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Early function of a temperature-sensitive mutant of staphylophage

44A HJD was examined during the twenty-five-minute period following

infection. Host cell and phage DNA were labeled with C and3H

respectively. DNA was separated into linear and covalently

closed circular (CCC) forms by density-gradient centrifugation.

The host, S. aureus, shows no CCC DNA, and apparently carries no

plasmid. Following infection with wild type phage, CCC DNA forms

occur in tritiated and 1 C DNA fractions 10 to 15 min after infection.

Infection with mutant at permissive temperature also demonstrates

CCC DNA with both labels. Infection with mutant at nonpermissive

temperature produced no CCC DNA during the first 25 min after

infection. The impaired function in this mutant may be a linker

protein.
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INTRODUCTION

Bacteriophages are used both as model viruses and as a funda-

mental tool in biological research. There are several features

of phage-bacterium systems which render them especially useful

as experimental tools compared to other host-virus systems.

Quantitative data is readily obtained by observing virus replica-

tion since the probability of infecting a susceptible host approaches

unity. Also, the infectious particles can be counted simply and

accurately so quantitative data can be obtained from the experimental

results. The bacteria-phage system is amenable to analysis of

chemical, physical and genetic processes during the course of infec-

tion. Most work has been done with the virulent T series phage which

infect Escherichia coli. This is a result of the decision by

early investigators (about 35 years ago), who felt that knowledge

of phage genetics would be most efficiently and completely explored

if the observations were restricted to a limited number of host-

virus systems. A serendipitous discovery of specialized trans-

duction by lamda phage, whose host E. coli K-12 can undergo

conjugation, led to extensive study of this phage system. These

two E. coli systems plus a few Bacillus subtilis and Salmonella

phages comprise the major phage groups whose genetics have been

thoroughly studied.
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Investigations of the genetics of staphylococci have

demonstrated basic differences between these gram positive cocci

and the more commonly studied gram negative bacilli. Since

bacteriophages, like other viruses, are obligate intracellular

parasites, it seems logical to assume that viruses might need to

adapt or accommodate themselves to host functions. If true,

it would be desirable to explore viruses having developed in

different host-cell systems. Therefore, the study of staphylophage

genetics would contribute to our understanding of bacteriophages

by supporting basic principles derived from the study of coliphages

and by showing some important differences. Generalizations based

on coli systems may not be valid for all phage-host relationships;

what little is known of staphylococcal genetics leads one to predict

that this is especially true of the staphylococci.



CHAPTER 1

LITERATURE REVIEW

Virulent Phage Infection

Ellis and Delbruck in 1939 (26) demonstrated the kinetics of

infection by virulent bacteriophages. Following infection the

culture is assayed at regular intervals for phage production. The

first stage, the latent period, is the time from infection to initial

release of total phage. This is followed by a steady increase

in phage numbers, which represents cell lysis and release of progeny

virus, until a constant level is reached. A ratio, consisting of the

number of plaques after the initial rise is completed compared to the

number observed during the latent period, is characteristic of

particular phage-host systems and varies according to bacterial meta-

bolism and temperature.

Individual cell infections were examined by Burnet in

1929 (14). He devised the single-burst experiment, which showed that

individual infected cells had a wide distribution of phage yield.

This was an indication of the complexity of host-phage interreaction.

In 1951 Luria used phage mutation rates to show that replication

of the genetic material is exponential (53). Hershey and Chase (41)

in 1952 showed that only the phage DNA penetrated the cell. The

adsorption of phage to the cell is followed by release of the phage

nucleic acid from its protein coat into the cell.

3
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Doermann in 1952 provided more insights into intracellular

development of phages by causing cells to lyse at different times

during the latent period (21). No infective virus particles were

found for several minutes following infection (the eclipse); then

the numbers increased linearly until cells started lysing spontan-

eously. Studies then turned to identifying the products of phage-

directed synthesis. Kornberg and co-workers in 1959 identified

early enzymes necessary for nucleic acid and protein synthesis (48).

The eclipse is the time during which viral DNA replication occurs,

viral proteins (enzymes and structural proteins) are synthesized

and assembly of mature infective particles begins.

One means of cellular lysis to effect the release of the phage

was demonstrated by Streisinger, et al (84),to be produced by

lysozyme, a lytic enzyme which digests the cell wall from the inside.

Lysis does not require complete phage development but DNA replication

and protein synthesis are necessary for lysis to occur (28,18).

Lysis inhibition of the T-even phages was studied by

Doerman (20),who found that if phage was, adsorbed before the end

of the latent period, lysis was temporarily inhibited.

Temperate Phage Infection (Lysogeny)

Temperate phage produce two types of reactions in a cell, either

virulent or lysogenic. In a virulent response, the phage infects

the cell, produces progeny and is released by lysis. A lysogenic

response is very different. In that case the virus nucleic acid

invades the cell and becomes incorporated, usually as part of the
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chromosome. It is then termed a prophage, and its genetic material is

replicated along with that of the host and is passed from generation

to generation. At some point, either by artificial means or spon-

taneously, the phage can become activated and then proceed through

the usual steps of the virulent cycle (replication and production

of progeny).

Lysogenized bacteria are immune to infection by the phage they

carry; this immunity is due to the action of repressor molecules

coded for by the phage gene (43).

A model for prophage integration into the bacterial genome

was proposed by Campbell (15), who stated that the infecting phage

DNA becomes linearly inserted into the bacterial chromosome. The

genetic map of the prophage therefore is a permutation of the vega-

tative or replicative map because of circularization.

Portions of the bacterial chromosome may be transmitted to

other bacteria by the prophage in a process called transduction.

Temperate phages transmit the portion of the host chromosome located

adjacent to their integration site. This is a specific process called

specialized transduction and occurs only during prophage induction.

During a process called generalized transduction, other phages may

transmit random parts of the chromosome. Generalized transducing

particles are formed during the lytic cycle. Bacteriophage transduction

has been an important mechanism for studying bacterial genetics,

especially in the staphylococci.
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Phage Conversion

The importance of phages in the functioning of the host cell

cannot be overemphasized. The presence of phage DNA in host cells

may result in the acquisition of new properties which are controlled

by the phage genome. This process, called phage conversion, is

particularly important in many organisms, particularly staphylococci,

since it may be associated with the acquisition of virulence factors.

Phage conversion was first noticed by Freeman in 1951,'ir..

Corynebacterium diptheriae (30). He found a correlation between phage

and the bacteria's ability to produce toxin. In 1953 Groman showed

that strains which were lysogenized by prophage beta were toxigenic

and those which had lost the phage were not toxigenic (35),and

therefore nonvirulent. Bacteriophage conversion is responsible for

alterations in somatic antigens in Salmonellawhere lysogenization

by phages E15 and E34 results in altered linkages and added D-glucosyl

units in the polysaccharides of the cell wall (73).

