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The DNA-dependent RNA polymerase of Bacillus subtilis plays a

major role in gene expression during vegetative growth, sporulation,

and bacteriophage infection. This thesis examines RNA synthesis and

gene expression in cold-shocked cells, during bacteriophage TSP-1

infection, and in a temperature sensitive RNA polymerase mutant of

B. subtilis.

In Chapter I, RNA synthesis was examined in cold shocked B.

subtilis cells. The effects of RNA synthesis inhibitors,

temperature, salt concentration, and the addition of polyamines or

highly phosphorylated nucleotides were examined. Cold shocked cells

were also able to specifically transcribe bacteriophage DNA.



Plasmid pUB110 DNA inhibited RNA synthesis in this system.

In Chapter II, early transcription of bacteriophage TSP-1,

which infects B. subtilis only at temperatures above 50° C, was

examined. Early transcription of TSP-1 in vitro, in vivo, and in

cold-shocked cells of B. subtilis is reported. Early transcription

in B. licheniformis 8480 was also studied; this strain was found to

be permissive for TSP-1 infection at lower temperatures.

The third chapter shows that part of the requirement for high

temperature for TSP-1 infection of B. subtilis 168 is the thermal

inactivation of host restriction activity. Examination of gel-

electrophoresed 32P-labelled TSP-1 DNA during infection directly

demonstrated restriction of DNA at low temperature in the B.

subtilis 168 strain. A B. subtilis strain permissive for TSP -i

plaque formation at 37° C was constructed. Also, a TSP-1 deletion

mutant that productively infects B. subtilis 168 after initial

adsorption/penetration at high temperature was isolated and the

mutation mapped.

The fourth chapter describes a temperature-sensitive RNA

polymerase mutant which was isolated by counterselection with

bacteriophage TSP -i at 51° C. The mutation maps at a locus distinct

from the (3, and major sigma subunit loci. In vitro, the RNA

polymerase exhibits an altered thermal inactivation at low ionic

strength and an altered salt sensitivity profile. In vivo the

mutant ceases to accumulate stable RNA upon temperature shift.
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TRANSCRIPTION IN BACILLUS SUBTILIS AND BACILLUS BACTERIOPHAGES

INTRODUCTION

The interactions between bacteria and bacterial viruses or

bacteriophage have long been studied. Bacterial viruses were

discovered in 1915 by the English Microbiologist F.W. Twort, and,

perhaps independently, in 1917 by the French Canadian F. d'Herelle

(Stent 1966). The initial hopes for the control of bacterial

diseases by bacteriophages were not realized. But bacterial viruses

did become the object of fundamental biological studies. In the

1930s, viruses began to be studied by chemical, physical, and

genetic techniques. The crystallization of tobacco mosaic virus

stimulated interest in viruses as suitable models for the study of

biological self replication. By the late 1930s, the study of

bacterial viruses had been taken up by a number of scientists,

including Alfred Hershey, Salvador Luria, and Max Delbruck. By

1952, a year prior to the discovery by Watson and Crick of the

structure of DNA, Alfred Hershey and Martha Chase had discovered

that phage DNA is the carrier of genetic information. Within the

next ten years, the major features of phage replication became
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understood. And thus, the sciences of molecular biology and

molecular genetics also originated.

The continued study of bacterial viruses has yielded

information applicable to a number of different fields. Information

about the biology of lytic and lysogenic bacteriophages has been

applicable to pathogenic viruses of animals and plants. Study at

the molecular level has also been useful. The sequential expression

of bacteriophage genes was initially thought of as a possible model

for eucaryotic development. While this has proved to be largely

untrue, the basic molecular biological methods of study were

transferable to the study of other cellular events. For example,

bacterial viruses were extensively used in the elucidation of the

molecular events of transcription, translation, and DNA

replication. The observation of restriction of bacteriophage titers

when plated on certain bacterial strains led to the discovery of

restriction endonuclease cleavage of DNA (Arber and Linn 1969), and

the subsequent application of these enzymes to recombinant DNA

technology. Furthermore, derivatives of bacterial viruses such as

M13 and lambda have been used as successful cloning vectors. The

study of bacterial viruses continues to contribute to basic

knowledge of molecular biology: the DNA sequence of bacteriophage

OX174 led to the discovery of overlapping genes (Barrell et al.

1976) and a refutation of one of the early tenets of molecular

biology: that one gene produces one enzyme.



3

This thesis examines bacterial virus-host interactions mainly

with regards to transcription in Bacillus subtilis, but also with

regards to restriction of DNA.

In the first chapter, transcription in B. subtilis cells

permeabilized by a cold shock technique is investigated. RNA

synthesis was examined under a variety of conditions, and the direct

effects of certain antibiotics and small molecules on RNA synthesis

were examined. These permeabilized cells were able to take up

bacteriophage DNAs and specifically transcribe them. DNAs from

bacteriophage g29 and bacteriophage TSP-1 were used as specific

template.

In the second chapter, the transcription of TSP-1 is examined

in greater detail. Bacteriophage TSP-1 was originally described as

a bacteriophage that infects B. subtilis only at temperatures above

50° C. Transcription in vitro at 37° C or in cold-shocked cells at

30° C was similar to transcription in vivo at 51° C. It was later

found that TSP-1 can infect a strain of B. licheniformis at low

temperature (this finding is further examined in chapter III). In

vivo transcription at 37° C in B. licheniformis is similar to in

vivo transcription at 51° C in B. subtilis.

The third chapter seeks to ascertain the molecular basis of

TSP-1 infection of B. subtilis only at temperatures above 51° C.

Examination of radioactive TSP-1 DNA during infection revealed that

the thermal inactivation of host specific restriction allowed
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productive TSP-1 infection only at the high temperature in B.

subtilis. A permissive strain of B. subtilis was constructed by the

introduction of genes from the permissive strain of B. licheniformis

into a restriction-modification deficient strain of B. subtilis. A

bacteriophage TSP-1 mutant that productively infects B. subtilis 168

after initial adsorption/penetration at high temperature was

isolated. The deletion mutation was mapped to the left portion of

the TSP-1 genome.

The fourth chapter examines a temperature sensitive RNA

polymerase mutant of Bacillus subtilis, which was selected by a

bacteriophage TSP-1 counterselection technique. Bacteria able to

grow at 51° C were infected and lysed by TSP-1. The remaining

temperature-sensitive mutants were screened for defects in RNA

synthesis. The RNA polymerase mutant, OSB 459, is characterized.

Each chapter has an introduction which contains a review of the

literature pertinent to that chapter. A more general review of

molecular biological literature concerning bacterial virus studies

related to transcription follows.

DNA-dependent RNA polymerase catalyzes the synthesis of

messenger, ribosomal, and transfer RNA in procaryotes (Yura and

Ishihama 1979). Bacterial viruses use host RNA polymerase to

different extents to transcribe their genetic information during

viral development (for review, see Rabussay and Geiduschek 1977 and

Chamberlin and Ryan 1982). Escherichia cold bacteriophages T3 and
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T7 use the host RNA polymerase to transcribe early genes, one of

which codes for a viral RNA polymerase, which then transcribes the

majority of the viral genome (Kruger and Schroeder 1981). E. coli

T-even phages and B. subtilis phages SP01, SP82, and 029 use the

host core RNA polymerase throughout the infection, but the host

enzyme is significantly modified by the addition of phage-coded

subunits following early transcription (Rabussay and Geiduschek

1977, Geiduschek and Ito 1982). E. coli bacteriophage N4 and B.

subtilis bacteriophage PBS2 infections are independent of host RNA

polymerase: a viral RNA polymerase or transcriptase is injected

with the DNA, and other virus-derived polymerases are expressed

during infection (Rothman-Denes and Schito 1974, Falco et al. 1977,

Price and Frabotta 1972). Bacteriophage lambda of E. coli uses RNA

polymerase in an essentially unmodified form. However, certain

proteins, such as N-protein, interact directly with RNA polymerase.

Transcription of bacteriophages T3 and T7 have been extensively

studied. The study of early mRNA synthesis has revealed much about

the binding and enzymatic action of RNA polymerase (for a review,

see Chamberlin 1976, Kruger and Schroeder 1981). In the switch to

late transcription, the most important regulatory phenomenon

involves the induction of phage-coded RNA polymerase with a strict

specificity for homologous DNA, and the concomitant inactivation of

the host RNA polymerase. Gene 0.7 produces a T7 seryl-threonyl

protein kinase which phosphorlylates and partially activates the a
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and e' subunits of E. coli RNA polymerase. A stronger effect is

exerted by the gene 2 inhibitor protein, which binds to RNA

polymerase holoenzyme. Mutant E. coli strains 7009 (tsnB), BR3, and

Y49 are resistant to T7 (Shanblatt and Nakada 1982, DeWyngaert and

Hinkle 1979); they contain mutations in the $ subunit of RNA

polymerase (Buchstein and Hinkle 1982). The gene 2 product is also

required late in the infection, as the host RNA polymerase must be

inactivated for DNA maturation to occur properly. However, this

requirement can be obviated by the addition of rifampin late in the

infection (Ontell and Nakada 1980). A mutation in the a subunit of

RNA polymerase blocks late gene expression of bacteriophage P2

(Sunshine and Sauer 1975, Fujiki et al. 1976). RNA polymerase may

thus be required for late gene expression of several bacteriophages.

Studies of host mutants involved in N-dependent growth (or

allowing N-independent growth) of bacteriophage lambda has led to

the elucidation of several host factors involved in transcription

termination. These include RNA polymerase, Rho, and the nus gene

products (Ward and Gottesman 1982). The N-protein (pN) of

bacteriophage lambda prevents RNA polymerase termination at both

rho-dependent and rho-independent terminators. pN primarily

influences transcription from the promotors pi. and pR in wild type

lambda induction. N-utilization or nut sites adjacent to these

promoters are necessary for pN activity.

Some of the host mutations that block pN function in the rpoB



7

gene, that codes for the 0 subunit of RNA polymerase, suggesting

that N-protein interacts with the polymerase. Mutations that map in

the gene for the a subunit (rpoD) can also affect the function of

the N gene (Nakamura et al. 1979). Furthermore, two classes of rho

mutations exist with respect to N function (Rho protein interacts

with RNA polymerase to mediate termination at Rho-dependent

terminators.) One class allows the growth of lambda even in the

absence of N-function; the second class interferes with lambda

growth by restricting N-function.

The nus mutants were selected by their ability to survive N-

dependent lambda induction. These mutations define gene products

whose role in transcription termination is revealed for the first

time. The nusA gene product, which has been implicated in both

transcription termination and antitermination, can be considered a

subunit of RNA polymerase. The 69,000 dalton nusA protein binds

tightly to RNA polymerase core subunits, but not to holoenzyme,

suggesting that it may be a subunit of elongating RNA polymerase

(Greenblatt and Li 1981). Affinity chromatography studies have

shown that the nusA gene product also binds to the lambda N-protein

(Greenblatt and Li 1982). The nusA protein is necessary for the

efficient expression of 0-galactosidase in a coupled transcription-

translation system (Kung et al. 1975) and plays a role in the

termination or pausing of transcription (Greenblatt et al. 1981,

Kingston and Chamberlin 1981, Farnham et al. 1982).
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Much less is known about the other E. coli proteins involved in

N function than is known about the nusA gene protein (Ward and

Gottesman 1982). The nusB gene product is a protein with a 14,000

dalton subunit. The nusE gene product is ribosomal protein S10, and

ribosomal protein L11 has also been implicated in N-function. A

mutation in rp1K (L11) restores N function in a nusAl host. The

current model for N action thus involves NusA as a bridge between

RNA polymerase and a ribosome, possibly connecting the two at S10 or

L11 (or both) (Ward and Gottesman 1982). In this model, N-protein

interacts with NusA and possibly with other components of the bridge

to stabilize the complex, which thus affects termination and

attentuation. The nusA protein also affects pausing and attenuation

in vitro in the rrnB operon, which is not translated (Kingston and

Chamberlin 1981).

The groE gene product is an ATPase that was found to be

associated with most preparations of purified E. coli RNA polymerase

(and may also interact with it in vivo) (Ishihama et al. 1976a).

The groE gene product has been characterized as an oligomer

containing 14 subunits of 65,000 daltons each (Hendrix 1979, Hohn et

al. 1979). The cylindrical aggregate has a 7 fold rotational

symmetry. groE strains were originally isolated because of their

inability to propagate bacteriophage lambda at high temperature

(Sternberg 1973a). Lambda growth is apparently normal except for

head assembly (Sternberg 1973b). Some groE strains also fail to



9

support the assembly of bacteriophages T4 and T5 (Hendrix 1979).

All known _groE mutants are leaky; it appears that a minimal amount

of GroE may be essential for survival. Furthermore, it appears that

too high a concentration may be lethal: attempts to transfer the

groE gene from a bacteriophage vector to a (higher copy) plasmid

vector were unsuccessful (Hohn et al. 1979).

The E. coli groE mutant thus appears to have some features in

common with B. subtilis OSB 459, the RNA polymerase mutant described

in the fourth chapter of this thesis: both are temperature-

sensitive and fail to support bacteriophage growth at the high

temperature. Furthermore, the initially characterized groE strain,

NS-1, had a defect in RNA synthesis. Genetic analysis revealed that

this was due to a second mutation (Sternberg 1973a). However, the

fact that E. coli RNA polymerase often copurifies with the groE

ATPase again suggests that they may interact in vivo.

The groE gene product is one of the major proteins produced

upon heat shock of E. coli (Yamamori and Yura 1980). Induction

occurs at the level of transcription. The proteins produced as a

result of heat shock have been studied as a model for gene

regulation in eucaryotic and procaryotic cells (Schlesinger et al.

