA was collected using a pasteur pipette

and layered on top of a 0.5 ml bed of Sephadex G-50 which had been

equilibrated in electrophoresis buffer and was contained within

a pasteur pipette-column. The column was washed with 10 ml of elec-

trophoresis buffer and the HA-bound DNA was eluted with 2 ml of

0.3 M Na
2
HP0

4
(pH 7.4). The fractions which contained DNA were

pooled, dialysed against 50 mM Tris hydrochloride buffer (pH 7.4)

and concentrated by precipitation using ethanol.

Alternatively, a simplified method for preparative recovery of

DNA from gels was used. A small sheet of hydrated dialysis membrane

was trimmed to fit along the bottom of the slot cut in the gel and

up the side distal to the DNA band to be recovered. This slot,

partially-lined with dialysis membrane, was filled with electropho-

resis buffer and electrophoresis of the DNA was continued until it

had migrated from the gel into the buffer. Using a pasteur pipette,

the contents of the slot were agitated to remove the DNA which was

bound to the dialysis membrane and this DNA was dialysed and concen-

trated as described above.

Another method was used for high efficiency recovery of small

amounts of DNA from gels. A slice of gel containing a band of DNA

was placed in a #20 dialysis bag. A small amount of electrophoresis

buffer was also placed in the bag, which was then sealed using poly-

propylene dialysis bag chips (Spectropore). The bag was then sub-

merged in electrophoresis buffer in a horizontal gel electrophoresis

apparatus and its position was adjusted so that the orientation of
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the gel slice in relation to the electrical field was the same as

that of the original electrophoretic procedure. After the DNA was

eluted electrophoretically from the agarose, the gel slice was re-

moved from the bag. The contents of the bag were agitated to dis-

lodge DNA which had been bound to the dialysis membrane and the

DNA was dialysed and concentrated as described above.

Transformation Procedures

Transformation of B. subtilis cells by both whole and endonu-

clease-cleaved B. subtilis chromosomal DNA was as described by

Anagnostopolis and Spizizen (1961) with modifications described

by Brown and Jones (1976). Selection of transformants was carried

out as described by Brown and Jones (1976), except that, in some

experiments, rifampin (Rmr) and streptolydigin-resistant (Sdr) trans-

formants were selected by spreading 0.1 ml of the transformation

mixture directly on TBAB plates. After incubation at 37°C for 2 h,

5 ml of molten (47°C) TBAB containing either 10 pg Rifampin (Calbio-

chem) per ml or 100 lig Streptolydigin (U-5482 (sodium salt) kindly

donated by G. B. Whitfield, the Upjohn Co.) per ml was poured over

the surface of the plate and incubation at 37°C was continued for

16 to 20 h.

Transformation of B. subtilis by plasmid DNA was carried out

using the sphaeroplast procedure described by Chang and Cohen (1979).

Transformation of E. coli by plasmid DNA and transfection of E. coli

are described in the previous chapter.
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In Vitro Labelling of DNA

Site-specific endonuclease-generated DNA fragments were labelled

with
32
P using the nick translation procedure described by Maniatis,

et al. (1975). Endonuclease-generated DNA fragments having 5' single

stranded ends.were labelled with
32
P using the large fragment of

E. coli DNA polymerase (Klenow reagent). One pg of a purified DNA

fragment was added to a 10 pl reaction mixture containing 7 mM Tris

hydrochloride buffer (pH 7.5), 7 mM MgC12, 50 mM NaCl, 3.5 pCi of

r[a- 32P] dATP and 1 unit of Klenow reagent. This mixture was incu-

bated at 22°C for 30 min, heated to 65°C for 5 min and the DNA was

precipitated by treatment with ethanol. After collection of the

DNA by centrifugation in a Beckman microfuge, the pellet was washed

four times with 80% ethanol, once with 100% ethanol and dried in

vacuuo. The DNA was resuspended in 20 pl of an appropriate buffer.