P1asmids

Information about the structure, replication, and function of

plasmids, which are circular extra-chromosomal elements, has enhanced

the study of bacterial and viral genetics and the interaction of all

these genetic elements. Plasmids have been in some ways easier to

study than bacterial chromosomes. They are units which replicate

independently of the bacterial chromosome,and most of those found

in gram negative species can be transmitted from cell to cell by a

process called conjugation, in which the cells physically meet and
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transfer the genetic material of the plasmid across a conjugation

bridge. In staphylococci and perhaps other gram positive species,

plasmid transfer occurs only by transduction.

The origin of plasmids is obscure. Many hypothesize that they

are "breakaway" chromosome fragments. Other possibilities are

that they are: 1) degenerate viruses, 2) leftovers after chromo-

somes evolved by coalescence of plasmids, and 3) independently

evolved, autonomous entities, which serve as an expendable genetic

component during adverse growth conditions.

Methods of assuring stability and autonomy for the plasmid

include: 1) integration into the host chromosome, 2) attachment

to a structural cell component and subsequent division with the

cells, and 3) production of large numbers of copies in the cell

which are apportioned randomly to daughter cells during cellular

division (64).

Plasmid incompatibility is the inability of two plasmids to

coexist stably in the same host cell (65). This phenomenon was

first studied with the F plasmid of Escherichia coli.

It has subsequently been demonstrated that a given pair of plasmids

may or may not coexist stably. Plasmids have thus been classified

into incompatibility groups.

Insertion Sequences

Recent research has indicated that there is much more complexity

than suspected in the composition of cellular genomes. A bacterial

cell may contain many other DNA molecules besides that of its
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chromosome, such as independently replicating circular DNA molecules,

plasmids, prophages,and insertion sequences which can move from

one genetic location to another (transposable elements).

One of the main features of genetic interrelationships in the

cell is the ability of various genetic elements to integrate into

one another. A prophage may be integration-site-specific (0 lambda),

may have many distinct integration sites (0 P2), or may be able

to integrate nearly anywhere (0 Mu) and in so doing interfere

with or alter local gene function (82).

Plasmids also have been found to integrate. Nishimura (60) found

that the F plasmid of E. coli integrates into the chrom-

osome at preferred sites. Integration was sporadic and non-

mutagenic. Prophages can integrate into plasmids (27) and can be

responsible for the integration of plasmids into one another,

into the cell's chromosome, or for the translocation of particular

markers between nonhomologous replicating units (replicons) (24).

Insertion sequences were recognized about ten years agc,when

analysis of the E. coli chromosome revealed some unexpected

pleiotrophic mutations. These were found in genes for enzyme

pathways, were not base substitutions, frame shift or deletion

mutations, and exerted strong polar effects on the expression

of cistrons distal to the operon promoter (12).

Later it was shown that these alterations thought to be mutations

resulted from the insertion of large segments (700 to 1400 base

pairs) of DNA into structural or regulatory genes. These insertions

have been observed in the gal, lac, and ribosomal protein operons
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of E. coli,and in bacteriophages lambda, P1 and P2. Smaller segments

have been identified in Vibrio cholera (13). The bacterial chrom-

osome can contain multiple copies of insertion sequences which are not

located randomly, but at specific sites (13). The sequences can be

linearly inserted in either of two directions (13). The function of

insertion sequences appears to be to act as joints or connectors for

hooking up modules of similar genetic information, such as segments

of DNA coding for antibiotic resistance, replication functions, special

metabolic pathways, and so forth. Thus, different genetic modules

can be rearranged into optimal replicons by joining of DNA segments

at insertion element sites.

Staphylococcal Genetics

The Staphylococcus Chromosome

The genome of E. coli and probable other enterics exists as

a single circular DNA molecule which constitutes a single replicon.

The chromosome of B. subtilis also exists as a single DNA molecule,

and behaves as a continuous linkage group within the boundaries

of the replication origin and terminus. These findings have led

to the generalization that bacteria possess one haploid genetic

linkage group. However, certain discrepancies become apparent from

attempts to map the chromosomes of S. aureus by gene recombination

frequency analysis. The data are inconsistent with the concept of

a single replicon for the entire genome of S. aureus.

The genome(s) of S. aureus has been comparatively difficult

to analyze, because conjugation does not occur and transformation

(the uptake and integration of naked DNA) was not possible until
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recently. Prior genetic studies have involved transduction or

somewhat artificial and unorthodox genetic methods.

In 1967, Altenbern (1) presented evidence that the genome

of S. aureus was composed of two major replicons, one of which was

present in significantly larger numbers than the other during early

log phase growth. His synchronous replication genomic mapping

has indicated that there are many replication origins per chromo-

some during replication. The controlling genes of ribosomal anti-

biotic resistance and also amino acid pathways appear to be distri-

buted at random along the chromosome,although fermentation markers

may be clustered in two regions of the chromosome (2).

In 1969, Altenbern made a survey of genomic maps in six ran-

domly selected strains using a synchronous chromosomal replication

procedure. All exhibited identical gene orders. Using marker

recombination frequency analysis in a later work, he (3) derived

an expanded genomic map with 26 separate loci. Several antibiotic

resistance sites were mapped, including tetracycline, puromycin,

and chloramphenicol, which all mapped together near the origin.

There was no success at mapping the position of deoxyribonuclease,

coagulase, or the hemolysins.

In 1973, Lindberg and Novick commented that knowledge of the

organization of the genome of S. aureus was fragmentary; therefore

they qualified the use of the word chromosome with reference to

S. aureus to mean "the genophore(s) that correspond to the chromosome

in other bacteria" (51).
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Transformation was utilized in 1975 by Pattee and Neveln,who

found that the process requires action of a helper phage for

successful DNA integration into progeny cells (67). They used this

transformation technique to study gene fine structure. Ten loci were

distinguished. One involved novobiocin resistance and nine were

associated with biosynthetic activities. According to their results,

these ten markers comprise three linkage groups. The relationship

between the three groups remains unknown, but their findings

support Altenbern's contention that the genome of S. aureus consists

of more than one linkage group.

Using a series of transformation mapping experiments, Pattee

et al. (68) have identified the location of several different

insertions into the S. aureus chromosome. These include. 1) prophage

0 11, 2) a series of thermosensitive penicillinase plasmids (which

revert to thermostability when inserted), 3) a second type of

penicillinase plasmid, 4) two different insertion sites for a

plasmid fragment, evidently a transposable element, 5) a beta-

lactamase determinant which may also be a transposable element. All

six insertions are located on a short region of the chromosomal

linkage group which contains tetracycline resistance, very close to

the site of that marker. Except for transduction studies of short

linkage segments (67,80,52), all other genetic information on the

staphylococci has been elucidated from studies of plasmids and phages

and the interrelationship of these elements with staphylococcal

chromosomal DNA and other DNA elements like themselves.
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Lysogeny

Lysogeny occurs extensively in the staphylococci. In 1956

Gorill studied staphylococcal phages of the National Collection

of Type Cultures (NCTC, London), and their propagating hosts. All

NCTC staphylococcal strains were found to be lysogenized, often with

more than one phage. Dowell and Rosenblum (22) reported a triply

lysogenized strain of S. aureus which carried a serological group

B phage, which is capable of transduction. They were not able to

demonstrate specialized transduction however. Rountree (75) has

also shown that many strains are multiply lysogenic.