1982). In E. coli these proteins are regulated by the hin (for heat

shock induction) gene (Yamamori and Yura, 1982). Heat shock is also

necessary for permissive TSP-1 infection of B. subtilis (LaMontagne

and McDonald 1972a). Chapter III of this thesis shows that this is
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I. TRANSCRIPTION OF EXOGENOUS AND ENDOGENOUS
DNA TEMPLATES IN COLD SHOCKED BACILLUS SUBTILIS

ABSTRACT

RNA synthesis was examined in cold shocked Bacillus subtilis

cells. The cells were grown to mid log stage, harvested, and cold

shocked. RNA synthesis was monitored by the incorporation of

[3H]UTP or [a- 32P]ATP into TCA precipitable material in the presence

of all four nucleoside triphosphates. The inhibition of RNA synthe-

sis in cold shocked cells by lipiarmycin, ethidium bromide, rifam-

pin, or streptolydigin was analyzed using mutant or wild type

cells. Also examined were the effects of temperature, salt concen-

tration, and the addition of polyamines or highly phosphorylated

nucleotides.

In UV irradiated and cold shocked cells, RNA synthesis

decreased to low levels. The addition of exogenous 029 or TSP-1

template to these cells caused a thirteen to twenty fold increase in

RNA synthesis, as monitored by TCA precipitable counts. RNA synthe-

sized in the presence of 029 DNA hybridizes mainly of EcoRI frag-

ments A and C of 029 DNA. These two fragments direct transcription

by purified RNA polymerase in vitro and hybridize to early 029 DNA

produced in vivo. Our results using TSP-1 DNA in this system indi-

cated that the RNA produced hybridizes to the same fragments as
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early RNA produced in vivo. Plasmid pUB110 DNA was not transcribed

in this system.

INTRODUCTION

RNA synthesis has been studied in cells permeabilized by

toluene or cold shock. The study of this metabolic process in these

permeabilized cells has certain advantages over both in vivo or in

vitro studies. These methods are much less expensive and time con-

suming than purification of the RNA polymerase enzyme for in vitro

studies. All forms of RNA polymerase should be present, as well as

many of the factors that determine transcriptional specificity. The

endogenous template is used in its native configuration. The advan-

tages over in vivo experiments include the fact that the cells are

permeable to nucleoside triphosphates, so RNA synthesis is no longer

dependent on fluctuations in these pools. Also the cells may be

released from certain control mechanisms such as the coupling

between RNA and protein synthesis.

Peterson et al. (1971) studied RNA synthesis in toluene treated

B. meqaterium and Escherichia coli and showed that discrete RNA

species were synthesized. Lazzarini and Johnson (1973) and Atherly

(1974) both used a cold shock technique to study rRNA synthesis in

the presence of ppGpp in E. coli. Fisher et al. (1975) used a cold

shock system to look at RNA synthesis in vegetative cells and spores
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of Bacillus subtilis in the presence of RNA synthesis inhibitors and

before and after infection with Oe. They found that 19% of the RNA

made in cold-shocked cells harvested five minutes after infection

was able to hybridize to Oe DNA on nitrocellulose filters.

We have examined RNA synthesis using a cold shock method which

subjects log phase B. subtilis to simultaneous temperature and osmo-

tic shock. The direct effects of certain antibiotics and small

molecules and a variety of conditions were analyzed by the incorpor-

ation of E3HDTP into TCA precipitable material. We found that UV

treatment prior to cold shock could reduce transcription of the

endogenous template to background levels. Surprisingly and most

importantly, we found that these cells were able to take up bacteri-

ophage DNAs and transcribe them. The DNAs are specifically trans-

cribed: hybridizations to Southern blots of 029 and TSP-1 corres-

pond well with early RNA synthesis during phage infection. Further-

more, sonicated cold shocked cells contained an RNA polymerase

activity that was highly active on bacteriophage 029 DNA, and could

easily be used as a crude RNA polymerase preparation.

MATERIALS AND METHODS

Bacterial strains. Strains are described in Table 1.1.

Antibiotics and drugs. Rifampin was purchased from Calbiochem.

Ethidium bromide and trimethoprim were purchased from Sigma. Lipi-



Strain

OSB 158

OSB 406

OSB 422

EB 8

OSB 494

OSB 535

OSB 189

Other designation

B. subtilis Marburg

B. subtilis Marburg

B. subtilis Marburg

B. subtilis Marburg

B. subtilis 60084

B. subtilis BD366

B. amyloliquefaciens H

TABLE 1.1
Bacterial strains

Phenotype, Genotype

prototroph

streptolydigin resistant

rifampin resistant

ethidium bromide resistant

carries pUB110

Source (reference)

(Haworth and Brown 1973)

(Haworth and Brown 1973)

(Haworth and Brown 1973)

(Bishop and Brown 1973)

(Loskutoff et al. 1973)

(Gryczan et al. 1978)

J. Hoch
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armycin was obtained from John Trowsdale. Streptolydigin was the

gift of G. B. Whitfield, the Upjohn Co.

Media, enzymes, nucleotides, polyamines. Penassay broth (antibiotic

medium 3) was purchased from Difco Laboratories. AK agar was pur-

chased from BBL. Cyclic nucleotides, nucleotide triphosphates,

RNase A and Trizma were purchased from Sigma. High phosphorylated

nucleotides were purchased from PL Biochemicals. Spermine, spermi-

dine and nuclease-free pronase were purchased from Calbiochem.

[5-H]UTP was purchased from Amersham, and [5,63H]UTP was from ICN.

Ca-32MATP was the gift of Karen Sprague and Otto Hagenbuchle.

Putrescine was the gift of A. J. Ferro.

Cold shock treatment of cells. The method is similar to that of

Smeaton and Elliot (1967). Cells were grown to mid-log stage (2.5 x

10 8 cells/m1) in Penassay broth at 37°C. Growth of the culture was

monitored with a Klett-Summerson colorimeter. Cells were harvested

by room temperature centrifugation, and immediately cold shocked by

resuspension in the same volume of ice cold 0.05 M Tris HC1 pH 7.9

with vigorous pipetting. The cells were incubated on ice for 20

minutes, spun in a refrigerated centrifuge, resuspended in ice cold

0.05 M Tris HC1 pH 7.9 in 0.02 to 0.05 of the initial volume, and

assayed. In all cases, we added approximately 2.5 x 108 cells to

each assay mixture, or the equivalent of one ml of cells at time of

harvest.
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Ultraviolet irradiation of cells prior to cold shock. Cells were

grown to mid-log stage in Penassay broth at 37°C, harvested at room

temperature, and resuspended in room temperature 0.05 M Tris HC1, pH

7.9. The cells were placed in glass petri dishes and treated with

3900 ergs /mm2 of UV irradiation, using two GE germicidal bulbs. The

cells were then spun at room temperature and cold shocked as above.

RNA synthesis in cold shocked cells. RNA synthesis was monitored

using the reaction mixture described by Lazzarini and Johnson

(1973). The antibiotics and other small molecules were added dir-

ectly to the reaction mixture. Reaction mixtures were preheated for

one minute at 30°C, ice cold cells were added, and the reaction was

allowed to proceed for 20 minutes at 30°C. The samples were precip-

iated with 3 ml 5% TCA and kept at 0-4°C for at least one hour.

Millipore glass fiber prefilters were soaked for 1 hour in 200 ug/m1

uridine. Precipitates were collected on these filters, and the

tubes were rinsed twice with 5% TCA and once with 95% ethanol. The

filters were dried and counted in a toluene based fluor containing

0.4% 2,5 diphenyloxazole and 0.01% 1,4-bis-[2-(5-phenyloxazoly1]-

benzene. Duplicate samples were counted in a Beckman LS 8000, and

values corrected for background. The activity measured in different

preparations of cold shocked cells was reproducible (t 10%).
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RNA extraction for hybridization. RNA for hybridization was synthe-

sized in a reaction mixture three times larger than usual, with 10

ug of phage DNA. The reaction was stopped by the addition of 1 ml

freshly distilled phenol saturated with 0.05 M potassium acetate, pH

5.0, with 0.05 mg bentonite/ml. Two ml of the same potassium ace-

tate buffer was added and the cold-shocked cells were sonicated and

RNA extracted as described by Lawrie et al. (1976). The RNA was not

DNase treated, but was resuspended in 2XSSC and used for

hybridization.

Growth of bacteriophage and purification of bacteriophage and plas-

mid DNA. Bacteriophage 029 was grown in the medium described by

Loskutoff et al. (1973) on B. amyloliquefaciens H and titered on B.

subtilis 60084. Cell debris was removed from the phage lysate by

centrifugation at 8,000 rpm for 10 minutes in a Sorvall GSA head.

The phage were pelleted by ultracentrifugation in a Type 30 rotor

run at 27,000 rpm for 90 minutes at 4° C. The pellet was resus-

pended and 0.76 grams of solid cesium chloride was added per gram of

resuspended phage lysate. Cesium chloride density centrifugation

was performed in an SW50.1 rotor run at 33,000 rpm for 18 hours at

4°C. The phage band was collected and dialized against 0.05 M Tris

HC1 pH 7.8, 0.01 M MgC12, 0.1 M NaCl. The phage suspension was

adjusted to 2% SDS, nuclease free pronase (Calbiochem) was added to

a final concentration of 1 mg/ml, and the mixture was incubated 30
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minutes at 37° C. The DNA was then phenol extracted, and dialyzed

into 0.01 M Tris HC1 pH 7.4, 0.001 M EDTA.

pUB110 DNA was purified as described by Gryczan et al.

(1978). Purified pSF2124 and pSF2124 clones of B. subtilis DNA were

the gift of Jon Beaty.

Gel electrophoresis and restriction endonuclease digest. Agarose

gel electrophoresis methods and restriction endonuclease digest

conditions are described by Causey and Brown (1978), although hori-

zontal gel units were used for low concentration gels. DNA transfer

to nitrocellulose filters was performed using the method of Southern

(1975) as modified by Botchan et al. (1976). Hybridization condi-

tions are described by Southern.

Growth of cells for RNA polymerise purification. Cells were grown

to mid-log stage at 37°C in 10 liters of modified Schaeffer's medium

(1971) in a Fermentation Design Fermentor. Ten minutes before har-

vest, phenylmethylsulfonylfluoride (PMSF) was added to 0.50 mM from

a 0.10 M stock solution in 95% ethanol. The cell cultures were

rapidly cooled by the addition of -80° C ice cubes of 0.01 M Tris

HC1 pH 7.9, 0.01 M MgC12. A continuous flow Cepa Laboratory

Centrifuge was used to collect the cells, which were washed four

times in 1 M KC1 (Nakayama et al. 1977) and frozen at -80°C.
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Buffers used for RNA polymerase purification. Buffer A: 0.01 M

Tris HC1 pH 7.9, 0.01 M MgCl2, 0.10 mM EDTA, 0.10 mM DTT, 1.00 mM

PMSF, 10% glycerol.

Buffer B: 0.01 M Tris HC1 pH 7.9, 0.10 mM DTT, 0.10 mM EDTA, 1.00

mM PMSF, 10% glycerol

Breaking Buffer: 0.20 M Iris HCl pH 7.9, 0.01 M MgCl2, 0.10 mM EDTA

0.10 mM DTT, 1.00 mM PMSF, 10% glycerol.

Storage Buffer: 0.01 M Tris HC1 pH 7.9, 0.01 M MgC12, 0.10 mM EDTA,

1.00 mM PMSF, 50% glycerol.

Hemoglobin-Sepharose Buffer: 0.1 M Tris HC1, 0.01 M MgC12, 1 mM

EDTA, 2 mM PMSF, 0.3 mM DTT, 0.02 M KC1, 20% glycerol.

RNA polymerase purification. The cell pellet was resuspended in 2

volumes hemoglobin-Sepharose buffer and batch-treated with hemoglo-

bin-Sepharose (Halling et al. 1977). Cells were broken by passage

through a chilled French Press three times at 15-18 psi. The lysate

was spun at 12,000 x g for 15 minutes in a refrigerated Sorvall to

remove cell debris, unbroken cells, and hemoglobin-Sepharose. The

supernatant was diluted four-fold with breaking buffer, and the

ammonium sulfate concentration was adjusted to 25% saturation. The

solution was stirred for 15 minutes at 4°C. The supernatant was

collected and ammonium sulfate was added to 70% saturation. The

solution was stirred 30-45 minutes at 4°C, and centrifuged one hour

at 100,000 x g at 4°C. Buffer A was used to rinse and resuspend the

pellet. The resuspended pellets were dialyzed against Buffer A, and
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then loaded onto a DE52 column (Whatman) which has been equilibrated

in Buffer A. The column was washed, after the A280 wash with Buffer

A returns to base line, with Buffer A plus a.) 0.15 M KC1 and b.)

0.25 M KC1 which eluted the RNA polymerase activity. Active

fractions were diluted with Buffer B to 0.05 M KC1 and loaded onto a

DNA agarose column (prepared as described by Schaller at al.,

1972). The column was equilibrated with Buffer B plus 0.45 M KC1.

The activity was recovered in the last wash with Buffer B plus 1.0 M

KC1. Active fractions were dialyzed into Buffer B with 0.01 M MgC12

followed by storage buffer and stored at -80° C. Enzyme purity was

analyzed on a 7.5% or 10% SDS polyacrylamide gel. RNA polymerase

was assayed as described by Gross et al. (1976).

The above method for purification of RNA polymerase is a modif-

ication of a method of P. K. Freese (personal communication).

RESULTS AND DISCUSSION

Maximization of RNA synthesis and cold shock method. We have exam-

ined RNA synthesis in cold shocked B. subtilis under a variety of

conditions, using endogenous and exogenous DNA templates. The abil-

ity of cells to be cold shocked and synthesize RNA was found to

decay logarithmically between time of harvest and cold shock. Thus

it is important that the cells are centrifuged and cold shocked

immediately after harvest. The RNA synthesis activity was quite



24

stable; the cold shocked cells could be stored on ice for at least

four hours without loss of activity. Our results were also more

consistent if the warm Tris wash of Smeaton and Elliot (1967) was

omitted for endogenous studies; however the UV treatment was more

effective in this buffer, so it was used for exogenous studies.