DNA-DNA Hybridization

DNA from electrophoretic patterns in agarose gels (Southern,

1975), from colonies of possible bacterial clones (Grunstein and

Hogness, 1975) or from bacteriophage-produced plaques (Benton and

Davis, 1977) was bound to sheets of nitrocellulose. Before hybridi-

zation in some experiments, the DNA-bound nitrocellulose was treated

as described by Denhardt (1966). Hybridization was carried out

as described by Howley, et al. (1979).
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RESULTS

Purification of the EcoRI Band DNA Containing the rpoB,C Genes

The band containing the DNA fragment which bears at least part

of the rpoB,C genes was identified in the pattern produced by sub-

jecting EcoRI-treated B. subtilis chromosomal DNA to agarose gel

electrophoresis. DNA recovered by mascerating 2 mm slices from

a gel which contained EcoRI-cleaved 0SB431 DNA was used to transform

0SB192. The rfm, std and cys transforming activities were found

to be present in the lower half of one rather wide band which was

thought to contain at least several DNA fragments approximately

11.5 Kb in length. Approximately 5 lig of DNA having rfm, std and

cys transforming-activity was recovered from a preparative horizontal

gel loaded with 500 pg of EcoRI-treated 0SB431 DNA (Figure 10).

Cleavage of rpoB,C Band DNA with Various Site-Specific Endonucleases

DNA from the rpoB,C band of EcoRI-cleaved 0SB431 chromosome

was treated with the following site-specific endonucleases: XbaI,

HpaI, HaeIII, Smal, BamHI and PstI. Following the gel electropho-

resis of these cleaved DNA samples, it was observed that only BamHI

and PstI produced discrete bands representing DNA fragments which

were 1 to 10 Kb in size. The remaining enzymes generated many small

fragments from this DNA and were thus unsuitable for use in this

study.



Figure 10. Detail of a 0.5% agarose gel used for the
preparative electrophoresis of DNA fragments
resulting from EcoRI-treatment of the OSB431

chromosome. The band containing the
cys, rfm and std transforming

activities is indicated by the arrow.
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Gels containing DNA patterns produced by BamHI and PstI were

fractionated as described above and surveyed for rfm transforming

activity. Such activity was associated with a DNA fragment larger

than 10 Kb in the BamHI-treated sample.

Treatment of the most carefully prepared samples of EcoRI rpoB,C

band DNA with PstI produced 23 fragments of 2 Kb or larger (Figure 11).

Among these was a 4.7 Kb fragment with which rfm transforming activity

was associated. A preparation of this fragment contained neither std

nor cys transforming activities; these were associated with PstI-

generated DNA fragments of 6.0 and 3.9 Kb, respectively. A comparison

of the relative intensities of the electrophoretic bands consisting of

these PstI DNA fragments indicated that they were not present in equal

amounts. The rfm, std and cys bands were among those which were most

prominent in the electrophoretic patterns.

The EcoRI rpoB,C band DNA was end-labelled using {a-32 dATP and

the Klenow reagent and the sample was treated with PstI. Electro-

phoretic analysis and subsequent autoradiography of this DNA indicated

that one end of both the rfm and std fragments was labelled.

Treatment of the rfm or std fragments with Sall or HindIII indi-

cated that each of these DNAs contained several cleavage sites for

these enzymes. BamHI did not cleave either DNA fragment.

Attempts at Cloning rpoB,C DNA

The various attempts at cloning rpoB,C DNA are illustrated in

Table 2. It was uncertain that the complete rpoB,C genes were
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arq

-4- std

Figure 11. Electrophoresis in 1.2% agarose of PstI-
treated EcoRI rpoB,C band DNA.
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Table 2.

Host-vector Systems Used in Cloning Experiments

DNA to be
cloned Vector DNA Host

Marker Insertional
Selected Inactivation

EcoRI.OSB431
EcoRIpSF2124 0SE165

OSB 528

OSB 530

Apr ColE1-

rEcoRIpUB110
DNA (shotgun)

EcoRI.OSB431

EcoRIpSF2124 0SE165

OSB 528

OSE165

OSE201

OSE165

OSE203

OSE 203

Apr ColEl-

Kmr

Apr Tcr

Apr

AprTcrCms

lac-

lac

EcoRIpUB110

EcoRI'pBR322

EcoRI.pBH20
rpoB,C

EcoRIpBR325band DNA

EcoRIM13 mp8

EcoRM13 mpg

EcoRI.0SB420
EcoRIpBH20 OSE201

0SE165

Apr

AprTcrCmsEcoRIpBR325rpoB,C
band DNA

PstI [EcoRI

PstI + EcoRI 0SE165

OSE165

OSE203

0SE203

Ap
s
Tc

r

AprTcrCms

lac

lac

pBR322

PstI + EcoRI-
011431 rpoB,C] pBR325

PstI + EcoRI

rfm fragment

PstI [EcoRP
0SB431 rpoB,C]