After artificial laboratory lysogenization, some strains become

sensitive to phages to which the parent strain is resistant. This

loss of immunity is apparently due to replacement of an original

prophage by the second phage (33). Rountree and Asheshov (75) showed

that the defective phage is "dislodged" by the lysogenizing phage,

with a concomitant loss of previous immunity and, thus, a gain in

sensitivity to additional typing phages. This is termed prophage

substitution. They also found that double lysogens could be

formed but were not stable. Gorrill had observed that daughter cells

contained only one or the other prophage, and that absence of both was

never observed (34). It appears, then, that prophage substitution

occurs more easily than loss of phage.

Phage Conversion

Bacteriophage conversion occurs in S. aureus. In 1972 Jollick

found that when S. aureus 655 was cured of its prophage, several
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important metabolic functions were changed, including phage sensitivity

pattern, antibiotic sensitivity pattern, colony morphology, and

production or release of extracellular coagulase (45). Jollick

proposed that these effects could be due to loss of a single genetic

determinant which controlled an alteration in the cell envelope.

A prophage may add a new character or cause the loss of an

existing property of the host strain. Winkler and others (89)

reported a lysogenic conversion by group F phages to be associated with

the loss of beta toxin and,concomitantly,a gain of staphylokinase

production. Winkler (89) found that group A phage induced a conversion

in S. aureus strain V4 to increased production of Panton-Valentine

(P-V) leucocidin.

Blair and Carr (8) described a relationship between the

presence of prophage and the production of penicillinase and alpha

toxin. Loss of beta toxin production due to conversion was reported

by DeWaart (19). Clecner and Sonea have shown that lysogenic

conversion could induce the production of delta hemolysin (16). In

1972 Duval-Iflah showed that group III strains lost lipase activity

following conversion (25).

Staphylococcal Plasmids

Plasmids carry two classes of genes. One class determines

plasmid replication and one class directly affects the host. Plasmids

carry resistance to tetracycline, chloramphenicol, kanamycin,

erythromycin (possibly), and penicillin. Methicillin resistance

and enterotoxin B production are suspected to be plasmid genes.
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Some characteristics such as pigment production, coagulase, hemo-

lytic toxins,and fibrinolysin production may be lost irreversibly

from cells (64). Although the mechanisms for such loss are not

understood, one possibility is that the genes are plasmid borne.

Consequently one would expect irreversible loss of the genes if

the plasmid were deleted from the cells.

A penicillinase plasmid of S. aureus with one-third of its

genes identified has been extensively studied. A physical-genetic

map has been constructed using electron microscopy, deletion

mapping,and transductional crosses, which provided recombination

data. The plasmid has a circular duplex DNA molecule of 18.5 mega-

daltons, can code for a polypeptide of at least 25,000 daltons,

and probably has a circular genetic map. There are usually 2-4

copies of the plasmid per cell,and replication time is about

4 min (64).

An acceptable hypothesis for the replication cycle of peni-

cillinase plasmids in S. aureus has been set forth by Novick (63),

who has found that plasmid replication is under strict controls.

The closed circular duplex molecules occupy the cell until an

initiation signal is generated at some specific time in the cycle

of cell division. Initiation involves the introduction of a nick

into one strand under plasmid control. The plasmid then goes

through a series of replicative intermediate stages during which

the closed circular molecules are at least partially relaxed. Polymer-

ization occurs, and results in a molecule which is a mixed dimer

(parent strand and its replica),which is converted to a closed

circular molecule.
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Tetracycline resistance is due to a plasmid genetic deter-

minant (54) which has a molecular weight of 2.66 megadaltons.

It is much smaller than the penicillinase plasmids (MW about

20 megadaltons) and does not carry resistance to other known

antibiotics or to the inorganic ions, as is the case with

penicillinase plasmids. The tetracycline plasmid is very stable

and spontaneous loss is rare. Measurements indicate about 32

copies of the plasmid per cell (64),as contrasted with the

penicillinase plasmid,which has 2-4 copies. Penicillinase plasmid

replication is probably geared to the cell division cycle, but

replication of the tetracycline plasmid is not, and apportionment

of its replicas may be random (64).

Seven plasmid incompatibility groups have been recognized

for S. aureus, which indicates that there is some feature in the

life cycle which limits proliferation of another plasmid. There

are two current hypotheses for plasmid incompatibility. Prevention

of replication of one plasmid in the presence of another may be

due to 1) limitation of a common replication control or 2) exist-

ence of a common attachment site for partitioning into daughter

cells during cell division (66).

In staphylococcal penicillinase plasmids, specificity of

incompatibility groups is designated by a plasmid-linked gene.

Very precise interactions exist between plasmid and host, o that

classification of plasmids into compatibility groups serves as

a measure of relatedness. Those plasmids of known common ancestry
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are always incompatible; genetically related plasmids are often

incompatible; and unrelated ones are never incompatible. In 1963

the replicon-maintenance site hypothesis was proposed to explain

plasmid incompatibility. According to the interpretation presented

by Novick and Brodsky (65), the bacterial cell constructs limited

numbers of membrane attachment sites to which plasmids are attached

permanently, so that in a plasmid-occupied cell, no free sites are

available to entering elements of the same incompatibility set.

Unattached plasmids cannot replicate; so an entering plasmid must

reside unreplicated until it chances onto a free site, at which

time it may attach and replicate normally. The attachment system

may be the prokaryotic equivalent of the mitotic spindle. Novick

and Brodsky (65), while not supporting or denying the hypothesis

that plasmid maintenance, including replication, incolves attachment to

structural cell components, confidently state that attachment to

or competition for a membrane maintenance site cannot be responsible

for establishment and incompatibility.

Staphylococcal Bacteriophages

Staphylococcal phages are a diverse group which differ in

morphological form, virulence, and other properties. Staphylococcal

phages were classified into six serological groups by Rountree (75).

She found relationships between serological grouping, stability, and
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range of strains lysed, while growth characteristics and plaque

size were less distinctly related.

In 1956 Rippon (71) provided a classification scheme based

on serology and host range. She presented three broad divisions

based on host range and serology. These were 1) phages of

restricted host range lysing only coagulase positive staphylococci,

2) polyvalent phages lysing many coagulase positive strains and

a few coagulase negative strains, and 3) four additional serolo-

gical groups.

There are seven serological groups of the phages which lyse

coagulase positive strains: A,B,C,D,F,L, and G. Of these, groups

B, F, and L phages are similar morphologically, but each of the other

groups has distinct morphology. The group G phages resemble the

salmonella phage P22, in their reduced tail structure, but are much

smaller. Phage 44A HJD was described by Blair and Bynoe in 1958 (7)

as a variant of the group B typing phage 44A. It was placed in

the serologic group G,since its morphology and buoyant density were

similar to phages 66 and 68 (74). Speculations about the origin

of phage 44A HJD include mutation or defective lysogen which became

recombined with the group B phage, 44A.