Again the centrifugations and treatment were carried out as rapidly

as possible. Having optimized the cold shock treatment, the

temperature and ionic strength optima for RNA synthesis activity

were then determined (Figure I.1). The optimum temperature for the

assay of wild type cold shocked cells occurs between 30 and 37°C;

30°C was used as the temperature for further assays. Increasing

ionic strength reduced the activity greatly; we used 50 mM as the

KCl concentration in further studies.

The endogenous C3HDTP labelled product was TCA precipitable,

alkali sensitive, and RNase sensitive. The cold shocked cells must

be permeable to RNase, suggesting that they are also permeable to

other proteins and macromolecules.

RNA synthesis inhibitors also reduced the endogenous activ-

ity. Transcription in wild type cells was reduced by increasing

concentrations of the initiation inhibitor rifampin (Figure 1.2) or

lipiarmycin, another inhibitor of RNA polymerase initiation in B.

subtilis (Sonenshein and Alexander 1979) (data not shown). RNA

synthesis in cold shocked rifampin resistant cells, however, was not

inhibited by rifampin. The RNA polymerase elongation inhibitor,
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Fig. 1.1. Determination of temperature and ionic strength optima
for RNA synthesis.
A. The effect of assay temperature on RNA synthesis in cold shocked
wild type cells. The assay described in Materials and Methods was
performed at the temperatures indicated.
B. The effect of ionic strength on RNA synthesis in cold shocked
wild type cells. The assay was performed at the KC1 concentrations
indicated.
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Fig. 1.2. The effect of RNA synthesis inhibitors on transcription
in cold shocked cells.
A. The effect of rifampicin on RNA synthesis in cold shocked wild
type (OSB 158, closed circles) and rifampicin resistant mutant cells
(OSB 422, open circles).
B. The effect of streptolydigin on RNA synthesis in cold shocked
wild type (OSB 158, closed circles) and streptolydigin resistant
mutant cells (OSB 406, open circles).
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streptolydigin, inhibited RNA synthesis to a greater extent than

rifampin in both streptolydigin resistant mutant and wild type

cells. The residual activity in the presence of rifampin is

probably due to the elongation of existing partial transcripts,

since streptolydigin virtually eliminates all transcriptional

activity. The mutation determining rifampin resistance lies in the

subunit (Hailing et al. 1977), while the streptolydigin mutation

of OSB 406 is in the 3' subunit (Hailing et al. 1978). Lipiarmycin

resistance maps between rifampin resistance and streptolydigin

resistance as determined by transformation, and probably resides in

the gene for the $ subunit (Sonenshein et al. 1977). Thus, the

endogenous activity is the product of the RNA polymerase enzyme,

since known drug resistant mutations in RNA polymerase genes alter

the [3H]UTP incorporation in the presence of known RNA polymerase

inhibitors.

Transcription of exogenous template. UV treatment prior to cold

shock reduced the endogenous activity to near background levels,

presumably by disruption of the endogenous DNA template. However,

the RNA synthesizing activity is not destroyed, for the cells pos-

sess the remarkable capacity to take up bacteriophage DNA and spec-

ifically transcribe it. The addition of 1 ug of 029 or TSP-1 DNA

per reaction mixture caused a thirteen to twenty fold increase in

RNA synthesis. There was a linear response to increasing amounts of
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29

exogenous DNA added, with a maximum at 3-4 lig of DNA per reaction

mixture (Figure I.3a). We estimate a similar amount of endogenous

DNA in one reaction mixture containing 2.5 x 108 cells. If we

estimate two genomes per cell with a genome size of 2.5 x 109

daltons, there should be about 2 ug of endogenous DNA per reaction

mixture.

The specificity of transcription of exogenous 029 template was

determined by hybridization to Southern blots of EcoRI cleaved 029

DNA (Figure 1.4). RNA synthesized in the presence of 029 DNA

hybridized mainly to fragments A and C, the major bands transcribed

in vitro. Fragment B is also transcribed to a lesser extent, in

agreement with the in vivo early transcription results of Sogo et

al. (1979). It appears that this system may be more similar to in

vivo transcription, as the B fragment is not reported to be

transcribed in vitro (Davison et al. 1979). Thus certain factors

which determine the specificity of transcription may be present in

these cells. We found no evidence for late transcription of

bacteriophage DNAs in UV treated cold shocked cells. Late

transcription of 029 appears to require the synthesis of protein p4,

since sus mutants in cistron 4 synthesize very small amounts of late

RNA (Sogo et al. 1979). Since these cells were cold shocked in

buffer without MgC12 (Raue and Cashel 1973), the protein synthesis

required for late transcription does not occur. As a further test

of specificity, bacteriophage TSP-1 DNA was added to this system,
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Fig. 1.4. Specific transcription of 029 DNA.
A. 1.1% agarose gel showing EcoRI fragments of 029 DNA.

B. Autoradiograph of [a-32P 1Tlabelled RNA synthesized in cold
shocked, UV irradiated cells, and hybridized to Southern blot of gel

in Figure 4A.
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and the RNA produced hybridized to the same fragments as early RNA

produced in vivo (data not shown).

In UV treated cold shocked cells with 029 template, RNA synthe-

sis is very sensitive to inhibitors of RNA initiation. At concen-

trations of 1 ug/ml rifampin or lipiarmycin, RNA synthesis is

reduced to less than 1% of the level of synthesis in the absence of

rifampin. The fact that rifampin and lipiarmycin effectively

inhibit initiation of 029 DNA again suggests that the endogenous

synthesis in the presence of these initiation inhibitors (Figure

1.2) may be due to the elongation of existing partial transcripts.

Also, in the exogenous system, the DNA and the antibiotic may enter

the cell at different rates, whereas the RNA polymerase in

endogenous synthesis may already be bound to the DNA template.

Surprisingly, the addition of closed circular pUB110 plasmid

DNA was found to inhibit transcription in cold shocked cells, and in

UV treated cold shocked cells, with or without exogenous 029 DNA.

Increasing amounts of closed circular pUB110 caused increasing inhi-

bition of [3H]UTP incorporation (Figure I.38). This inhibition was

observed in several preparations of pUB110 DNA, and redialysis,

ethanol precipitation, or phenol extraction of the DNA did not

affect this inhibition. Linear pUB110, or EcoRI cleaved pUB110,

caused neither inhibition nor stimulation of transcription. The

addition of closed circular E. soli plasmid pSF2124, with or without

cloned B. subtilis DNA, also caused neither inhibition or stimula-
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tion. In UV treated cold shocked cells, with exogenous 029, pSF2124

also had no effect, in contrast to the inhibition shown by cova-

lently closed pUB110. The addition of poly dAdT caused slight stim-

ulation of transcription, as did the addition of EcoRI cleaved B.

subtilis DNA. The stimulation by phage DNAs was much greater than

that by linear fragments of B. subtilis DNA or poly dAdT. This may

be due to stronger promoters on the phage DNA (VonGabain and Bujard

1979), or to the terminal proteins on the phage DNA (Harding et al.

1978), which may help the DNA enter the cold shocked cell. In any

case, covalently closed circular pUB110 DNA was the only DNA of

those tested which was found to inhibit RNA synthesis in cold

shocked cells. We also UV treated and cold shocked the pUB110

carrying strain OSB 536, and added exogenous pUB110, but the same

inhibition phemomenon was seen.

In contrast, in a purified RNA polymerase assay, covalently

closed pUB11O DNA served as an excellent template, intermediate

between 029 and poly dAdT in C3H]UTP incorporated per microgram of

DNA (Table 1.2). Increasing amounts of pUB11O caused a stimulation

in the assay. Thus, pUB110 inhibits transcription only in cold

shocked cells, and not with purified polymerase. When UV irradiated

cold-shocked cells were sonicated for 1 minute, and the cell debris

was spun out, the supernatant was very active on 029 DNA, but

neither inhibition nor stimulation was seen in the presence of

closed circular or linear pUB110 DNA.
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TABLE 1.2

In vitro RNA polymerase assay

DNA Template pg DNA cpm incorporated

poly dAdT 1 1638

029 1 4785

pUB 110 1 2216

pUB 110 2 2641

pUB 110 3 3113
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The inhibition of transcription by covalently closed pUB110 DNA

is not readily explainable. Since the sonicated cold shocked cells

did not exhibit the inhibition phenomenon, the inhibition probably

arises from the interaction of the plasmid DNA and the cold shocked

cells. The tertiary structure of the DNA appears to play a part,

but whether the cell is only partially permeable to larger circular

DNAs, or whether certain proteins that aid in the entry of linear

DNAs are not active in plasmid uptake is unclear. The inhibition

observed with pUB110 DNA did not occur with E. coli plasmid pSF2124,

so perhaps promotor recognition or some other differences between

the two plasmids played a part in the inhibition.

Effects of antibiotics, polyamines, and nucleotides. The effects of

antibiotics, polyamines, and nucleotides on RNA synthesis can be

readily analyzed in cold shocked cells and proved to be of interest.

Bishop and Brown (1973) have shown that RNA synthesis continues

in the presence of ethidium bromide in both whole cells and proto-

plasts of EBB, an ethidium bromide resistant mutant. Three possible

explanations were given: 1) alteration of DNase activity, ii)

alteration of DNA or RNA polymerase activities or both, and iii)

modification of the cell membrane. RNA synthesis in cold shocked

EB8 and wild type cells is inactivated to the same extent in the

presence of ethidium bromide (Figure I.5A); thus the mutation most

likely causes decreased permeability to the antibiotic. In agree-
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ment with this we found that EB8 is sensitive to ethidium bromide

when 1 mM EDTA is added to solid media. Van de Klundert et al.

(1978) have used similar concentrations of EDTA to select for anti-

biotic resistant mutants which do not have diminished antibiotic

uptake.

Setlow (1974) has shown that spermidine is the major polyamine

in B. subtilis, although it can be replaced by spermine. The poly-

amine/RNA ratio was higher in dormant spores and stationary phase

cells, suggesting a gross regulation of RNA by polyamines. Spermine

had the greatest stimulatory effect on RNA synthesis in these vege-

tatively harvested cold shocked cells (Figure I.5B) and also in

sporulating cells grown to t2 in 2XSG and cold shocked (data not

shown). The other polyamines had slight effects. However, these

effects do not correlate well with the shut off of RNA synthesis and

increase in spermidine levels seen in stationary phase cells.

The two nucleotides produced during the stringent response,

pppGpp and ppGpp, reduced [3H]UTP incorporation in cold shocked wild

type cells (Figure I.5c). In an identical assay using cold shocked

E. coli cells, Lazzarini and Johnson (1973) reported that global RNA

synthesis was reduced 40% and 50% by 0.05 mM and 0.25 mM ppGpp

respectively. Thus it appears that ppGpp has less effect in B.

subtilis and that there are other effectors or other factors not

found in cold shocked cells which cause a cessation of rRNA synthe-

sis during the stringent response.
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While pppGpp and ppGpp caused a decrease in [3H]UTP incorpora-

tion in cold shocked cells, pppApp, ppApp, cAMP and cGMP had no

effect on total RNA synthesis. Nucleotides with the properties of

pppApp and ppApp are reported to be produced during the stringent

response (Nishino et al. 1979) or at the end of log phase (Rhaese

and Groscurth 1976). cAMP has not been detected in bacilli,

although cGMP does occur in B. licheniformis (for review, see R. S.

Hanson 1975).

The permeabilized cell system offers a unique method which has

allowed the study of RNA synthesis under a variety of conditions.

As the technique can be viewed as intermediate between in vivo and

in vitro studies, we believe that certain results can help explain

discrepancies between the two, or differentiate between correlative

data and cause and effect relationships. The fact that these cells

can transcribe exogenous DNA allows some studies to occur in a more

defined system, in the presence of specific templates.
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II. EARLY TRANSCRIPTION MAP OF BACTERIOPHAGE TSP-1

ABSTRACT

Bacteriophage TSP-1 infects Bacillus subtilis only at

temperatures above 50° C. Early transcription of TSP-1 in vitro, in

vivo, and in cold-shocked cells of B. subtilis is reported here.

Early transcription in B. licheniformis is also studied; this strain

is permissive for TSP-1 infection at temperatures from below 20° C

to above 55° C (see Chapter III). Labeled RNA was hybridized to

restriction fragments of TSP-1 DNA by the method of Southern. Early

transcription occurs mainly at the left portion of the genome.

INTRODUCTION

The study of transcription in Bacillus bacteriophages is a

useful model for procaryotic gene expression and regulation. Cells

infected with SPO1 or SP82, two large (100 x 106 dalton genome),

closely related bacteriophages, produce phage-coded proteins which
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modify the transcriptional specificity of RNA polymerase (Talkington

and Pero 1977, Rabussay and Geiduschek 1977, Lawrie et al. 1977) and

regulate the expression of early, middle, and late genes. PBS2,

another B. subtilis phage, injects its own RNA polymerase with the

DNA, and then produces a new phage-coded RNA polymerase for

transcription of late genes (Clark 1978). The study of Bacillus

phage g29 has been useful because of its small size (11 x 106 dalton

genome) and relative lack of complexity; Davison et al. (1979) have

chosen this phage to study heterospecific gene expression among

procaryotes.

Bacteriophage TSP-1 has a genome of 92 x 106 daltons (Allison

and Brown, unpublished data). It was described as a bacteriophage

of Bacillus subtilis which forms plaques only at temperatures above

50° C (LaMontagne and McDonald 1972a). The regulation and

physiology of the B. subtilis cell is changed at high temperature:

for example, growth occurs at temperatures above 50° C, but

sporulation does not (Leighton 1974). In E. coli, there are

different levels of major proteins synthesized during growth at

different temperatures (Herendeen et al. 1977). The proteins

produced upon "heat shock" have become a model for gene regulation

in both procaryotic and eucaryotic cells (Schlesinger et al.

1982). B. subtilis does not support the growth of bacteriophage

SP82 at temperatures above 48° C (unpublished data), or the growth
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of TSP -i at temperatures below 50° C. TSP -i offered a unique

opportunity to study gene expression at high temperature.