M13 mp.8--

PstI + EcoRI

std fragment

MT3
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present on the B. subtilis DNA fragments described above, or, if com-

plete, that they would be expressed and be apparent phenotypically in

the E. coli host. Accordingly, the strategy for detecting the

appropriate clones in these experiments involved these tests: (a)

selecting for host cells which contained recombinant plasmids by test-

ing for foreign DNA insertion-mediated inactivation of a plasmid-borne

gene; (b) partial-purification of plasmid DNA from possible clones,

treating the DNA with appropriate site-specific endonucleases and

subjecting it to electrophoretic analysis; (c) transformation of a

suitable B. subtilis strain by plasmid DNA from possible clones to

test for the presence of rfm or std transforming activity; (d) in

situ hybridization of nitrocellulose filter-bound DNA from colonies

of possible clones or from agarose gel patterns of plasmid DNA from

possible clones to labelled B. subtilis DNA probe.

No clones containing either the EcoRI rpoB,C DNA fragment or the

PstI rfm or std fragments were detected out of the several thousand

isolates examined in these experiments. The plasmid DNA molecules

of 135 AprTcrCMs isolates of 0SE165 which had been transformed with a

ligation mixture containing EcoRI rpoB,C band DNA and EcoRI-treated

pBR325 DNA were surveyed and found to contain 11.5 Kb inserts of B.

subtilis DNA. On the basis of agarose gel patterns of these

plasmids after treatment with both EcoRI and PstI, it was determined

that eight different EcoRI fragments of 0SB431 DNA had been cloned.

Six of these were found to be present in pBR325 in either orienta-

tion. Of the 23 PstI fragments larger than 2 Kb produced from the
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EcoRI rpoB,C band DNA, nine were not found in any of the EcoRI+PstI-

treated hybrid plasmid molecules; these nine fragments represented

approximately 54 Kb of DNA. Although the PstI rfm and std fragments

were among those not found in any of the clones, it was evident from

endonuclease and electrophoretic analysis alone of one of the hybrid

plasmids that the 3.9 Kb PstI cys fragment had been cloned.
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DISCUSSION

Clearly, the rpoB,C band from gels of EcoRI-treated B. subtilis

DNA contained many fragments of similar size. The gel electropho-

resis pattern of DNA resulting from PstI-cleavage of the EcoRI rpoB,C

band contained 23 fragments larger than 2Kb; these represented ap-

proximately 111 Kb of DNA. Ten EcoRI fragments of 11.5 Kb could

have produced the 23 fragments upon cleavage with PstI. The

results described above indicated that eight different EcoRI-gener-

ated fragments were cloned in pBR325. Since the mean size of these

fragments was 11.5 Kb and the amount of DNA which was not cloned

in these experiments was at least 54 Kb, there were at least five

additional EcoRI fragments in this band. Thus, these preparations

of EcoRI rpoB,C band DNA contained at least ten to thirteen frag-

ments. This estimation is conservative since PstI-generated frag-

ments smaller than 2 Kb from these preparations were not considered.

The relative ease of obtaining large amounts of the eight cloned

EcoRI fragments permitted the observation of seventeen PstI-generated

fragments from cloned B. subtilis DNA ranging in size from 0.4 to

2 Kb. It is unlikely that these represented all the PstI-generated

fragments of EcoRI rpoB,C band DNA in that size range.

The results of the end-labelling experiments showed that the

ends of the EcoRI rpoB,C DNA fragment were preserved on the rfm and

std fragments after cleavage of that DNA with PstI. Since the PstI

rfm and PstI std fragments (4.7 and 6.0 Kb, respectively) together
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represent only 10.7 Kb of DNA out of a total of 11.5 Kb in the rpoB,C

fragment, that DNA fragment must contain at least two PstI cleavage

sites occurring 0.8 Kb apart in the region of approximately 3.2 Kb

which is bordered by the rfm and std lesions in 0SB431 DNA.

The results presented here suggested that the cysA14 locus is

not contained on the 11.5 Kb EcoRI fragment bearing the rfm and

std markers; an EcoRI cleavage site must occur between the cys and

rfm lesions. Since the cys transforming activity was associated

with a 3.9 Kb DNA fragment resulting from treatment of the EcoRI

rpoB,C band DNA with PstI, an EcoRI fragment bearing all three mark-

ers would be 14.6 Kb. While the non-linear electrophoretic migra-

tion rates through agarose of DNA fragments larger than 8 Kb adds

some degree of inaccuracy to size determinations for such large

fragments, it would be difficult to explain such an extreme under-

estimation of the size of the EcoRI rpoB,C fragment.