Role of Phage in Regulation of Host Genetic Mechanisms

Staphylococcal phages 11, 83A, and others from serological

group B,when present as prophage or when used as helper phage,

induce competence for transfection and transformation (87) in

S. aureus strain 8325-4, a strain cured of prophages (62).

Competence is defined as the ability of bacteria to adsorb and
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integrate DNA from phage or related bacteria. Using temperature

sensitive (ts) mutants, Sjostrom and Philipson (80) showed that

an early gene of 0 11 was responsible for induction of competence

both in the prophage state and during superinfection.

Transduction of plasmids by generalized transducing phages

was used to study genetic control of chromosomal and plasmid recomb-

ination by Wyman, et al.(90). They demonstrated that interplasmid

recombination occured during vegetative bacteriophage growth and

was presumably mediated by a phage-determined recombination system.

Whether or not this phage can also mediate chromosomal recombination

is unknown.

A determinant of erythromycin resistance was found by Novick

and Bouanchaud (64) to be able to exist as an independent plasmid,

but portions of the segment identified as an insertion element

could be chromosomal. Such sequences as the erythromycin resistance

segment, the "competence factor" which responds to the early gene

protein of 0 11 and the phage-determined recombination system

of Wyman appear to constitute a phage reservoir of genome-modifying

potential.

Staphylococcal Phage 44A HJD

The group G phage 44A HJD is so named because of its origin as

a derivative of the group B typing phage, 44A,at the Hospital of Joint

Diseases located in Canada (7). The group G phages are generally
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virulent, not temperate (71). Phage 44A HJD produces a large

plaque,which ranges in size from 1.5 to 3.0 mm and has a broad

lytic spectrum. The genome is double-stranded DNA,with a molecular

weight of 12 megadaltons (Dimitri Lang, personal communication).

An estimate of 15 to 20 genes has been made, based on comparison

of the molecular weight to calculations for the number of T4 phage

genes.

Temperature sensitive mutants were isolated by intracellular

treatment with nitrosoguanidine (39). Complementation spot tests

at 40 C, the nonpermissive temperature, revealed five groups in

which 15 mutants could be placed. Plating efficiency of the

mutants at the nonpermissive temperature is 10-5 or greater, although

two complementation groups expressed a greater degree of leakiness

than the others. Two of the complementation groups were identified

as early functions and four were shown to be late functions, by a

permissive pulse analysis. The growth cycle of the parent phage

(Table 1) is 100 min at 30 C and 45 min at 40 C. Average burst

sizes are 400 and 75 respectively (38).

Recombination data (an average of three crosses for each pair of

mutants) is compatible only with a circular map (40). The map

order of mutants corresponds to the time of gene expression as

measured by the pulse test. A circular map of six loci of phage

44A HJD has been proposed (38).
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TABLE 1

PHAGE 44A HJD GROWTH CYCLE

Temperature

30C 37 C 40C 40C*

Latent Period**
(Beginning of rise) 60 55 35-40 30

Total Cycle**
(End of rise) 90-100 70 45-55 50

Average Burst Size
(single burst method) 400 ND 75 177

* 0.04M CaCl2 added to TSB
** min

The circular genetic .map of the phage 44A HJD chromosome and

its lack of transducing.and ljsogenizing abil ity (40) suggest

that physiochemical studies of its DNA may provide further insights

into the genetic mechanisms involved in the production of circular

maps in staphylococci. If the generalizations of Thomas, Levine,

and Uetake (86) are correct and universal, these findings predict

that the DNA of phage 44A HJD is a collection of circularly permuted,

terminally repetitious molecules lacking cohesive ends, and that

.,s,.. 
-



after circularization of the phage DNA, replication proceeds by the

formation of concatemers.

An early-functioning mutant, ts 182 isolated by Harris (38),

was selected for study of replication of phage 44A HJD. A permissive

pulse analysis of ts 182 shows the time of function of the defective

gene product of 44A HJD,as illustrated in Figure 1 (38). Permissive

pulse analysis shows the effect of a 5-min permissive temperature

pulse on the average burst size, which was compared to the level of

phage production in a control culture maintained at 40 C. Samples of

infected cells at 40 C (growth tube) were subjected to sequential

5-min pulses of permissive temperature during the lytic cycle. The

growth tube remained at 40 C throughout the experiment. Samples were

removed at 5-min intervals and diluted into pulse tubes at 30 C.

The 30 C pulse was for 5-min, after which the tube was placed at 40 C

for the duration of the experiment. Ten sequential pulses were

performed, the last being 55 to 60 min afterinfection. The pulse

tubes were sampled for total phage production by plating at 30 C.

The product of mutant 182 was found to be utilized early, since

the highest burst occured when the first pulse was given. Adsorption

of the mutant proceeds normally because the infectious centers

survived treatment with antiserum,which would inactivate any unadsorbed

phage.

These studies were undertaken to investigate the function of

this early gene. The method for studying configuration of DNA was

the cesium chloride-ethidium bromide (CsCl-EB) density gradient



Fig. 1 Permissive pulse analysis of mutant 182. Following
phage adsorption at 37 C, samples of culture were removed from 40 C
incubation, subjected to 5 min permissive temperature (30 C) pulse
and returned to 40 C for completion of growth cycle. After
completion of the growth cycle (60 min) each pulsed sample was
assayed for infectious centers. Average burst was greatest when
permissive pulse was 10-15 min post infection. Control culture
remained at 40 C and was assayed at various intervals. No
appreciable rise occured.
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centrifugation method as described by Novick and Bouanchaud (64), and

sucrose density gradient centrifugation to illustrate chromosomal and

plasmid DNA. At the time these studies were undertaken, Minshew and

Rosenblum (59), and Rubin and Rosenblum (76) had used these methods

to investigate closed circular and linear DNA. Ubelaker and Rosenblum

in late 1977 (88) showed replicative forms in the lysogenic phage

52 HJD by use of this method.



CHAPTER II

MATERIALS AND METHODS

Media and Organisms

Media

Trypticase soy agar (TSA) (Difco) was used for maintenance of

bacterial cultures, as plating medium for all experiments and as

the bottom layer of the soft agar overlay method for bacteriophage

assay and propagation. Soft agar used for bacteriophage overlays

(2.0 ml amounts) contained 0.7% (w/v) agar in tryptic soy broth

(TSB) (Difco). TSB was used as diluent and growth medium for bacterial

cells. Tritiated thymidine (Schwartz-Mann, Spec. act. 49 Ci/mmole)

was added to TSB in labeling experiments. Chloramphenicol (40xg/ml),

prepared the day of use, was added to TSB for some growth experiments.

