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-ABSTRACT

The minute, virulent and structurally intricate Bacillus subtilis bacteriophage

029 was utilized to study in vivo viral development. Purified strands of 029

DNA were used to analyze transeiption of the viral genome. Early mRNA hybridizes

to the light DNA strand which controls DNA replication and other early

functions. Late mRNA hybridizes to the heavy DNA strand which codes for phage

structural proteins. The temporal sequence of specific viral protein synthesis

was analyzed by gel electrophoresis and was shown to directly correlate with

the RNA transcription pattern. The genes carried by 029 have been marked with

ts and sus mutations and mapped by appropriate crosses yielding a linear map

of 17 cistrons. Fragments of the 029 DNA were shown to retain their biological

activity and ma'rker rescue studies indicated that gene transfer could be
performed with pieces having a molecular weight of less than 1 million daltons.

:Mutant infection under nonpermissive conditions and the analysis of precursor

structures has allowed the formation of a tentative morphogenetic pathway

leading to the formation of infectious particles. Work with 029 has established

this vii-us as an advantageous model system for studying a variety of problems

in molecular biology and approximately a dozen laboratories in the country and

abroad are working with this phage.
1
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I.  INTRODUCTION

We are studying the minute, virulent and structurally intricate Bacillus

subtilis bacteriophage 029. Data has been obtained which indicates that this

virus will be extremely useful in studies aimed at several basic biological              
problems.      -                                                                            i

-

II. SCOPE OF THE PROJECT                                                               i

The scope of the work under the contract consists of studies on B. subtilis

phage 029 with the following objectives:

1. To study in detail the function of the 17 to 20 genes carried by

the virulent B. subtilis phage 029.

2. To analyze the temporal control and orientation of expression of

the phage 029 genome.

3. To use transfection and superinfection marker rescue to study the               i

effects of various physital and chemical treatments on the infectivity

and expression of fractionated 029 DNA containing specific genes.               !

Fractionation will involve not only isolated duplex fragments but

individual strands of phage 029 DNA.                                            r

4. To isolate by physical and enzymatic methods individual 029 genes

and to use such DNA in studies on recombination and DNA repair.

5. To use a polymerase complex from B. subtilis to synthesize in vitro

infectious duplex phage 029 DNA free from template and to use this

system to investigate replication of the viral DNA molecule.

6. To lay the foundation for future studies projected at analyzing in              i

detail the in vitro assembly of phage structural components and to

clarigy the mechanism whereby large pieces of DNA can be condensed

and packaged to make complete virions.
i
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V. EVALUATION OF PROGRESS IN THE AREA OF RESEARCH

SUPPORTED BY THE CONTRACT

As listed in the Scope of the Project (Page 1) the objectives of our

64 research was to define the genetic system of B. subtilis bacteriophage 029

and to analyze the interaction of the host and viral genomes during viral

replication and morphogenesis. Phage 029 was selected because it was small

but morphologically complex, because it had a genome of DNA with a

molecular weight of about 11 X 106 daltons and because the genetic system

of one host, 8. subtilis strain 168 was under intensive investigation (3,51).

Phage 029 was one of a series of viruses isolated from soil (B. E. Reilly,

Ph.D. Thesis, Case-Western Reserve Univ., 1965). Bacteriophage of this series

have been shown to have a wide host range (12). Reilly and Spizizen (32)

reported that phage 029 was active in transfection and could infect compet
ent

bacterial cells unable to adsorb the virus. The cell population competent 
for

transformation was infected by the viral DNA. The relationship of 029 DNA

infectivity to DNA concentration and the kinetics of DNA infection were

similar to those observed in bacterial transformation and suggested that a

single native DNA molecule was necessary if not sufficient to initiate an

infection. We (COO-2084-8) have been able to rescue genetic markers on

half- and quarter-length 029 DNA fragments using competent B. subtilis ce
lls

infected  by ts mutant phage and superinfected with fragments   of viral   DNA.

However, Hirokawa (17) demonstrated that 029 DNA transfection was protease

sensitive. Ortin et al. (29) reported a protein molecule bound to the cir
cular

form of DNA released from the virion. Hirokawa suggests that this protein may

function at an early stage of transfection and be protease sensitive. On 
the

other hand, DNA annealed from denatures molecules is also active in

transformation (4). Perhaps there is only an apparent conflict in this da
ta.