That the PstI cys fragment was probably contained within an EcoRI

fragment cloned in pBR325 and the PstI rfm and PstI std fragments

were not is additional evidence that the cys lesion is present on an

EcoRI fragment of similar size (and density in CsCl-Actinomycin D

gradients (Brown and Jones, 1976)) as that bearing the rpoB,C genes.

Brown and Jones (1976) observed genetic linkage between the cysA14

and rfm markers after cleavage of B. subtilis chromosomal DNA with

EcoRI and report that they are contained on the same fragment. This

linkage may not have been observed in the absence of either partial

EcoRI cleavage of the DNA or of congression of the two markers.
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Considering the number and variety of attempts to clone the

rpoB,C genes of B. subtilis, it is probably significant that they

were unsuccessful. There are several possible explanations for

the EcoRI rpoB,C DNA fragment or elements thereof resisting these

efforts to clone them. Even if this 11.5 Kb EcoRI fragment con-

tains the complete rpoB,C genes, accounting for approximately 8 Kb

of the DNA, it is probable that the fragment bears genes for other

proteins, as well. Osawa and Tukui (1978) report that several

genes coding for ribosomal proteins are clustered on either side

of and could be adjacent to the rpoB,C genes. It is possible that

the gene products of the B. subtilis DNA, if synthesized in E. coli,

could interfere with normal assembly or function of the host RNA

polymerase or ribosome complexes.

The introduction and expression of many copies of (3 and 3 RNA

polymerase subunit or ribosomal protein genes in a cell for which the

genes were either native or foreign could interfere with the biosyn-

thesis, assembly or function of these protein complexes. Fallon,

et al. (1979) failed to clone in E. coli any E. coli DNA fragments

bearing both genes for ribosomal proteins and their promoters, while

ribosomal protein gene fragments lacking the promoters were cloned.

They suggested that such a high dosage of intact genes impedes the

feed-back control of ribosomal protein biosynthesis and, subsequent-

ly, the growth of the recipient cells. The presence of a high dosage

of DNA bearing portions of such genes with their promotors could

result in large numbers of truncated protein molecules in the cells;



63

this might have a similarly adverse effect on the growth of the

bacteria.

In an attempt to avoid or, perhaps, reduce the transcription

of cloned B. subtilis genes which might be mediated by a promoter

on the vector plasmid, an expression control vector, pBH2O, was

used. This plasmid contains DNA for the lac promotor and operator

immediately adjacent to an EcoRI cleavage site and, when used in an

E. coli host which contains the lacIs mutation, will not initiate

transcription of DNA inserted at that site. That no clones contain-

ing the B. subtilis EcoRI rpoB,C DNA fragment were obtained using

this vector might indicate that the host RNA polymerase transcribed

this DNA from promoters contained within it.

There was some concern that the EtBr present in the preparative

agarose gels induced multiple scissions in the B. subtilis DNA used

in these experiments. EcoRI rpoB,C band DNA which was purified

without exposure to EtBr was ligated with EcoRI-cleaved M13 mp8

and mp9 bacteriophage vectors and used to transfect JM103; no clones

containing the rpoB,C DNA were recovered. Since some DNA fragments

which had been purified in the presence of EtBr were cloned in the

experiments described above, it seems unlikely that the dye was

responsible for the lack of success at cloning the rpoB,C genes.

There are many reports of successful cloning and expression

of B. subtilis genes in E. coli; examples are those of Ferrari,

et al. (1981), 011ington, et al. (1981) and Rapoport, et al. (1979).

An E. coli clone bank containing randomly sheared B. subtilis DNA
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was prepared by Rapoport, et al. (1979). While they show that this

clone bank contains DNA fragments (average size: 5 Kb) representing

nearly the entire B. subtilis genome, no DNA bearing the cysA gene

was detected. Ferrari, et al. (1981) constructed a bacteriophage X

charon 4A library containing partially EcoRI-cleaved B. subtilis DNA.

Again, the cysA14 marker was not found in DNA from these clones.

Expression of the B. subtilis rpoB,C genes in E. coli which was in-

fected with hybrid phage from this library was probably not detected

(R. Doi, personal communication).
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