The study of in vivo and in vitro transcription of TSP-1 was

undertaken. The cold shock system we developed and described in

Chapter I of this thesis was also used to study transcription in a

situation intermediate between in vitro and cellular studies.

Radioactively-labeled RNA was isolated and hybridized to Southern

blots of restriction fragments of TSP-1 DNA. Results showed a

strong correlation between in vitro transcription of TSP-1 at 37° C,

transcription of TSP-1 in cold-shocked cells at 30° C and early in

vivo transcription of TSP -i at 51° C in B. subtilis, or at 37° C in

B. licheniformis 8480.

During the course of these studies, we found that TSP-1 grows

in B. licheniformis 8480 at temperatures from below 20° C to above

51° C (see Chapter III of this thesis). While one of the blocks to

infection of B. subtilis 168 at low temperature appears to be the

heat-shock dependent synthesis of TSP-1 absorption sites (LaMontagne

and McDonald 1972b), we found that the second block involves the

thermal inactivation of a host restriction system. We also isolated

a TSP-1 deletion mutant able to infect B. subtilis at low

temperature after absorption at high temperature (see Chapter

III). TSP-1 gene expression is therefore not temperature dependent

in vivo, and one would expect that in vitro RNA synthesis with B.

subtilis RNA polymerase would not require high temperature, as
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found. The majority of early transcription occurs in the left

portion of the TSP-1 genome; early transcription in certain other

Bacillus phages occurs in terminal portions of the genome.

MATERIALS AND METHODS

Bacterial strains. B. subtilis 158 has been described (Haworth and

Brown 1973). B. licheniformis 8480 was obtained from J. Hoch.

Radioisotopes. [5-3H]UTP was purchased from Amersham, and [5,6-

3H]UTP was from ICN. 32PO4 was purchased from NEN.

Bacteriophage growth conditions. TSP-1 was propagated as described

by LaMontagne and McDonald (1972a). Plaque titers were done with

vegetative cells on TBAB bottom agar (Difco) with 0.4 to 0.8% BHI

(Difco) top agar.

Concentration of phage and extraction of DNA is described by Kuhl

and Brown (1980), except that pronase treatment of the phage was

omitted. Agarose gel electrophoresis methods and restriction

endonuclease digest conditions are described by Causey and Brown
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(1978), although horizontal gel units were used for low

concentration gels. DNA transfer to nitrocellulose filters was

performed using the method of Southern (1975) as modified by Botchan

et al. (1976).

In vitro synthesis of RNA. Growth of cells for RNA polymerase

purification, and RNA polymerase purification is described by Kuhl

and Brown (1980). The RNA polymerase assay of Gross et al. (1976)

was used to synthesize RNA for hybridization, except that the

reaction mixture was 13 times larger than usual, and the reaction

was run for 60 minutes. 10 ul samples were TCA precipitated and

filtered at various times to estimate the rate of incorporation, and

a 100 ul sample was precipitated at 60 minutes to determine the

total amount of incorporation. The remainder of the reaction

mixture (1 ml) was precipitated with two volumes of cold ethanol and

stored at -20° C overnight. The precipitates were centrifuged at

16,000 x g for 30 minutes, and resuspended in 2X SSC (Southern) for

hybridization. Hybridization conditions are described by Southern

(1975). Southern blots were cut into small portions and the

radioactivity of each portion was counted in scintillation fluor

(see Chapter I).

RNA synthesis in cold-shocked cells and RNA extraction from cold-

shocked cells is described in Chapter I. The cells were treated
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with UV irradiation and cold-shocked as described. 2.2 ug of TSP-1

DNA was used per assay.

In vivo synthesis and extraction of RNA. The phosphate depleted

medium used to pulse-label RNA during TSP-1 infection is described

by Lawrie et al. (1978). A lysate was prepared in BHI broth as

described by LaMontagne and McDonald (1972a), concentrated by

ultracentrifugation, and resuspended in 0.08 M Tris, pH 7.0, 0.17 M

NaC1, 5 mM MgSO4, 2 mM MnC12 and 0.1% glucose (Lawrie et al.

1977). This lysate was used at a multiplicity of 5-10 to infect B.

subtilis cells grown in the phosphate depleted medium. The lytic

time in phosphate-depleted medium was about 70 minutes, as compared

to about 50 minutes in BHI broth. At the times specified, 50 pCi of

[32P]-orthophosphate was added to 1 ml of infected cells in the

phosphate depleted medium. The infection was stopped by the

addition of ice and sodium azide to 0.1 M. 2 mg of yeast RNA was

added, and RNA was extracted and hybridized as described (Lawrie et

al. 1976, 1977). After hybridization, autoradiography was performed

using Kodak NS-5T X-ray film.

Autoradiogram Scanning. Autoradiograms were scanned with a Zeineh

Soft Laser Scanning Densitometer Model SL-504-XL interfaced with an

Apple Ile computer by an Electrophoresis Reporting Integrator

Program (Bloated Instruments, Inc.).
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RESULTS

The TSP-1 restriction map of Allison and Brown (unpublished)

was used to map the TSP-1 RNA transcripts by Southern

hybridization. Table II.1 shows the sizes of the fragments, while

Figure 11.5 shows the order. The EcoRI cleavage fragments are

labeled with numerals; the Smal cleavage fragments are labeled with

lower case leters, and the Smal -EcoRI double digest fragments are

indicated by Greek letters. The Smal fragments and double digest

fragments allowed the clearest visualization of the transcription

patterns, as certain fragments are better separated by gel

electrophoresis before Southern hybridization (see Table 1.1).

In vivo B. subtilis transcription map. RNA pulse labeled early

in infection hybridizes to some of the six largest Smal fragments

(a-f). Fragments a, b, and c are very close in molecular weight, as

are d and e. These fragments are not well separated by gel

electrophoresis, so it is only possible to deduce that a, b and/or

c, and d and/or e, and f are transcribed early in infection

(Figure II.1). Restriction endonuclease EcoR1 cleaves fragments b,

c, and d. Thus, hybridization to the double digest fragments (data

not shown) showed that a is transcribed, as well as the $
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TABLE II.1
EcoI and Smal Fragments of TSP-1 DNA

EcoRi Digested Smal Digested EcoI/SmaI Double digest

Fragment M.W. Fragment M.W. Fragment M.W.

1 21.90 a 11.55 a 7.05

2 17.28 b 11.55 $ 5.5

3 16.80 c 10.9 Y 5.4

4 15.2 d 8.4 (5 4.5

5 7.4 e 8.1 c 2.7

6 6.8 f 7.2 2.6

7 2.95 g 4.7 n 2.32

8 2.15 h 4.7 e 1.35

9 2.23 i 4.1 1 .65

j 3.15 K .18

k 3.05

1 2.6
m 2.35
n 2.28
o 1.83

P 1.68

q 1.62

r .97

s .88

t .69

u .62

v .1
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Fig. II.1. In vivo B. subtilis transcription map. Computer- generated graph of

densitometer tracing of autoradiogram. JP-labeled TSP-1 RNA synthesized early in
infection of B. subtilis was hybridized to Southern blot of Smal fragments of ISP-1 DNA.
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fragment of c, the 6 fragment of b, and fragment 7 of d. So a, b,

c, d, and f are transcribed early (and throughout the infection).

Fragments g and/or h, i, k, 1, m and/or n and o also are transcribed

early in infection.

In vivo B. licheniformis transcription map. Early transcription in

B. licheniformis is similar to that in B. subtilis (Figure 11.2).

Hybridization to double digest fragments showed that a, f, the

fragment of c, the 6 fragment of b, and fragment 7 of d are

transcribed as in B. subtilis. Furthermore, fragments k, 1 and/or

8 and/or 9, o, p (slightly), and q are transcribed early in

infection. Fragments r, 7, 8, k, p, o and 1 are contiguous in the

left portion of the genome. Fragments 8 and a map close to this

contigous region. RNA hybridized to only two fragments in the right

hand portion of the genome: f and the 6 fragment of b.

In vitro transcription map. The in vitro transcription map

(Figure 11.3) corresponds fairly closely to the in vivo map. The

large Smal fragments a, b, and/or c, and d and/or e and f are

transcribed by purified B. subtilis RNA polymerase. Fragments i and

m are transcribed. While fragment i is not heavily transcribed very

early in vivo, it is heavily transcribed from about six minutes

after infection (data not shown). The amount of hybridization of

RNA made in vivo to the i fragment is much greater than to any



Fig. 11.2. In viYQ B. licheniformis transcription map.
Autoradiogram of 'P- labeled TSP-1 RNA synthesized early in
infection of B. licheniformis, and hybridized to Southern blot of
SmaI-EcoRI double digest fragments of TSP-1 DNA.
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Fig. 11.3. In vitro B. subtilis transcription map. 3H- labeled TSP-

1 RNA syntheTized in vitro by purified B. subtilis RNA polymerase is

hybridized to a Southern blot of SmaI fragments of TSP-1. The

Southern blot was cut into small portions and the radioactivity of

each portion was determined by liquid scintillation counting.
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other band; this fragment may contain a strong promoter and a major

structural gene.

Cold-shocked cell transcription map. As described in Chapter I, UV

treated, cold-shocked cells take up and specifically transcribe

purified bacteriophage DNA. Since no protein synthesis occurs in

these cells, only the early genes recognized by the host RNA

polymerase would be transcribed. The large fragments a, b, and/or

c, and d and/or e, and f appear to be transcribed (Figure 11.4), as

in early transcription in vivo. There appears to be slight

transcription of g and/or h, as well as transcription of j and/or k,

m and/or n and p and/or q.

DISCUSSION

Smal restriction fragments and SmaI-EcoRI double digest

restriction fragments of TSP-1 were used as specific hybridization

probes for the study of early phage transcription in vivo and in

vitro. The restriction map of Allison and Brown allowed the

transcripts to be assigned to specific regions of the genome

(Figure 11.5). The majority of early transcription occurs near the
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Fig. 11.4. Cold-shocked cell transcription map. 3H-labeled TSP-1 RNA synthesized in
cold-shocked cells was hybridized to a Southern blot of Smal fragments of TSP-1. The
Southern blot was cut and counted.
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Fig. 11.5. Early transcription map of TSP-1. The Smal -EcoRI restriction map of Allison

and Brown is shown with regions of early transcription indicated.
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left end of the genome, although some fragments near the right end

are also transcribed early in the infection.

In Chapter III, we isolated a TSP-1 mutant that is able to

productively infect B. subtilis at 37° C if adsorption is allowed to

occur at the high temperature (51° C). This mutant contains a

deletion in the left hand portion of the genome, which results in

the disappearance of fragments d, n, and s, and the appearance of

two new fragments. From this mutant, we have deduced that the most

probable order of the terminal fragments is a, n, s, d. Thus it

appears that regions near both termini (fragments a and b) are

initially transcribed, as well as fragments f, 5, and several

fragments which may form a contigous region of transcription in the

left portion of the genome.

Early transcription occurs at both ends of the genome in

Bacillus bacteriophages SP82, SPO1 and 029 (Geiduschek and Ito

1982). The transcription of both ends of the genomes of the closely

related phages SPO1 and SP82 was partially attributed to the

terminal redundancy of the genome, so there were two copies of the

most actively transcribed early genes. The restriction maps of 029

and TSP-1 show no evidence of terminal redundancy. Early

transcription in bacteriophage SPP1 occurs in the left portion of

the genome (Montenegro and Trautner 1981, Stuber et al. 1981).

The lack of similarity between these transcription maps is not

surprising, as these virulent bacteriophages have all been
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classified into different groups (Hemphill and Whiteley 1975). SPO1

and SPO2 belong to group 1, the hydroxymethyluracil-containing

phages. Interestingly, this unusual methylated base, which replaces

thymine in the DNA, is required for the transcription of middle

genes by the phage-modified RNA polymerase (Lee et al. 1980). 029

is classified in group 6, and SPP1 is classified in group 5. TSP-1

was originally classified in group 7, although the morphology, head

and tail size, and DNA base composition are very similar to those of

group 2 virulent bacteriophages (which includes SP50, 01, 02,

014). Reilly (1976) has shown that antiserum prepared against SP50

and 01 neutralizes TSP-1. Furthermore the molecular weight of TSP-1

DNA has recently been revised from 56 x 106 to approximately 92 x

106 daltons by restriction endonuclease mapping (Allison and Brown,

data shown in Table 11.1 and Figure 11.5). This is very close to

the 97 x 106 daltons reported for group 2 B. subtilis

bacteriophages. We conclude that TSP-1 is closely related to 01 and

other group 2 phages.
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III. HEAT-SHOCK DEPENDENT INACTIVATION OF HOST RESTRICTION
AS A FACTOR IN BACTERIOPHAGE TSP-1 HOST RANGE

ABSTRACT

Environmental stress and heat shock have been shown to enhance

host susceptibility to infection by various biological agents.

Unfortunately, the molecular mechanisms whereby host defense mechan-

isms are compromised are usually not clearly defined. In this

report, we demonstrate that the susceptibility of Bacillus subtilis

168 to infection by bacteriophage TSP-1 is dependent upon heat shock

and the subsequent inactivation of a host-specific restriction

system.

Bacteriophage TSP-1 was reported to require temperatures above

50° C for infection of Bacillus subtilis for two functions:

adsorption or penetration and TSP-1 DNA replication. We report that

B. licheniformis 8480 is permissive for TSP-1 infection at a wide

range of temperatures. The restriction-modification deficient

strain B. subtilis RM125 also allows productive infection at low

temperatures after initial infection at 51° C. This marker in

strain B. subtilis RM125 that allows productive infection was mapped

to the same region of the chromosome as the host specific

restriction system of B. subtilis 168. A permissive B. subtilis

RM125 derivative was constructed by heterologous gene transfer from

B. licheniformis 8480. Thus both the adsorption/penetration block
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and the restriction block at the low temperature can be overcome by

cellular mutations. A bacteriophage mutant that productively

infects B. subtilis 168 after initial adsorption/penetration at high

temperature was isolated. This mutant contains a deletion in the

left portion of the TSP-1 DNA molecule.