The absolute efficiency of transfection is low in terms of viral genome

equivalents of DNA added to the cells (47). It is possible that there is

more than one form infections agent present in the phenol extracts of 029

particles.

Young (49) has demonstrated that glucosylated teichoic acid is a

requirement for adsorption of 029 to f. subtilis. However, 029 can adsorb

to and replicate in protoplasts of mutants that cannot glucosylate teicho
ic
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acid (21). The absolute efficiency of plating of 029 approaches one on

f.  amyloliquefaciens H  (3). We (COO-2084-12) have shown that host DNA

synthesis continues during infection and that transcription continues at

the preinfection rate throughout the latent period. Ribosomal RNA

production is not inhibited. RNA-DNA hybridization and amino acid-labeling

indicate that functional host messenger synthesis continues late into the

viral lytic cycle and that this RNA is used to produce protein.

Anderson et al. (3) first described the complex morphology of 029.

The virion has a nunber of protein fibers attached to both ends of its

prolate head. The neck assembly consists of an upper collar that is

attached twelve appendages. An elongate tail axis, enlarged at the

distal portion, projects from the collar complex. Tosi and Anderson (45)

have shown that antibodies to 029 bind to head fibers, the appendages and            t

the heAd surface but apparently not to the tail axis and that the appendages

are the organelles of adsorption.  Tosi  et  al.. (46) demonstrated  that  each

of the twelve appendages consists of a single protein molecule.

Our molecular weight determination for 029 DNA, 11 X 106 daltons,

was derived by electron microscopy and band sedimentation (3,4). This

DNA molecule is a linear nonpermated duplex with intact single strands (4).

D. Lang has redetermined the molecular weight of 029 DNA of electron
+

microscopy and reports a value of 12.3 - 0.4 megadaltons (personal

communication). Rubio et al. (36) calculated the molecular mass of 029 to

6
I

be 18 £1 X 1 0  daltons from sedimentation and diffusion coefficients of

029, the partial specific volume obtained by pycnometry, and the Svedberg

equation. An independent estimate of the molecular weight of 19 +
 1 X 106

daltons was derived from the phosphorous and nitrogen content, and the         
      :

amino acid and nucleotide composition, assuming a DNA molecular weight

of 11 X 106 daltons.

The structural proteins of 029 were examined in detail by the Vinuela

group of Madrid. Mendez et al. (25) demonstrated three head proteins and

showed that the morphological entities named upper and lower collar,

appendages and tail each seemed to contain a single type polypepti
de

resolvable by electrophoresis. Alvarez et al. (2) also resolved seven

structural proteins. Analysis of peptides generated by tryptic digestion

by  Salas   et   al. (37) suggested nonidentity  of  the head fiber  and  the  maj or

capsid protein. The removal of the head fibers from the mature virion

did not alter infectivity. The protein of the DNA-protein complex reported
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i

by Ortin et al. (29) could be an eighth structural protein.

Using profiles generated by tracing the proteins revealed by sodium

dodecylsulfate polyacrylamide gel electrophoresis followed by auto-

radiography we have been unable to revolve the third or minor head protein

from among the proteins of infected cells (5,15) but have observed a

minor band occasionally when we have examined virions purified in CsCl

gradients (unpublished observations). We favor the hypothesis that the

minor head protein might be generated by cleavage of the major head protein,

perhaps nonspecifically. The protein of the DNA-protein complex (29) may

be hidden by the major head protein band, be the third or minor head

protein, or represent a second function of the major head protein.

By using 6-(p-hydroxyphenylazo)-uracil to inhibit host DNA biosynthesis,

viral DNA synthesis was detected at about 12-15 minutes after infection

and continued at a high rate until lysis (24, 44, COO-2084-14). Mutation

in at least two ts cistrons blocks DNA synthesis at restrictive temperature

(44). In the presence of the azopyrimidine inhibitor, sus mutants of two

cistrons were unable to synthesize viral DNA (COO-2084-14) . Mutants  of two

of the eight cistrons identified by McGuire et al. (26) did not synthesize

029 DNA. There is no evidence for a 029-specific DNA polymerase.

Our analysis of 029 DNA transcription was based on preferential

binding of the polynucleotide, polyuridylic-guanylic acid to the intact

complementary strands of denatured 029 DNA (COO-2084-7). This permitted

the separation of the DNA strands in neutral CsCl gradients. We (COO-2084-13)

showed that early mRNA is transcribed from the light 029 DNA strand, and

that infection in the presence of chloramphenicol yields mRNA that forms

hybrids only with the light strand of 029 DNA. After the onset of viral

DNA synthesis, late mRNA is made that will hybridize with the heavy 029

DNA strand. DNA-RNA hybridization-competition experiments indicate the               i

continued synthesis of early mRNA throughout the cycle. Loskutoff et al.