Bacteria

Staphylococcal phage propagating strain (P.S.) 44A HJD was obtained

from the stock culture collection of the Department of Microbiology,

the University of Texas Southwestern Medical School. Bacterial

cultures for experiments were maintained on TSA slants stored at 4 C

and transferred to fresh media every two months. Log phase host cells

for growth experiments and bacteriophage assays were grown 3-4 hours

in TSB at 37 C in a shaking water bath (American Optical). These

cultures had been inoculated with organisms from overnight slants

as will be described.

25
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Bacteriophage

Bacteriophage 44A HJD (7) was obtained from the stock culture

collection of Southwestern Medical School. Temperature-sensitive

(ts) mutant 182 was obtained from the parent strain 44A HJD by

nitrosoguanidine mutagenesis and replica-plating at the nonpermissive

temperature, 40 C (38).

Bacteriophage stocks were prepared from single plaque isolates

by the soft agar overlay procedure (8,85),and stored in TSB at 4 C for

routine use. In this overlay method, 0.1 ml phage or infected cells

and 0.1 ml S. aureus indicator cells are added to molten soft agar tubes

maintained at 42 C in a stationary water bath. The tube is swirled

between the palms to mix contents, :which are poured onto a petri plate

(freshly poured) containing 20 ml TSA as a bottom layer.

The phage are harvested by using a specially constructed tri-

angular glass rod rake to scrape up the soft agar overlay. This is

deposited in a centrifuge tube, the bottom agar layer is washed with

5 ml TSB and added to the tube. The agar harvest is spun at 10,000 rpm

for 20 min in a refrigerated centrifuge. The supernatant, which

contains the phage, is filtered through Nalgene filters (0.45 microns)

and stored at 4 C for routine use.

Bacteriophage assays were performed by plating appropriate

dilutions with the agar overlay methods. Rabbit antiserum used to

neutralize phage activity was previously prepared in the laboratory

by procedures cited by Harris (38). Plates prepared in this manner

were incubated overnight at 30 C for propagation of parental phage

44A HJD and ts mutant 182.
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Bacteriophage Methods

Preliminary Bacteriophage Labeling Experiments

An overnight TSA slant of S. aureus P.S. 44A HJD cells

was washed with 2.0 ml of TSB. An inoculum of 0.1 ml was added

to 5 ml TSB and incubated to log phase at 37 C for 3 hr in a

shaking water bath. Host cells from all experiments were obtained

in this way.

Tritiated thymidine (3H-thymidine) was added and the incubation

continued for one hr. Cells were then washed three times for

5 min each in 10 ml TSB and resuspended in TSB to original volume.

Samples of 0.1 ml were counted in 10 ml PCS (Amersham-Searle) for 20

min in a Beckman scintillation counter, using the wide range 3H

isoset and 2% error setting. Host cells labeled in this manner

were used for initial phage infection in soft agar overlays as

follows.

Wild type or ts 182 phage 44A HJD was added to labeled cells

in TSB at a multiplicity of infection (MOI) of 5. Phage were allowed

to adsorb with gentle shaking for 5 min at 30 C. A ten-fold

dilution into a 1:50 TSB dilution of antiphage serum was made to

inactivate unadsorbed phage. The infected cells were then plated,

using the soft agar overlay method,and incubated overnight at 37 C.

Phage-infected cells in TSB and 3H-thymidine were allowed to grow

for various time periods in various experiments before plating.

After harvesting, samples of the phage were counted in 5 ml PCS.
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Electron Microscopy of Mature Phage DNA

Phage were prepared by propagation in the host strain in soft

agar overlay and then spun at 30,000 rpm in a Beckman L5-65

centrifuge for one hr. For negative staining of the whole virus

particle, the pellet was resuspended in 1 ml Tris buffer. Phos-

photungstic acid in 0.4% sucrose was mixed in equal proportions

with the phage and spread on copper grids coated with colloidon

and carbon.

To visualize the DNA as it exists inside the phage head,

Kleinschmidt's monolayer spreading technique for electron micro-

scopy of DNA was attempted (32). The one-step release procedure

was used, in which the nucleic acid of the virus was extracted

and adsorbed to a monolayer simultaneously. This was done by

mixing the virus with a high salt solution containing cytochrome C,

a protein which forms a surface monolayer. The virus was allowed

to flow down a ramp into a low salt solution which osmotically

shocks the virus so that the DNA is ejected and adheres to the protein

monolayer (46). Electron micrographs of phage and the DNA prepar-

ations were not satisfactory, probably due to technical difficulties

in focusing the electron microscope,which became inoperable

shortly therafter.

Phage Growth Experiments

Log phase cells were infected with ts 182 at a MOI of 5 at

30 C and allowed to adsorb for 5 min. Free phage were neutralized

by dilution into a 1:50 serum dilution for 5 additional min.
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Following phage neutralization3 the culture was split into three

samples by a 1:10 dilution. One sample incubated at 40 C, one at

30 C, and one at 30 C in 40/g/ml chloramphenicol (CAM). These

cultures were sampled at 15-min intervals to 60 min after infection,

and plated at 30 C to assay for total phage production. The 40-C

samples were also plated at 40 C to determine the number of reversions

to wild type,expressed as efficiency of plating (EOP) at 40 C.

Host DNA Labeling and Density Centrifugation

Tritiated thymidine (final concentration 5yCi/ml) was added

to log phase cells of S. aureus and incubated in a 37 C shaking

water bath for three hr. Cells were centrifuged at 3000 rpm

(International Clinical Centrifuge-Model CL) for 5 min and washed

three times with 10 ml TSB. A 0.1-ml sample of each wash was

removed to 5 ml PCS. Counts (5 min) were obtained, using a Packard

Tri-Carb-Model 3255 scintillation counter.

Labeled cells were resuspended in 1.8 ml Tris-HCl buffer,

pH 7.4, 0.05 M. Then 0.2 ml lysostaphin was added (Schwartz-Mann,

Spec. act. 966 units/mg, 10 units/ml) to give a final concentration

of 1 unit/ml. The cells were then shaken for 15-min in a 37-C water

bath. The resulting protoplasts were lysed under conditions of

minimal shear with 1.5 volumes of a mixture of Brij 58 (1%),

Desoxycholate (0.04%), and EDTA (0.3M, pH 8.0).

The lysate was spun for 15-min at 49,000 rpm in a Beckman Model

L5-65 refrigerated centrifuge with a fixed-angle rotor (model 50 Ti)
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to pellet the unbroken cells, protoplasts, membranes, and at

least 95% of the cellular DNA. The supernate contained a small

amount of fragmented chromosomal DNA and at least half or more of the

extrachromosomal DNA in the cell (17). To 3.4 ml supernatant was

added 4.4 ml saturated cesium chloride with refractive index

of 1.4185,as measured by a Bausch-Lomb refractometer. Ethidium

bromide (EB) was added to obtain a final concentration of 100fg/ml.

The ethidium bromide binds less to the covalently closed circular (CCC)

DNA than to the other forms,such as linear or open circular,and as

a result,the CCC DNA is denser.