INTRODUCTION

Host restriction and modification are major factors in bacter-

ial virus-host cell interactions. Foreign DNA is inactivated upon

cleavage by cellular restriction enzymes, as in the classical exper-

iments involving bacteriophage fd infection of Escherichia coli K12

and E. coli B (for a review, see Arber and Linn 1980). To avoid

restriction, some bacterial virus DNAs contain modified or unusual

bases which protect the DNA from these enzymes (Warren 1980). Other

bacterial viruses, such as E. coli bacteriophages 13 and T7, have

developed another type of protective mechanism. These

bacteriophages produce an anti-restriction protein (the 0.3 gene

product) which directly inhibits the E. coli K12 restriction

endonuclease (Spoerel et al. 1979, Kruger and Schroeder 1981). Gene

0.3 of T3 codes for a bifunctional protein which also contains S-

adenosylmethionine hydrolase (SAMase) activity, thus effectively
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reducing the concentration of an essential cofactor of E. coli K12

and B Type I restriction enzymes. Antirestriction proteins which

directly inhibit the Type II restriction enzyme, BamNX, have also

been found during infections with Bacillus bacteriophages ONR2

(Makino et al. 1979) and 01 (Makino et al. 1980). The involvement

of the B. subtilis host restriction system in permissiveness for

ONR2 and SP10 development has also been shown by genetic analysis of

B. subtilis Marburg: permissive derivatives have mutations in two

genes, one of which (nonB) is identical to hsrM, the genetic locus

for host-specific restriction (Saito et al. 1979). When the wild

type hsrM allele is present, SP10 DNA is degraded during infection

(Witmer and Franks 1981).

TSP-1, a bacteriophage serologically related to bacteriophage

01 (Reilly 1976), was originally reported to grow on the mesophilic

bacterium B. subtilis at temperatures above 50°C. Plaque formation

is not observed on lawns of some Bacillus species including strains

of the obligate thermophile B. stearothermophilus, although plaque

formation is observed on lawns of the facultative thermophilic host

B. licheniformis 9945a (LaMontagne and McDonald 1972a) at 51°C. We

found that TSP -i grows on B. licheniformis 8480 at temperatures

ranging from below 20°C to above 51°C. We characterized this infec-

tion and conclude that the temperature sensitive properties of TSP-1

infection of B. subtilis are a function of the host bacterium, not

the bacteriophage.
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The requirement for high temperature in B. subtilis 168 is

reported to involve two factors: adsorption and TSP-1 DNA replica-

tion (LaMontagne and McDonald 1972a, 1972b). The fact that TSP-1

DNA replication proceeds at low temperature in B. licheniformis 8480

led us to question the second factor. We found that restriction of

DNA was a factor in nonpermissiveness at low temperature. Produc-

tive infection occured in the restriction-modification deficient

strain, B. subtilis RM125, when the strain was infected at 51°C and

shifted to 37°C. By transduction of B. licheniformis gene(s) into

B. subtilis RM125 with bacteriophage PBS-1, we constructed a mutant

permissive for TSP-1 plaque formation at 37°C. Thus, we present

genetic evidence for the fact that TSP-1 infection of B. subtilis

involves restriction/modification and at least one other factor.

MATERIALS AND METHODS

Bacterial strains are listed in Table III.1.

Growth conditions. TSP-1 was propagated as described by LaMontagne

and McDonald (1972a). Plaque counts were done with vegetative cells

(unless otherwise stated) on Tryptose Blood Agar Base (TBAB) bottom

agar with 0.5 to 0.8% Brain Heart Infusion (BHI) top agar (Difco).



TABLE 111.1

Bacterial strains

Strain Genotype Source (reference"
4

Bacillus subtilis 168 (OSB 158) prototroph This laboratory

B. subtilis RM 125 (OSB 528) arq 15 leu A8 T. Uozumi
rin - 1)n - derivative of
B. subtilis Marburg 168

B. subtilis (OSB 1001) arg15 leu A8 lir ,16-, This report
rfm (TSP-ls at 37)

B. subtilis OB928 aro1906 purB33 dall trpC2 R. A. Dedonder

B. mesenteroides OSU stock cultures

B. pumilus NRRL 8-3275 (OSB 159) F. Young

B. amyloliquefaciens H J. Hoch

B. licheniformis 8480 J. Hoch

B. licheniformis 9945A C. B. Thorne
(OSU collection)

B. licheniformis 10716 C. B. Thorne

(OSU collection)

B. subtilis (OSB 459) terns, TSP-lr This laboratory

B. subtilis (OSB 459r2) OSB 459 revertant This laboratory
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Concentration of phage and extraction of DNA is described by Kuhl

and Brown (1980), except that pronase treatment of the phage was

omitted. Agarose gel electrophoresis methods and restriction endo-

nuclease digest conditions are described by Causey and Brown (1978).

Infection of B. subtilis RM125 at 51°C with shifts to 37°C was per-

formed as described by LaMontagne and McDonald for B. subtilis 168

(1972c). An overnight culture of B. subtilis RM125 was subcultured

into a 100 ml culture, and 10 ml samples were dispensed into 8 Klett

flasks. These were incubated in a water bath shaker at 51°C until

the culture reached 1-2 x 108 cells/ml, when TSP-1 phage were added

at a multiplicity of infection (MOI) of 3. Upon infection, one

Klett flask was shifted to 37°C; other cultures were shifted at 10

minute intervals. After three hours incubation, the cultures were

titered using B. subtilis RM125 to inoculate the lawns for plaque

counts.

PBS-1 transduction procedure and plate lysate preparation is

described by Haworth and Brown (1973). B. licheniformis 8480 was

used to titer PBS-1 (Armstrong et al. 1970). TBAB plates were used

to select for dal+ transductants. MG agar plates (Haworth and Brown

1973) with 0.2% vitamin free casamino acids (Difco), 50 ug/ml 0-

alanine and 50 ug/m1 L-tryptophan were used to select for pure

transductants. Rifampin resistant transductants were selected by
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plating on TBAB, incubating at 37°C for 3 h to allow expression, and

overlaying the plates with 3 ml of top agar containing Penassay

broth (Antibiotic Medium 3, Difco), 0.4% Bacto-agar (Difco) and 25

ug /mi rifampin (Calbiochem).

Preparation of labeled TSP-1. An overnight culture of B. licheni-

formis 8480 grown in the phosphate depleted medium of Lawrie et al.

(1977) was inoculated into 10 ml of the same medium and incubated at

37°C. After one cell doubling, [32P]-orthophosphate was added to

approximately 35 uCi/ml. When the cells reached a density of

approximately 5 x 107 cells/ml, TSP-1 grown in phosphate depleted

medium was added at a MOI of 3. The culture was incubated until

lysis was complete. The lysate was centrifuged for 10 minutes at

5000 rpm in a Sorvall HB-4 rotor. The phage were concentrated by

polyethylene glycol precipitation (14), and resuspended in phosphate

depleted medium.

Lysis of cells during infection with 32P-labeled TSP-1. Cells were

grown in BHI broth at 52°C with shaking to an 0.D.550 of 0.8 (5 x

107 cells/ml) and infected with 32P-labeled TSP-1 at an MOI of 1.

At designated times, samples were pipetted into 1/10 volume 0.1 M

sodium azide on ice. After chilling, cells were centrifuged in a

Beckman microfuge for one minute and resuspended in 10 microliters

of lysozyme mixture (2 mg/ml lysozyme (Calbiochem), 50 mM Na2EDTA pH
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8, 0.1 M NaC1, 0.3 units/ml RNase (Worthington), 20% Ficoll 400,000

(Sigma) and 0.05% brom-phenol blue in TEB buffer pH 8.2 composed of

89 mM Tris, 12.5 mM Na2EDTA, 8.9 mM boric acid). The mixture was

loaded into wells of a vertical 1.2% agarose slab gel and left for

approximately 60 minutes to allow lysozyme action. Thirty micro-

liters of the SDS mixture (2% SDS and 10% Ficoll 400,000 in TEB)

were layered on top of the first mixture, and the two layers are

partially mixed by moving a toothpick from side to side twice. One

hundred microliters of the overlay mixture (0.2% SDS and 5% Ficoll

400,000 in TEB) was added to each well, and the wells were sealed

with hot (50°C) 1.2% agarose in TEB buffer. The gel chambers were

filled with TEB buffer, and the DNA was electrophoresed at 2 mA for

1 hour, then at 15-25 mA until the dye front reached the lower part

of the gel. Further notes on this technique are described by

Eckhardt (1978). The gel was dried onto Whatman 3 MM chromatography

paper and used to expose Kodak No-Screen NS-5T X-ray film.

Appropriate sections of the gel were cut out and counted in toluene-

based scintillation fluor containing 0.4% 2,5 diphenyloxazole and

0.01% 1,4-bis-[2]-(5-phenyloxazoly1) benzene.

Mutant bacteriophage selection. A TSP-1 bacteriophage mutant, TSP-1

A, was discovered when TSP-1 was plated on OSB 459r2. This strain

is a revertant of a temperature-sensitive, TSP -i resistant mutant of

B. subtilis 168 called OSB 459. The mutant virus, which formed
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atypically large plaques on B. subtilis strains OSB 459r2 and OSB

168, was plaque purified. Phage lysates were CsC1 banded as

previously described (Kuhl and Brown 1980).

RESULTS

Efficiencies of plating show restriction on Bacillus strains (Table

21. TSP-1 plaques form only at temperatures above 50°C on lawns of

B. subtilis 168 and on other members of the "genospecies" (Young and

Wilson 1972), including B. amyloliquefaciens, B. pumilus, and B.

licheniformis 9945a. TSP-1 does not form plaques on lawns of B.

licheniformis 10716, the bacitracin producing strain, or on lawns of

B. mesenteroides at 37°or 51°C (Table III.1). In contrast, plaque

formation was observed at temperatures from below 20°C to above 51°C

when B. licheniformis 8480 was the host strain.

The efficiency of plating on the above strains varied as much

as 1000 fold. Unexpectedly, titers were more than a hundred-fold

higher when B. subtilis 168 spores were used to inoculate the lawn

than when B. subtilis vegetative cells were used. Plaque counts

were also higher at 51°C on lawns of B. subtilis RM125, the restric-
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tion-modification deficient strain, than on B. subtilis 168 (Table

111.2) and the plaques were much larger in size.

Growth characteristics of TSP-1 in B. licheniformis 8480. The

growth of TSP-1 on B. licheniformis 8480 was characterized to ascer-

tain that the bacteriophage was not temperature sensitive and showed

no abnormalities when grown at low temperature. Cell lysis begins

about 50 minutes after infection of B. subtilis at temperatures

above 50°C (LaMontagne and McDonald 1976a); lysis begins approx-

imately 50 minutes after infection at 37°C in B. licheniformis

8480. The average burst size at 37°C was approximately 100. A

single burst experiment showed a normal Poisson distribution and an

observed single burst size of 58, close to the 55 reported for B.

subtilis (LaMontagne and McDonald 1972a). Thus, low temperature

growth of bacteriophage TSP-1 occurred in a normal fashion and not

in just a few cells.

Isolation of DNA from TSP -i grown in B. licheniformis 8480. Many

Bacilli are known to be lysogenic. To be certain the phage har-

vested from B. licheniformis 8480 was not an induced temperate

phage, we confirmed the identity by restriction endonuclease analy-

sis of DNA isolated from plaque purified phage. The DNA is approxi-

mately 92 x 106 daltons, the same molecular weight as DNA isolated

from TSP-1 grown in B. subtilis (Allison and Brown, manuscript in
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TABLE 111.2

Relative efficiency of plating of TSP-1 on Bacillus species.

Plated on host:

Host used for
TSP-1 lysate
preparation:

B. subtilis 168
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51 C 1 N.D.* 8 10 10

B. subtilis RM 125
51 C lx10-3 1 0.3 0.3 0.5

B. licheniformis 8480
30 C 7x10-3 N.D. 1 0.8

B. licheniformis 8480
37 C 1x10-4 0.2 2 1 2

B. licheniformis 8480
51 C 3x10-5 N.D. 7 1 1

*N.D. = not determined.
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preparation). EcoRI and Smal restriction endonuclease cleavage of

the DNA yields an identical pattern (data not shown) to that of DNA

purified from TSP-1 phage grown in B. subtilis at 51°C (Allison and

Brown).

Productive infection after abrupt temperature decrease in the

restriction-modification deficient strain B. subtilis RM125 has been

characterized as a mutant of B. subtilis 168-YS11 (Uozomi et al.

1977) which has lost its ability to restrict and modify bacteri-

ophage 0105C DNA. Lysis and productive infection were observed when

B. subtilis RM125 was infected at high temperature (51°C) and the

culture was shifted to 37°C ten minutes or more after infection

(Table 111.3). In contrast, no productive infection is observed in

a similar experiment with B. subtilis 168 (LaMontagne and McDonald

1972b). This result demonstrates that thermal inactivation of

restriction is one of the requirements for infection of B. subtilis

168.

Observation of labeled TSP-1 DNA during infection. To ascertain

that restriction of TSP-1 DNA occurs at low temperature in B.

subtilis 168, we examined the fate of TSP-1 DNA during infection

with temperature decrease in B. subtilis 168, and B. subtilis

RM125. Samples of the culture were taken at various times after

infection with 32P-labeled TSP -l. The infection was arrested in
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TABLE 111.3.