(24) confirmed these results and demonstrated that late mRNA synthesis

was not dependent upon viral DNA synthesis. Loskutoff and Pene (23) used

gel electrophoresis to revolve at least six species of early mRNA, and

these mRNAs reflect about 35% of the coding capacity of the 029 genome.
r

Only one species of early mRNA was absent in chloramphenicol treated

cells. In the typical infection, as viral DNA was being synthesized,
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three species of late mRNA were formed in addition to most species of

early mRNA.

The existence of a 029 soded DNA-dependent RNA polymerase remains

in doubt. Since only early mRNA is formed when cells are infected in

the presence of chloramphenicol, one might expect to find a polymerase

similar to the enzyme reported for T7 (11,24, COO-2084-13). However, all

029 mRNA synthesis is sensitive to the initiation inhibitor rifamycin,

and 029 message is formed in rifamycin resistant host cells in the presence

of the antibiotic (COO-2084-13). The host RNA polymerase of both B. subtilis

and B. amyloliquefaciens has been purified by students of 029 06, 16).

Holland and Whiteley (18) have observed differences in specific activity,             ;

template specificities, stability and sedimentation properties of the

polymerase isolated from 029 infected cells. A 30,000 molecular weight

polypeptide appeared in association with the polymerase early in infection,
and this observation may account for the chloramphenicol sensitivity of

the late mRNA synthesis.

Since 029 infection does not stop host protein synthesis (COO-2084-12),

viral-induced protein synthesis has been studied in ultraviolet-irradiated

cells (9,15, 26, 30). Hawley et al. (15) resolved 23 virus-induced

proteins by SDS polyacrylamide gel electrophoresis and autoradiography.
/ .

Although the results of the three groups are not in complete agreement,

i

there is a consensus that an early and a late set of proteins are synthesized

and that the late proteins consist of the viral structural proteins and

at least three nonstructural proteins. Carrascosa et al. (8) have reported

the in vitro synthesis of 029 early proteins with an Escherichia coli

cell-free system.

The initial genetic study of 029 employed ts mutants and two-factor
-.

crosses for amp construction; 13 cistrons were identified (14). Reilly

et al. (34) placed 133»suppressor-sensitive (sus) mutants in 13 cistrons

and employed three-factor crosses. to assign an unambiguous order for                 '

ten cistrons. McGuire et al. (26) and Reilly et al. (33) have provided

additional genetic data as an adjunct to other studies. Moreno et al. (27)

have employed the ts mutants ot Talavera et al. (44) and a collection of

sus mutants to construct a linear genetic map containing mutants in 17

complementation groups. Ito et al. (19) have generated five fragments

of the 029 genome with the restriction endonuclease EcoRl. Inciarte et al.

have used EcoRl fragments, marker rescue by transfection and cell-free
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protein synthesis to construct a physical map of 029 (personal

communication).

Although our analysis of both the 029 genetic system and the pattern of

029-specific protein synthesis is not completed we can provide an estimate

of the number of 029 cistrons and the number of viral specified

polypeptides that we can detect.

We have examined the patterns of 029-specific protein synthesis
14

after infection by sus mutants under restrictive conditions. The   C-

labeled proteins were resolved and identified by SDS gel electrophoresis

and autoradiography (5, 33). This approach was also employed by McGuire

et al. (26).

We have summarized our image of the time course of protein synthesis

(15) and have preliminary evidence of a prevursor for the early protein

AF and BF (unpublished observation), and since point mutation in cistron 3

results in the loss of both proteins during infection of nonpermissive

cells, we could consider the cistron 3 product a single protein, P3 (5).

We do not know if this cleavage is specific or if the proteins we have

labeled AF and BF can function.