Tubes were spun at 42,000 rpm at 4 C for 40 hr,using a Type

50 Ti fixed-angle rotor in a Beckman model L5-65 centrifuge. Using

a specially constructed drop collector, twenty-drop fractions (0.3 ml)

were collected. An aliquot of 0.1 ml from each fraction was dropped

onto Whatman 2.4-cm filter paper. This was then dried, washed twice

in cold 5% TCA, then twice in 95% ethanol, and dried according to

the method of Bollum (9). Samples were counted 5 min in 5 ml PCS,

1% error, wide tritium setting, auto-standard.

Counts were plotted on a graph, with the vertical axis as counts

per min and the horizontal axis as fraction number.

Double-label Isolation of Bacterial and Viral DNA

As shown in Figure 2, log phase S. aureus cells were suspended in

TSB and grown for 90-min at 37-C. To this was added 0.5 ml 2-14C-thymidine

(Spec. act. 60 mCi/mmole, Amersham-Searle) for final concentration

of 0.25frCi/ml. Cells were at 37 C for 90 min. The cells were



Fig. 2 Labeling procedure. Labeling of host cell and phage
DNA was accomplished using 14 C-thymidine and H-thymidine respectively.
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washed three times with 10 ml TSB, resuspended in 11.4 ml TSB,

and 0.6 ml 3H-thymidine was added, final concentration 5 ,.Ci/ml.

Immediately, 0.1 ml of 44A HJD phage, wild type or mutant, titer 1011

was added. These were allowed to adsorb for 5 min at 30 C, and incu-

bation was continued at 30 C or 40 C. Aliquots of two ml were removed

at intervals from 5 to 25 min, each sample was placed on ice, and

cells were washed three times with cold TSB. The samples were then

processed for CsCl-EB gradient centrifugation, as previously described

for labeling cells and illustrated in Figure 3.



Fig. 3 DNA isolation and separation. DNA was separated into
linear and closed circular DNA forms by CsCl-EB isopycnic density
gradient centrifugation. Fractions were collected and assayed
in a liquid scintillation counter.
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CHAPTER III

RESULTS

Preliminary Bacteriophage Labeling Experiments

Phage were added to cells previously tritium-labeled in broth

and grown in agar overlay after various growth times in broth.

This method was repeated several times with no appreciable labeling

of the phage, even though the cell label had been in the range of

i03 cpm. After the seventh attempt, labeled phage yielding 102 cpm

were obtained.

These 3H-labeled phage were then used to infect unlabeled cells,

and after various time intervals DNA was extracted, following

treatment of the infected cells with lysostaphin. The extracted

DNA was separated by cesium chloride-ethidium bromide density gradient

centrifugation. No appreciable 3H label was detected in any fractions

collected from the density gradient centrifugation.

Electron Microscopy of Phage DNA

Osmotically released mature phage DNA was prepared on protein

coated grids as previously described. Visualization of phage

DNA was not possible, due to malfunction of the electron microscope.

It was impossible to obtain well focused specimen photos. As a

result, the quality of the phage DNA preparation was unknown. This

experiment was not repeated.
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Fig. 4 One-step growth curve of ts mutant 182.
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Phage Growth Experiments

Figure 4 illustrates the results of one-step growth curves of

ts 182 grown at 40 C, 30 C, and 30C plus CAM. Infected cells were

sampled at various time intervals and plated at 30 C. Data in

Figure 4 demonstrate that rescue of this mutant can occur up to

30 min after infection; that is, after growth at 40 C for 30 min.

After 45 min growth at the nonpermissive temperature, the progeny

produced are unable to initiate a second round of infection at either

temperature. The plating efficiency of ts 182 at 40 C was 4X 10-5,

and the plaques were much smaller than wild type.

Chloramphenicol was added to cells infected with ts 182 in

an attempt to establish a method for halting replication, so that the

manipulations of cell wall damage, cell lysis, and DNA extraction

could proceed without concomitant phage or cell replication. At

this concentration, chloramphenical apparently prevented phage

replication, because no increase in phage was noted after 10 min.

The level of total infectious centers remained stable, while mutant

phage held at 40 C declined steadily from 30 min after infection.

Mutant phage grown at permissive temperature entered the rise period

after 30 min.

Host Cell Labeling and DNA Density Gradient Centrifugation

The host bacterium, S. aureus, was examined for extrachromosomal

covalently closed circular (CCC) DNA by density gradient centrifugation.

Presence of CCC DNA would indicate the presence of a plasmid. Since,

in many cases in other systems, phage DNA has been shown to circularize

prior to replication, it was important to differentiate between phage
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CCC DNA and host cell plasmids. A CsCl-EB dye-buoyant density grad-

ient was performed on uninfected 3H-thymidine labeled cells. Only

one peak of material, representing linear chromosomal DNA, was present,

as seen in Figure 5a.

Wild-type phage were used to infect 
14C labeled host cells in the

presence of 3H-thymidine, and samples were removed at 5, 10, 15, 20, and

25 min, and subjected to density gradient centrifugation, fractionation,

and counting in a scintillation counter. One large peak is seen in each

sample, representing the less dense linear chromosomal DNA. In the

15-min sample, a denser, smaller peak is observed. This second peak

represents DNA found in a CCC form. It contains both the 14C and 3H

labels (figure 5m b-f).

The second set of composite graphs (figure 6 represents infection

of the host cells with mutant 182 phage at the permissive temperature

of 30 C. Samples were taken at 5, 10, 12.5, 15, 20, and 25 min. There

is a single large peak at each time period, representing linear or

fragmented DNA. A second denser peak is seen beginning at 10 min

(figure 6b). This dense peak is seen in both the 
14C and 3H labels

and appears to be transient, although shoulders are seen at other time

periods (figure 6, c-d-e), and a dense peak is found in the 14C label

at 25 min (figure 6f).

Host cells were infected with the same temperature-sensitive mutant,

ts 182, then grown at the nonpermissive temperature of 40 C for the

twenty-five-min time period, during which samples were taken as described

above. The results are shown in Figure 7. The linear DNA peak is seen

at each sample time, but no second, denser peaks representing CCC DNA



Fig. 5 Configuration of DNAs of host cell (a) and parental phage
44A HJD. CsCl-EB buoyant density gradients of 3H-thymidine and/or
14 C-thymidine labeled DNA isolated from uninfected and phage
infected S. aureus P.S. 44A HJD. The 14C label is represented as
squares and the 3H label as circles. Phage infection samples (b-f)
were made at 5, 10, 15, 20, and 25 min.
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Fig. 6 Configuration of DNA of mutant 182 at 30 C. CsCl-EB
dye-buoyant density gradients of DNA from cells infected with
ts mutant 182. Samples were removed at 5, 10, 12.5, 15, 20, 25
min (a-f), centrifuged and assayed for radioactivity.
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Fig. 7 Configuration of DNA of mutant 182 at 40 C. CsC1-EB
dye-buoyant density gradients of DNA from cells infected with
ts mutant 182 at the nonpermissive temperature of 40 C. Samples
were taken at intervals of 5, 10, 12.5, 15, 20, 25 min (a-f),
centrifuged and assayed for radioactivity.
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are apparent. The last graph, representing the twenty-five-min

sample,shows various apparently random peaks in the 14C-thymidine

label (figure 7f). This is probably due to fragmenting of the

bacterial DNA, possibly because of long exposure to the 40-C temp-

erature.