Growth of TSP-1 in B. subtilis RM125

Titers of TSP-1 produced from B. subtilis RM125 infected at 51° C
shifted to 37° C, and titered after three hours.a

Time of shift to 37°C Titer (pfu/ml)

Input Titer 4.0 x 108

0' (Start of Infection) 4.5 x 108

10' 7.2 x 109

30' 1.2 x 10
10

40' 7.3 x 109

50' 8.9 x 109

60' 9.1 x 109

Not shifted 1.1 x 1010

aSee LaMontagne and McDonald (1972c). An overnight culture of
8. subtilis RM125 was subcultured into a 100 ml culture, and 10 ml
aliquots were dispensed into 8 Klett flasks. These were incubated
in a water bath shaker at 51° C until the culture reached 1-2 x 10°
cells/ml, when TSP-1 phage were added to a multiplicity of infection
of 3. At this time, one Klett flask was shifted to 37° C, with
other cultures shifted at 10 minute intervals. After three hours,
the cultures were titered on B. subtilis RM125.
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these samples with sodium azide and chilling. The cells were lysed

in the well of an agarose gel, and the fate of the phage DNA was

observed by autoradiography of the dried gel that electrophoresis.

The autoradiograph revealed increased degradation in B. subtilis 168

after shift to 37° C. The gel lanes were cut out and counted

(Table 111.4). The restriction system is clearly reactivated or

expressed de novo at the low temperature.

Mapping of TSP -i permissive marker of B. subtilis RM125. When TSP-1

was plated on lawns of late vegetative or stationary cells of B.

subtilis RM125 instead of B. subtilis 168, the titers were typically

one hundred fold higher and the resulting plaques were usually much

larger. We assumed that these phenotypes were related to the

inability of B. subtilis RM125 to restrict and modify 0105C DNA

(Uozumi et al. 1977), and to the productive TSP-1 infection of B.

subtilis RM125 after temperature shift. (Temperature decrease

experiments during TSP-1 infection of putative restriction-modifica-

tion deficient transductants later revealed this assumption to be

correct). Host restriction and modification activity in B. subtilis

168 is coded for by the hsrM (nonB) locus, which has been mapped to

the region between the dal and purB markers of the B. subtilis chro-

mosome (Saito et al. 1979). We mapped the TSP-1 permissive marker

to the same region of the chromosome by PBS-1 transduction. PBS-1,

previously grown on B. subtilis 168, was grown on B. subtilis
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TABLE 111.4.

Degradation of 32P-labeled TSP-1 DNA into fragments larger than
nucleoside triphosphates.a

Time after Corrected CPM
Strain Temperature infection 1). Viral DNA 2). Degradation

Products

B. subtilis 51° C 5 min. 33,883 1678
RM125 51° C 25 31,331 2185

37° C 30 31,868 2046

B. subtilis 51° C 5 min 48,491 2526
168 51° C 25 33,905 2625

37° C 30 32,627 4421

aCells were grown at 51° C and infected at mid log stage with 32P-
labeled TSP-1 at an MOI of less than 1. (See Materials and Methods
for complete description of experiment.) Eight minutes after
infection, half the culture was shifted to 37° C. Samples were
taken at the times indicated, and cells were centrifuged,
resuspended in lysis buffer, and gently lysed in the well of an
agarose gel. The gel was subjected to electrophoresis, dried, and
autoradiographed. The autoradiograph revealed two major
intracellular viral forms: one that comigrated with purified TSP-1
DNA and with chromosomal fragments on the gel, and a second band
that contained replicating forms of TSP-1. These two bands from
each sample were cut out and placed together in a liquid
scintillation vial, and the remainder of each gel lane, containing
degradative products larger than nucleoside triphosphates, was
placed in a second scintillation vials. The counts were corrected
for degradation of -)93.
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RM125. This lysate was used to infect B. subtilis QB928, pure or

dal+ transductants were selected, and screened by counting TSP-1

plaques on lawns produced from stationary phase inocula. Plaque

counts on 23 pure transductants showed that 10 transductants exhib-

ited the typical high titers and large plaques observed on B. sub-

tills RM125 (43% cotransduction). Two purr transductants were also

da1+; these both exhibited the B. subtilis RM125 phenotype with

respect to plaque formation (Table 111.5). Plaque counts of 53 dal+

transductants revealed 1 transductant with typical high titers and

large plaques (2% cotransduction). This transductant was the only

pure dal+ cotransductant. The phage sensitive marker of B.

subtilis RM125 is therefore linked to purB and dal and thus is

linked or may be allelic to hsrM (nonB).

Isolation of a TSP-1 mutant, TSP-1 A, able to productively infect B.

subtilis 168 with temperature downshift to 37°C. TSP-1 A, a mutant

virus discovered by its large plaque formation on a B. subtilis 168

derivative strain, has an efficiency of plating at least ten fold

higher on B. subtilis 168 spores than on B. licheniformis 8480

spores. Temperature shift experiments showed that TSP-1 A was able

to productively infect B. subtilis 168 at 37°C if the initial por-

tion of the infection was at 51°C. Thus, the infection of B. sub-

tilis 168 with TSP-1 A is similar to the infection of the restric-

tion-modification-deficient strain with wild-type TSP-1. DNA was
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TABLE 111.5.

Transduction mapping of TSP-1 sensitive marker (tsm) of B. subtilis RM125

Recipient:

Total Recombinant
Relevant Strain Relevant Selected Colonies Classes

(PBS-1 host) Genotype Designation Genotype Marker Tested 111 110 101 100

B. subtilis RM125 tsm* B. subtilis QB928 pure tsm-/- dal" pure 23 2 8 0 13

53 1 0 0 52

tsm refers to the one hundred fold higher titers and large plaques typically observed on B. subtilis RM125
as compared to B. subtilis 168.
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extracted from phage lysates prepared from phage grown at both tem-

peratures. Comparative analysis of restriction enzyme digests indi-

cated that the mutant DNA contains a deletion in the left end of the

TSP-1 molecule. Sma digest fragments d, n, and s are no longer

present, although there is a new, large Sma fragment. EcoRI frag-

ment 2 (which contains Sma fragments n, s, and a), is missing,

although there are two new smaller fragments. The deletion appears

to be approximately 2 and and a new EcoRI site has been generated.

Construction of B. subtilis strain permissive at 37°C. To

further clarify that at least 2 gene functions of B. subtilis are

involved in restricting TSP-I growth to high temperature, we

attempted to use interspecies transduction to construct a strain of

B. subtilis RM125 which allows plaque formation at 37°C. PBS-1 was

grown on a spontaneously-derived, rifampin-resistant mutant of B.

licheniformis 8480. This lysate was used to infect B. subtilis

RM125. Many of the resulting rifampin resistant transductants had

diverse and atypical colony morphologies, presumably due to the

introduction of gene(s) from the B. licheniformis strain. Thirty

rifampin-resistant colonies from one transduction experiment were

screened for TSP-1 sensitivity. One rifampin resistant

transductant, which also had an atypical colony morphology, was

found to be TSP-1 sensitive at 37°C. The efficiency of plating of

TSP -i on this strain at 51°C was similar to that observed on B.
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licheniformis 8480 at 51°C, the efficiency of plating was about ten

fold lower at 37°C. Because the frequency of interspecies gene

transfer between heterologous Bacillus species is very low, we are

unable to discern whether the additional gene(s) allowing permissive

growth at 37°C were cotransduced with the rfm (rpoB) locus, as the

low frequency of transfer might indicate, or if congression occurred

(The latter is not known to occur frequently with PBS-1

transduction). This mutant, OSB 1001, offers genetic evidence that

the growth of TSP -i in B. subtilis is inhibited by at least two gene

products : one confers a restriction phenotype, the second is

involved in adsorption or penetration.

DISCUSSION

Major determinants of the success of a viral infection include

environmental factors in addition to the characteristics of the host

cell and of the particular virus. Some host determinants confer

complete resistance or complete susceptibility, while other environ-

mental or host factors may partially enhance or inhibit the infec-

tion process. An example of the latter phenomenon is the host

restriction-modification systems described for a number of bacteri-

ophage-host combinations (Boyer 1971). The efficiency of plating of

the bacteriophage, long accepted as a measure of relative infectiv-

ity, has been used to study the effect of thermal inactivation or
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thermal stress on host restriction systems. Exposure of the host

cell to high temperatures results in increased infectivity for

several viruses, including lambda (Lederberg 1965), c15 (Uetake et

al. 1964), and B3 (Holloway 1965). This phenomenon is not limited

to gram-negative enteric hosts; Gwinn and Lawton (1968) reported

heat inactivation of some component of the restriction system as a

factor allowing permissive SP10 infection of the gram-positive host

B. subtilis. This communication provides molecular, genetic, and

biological confirmation of the role of thermal stress in extending

host range and allowing increased viral infectivity in B. subtilis.

Bacteriophage TSP-1 has exploited the fact that host restric-

tion is inactivated at high temperature in B. subtilis 168. TSP-1

requires two conditions for infection of B. subtilis 168 : a change

in a factor which allows the bacteriophage to adsorb and/or pene-

trate the host cell, and the inactivation of host restriction; both

conditions are met at high temperature. A restriction-modification

deficient strain, B. subtilis RM 125, allows the second factor to be

met at low temperature. The higher efficiency of plating on this

strain suggested that the restriction marker played an important

role in the efficiencies of infection. Temperature shift experi-

ments lent additional support: infection in B. subtilis RM125 was

productive if the infected culture was shifted to low temperature

following adsorption. In contrast, LaMontange and McDonald (1972b,

1972c) showed that two minutes at 37°C was sufficient to prevent
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lysis of B. subtilis 168 if the temperature decrease occurred during

the first twenty-five minutes of infection. The phenomenon was

attributed to inhibition of TSP-1 DNA replication at low tempera-

ture. We demonstrated that restriction of DNA is the primary cause

of nonproductive infection upon temperature shift; the apparent

inhibition of DNA replication evidently follows DNA cleavage.

LaMontagne and McDonald (1972a) also noted at least 95% inactivation

of input phage whenever TSP-1 was titered on lawns of B. subtilis

168. This phenomenon can also be explained by DNA restriction.

The TSP-1 restriction marker inactivated in B. subtilis RM125

was further characterized: it maps in the same region as the hsrM

locus that encodes B. subtilis Marburg host restriction activity.

Measurements of in vivo TSP-1 DNA cleavage in B. subtilis RM125 show

no significant breakdown of viral DNA upon temperature shift, in

contrast to the result with B. subtilis 168. The increased permis-

siveness of the restriction deficient strain is similar to the

results reported by Saito et al. (1979) for permissive SP10 and ONR2

infection of B. subtilis Marburg. A mutation in the host-specific

restriction gene nonB, which is identical to hsrM, and a mutation in

nonA are required for permissiveness. NonA maps near the rfm (rpoB)

locus, as may the second mutation in OSB 1001, which allows TSP-1

infection at 37°C. This marker was introduced by interspecies

transduction of B. licheniformis genes into B. subtilis RM125. This
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mutant provides genetic evidence that a second gene product mediates

TSP-1 adsorption and/or penetration.

Fucik et al. (1982) have shown that the hsrM locus of B. sub-

tilis RM125 and other strains also mediates nonpermissiveness of B.

subtilis 168 for phages 015 and PZA. These phages productively

infect B. subtilis RM125 as well as spoOA mutants of B. subtilis

168. The functional product of the spoOA gene apparently is

required for expression of the hsrM locus. Leighton (1974) observed

that B. subtilis 168 does not sporulate at temperatures above

50°C. Heat shock causes the induction of a number of specific pro-

teins as well as the repression of synthesis of a number of others

in a variety of organisms (Schlesinger et al. 1982). If heat shock

causes repression or inactivation of the spo0A gene product, neither

sporulation nor the expression of the hsrM gene would occur; this

may well be the case at high temperature in B. subtilis 168.

There are two obstructions to TSP -i infectivity in B. subtilis

168; these can both be eliminated by host mutations. One of these

obstructions can also be overcome by a viral mutation; the mutant

virus, TSP-1 A, illustrated this fact. The molecular mechanism for

the mutant infection of B. subtilis cells is not known but two obvi-

ous explanations are possible. TSP-1 may have an anti-restriction

protein like 01 (Makino et al. 1980), to which it is serologically

related (Reilly 1976). The mutant could then have an altered anti-

restriction protein which is more specific for the B. subtilis
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restriction enzyme. Alternatively, the deletion in the mutant may

cover one or a small number of sites that were susceptible to B.

subtilis 168 host enzyme. This is reminiscent of Arber's studies on

bacteriophage fd, which carries two B specific sites (Arber 1979):

mutants altered in one or both sites were isolated and showed

increased efficiency of plating on E. coli B strains. Our analysis

of TSP-1 degradation indicates that some of the degradation products

are large; this correlates well with only one or two recognition

sites per genome. The degradation products are also heterogeneous

in size. This might best be explained by the activity of a type I

restriction endonuclease followed by exonuclease activity. Type I

endonucleases cleave at sights at least a thousand bases from the

recognition site, and the EcoB Type I endonuclease activity appears

to be accompanied by exonucleolytic degradation (Yuan 1981).

We have demonstrated that heat shock inactivates the enzymatic

activity for the B. subtilis 168 restriction system. This could

have implications for the restriction of non-viral foreign DNAs,

such as cloned or plasmid DNAs. Furthermore, these studies shed

light on the evolution of host-viral interactions. TSP-1 is well

adapted to its host, B. licheniformis 8480, but can extend its host

range at high temperatures. The mechanism that B. subtilis has

evolved as protection against foreign DNAs is not effective under

all environmental conditions: it fails at high temperature. A

viral mutation allowed the bacteriophage to infect B. subtilis more
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efficiently. Similarly, two alleles in B. subtilis 168 must deter-

mine permissiveness for TSP-1 at low temperatures. We expect that

these types of mutations could occur in a natural environment as

well, and may influence the evolution of host-virus interactions

outside the laboratory.
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IV. RNA POLYMERASE MUTANT

OF BACILLUS SUBTILIS

ABSTRACT

The major vegetative RNA polymerase of Bacillis subtilis is

composed of the subunits a, 8, 8', a55 and S. The 5, 0', and major

sigma subunit have been mapped, but the a, and delta, subunit loci

remain unknown.