The proteins Al of the supernatant and A2 of the cell pellet (15)

migrate at different rates during electrophoresis. The amount of A2 is

variable but it is always present in the cell pellet, probably associated

with the cell membrane. Both proteins are absent following point                      '

mutation (5). We have observed fragments of these proteins in the                     '

infected nonpermissive host. The fragments of the proteins Al and A2

always partition between the supernatant and the cell pellet and also

migrate at the characteristic differential rates relative to one another /

(unpublished observations). Revertants of cistron 17 mutants synthesize              i

both the Al and A2 proteins. Therefore we could.also consider the product
<                                             1

of cistron 17 to be a single polypeptide P17. The migration of protein

A2 may reflect modification of the protein during function.

We have not identified the polypeptides coded for by cistrons 2,

13 or 14 (mutant susl4(1241)). If we assume that each cistron codes for

a unique polypeptide, and also assume that none of the low-molecular-weight          i

proteins with the exception of LM2 represent cleavage products, we can
estimate the number of 029-specified proteins. If the protein of Ortin

et al. (29) is unique, there may be 25 of these proteins.
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To facilitate our genetic analysis we have recently exchanged mutants

with the Madrid group and have examined the mutants by quantitative

complementation (joint unpublished observations). One ts mutant, ts5(219)- -

(COO-2084-10), represents a cistron that maps between cistrons 4 and 6.

We have defined 17 cistrons by quantitative complementatioh and/or

electrophoresis (5,33).

Mutants of cistrons 2 and 3 are unable to synthesize viral DNA in the

nonpermissive host in the presence of 6-(p-hydroxyphenylazo)-uracil

(COO-2084-16). Under these conditions, sus mutants of cistrons 1, 15 and

17 synthesize substantial but variable amounts of DNA on what appears to

be a random basis. With mutant sus6(626) viral DNA synthesis is delayed,

and the DNA is not synthesized at the wild-type rate or extent. Under

restrictive conditions, these mutants also give small bursts, but again

the burst size is quite variable. This may relfect the need of 029 to

modulate the host biosynthesis that continues.throughout.the latent

period.as demonstrated previously (COO-2084-10) . Talavera et al. (43)

showed that ts mutants in cistrons 2 and 3 were unable to synthesize DNA.

Ivarie and Pene (20) present evidence that the mutation in ts 2(35) (14)

appears to affect a protein that serves to associate viral DNA with the

host cell membrane in the replicating complex. Mutant sus2(628) of the

sus  collection  does not complement mutant 15.2(35).
Point mutation in a series of sus mutant of.cistron 6 results in a

protein profile that lacks proteins LM3 and LM8 (5). Revertants of

sus6(626) synthesize both proteins. We have isolated mutants that

cannot synthesize LM3 and other independent isolates that cannot make

LM8. These mutants can form plaques on the restrictive host. We

conclude that the cistron 6 product may have a regulatory function.

The mutant susl(629) is our only. isolate that cannot synthesize the

proteins LM7 and LM9. Yet we have identified mutants that cannot

synthesize LM7 and others that cannot make LM9. Both types of mutant

make plaques on the restrictive host.

Our current hypothesis regarding the phenotype of the mutants that

cannot synthesize low molecular weight proteins is as follow.. Some· of      
          '

these proteins modulate biosynthesis in the host bacteria. In the absence

of certain proteins, the burst size is reduced. When these mutations 
are

present in certain combinations the burst size is reduced to the extent

that plaques are not visible. We are sure that mutants that cannot synthesize
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the proteins LM3, LMS, LM7, LM8 and LM9, respectively, can form plaques

on the nonpermissive host.

In our initial analysis, mutants of cistron 10 failed to synthesize

the neck collar proteins Cl (P19) and £2 (Pll) (5). The genetic results

of Moreno et al. (27) with their mutants of cistrons 10 and 11 were
interpreted to indicate a strong polarity 'effect of the nonsense supressor

translation of the mRNA transcribed from the collar region of the genome.

We have since isolated a series of mutants that can synthesize the

neck protein P10 but not Pll. These mutants are in cistron 11. We                    :

have confirmed the results of the quantitative complementation

experiments of Moreno et al. (27) using mutants of both collections.

This leads us to the hypothesis that the product of cistron 8 could play             i

a role analogous to that postulated for the cistron 6 product, or that

the cistron 8 phenotype reflects the situation described for cistron 10.