CHAPTER IV

DISCUSSION

Phage 44A has previously been shown to have a circular genetic

map(38). A circular genetic map for staphylococcal phage 0 11, a temper-

ate phage, was conclusively demonstrated by three-factor crosses in the

laboratory of Kretschmer and Egan (49). Circular maps have been shown

for two other generalized transducing phages, salmonella phage P22 (11)

and E34 (42), and for virulent coliphages T2 and T4. Relating DNA struc-

ture to phage function, it is possible that cirularization of DNA is a pre-

requisite to establishment of lysogeny by P22 (10). Not all generalized

transducing phage neccessarily have circular genetic maps. For example, a

linear genetic map has been demonstrated for the generalized transducing

phage T1 (23) and other virulent phages such as T3, T5  and T7. Phage 44A

does not transduce or lysogenize its normal host and a large number of

other strains, and therefore is presumably virulent (38).

A series of experiments was conducted to determine whether this phage

also has a circular physical structure at least at some time in its repli-

cation cycle. The configuration of phage DNA during the first 25 min after

infection with both wild type and an early functioning mutant was examined,

using radioisotope labels and CsCl-EB dye-buoyant density-gradient centri-

fugation. Techniques are available to incorporate isotopically labeled

nucleic acids such as thymidine into the cell for tracing of the DNA,

to lyse the cells enzymatically in order to release DNA, and also

48
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to separate the DNA according to its molecular forms by density

gradient centrifugation.

Staphylococcus aureus cells incorporate exogenous thymidine, but

not thymine, into DNA. Efficient incorporation has been obtained

with thymidine-independent strains in CY broth, a complex medium

with 1% yeast extract. Thus S. aureuselike E. coli, has an

inducible thymidine phosphorylase system. The thymidine uptake

lag is short (less than or equal to 15 sec at 37 C),and

labeling is terminated within one min after addition of excess

"cold" nucleoside (79).

The enzyme lysostaphin contains a peptidase that lyses the

pentaglycine bridge in the staphylococcal cell wall. Incubation

with 1 unit of enzyme per ml of cell suspension for 10 to 15

min in a hypertonic Tris buffer completely solubilizes the cell

wall of many strains (70).

The physical and chemical properties of CCC DNA or circular

DNA with one or more single strand "scissions" are different.

These differences include resistance to denaturation, sedimentation

velocity in neutral and alkaline solution, and buoyant density

in alkaline solution. All of these properties are enhanced in

CCC DNA. The third property was developed by Vinograd et al. (69)

to differentiate between types of DNA mentioned previously.

The binding of ethidium bromide dye by CCC (closed circular)

DNA causes an increase in the free energy of formation of the

DNA-dye complex. Therefore, the maximum amount of dye bound by

the closed molecule is smaller than that bound by the linear or
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nicked circle molecule. Since the buoyant density of the DNA-

dye complex is inversely related to the amount of dye bound, the

buoyant density of the CCC DNA is greater than that of linear or

nicked circular DNA, and thus segregates out as a denser band.

This dye-buoyant density method separates only closed circular

duplexes. Molecules with even one single strand scission migrate

to the less dense band and intermingle with the usually large

excess of linear DNA (69).

Using these techniques, the first approach to the problem

of tracing the phage DNA after infection of the cell was to

prelabel the bacterial cell DNA with 3H-thymidine. Then the host

cell was infected with phage to determine whether the phage

would take up label from the bacterial chromosome in constructing

its replicas. The labeled phage would then be used to infect

unlabeled host cells and the fate of the phage DNA could be detected.

Only a low level of labeling was obtained after many trials, so

this method was discontinued. This finding is consistent with the

hypothesis that the phage does not break down and utilize host

chromosome material for DNA synthesis. Ubelaker and Rosenblum (88)

also found that 0 52 HJD did not utilize host chromosome for DNA

synthesis.

To determine whether the DNA inside the phage head was linear

or circular, electron micrographs were attempted of DNA released

from the phage head according to the method of Kleinschmidt (46).

Technical difficulties with the only available electron microscope
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resulted in inadequate pictures, and forced postponement of

this experiment.

The study of phages similar to phage 44A HJD can yield

information which could be useful for comparisons. A phage

of B. subtilis, 0 29, has some characteristics in common with

0 44A HJD, such as being very small, and virulent, and containing

double-stranded DNA. Phage 29 has nonpermuted DNA with a molec-

ular weight of 11 megadaltons. The molecule is in a closed form

within the phage head; the ends are attached by a specific

protein (5). The phage has an elaborate structure,and at least

60% of its genetic information is devoted to synthesis of seven

structural proteins (58).

Gene expression was investigated by McGuire et al. (56), using

54 suppressable mutants assigned to 8 complementation groups.

He found that the association of 0 29 chromosomes with the cell

membrane is required for viral DNA synthesis, and that synthesis is

brought about by at least one early phage-directed protein, the

product of cistron 2. Nonpermissive bacteria infected with phages

carrying a specific mutation in cistron 3 do not produce viral DNA,,

although the phage chromosome attaches normally to the cell

membrane (56).

Cistron 2 produces a product (protein p2) which is required

for associating phage DNA with the bacterial membrane. McGuire

et al,. (57) suggest that this protein (p2) operates as a linker

of phage chromosomes to the membrane,and that the protein p3,
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a product of cistron 3, participates directly in the initiation or

polymerization of viral DNA molecules.

Replication studies were conducted by Ubelaker and Rosenblum

on a temperate staphylophage 52 HJD (88). Parental phage DNA

is mainly linear ,although circularization occurs very early in the

infection cycle as reported for P22 (12), phage lambda (91),

and T4 (6).

After forming a circle, phage DNA can enter either of two

replicative pathways. In the sigma type, shown for lambda (77),

P22 (10), T2 and T4 (29), T5 (83), and T (86), linear concatenated

intermediates are formed by a rolling circle mechanism (31). Mature

phage DNA is cut from these intermediates. The alternative method

is the theta-type pathway demonstrated by SV 40 (44), mitochondria (72),

and plasmids (79). This involves generation of open circle (OC)

and CCC DNA,and has been recorded for phage lambda when it is

perpetuated in a plasmid state (55), and for a Haemophilus influenza

phage (61).

Ubelaker and Rosenblum (88) have claimed a theta-type repli-

cative pathway for phage 52 HJD, since CCC, OC, and linear forms of

the phage DNA were demonstrated. Also, they found that infection

with phage 52HJD caused a repression of chromosomal replication,

no conversion of bacterial DNA into phage DNAand no measurable

breakdown of host chromosome into phage-size or smaller pieces.