This paper describes isolation of a temperature-sensitive RNA

polymerase mutant of B. subtilis. The mutation maps at a locus

distinct from the 5, 0', and major sigma subunit loci. In vitro,

the RNA polymerase exhibits an altered thermal inactivation at low

ionic strength and an altered salt sensitivity profile. In vivo the

mutant ceases to accumulate stable RNA upon temperature shift, but

messenger RNA appears to be made. E. coli RNA polymerase forms a

dimer at low ionic strength. A current model for the control of

stable RNA synthesis in E. coli suggests that a dimer of RNA
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polymerase is necessary for the transcription of stable RNA. This

mutant is discussed in the context of this model.

INTRODUCTION

DNA-dependent RNA polymerase is the major enzyme responsible

for transcription in procaryotes. The structural genes for the

major subunits (a, $, a', and a) and mutants altered in each subunit

have been described in Escherichia coli (Pura and Ishihama 1979).

Vegetative Bacillus subtilis RNA polymerase exhibits several

differences in subunit size and composition (for review, see Doi

1982). The a and a' subunits are smaller than those in E. coli.

Reconstitution studies showed that the 0 subunit, which is

responsible for rifampicin sensitivity, is the larger of the two

subunits in B. subtilis, the reverse of the situation in E. coli.

Furthermore, the a' subunit is responsible for streptolydigin

sensitivity in B. subtilis, while this activity is associated with

the 0 subunit in E. coil. The B. subtilis sigma subunit has a

molecular weight of 55,000 daltons, considerably smaller than the

70,000 dalton sigma subunit of E. coli. There is also a 21,000

dalton delta subunit associated with the B. subtilis vegetative
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core, and minor sigma subunits of molecular weights 37,000 and

28,000. The genes for the $ and a' subunits lie at 10° on the B.

subtilis map (Henner and Hoch 1980), and the gene for the major

vegetative sigma subunit (G55) has been located at approximately

225° (Price et al., 1983). The a subunit, the 6 subunit, and the

other sigma subunits present in minor amounts or active during

sporulation (Doi 1982, Johnson et al. 1983) have not been mapped.

The control of stable RNA synthesis is central to the problem

of control of growth. E. coli mutants altered in the control of

stable RNA have helped to elucidate elements of stringent control

(in response to amino acid availability) and growth rate control of

stable RNA. Although the rate of ribosomal RNA synthesis responds

immediately to amino acid starvation or growth rate downshift (and

guanosine polyphosphates are produced), the mechanism for the

control of stable RNA synthesis remains incompletely understood.

Few RNA polymerase mutants altered in the control of stable RNA have

been reported. Conditional lethal mutations such as temperature

sensitive mutations have helped to elucidate the roles of other

essential cellular enzymes, and would be especially useful here.

Using a bacteriophage counterselection method, we isolated a

series of temperature sensitive mutants. Bacteriophage TSP-1

infects B. subtilis only at temperatures above 50° C (LaMontagne and

McDonald 1972a), and was used to select against cells able to grow

at the high temperature. Temperature sensitive mutants were
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screened for defects in RNA synthesis. Mutants that were blocked in

3H-uridine incorporation immediately after shift to high temperature

were all found to map at approximately 325° on the B. subtilis

map. A relaxed mutant of a temperature-sensitive strain was

constructed and showed the same immediate cessation of RNA synthesis

upon temperature shift. Thus, the RNA synthesis phenotype is not

caused by the stringent response. Purified RNA polymerase is

temperature sensitive in vitro at low ionic strength.

MATERIALS AND METHODS

Bacterial strains and bacteriophage. Bacterial strains are listed

in Table IV.1. Bacteriophage TSP-1 has been previously described

(LaMontagne and McDonald 1972). Bacteriophage SP82 was obtained

from Helen Whiteley and grown as described by Lawrie et al. (1976).

Mutant selection: OSB 459, the temperature sensitive RNA synthesis

mutant, was selected by the following bacteriophage counterselection

method. B. subtilis 168 spores were purified by repeated

centrifugation in sterile distilled water (Haworth and Brown
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TABLE IV.1.
Bacterial strains

Strain Description Source

OSB 158 B. subtilis 168 trp+ revertant Haworth and
Brown (1973)

OSB 459 tems* OSB 158 This report

QB 123 ctrA sacA trpC2 Dedonder et
al. (1977)

BR16 trpC2 lys J. Gallant

BR17 tr2C2 lys relA J. Gallant

OSB 567 tems sacA trpC2 QB 123 derivative This report

OSB 568 tems trpC2 relA QB 123 derivative This report

CV 479 ctrAl IrEp2 J. Hoch

JH 702 ctrAl furCl trpC2 J. Hoch

JH 770 ctrAl spo0F221 J. Hoch

*tems refers to temperature-sensitive locus of OSB 459.
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1973). Purified spores were diluted to 1 x 108 in sterile 0.2 M

Tris HC1 pH 8.3, and shaken at 37°C in a water bath.

Ethylmethanesulfonate was added to 0.2% and the suspension incubated

for 30 minutes. The spores were centrifuged at 337 x g for 15

minutes, washed twice with cold 0.2 M Tris HC1 pH 8.3 and

resuspended at 2 x 107 spores/ml in Penassay Broth (Difco Antibiotic

Medium 3) with 0.1% glucose. Thirty to fifty 1 ml samples were

removed, shaken at 37 °C for 3.5 hours, and 1 ml of bacteriophage

TSP-1 was added at a multiplicity of infection of three, along with

1 ml fresh Penassay broth. These cultures were shaken at 50°C for

6-12 hours until lysis occurred. The cultures were shifted to 37°C,

incubated two hours, and plated on Penassay plates containing 1.5%

Bacto-agar (Difco). After overnight incubation at 37°C, colonies

were checked for temperature sensitive growth at 50°C. Temperature

sensitive mutants were screened for defects in RNA synthesis. To

assure independent origin, only one mutant was taken from each

sample. Mapping procedures are described by Henner and Hoch (1980).

Strain constructions. Transformation was performed as previously

described (Haworth and Brown 1973). Medium for selection of ctr+

transformants is described by Lepesant-Kejzlarova et al. (1975).

Medium for selection of sac+ transformants is described by Pascal et

al. (1971). Relaxed mutants were screened with a variation of SMG

plates (Uzan and Danchin 1976) composed of the minimal salts medium
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of Anagnostopoulos and Spizizen (1961), 0.4% glucose, 100 ug/ml each

serine, glycine, methionine and any required amino acids, 50 ug/ml

adenine, 50 ug/ml thymine, and 1 ug /mi calcium pantothenate. This

medium differentiates between BR16 and BR17. A further check for

the relA locus utilized the amino acid analogue 0-methylthreonine

impregnated into filter paper discs. On spread plates of minimal

medium, relaxed strains exhibited a larger zone of inhibition around

the disc.

RNA synthesis. In vivo RNA synthesis was measured by (3H)uridine

incorporation into trichloroacetic (TCA) acid precipitable counts

using 0.5 uCi/m1 (5-3H)-uridine (Amersham) with 10 ug/ml

nonradioactive uridine. Cultures were grown to approximately 20

Kletts at 37°C in the Tris-based medium of Kaempfer and Magasanik

(1967) with 0.2% glucose (instead of glycerol) and 0.2% casamino

acids. Label was added for 15-20 minutes before sampling. Samples

were taken at the times indicated and pipeted into 3 ml ice cold

TCA. After incubation for at least 30 minutes on ice, samples were

filtered onto Millipore prefilters.

Partial purification and thermal inactivation of RNA polymerase.

RNA polymerase was purified to approximately 10% pure by a

modification of the method of Gross et al. (1976). OSB 158 and 459

were grown in 150 ml of Penassay Broth to an 0.0.550 of 0.6. Cells
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were cooled on ice, centrifuged, and washed 3 times in 0.05 M Tris

HC1 pH 7.9, 1 M KC1, 0.01 M EDTA and 300 ugiml PMSF. The cells were

resuspended in 5 ml. break buffer containing 0.034 M Tris HC1 pH

7.9, 0.54 M NaC1, 0.02 M EDTA, 5% glycerol, 1 mM DTT and 300 ug/ml

PMSF and broken by several passages through a French press. RNA

polymerase was precipitated by adding 7 ml solution D (Gross et al.

1976) containing 17% polyethylene glycol (PEG) 6000 (Baker), 0.157 M

Nadi and 1 mM DTT added just before use. The solution was mixed

thoroughly, incubated at 0° for ten minutes and centrifuged at 7,000

rpm in a Sorvall SS34 rotor for ten minutes. The supernatant was

discarded and RNA polymerase was extracted from the pellet by the

addition of 0.5 ml solution E, containing 5% PEG, 2 M NaCI, 0.01 M

Tris HC1 pH 7.9, 300 ug/ml PMSF and 1 mM DTT added just before

use. The pellet was dispersed, then centrifuged at 10,000 rpm for

10 minutes. The supernatant was assayed for activity, and dialysed

for 6 h at 4°C into 0.01 M Tris HC1 pH 7.0, 0.1 mM DTT, 0.1 mM EDTA,

1 mM PMSF, 0.1 M MgC12 and 10% glycerol. (The dialysate expands

several fold, so must be put into a large dialysis bag to avoid

bursting.) Thermal inactivations were performed in this buffer, and

also in this buffer with NaC1 added to 2.0 M. The final

concentration of salt in the assay buffer was 0.15 M in both

cases. Thermal inactivation was performed by incubation of the

enzyme at the higher temperature for the times indicated on the

absissa of each graph, followed by pipetting into an assay mixture
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preincubated at 37°C for one minute. Assay mixtures (Gross et al.

1976) were incubated at 37° C for ten minutes. Each assay contained

3 ug 029 DNA per assay.

Growth of bacteriophage, purification of bacteriophage DNA, and RNA

polymerase purification have been previously described (Kuhl and

Brown 1980). Thermal inactivation of purified RNA polymerase was

performed in storage buffer containing 0.01 M Tris HC1 pH 7.9, 0.01

M MgC12, 0.10 M EDTA, 0.10 mM OTT, 1 mM PMSF, and 50% glycerol.

Stable RNA synthesis. To measure incorporation of 3H-uridine into

stable RNA, cells were grown at 37°C in modified Schaeffer's medium

(Leighton and Doi 1971) to early log stage (25 Klett units). The

culture was shifted into a prewarmed flask at 51°C containing 3H -5-

uridine at a final concentration of .75 uCi/ml. After the cells

were labeled for 30 minutes at 51°C, unlabeled uridine was added to

a final concentration of 20 ug/ml. Four ml of culture was placed in

1.5 ml of SES buffer (10% sodium dodecyl sulfate (SDS), 0.2 M EDTA,

.01 M Tris pH 7.0, 25% sucrose), .11 ml of 10 mg/ml Tysozyme

(freshly prepared) was added to a final concentration of 200 ug/ml

and the culture was incubated at 37°C for 10 minutes. 2.5 ml of

freshly distilled phenol saturated with THE buffer (20 mM Tris HC1

pH 8.0, 20 mM NaC1, 1 mM EDTA) was added and the nucleic acid was

phenol extracted twice. 1 ml of THE buffer was added to the aqueous
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phase, and the nucleic acid was precipitated with ice-cold 95%

ethanol and resuspended in 0.1 ml of ESS buffer (5 mM EDTA, pH 1%

SDS, 10% sucrose pH 7.4). Five ml tube gels of 7% polyacrylamide

were prerun for 1 hour at 4 mA/tube before loading. 50 pl of sample

was loaded, and gels were run at 7 mA/tube for 13.75 hours. E. coli

rRNA and tRNA were run as markers. Gels were frozen at -20°C and

sliced. Each gel slice was treated with 0.3 ml 30% hydrogen

peroxide in a scintillation vial before the addition of 5 ml of

Triton-X 100 and 10 ml of scintillation fluor containing, per liter

of toluene, 0.4 g 2,5-diphenyloxazole and 0.01 g 1,4-bis-[2-(5-

Phenylxazoly1)]-benzene.

Incorporation of 32P into RNase sensitive counts. Cells were grown

at 37°C and labeled in the phosphate-depleted medium of Lawrie et

al. (1977). 0.1 ml of an overnight Penassay broth culture was

shifted to 10 ml of phosphate-depleted medium and grown to late log

stage, then 0.1 ml was again shifted into 10 ml of phosphate-

depleted medium. This culture was grown to 15 Kletts in a 37°C

shaking water bath. At the appropriate times, 1 ml of the culture

was shifted to a tube containing 40 uCi [32M-orthophosphate. After

labeling for 2 minutes, 1 ml of ice cold trichloroacetic acid was

added, and the cultures were incubated for at least 30 minutes on

ice. 0.5 ml of these samples was filtered onto Millipore

prefilters. Another 0.5 ml was neutralized by the addition of
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sodium hydroxide,RNase was added to 50 ug/ml and these samples were

incubated at 37°C for 1 hour, then reprecipitated by the addition of

an equal volume of 10% TCA and incubated for several hours on ice.

The samples were filtered onto Millipore prefilters. The counts

left after RNase treatment were subtracted from those in identical

samples before RNase treatment to determine the amount of label

incorporated into RNA.

RESULTS

Mutant selection. Temperature sensitive mutants were isolated by

the bacteriophage counterselection method described (For details,

see Materials and Methods). B. subtilis 168 spores were mutagenized

with ethylmethanesulfonate. Cells able to grow at high temperature

were selected against by infection with bacteriophage TSP-1, which

infects B. subtilis only at temperatures above 50°C (LaMontagne and

McDonald 1972a) Temperature sensitive mutants were screened for

defects in RNA synthesis by 3H-uridine incorporation in rich media

with shift to high temperature. Seven mutants of independent origin

showed an immediate cessation in RNA synthesis upon temperature

shift. The temperature sensitive mutations in all of these strains
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were found to cotransform with the ctrA locus at approximately the

same rate. We chose one of these mutants, OSB 459, for further

study.

RNA synthesis in OSB 459 and temperature-sensitive relaxed strain.