We have reported a precursor-product relationship between the product

of cistron 12, P12, and both the appendage protein Ap and a low-molecular-

weight product, LM2 (5). Infection with a mutant having a clear plague

(c) phenotype, 029c, permits the uncleaved P12 to accumulate (5). We

believe this cleavage is specific because we have demonstrated by in vitro

complementation that the cleaved form of the appendage is functional and

that cleavage of the appendage precursor protein does not occur in situ

on the maturing virus (46). Carrascosa et al. (7) have comfirmed the

relationship of P12 to the'appendage by pulse-chase experiments and by

comparison of peptides obtained from tryptic digests.

If we assume that a separate cistron codes for each low molecular

weight protein with the exception of LM2 and that the major head protein

and the head fiber are also the products of separate cistrons, then our

estimate of total cistrons would be at least 25.

Our data suggest that there may be some functional clustering of

genes in 029. The mutants that cannot synthesize DNA are in the cistron

2 and 3 at the left of our genetic map. The cistrons that are known

to code for structural proteins are centrally located. The cistrons IV,

V and VI defined by McGuire et al. (26) are in the central region of                 :

their genetic map and correspond to our cistrons 9, 10 and 12,

respectively, in the same order. We have presented evidence that
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transcription in this region probably proceeds from cistron 10 itno

cistron 12 (33).

Mutants of cistron 4 synthesize neither protein LM3B nor any protein              '

placed in the late category (5, 15). Our data on heavy DNA strand

transcription leads us to the hypothesis that one function of cistron

4 might be to regulate late transcription.

One of the most striking observations is that two cistrons specifying

proteins of the early I class, cistrons 3 and 17, map at opposite

ends of the genome.

We have estimated that the genome of 029 contains at least 25 cistrons

and that there are probably about 25 viral-specific proteins. These

estimates are reasonable but may be,low.

Our analysis of the temporal sequence of protein synthesis, although

incomplete, is in good agreement with the published transcription data

-            (23, 24, 28, COO-2084-13). Heavy DNA strand transcription begins late in

infection, and mutants in cistron 4 fail to synthesize protein LM3B and all
known proteins of the late class (Table 1). Loskutoff and Pene (23) report

the existence of an early mRNA, not synthesized late in infection, that

has an expected coding capacity of about 95,000 daltons of protein. If

we place protein LM38 in the class early I (Table 1) with AF, BF,

Al and LM6B, the combined molecular weights would approximate 95,000
daltons.

Loskutoff and Pene (24) estimate that the 6 species of early mRNA

account for about 35% of the 029 transcription. We estimate that the early

proteins we detect reflect about 32% of transcription and that the

assigned molecular weights of the 029-specified proteins we resolve is

about 550,000 daltons. This is in excess of 90% of the expected coding

capacity of the genome.

We have demonstrated the presence of a prohead that functions as a

precursor in 029 assembly. In the absence of protein P16, a similar

pa-rticle accumulates. Cells infected by mutants that cannot synthesize

protein P7 contain a fragile, unstable, membrane-associated structure.

In the prohead the protein P7 is present. We believe we have presented

unequivocal evidence that al least two nonstructural proteins, P16 and

P7, play a role in morphogenesis.
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Structural proteins can also have a dual function. For example,

the neck upper collar protein, P10, plays a role in form determination

because only isometric heads are formed in its absence. There may be

other examples, e.g., the protein of cistron 9.

Because of the relatively extensive commitment of the coding capacity

of the 029 genome to the synthesis of structural proteins and morphopoietic
t

factors, we have assumed that 029 must have evolved some compensatory                I

mechanism to increase the complexity of its phenotype.

Proteins may play multiple roles as a result of specific cleavage or

other types of modification during function. We believe we have detected

cleavage of the proteins P3 and P12 as well as a potential modification

of protein Al. We can only speculate as to the functional significance

of these observations in this context.

Since 029 infection was not disruptive of host biosynthesis (COO-2084-12)

and we could detect at least 12 proteins ranging in molecular weight from

17,500 to less than 4,000 daltons following infection, it may be

significant that so few of these proteins were proven to be essential for

the completion of the viral infectious cycle. It will be of interest to

determine just where and how these proteins function and the. affect they

have on the phage burst size.

1
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