This contrasts with the virulent phages such as T4 (47) and virulent

mutants of the temperate P1 kc phage (37), which degrade host DNA.



53

Host chromosomal replication also is not shut down by infection of

B. subtilis with 0 29.

As previously stated, 0 44A HJD DNA synthesis does not utilize

bacterial DNA and therefore apparently does not break down host DNA.

The DNA configuration data shown in Figures 5, 6, and 7 seem to

indicate that host cell DNA synthesis is not inhibited by infection

with 0 44A HJD,because of the appearance of the CCC form in the

14C label and the increase seen in the amount of 14C label following

infection with the wild type phage (figure 5b and c). In this

respect,phage 44A HJD behaves like 0 29.

Linear and OC DNA peaks tend to broaden at the base in some

of the experiments, especially those at 40 C (figure 7). This

is attributable to shearing of the DNA. Radloff et al.obtained

buoyant density profiles of DNA prepared from extracts of whole

HeLa cells (67) which showed differences between preparations

which were purposely sheared and those in which shear was minimized.

The sheared DNA presented a peak with shoulders and a very broad

base spread over a large number of fractions,and several relatively

small peaks after the main one. The nonsheared DNA produced a narrow

peak.

Shoulders were observed on the DNA peaks in Figure 7. Similar

shoulders were reported by Sheehy and Novick (79). In their

experiments, S. aureus cells were labeled for two hours with '4 C-thymidine,

followed by a three-min pulse with 3H-thymidine. A fraction of the

pulse label remained as a shoulder on the descending side of the
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peak, a characteristic not only of the pulse label but also of

the 14C label. This phenomenon was not further explained.

The data in this study confirm the early function of mutant

ts 182 (figure 4). The DNA of the phage has been shown by others

to be linear inside the phage head (Dimitri Lang, personal commun-

ication). It is proposed that once inside the cell, the phage

DNA forms a circle which is represented by the tritium-labeled

heavy CCC DNA. The data (figures 5 and 6) illustrate the formation

of CCC DNA between 10 and 15 min after infection by wild type and

mutant virus at the permissive temperature. In addition, it is

hypothesized that the phage somehow causes a segment of the chrom-

osomal DNA bounded by insertion elements to '"jump off" the chrom-

osome and circularize.

The fact that no CCC forms are seen during 25 min following

infection with the mutant at the nonpermissive temperature supports

the hypothesis that the mutant function of ts 182 is a protein

required for circularization. Although these data do not provide

evidence concerning whether the function involves attachment to

the host cell membrane, the data do support the concept of a protein

linker for circularization. Since the protein function occurs very

early, it is further proposed that the linker is present in the

phage head. The relationship between this and the reported linear

head DNA is unclear.

Results in other laboratories using different phage-host systems

support the hypothesis of a phage-coded protein which has genome-

modifying potential. Although all these results do not point
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directly to an early phage protein, they may all be explained by

this model, an early functioning protein which is necessary for

DNA circularization and subsequent replication, and which activates

and circularizes chromosomal segments bounded by insertion elements.

For example, the widespread phenomenon of prophage substitution

requires activation of the excision of the former prophage. The

excision process itself may be another functional mechanism and

is not part of the model of the linker protein.

The evidence of Sjostrom and Philipson (81) that an early

gene of 0 11 is required for induction of competence for transfor-

mation also fits the model of an activator which stimulates random

insertion elements.

Finally the phage-mediated stimulation of interplasmid recom-

bination by the generalized transducing phages utilized by Wyman

et al.(90) can also be explained by this model.

The one discrepancy in these examples and the model for

0 44A HJD is the fact that all of the above (prophage substitution,

0 11, and Wyman system) are temperate phages. Phage 44A HJD is

virulent. On the other hand, 0 44A HJD was derived from 044A,which

belongs to the group B phages that are capable of transduction and

lysogeny. Also 0 29, the B. subtilis phage, which is similar to

0 44A HJD, is virulent and has been demonstrated to have an early-

functioning gene-linker protein. It may also be pertinent that

even though virulent, neither 0 29 or 0 44A HJD appears to inhibit

host DNA replication. No studies of 0 29 infection have addressed

the question of activation of the circularization of host cell DNA.
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It could be that in both these virulent phages,a mechanism utilized

by lysogenic progenitors has been genetically preserved. This

may be especially true, due to the extremely small size of the genome

of 0 44A HJD and 0 29.

The working of the linker protein can be visualized by the

attachment of the circularized phage genome to the membrane repli-

cation site by the protein. This attachment might simultaneously

free a chromosomal segment to circularize. The linker protein

would be analogous to the cistron 2 product of 0 29 (36).

Future experiments suggested by this study include sucrose-

density gradients of the heavy peaks obtained from cesium chloride

gradients. Sucrose gradients will not differentiate between

DNA in a circular duplex configuration and linear or open-circle

forms. Fragments of chromosomal DNA are polydisperse and would not

be expected to show any definite peak. For this reason, the sucrose

gradient is performed on previously separated DNA from cesium chloride

gradients. Sucrose profiles of pooled heavy peak fractions from

cesium chloride density gradients in double-label experiments will

show whether viral DNA contains only the postinfection tritium label,

and if this is so,then probably little or no conversion of bacterial

DNA into viral DNA occurs during the lytic cycle. Sucrose separation

would also demonstrate whether bacterial DNA synthesis continues,as

suspected from the tritium-labeled material shown in Figure 7.

EM photomicrographs of the phage DNA as it exists in the phage

head and of CCC DNA from the cesium chloride and sucrose density
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gradients would provide additional evidence of circularization.

Resolution by electrophoresis of the linker protein postulated to

occur in the phage head would clarify the very early function of

the protein and confirm (or deny) its presence in the head.

Treatment of the host cells with a replication inhibitor might

yield additional information concerning the function of the

proposed linker protein. HPUra (6(p-Hydroxyphenylazo)-uracil

selectively inhibits the growth of gram positive bacteria by

inhibiting the semiconservative replication of DNA. Schachtele

et al. used S. aureus to determine whether HPUra can distinguish

bacterial and phage DNA replication (78). Their results varied

as to the particular phage used. They found that HPUra does not

inhibit replication of 44A HJD, but does inhibit replication of

P11-M15, a clear plaque mutant of the temperate phage P11. The

reasons for the differential inhibition among viral and host DNA

syntheses are unknown, but may relate to a difference between

virulent and temperate replication mechanisms (or linear concatenate

versus theta pathways). They concluded that phage 44A HJD does not

utilize the chromosomal replication mechanism. Data obtained in

these studies of the early function of 0 44A HJD support their

conclusion.

In summary, the early function of a temperature-sensitive mutant

of a virulent staphylophage was examined by means of a double-

radioactive labeling of the host and phage DNA and separation by

cesium chloride-ethidium bromide density gradient centrifugation.
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The mutant function was confirmed to be early in the replication cycle,

and the data support the hypothesis that the mutant function involves

a protein linker. The protein may be responsible for circularizing

the phage DNA and also a transposon from the bacterial chromosome.
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