When OSB 459 was labeled with 3H-uridine at 50°C for 30 minutes

followed by a 20 minute chase with cold uridine, and RNA was

extracted and run on polyacrylamide gels, there was no detectable

label in ribosomal or transfer RNA (Figure IV.1). Similarly, 3H-

uridine incorporation in OSB 459 in minimal medium was similar to

that in rich medium : there was an immediate cessation in 3H-uridine

incorporation upon temperature shift (data not shown). However,

protein synthesis continued at a reduced rate for approximately

twenty minutes in this medium (data not shown). Furthermore, SP82

infection was productive at the high temperature (Table IV.2),

although the titers were slightly reduced. Thus, it appears that

messenger RNA was made at the high temperature. Further evidence

from two-minute 32P pulses in phosphate-depleted medium revealed

that the mutant incorporated proportionately more 32P into RNase

sensitive counts than the wild type for ten minutes after shift to

high temperature. For the next thirty-five minutes after shift, it

incorporated less than wild type (Figure IV.2). Since stable RNA

synthesis ceases, it appears that some messenger RNA is made at the
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Fig. IV.1. Synthesis of stable RNA in OSB 158 and OSB 459. Cultures of modified
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phenol extracted and run on polyacrylamide gels which were then sliced. The gel slices
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16S, 55 and tRNA markers are shown. Label incorporated into A: 158; B: 459.
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determined from the difference between the two samples. A: 158; B: 459.
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TABLE IV.2
Titers of SP82 in OSB 158 and OSB 459 with temperature shift before
and during infection. Cells were grown at 37°C in M medium with

0.1% glucose (Lawrie et al., 1976) to approximately 1 x 108

cells/ml and infected with SP82 at a multiplicity of infection of
approximately three. Infected cultures were shifted to 48°C at the

times indicated.

Input titer

Entire Infection at 37°C

Shifted to 48°C:

10' prior to infection
At infection
5' after infection
10' after infection
20' after infection
30' after infection
35' after infection
40' after infection

Resulting titers are shown.

Infected host:

OSB 158 OSB 459

3 x 108

9 x 109

-

9 x 109
5 x 10"

7 x 109
2 x 10Iu

10101 x 10
-

1 x 1010

3 x 108

3 x 10
10

2 x 109,
2 x 10"
1 x 109
1 x 10

9

1 x 10
9

9 x 10
9

2 x 1010
-
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high temperature. To be certain that the cessation in stable RNA

synthesis was not caused by the stringent response (Cashel 1975),

isogenic rely" and relA strains containing the temperature sensitive

mutation were constructed. The temperature sensitive locus was

introduced into strain QB123 by cotransformation with ctrA to make

strain OSB 567. The relA allele was introduced into OSB 567 by

congression with the sacA marker (Table IV.1). The relA is strain

(OSB 568) showed an immediate cessation in 3H-uridine incorporation

upon temperature shift, similar to OSB 567 and OSB 459 strains

(Figure IV.3). Thus, the cessation in stable RNA synthesis is not

caused by the stringent response.

Thermal inactivation of partially pure RNA polymerase and effect of

NaCl. We used a modification of the method of Gross et al. (1976)

to prepare RNA polymerase to approximately 10% purity. This method

takes advantage of the fact that RNA polymerase is bound to DNA at

low ionic strength and can then be precipitated with polyethylene

glycol. The original detergent lysis procedure did not consistently

lyse the mutant cells, so a French Pressure Cell was used. The

lysate was dialyzed into buffer without NaCl. Thermal inactivation

was performed at 45°C in buffer containing 0.5 M or no NaC1 (Figure

IV.4). Gross et al. (1978) and Harris et al. (1978) used buffer

containing 0.5 M NaC1 to thermally inactivate RNA polymerase from

mutants of E. coli containing a defective o subunit. RNA polymerase



106

from both mutant OSB 459 and wild type cells was inactivated at

approximately the same rate in 0.5 M NaCl (Figure IV.4a). However,

when thermal inactivation was performed in the absence of NaCl

(Figure IV.4b), there was a distinct difference in the inactivation

patterns. The polymerase extracted from OSB 459 was initially

inactivated to less than 1% of the initial activity but showed a

reactivation to 45% of the initial activity after ten minutes at

45°C. The enzyme from wild type RNA polymerase was initially

inactivated at a slower rate.

The salt sensitivity profiles of the two enzymes were

different. The enzyme isolated from the mutant was less active at

high salt concentration, but more active at low salt concentration,

than polymerase from wild type cells (Figure IV.5).

Purified RNA polymerase exhibited a similar thermal

inactivation and reactivation of the mutant polymerase (data not

shown). Polyacrylamide gel electrophoresis of purified RNA

polymerase revealed subunits a, a, al, a and 6. No minor sigma

subunits (Doi 1982) were detected.

Genetic analysis. The temperature-sensitive (terns) mutation was

mapped in collaboration with James Hoch. By PBS-1 mediated

transduction, the mutation was linked to the ctrA and glyC loci. By

two and three factor transformation crosses, the mutation was
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Fig. IV.4. Thermal inactivation at 45°C of partially purified RNA
polymerase. RNA polymerase was purified to approximately 10%. A)

Inactivation in buffer containing 0.5 M NaCl; B) Inactivation in

buffer containing no NaCl. 158 ;459 0 . Assays contained 3 pg

029 DNA per assay.
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TABLE IV.3
Genetic analysis of OSB 459 terns mutation.

Two factor transformation crosses:

Donor: Recipient:
Total

Strain Relevant Strain Relevant Selected Colonies Recombinant %

Designation Genotype Designation Genotype Marker Tested Classes: Cotransformation

11* 10

0S4 459 terns CU 479 ctrA- temr are 69 51 18 73.9%

CU 479 ctrA- temr OSB 459 terns temr 180 138 42 76.1%

Three factor transformation crosses:

Donor: Recipient:
Total

Strain Relevant Strain Relevant Selected Colonies Recombinant

Designation Genotype Designation Genotype Marker Tested Classes:

Ill 110 101 100

OSB 459 terns JO 702 ctrA temr furr are 50 251 14 0 I2.

OSB 459 terns JU 770 ctrA- spoOF temr are 73 5 60 1 7

*"1" and "0" refer to donor and recipient phenotypes respectively.
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closely linked to ctrA, spoOF and furC (Table IV.3). The order of

markers in this region appears to be ctrA-spoOF -tems-furC.

DISCUSSION

We have described the isolation and partial characterization of

the temperature-sensitive B. subtilis RNA polymerase mutant OSB

459. The major form of RNA polymerase in Bacillus subtilis consists

of core (a2 5, 51), and the delta subunit, and the major sigma

subunit (0.55). Other forms consist of the core with minor a factors

and with other polypeptide factors (Doi 1982). The locations of the

5, 5', (Haworth and Brown 1973) and a55 (Price et al. 1983) subunits

on the genetic map are distinct from the OSB 459 mutation,

suggesting that the mutation lies in a, 6, or a minor sigma

subunit. Polyacrylamide gels of RNA polymerase with thermolabile

properties purified from mutant cells revealed no minor sigma

subunits. The a ands subunits are thus the most likely candidates

for the OSB 459 mutation. Temperature-sensitive mutants in the a

subunit of E. coli RNA polymerase have previously been isolated

(Ishihama et al. 1980). RNA polymerase purified from one of the

mutants was more thermolabile than the wild type enzyme. However,
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this enzyme became more stable than wild type after a cycle of

reversible dissociation and reassembly.

Partially purified enzyme from OSB 459 exhibited several

differences from the wild type. There was an altered salt

sensitivity profile (Figure IV.2) and an altered thermal stability

in buffer without salt (Figure IV.2b). The RNA polymerase from an

E. coli strain with a mutation (alt]) in rpoD, shows altered salt

sensitivity with 080 template (Travers et al. 1978). Transcription

of lac RNA or rRNA from phage templates also shows altered salt

sensitivity, and the transcription of rRNA by the altl polymerase

responds differently to ppGpp.

At low ionic strength, E. coli holoenzyme aggregates as a dimer

(Richardson 1966, Shaner et al. 1982). The altered salt sensitivity

profile of OSB 459 RNA polymerase and the altered thermal

inactivation profile in buffer without salt (Figure IV.5) may relate

to an altered aggregation of the B. subtilis mutant RNA

polymerase. Thermal inactivation of partially purified mutant and

wild type polymerase in 0.5 M NaC1 showed no significant differences

in rates of inactivation (Figure IV.4a). Thermal inactivation

studies of RNA polymerase purified from E. coli rpoD mutants under

these conditions have shown significant differences between mutant

and wild type enzymes (Gross et al. 1978; Harris et al. 1978).

However, if the thermal inactivation of RNA polymerase is performed

at low ionic strength (Figure IV.4b), the polymerase from OSB 459
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inactivates at a faster rate, and then appears to reactivate. This

may relate to an inactivation of diners at low ionic strength. The

inactive diners may then disaggregate at high temperature as active

monomers, again capable of phage transcription. (Note that the

final salt concentration in the assay is identical. If the

polymerase is present as diner in the low ionic strength buffer, it

would disaggregate when pipetted into the assay mixture. The fact

that the actual counts are slightly lower for both mutant and wild

type enzymes suggests that this is true.

The regulation of stable RNA in E. coli by a diner of RNA

polymerase has been proposed. Travers et al. (1982) have shown that

two RNA polymerase molecules interact with the tyrT promoter (a

stable RNA promoter), probably as a dimer. Previous studies showed

that initiation at many mRNA promoters is favored at high ionic

strength, while initiation at stable RNA promoters occurs most

efficiently at low ionic strength in vitro. An equilibrium between

monomer and diner in vivo may play a part in the regulation of

stable RNA, particularly if the holoenzyme diner has more affinity

for stable RNA promoters in vivo. If a holoenzyme diner form

regulates stable RNA synthesis in 8. subtilis and is inactivated in

the mutant cell upon temperature shift, this would explain the

cessation in stable RNA synthesis observed in the mutant. The

monomers of holoenzyme that transcribe messenger RNA (or phage RNA)

in this model would remain active.
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The physiological data support this model, as stable RNA

synthesis ceases at high temperature in the mutant. However, mRNA

synthesis and protein synthesis continued for approximately one

generation and infection of SP82 was productive (Table IV.2). Thus,

it appears that the control of stable RNA synthesis is altered in

OSB 459. Furthermore, an E. coli RNA polymerase mutant altered in

the control of stable RNA has a similar phenotype (Oostra et al.

1981). The $' subunit of RNA polymerase is temperature sensitive as

measured by comparison of 10 minute assays of partially pure RNA

polymerase at 30° and 43°C (Sugiura et al. 1977). The mutant

exhibits a pattern of 3H-uridine incorporation similar to that of

OSB 459, and does not synthesize stable RNA (or ppGpp) at the high

temperature, although messenger RNA and protein synthesis continue

at reduced rates. The majority of E. coli mutants with mutations in

RNA polymerase core subunits appear to be altered in the assembly of

RNA polymerase (Sugiura et al. 1977). However, both this E. coli

mutant and the B. subtilis mutant described here appear to be

altered in the control of rRNA synthesis.

Stable RNA synthesis in E. coli is thought to be controlled in

two ways: by growth rate control and by stringent RNA control

(Nierlich 1978; Sarmientos et al. 1983). The fraction of RNA

polymerase transcribing stable RNA operons increases with growth

rate (Ryals, Little and Bremer 1982). The cellular response to

changes in culture conditions is an immediate change in the number of
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active RNA polymerase molecules : an increase in a shift-up and a

decrease in a shift-down. This is called growth rate control.

Recent estimates suggest that only 20-30% of RNA polymerase in E.

coli is actively engaged in transcription, the percentage increasing

with growth rate (Shepherd et al. 1980a). In B. subtilis, the

percentage of active polymerase varies from 10 to 40% over a similar

range of growth rates (Leduc et al. 1982). Webb et al. (1982) have

shown that the burst size of SP82 increases with growth rate, and

propose that the burst size may be directly dependent on the

availability of active RNA polymerase. We observed slightly lower

SP82 titers if OSB 459 was shifted to 48°C before or during the

first twenty minutes of infection; we believe this may relate to the

availability of active RNA polymerase. The mechanism of

inactivation of RNA polymerase remains unclear. However, the

inactivation clearly relates to growth rate and the transcription of

stable RNA.

Stringent RNA control also regulates the transcription of

stable RNA operons. This mechanism responds to the availability of

aminoacyl-tRNA for protein synthesis, and depends on the relA gene

product, which produces guanosine polyphosphates in response to

aminoacyl-tRNA limitation (Cashel 1975; Gallant 1979; Nierlich

1978). A similar mechanism appears to operate in B. subtilis

(Nishino et al. 1979). To be certain that the cessation in RNA

synthesis was not caused by the stringent response, we constructed a
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relA strain of OSB 459. This strain also ceases to incorporate 3H-

uridine immediately after shift to high temperature.

In E. coli, the promoter regions of the rrn genes are

responsible for both the growth rate and stringent control of rRNA

biosynthesis. This was shown by the fusion of an rRNA promoter to

the a-galactosidase gene (Ota et al. 1979). Each rRNA transcription

unit in E. coli has two tandem promoters designated P1 and P2. The

upstream P1 promoter is about three times more active than P2 during

active growth, and responds to the stringent response in vivo

(Sarmientos et al. 1983; Gourse et al. 1983). Transcription from

the P1 promoter is favored at a low DNA/RNA polymerase ratio in

vitro (corresponding to a high level of active RNA polymerase in

vivo). The P2 promoter is favored at high DNA/RNA polymerase ratios

(Glaser et al. 1983). This may be consistent with indications that

ppGpp sensitive promoters bind two RNA polymerase molecules (Travers

et al. 1982), and may be regulated by a dimer of RNA polymerase.

In B. subtilis, all but one of the rRNA cistrons contain two

tandem promoters (Butt, unpublished data). These promoters contain

sequences recognized by the major sigma subunit (Seiki et al. 1982;

Johnson et al. 1983), suggesting that they would not be regulated by

an RNA polymerase containing a minor sigma factor. Thus, the

mutation in OSB 459 probably is not in a gene coding for a minor

sigma factor. Further studies will elucidate the specific site of

the lesion in the RNA polymerase molecule.
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