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Abstract

BIOCHEMICAL AND GENETIC ANALYSIS OF A

DEFECTIVE BACILLUS SUBTILIS PHAGE, PBSX

The defective phage PBSX produced by Bacillus
subtilis 168 is non-infectious for any known host. A
possible source of its defective nature had been the sug-
gested scattering of its genes at three distant chromo-
somal locations, near the purA, purB and metC markers.

To investigate this possibility, genetic and biochemical
studies were performed on both newly and previously iso-
lated B. subtilis mutants having lesions in PBSX genes.

Of the three newly isolated B. subtilis mutants with
mutations in PBSX genes, one was a PBSX regulatory
mutant and the others capsid mutants. The capsid
mutants synthesized all of the seven proteins identi-
fied as the PBSX structural proteins as well as an eighth
protein coinduced with PBSX structural proteins but
absent in the mature phage. The PBSX specific proteins
of the mutants, however, exhibited abnormal serological
reactivity with anti-PBSX antiserum. In the mutant in
which tails are not assembled (xtl-3), two proteins pre-
viously identified as tail proteins were not immunopre-
cipitable and a possible tail protein precursor remained
uncleaved. In the mutant which failed to assemble heads
(xhd) both of the proteins previously identified as the

PBSX head proteins were missing from immunoprecipitates.




In the regulatory mutant (xin), PBSX was not induced by
either ultraviolet irradiation or exposure to mitomycin
C. The mutation was specific for PBSX as ¢$105 and SPO2
lysogens of the mutant were inducible. All known PBSX
specific mutations were mapped close to and to the left
of metC, implying a single site for PBSX genes.

Evidence against the two other locations implicated
as sites of PBSX genes is also presented. The site near
purB was suggested by the adjacent location of a muta-
tion responsible for the temperature sensitive induction
of PBSX. However, it was shown that this mutation is
not specific for PBSX and is probably a cellular muta-
tion. The other site for PBSX genes, near purA, was
suggested by the multiple replications of this region
during mitomycin C induction of PBSX. Marker frequency
analysis revealed that in cells carrying wild type PBSX,
both metC and purA were replicated many fold during
mitomycin C treatment, while in similarly treated cells
non-inducible for PBSX, purA continued to be replicated
independently of PBSX induction. Furthermore, replication
of the metC marker in the apparent absence of prophage
excision suggests that PBSX replicates in situ.

PBSX was also used to investigate the source of
cross-links found in cellular DNA. One suggested source
had been the mechanical shear forces acting on large DNA

molecules during DNA isolation procedures. However,



chromosomal DNA packaged into PBSX heads which had been
cleaved intracellularly to a size no longer susceptible

to shear induced cross-linking was found to contain cross-
links, eliminating this hypothesis. Evidence against
another possible source of cross-links, the recombination
pathway, is the finding that in B. subtilis strains
carrying all known Rec type mutations normal amounts of

cross-linked DHA were found.
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PART 1

STRUCTURAL AND GENETIC ANALYSIS OF THE
Baciuus suetiils DEFECTIVE PHAGE PBSX

13
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CEAPTER I
INTHRODIICYT TOK

Diverse animal amd bacterial species contain virus
specific gemetic imformeticn which does not lead to the
formatiom of imfectioms wiral particles either because of
defects in the viral gemome itself or because of the mon-
pPermissive nature of the host cells (Garro and Marmur,
1970; Beubmer and Todere, 1%4%). In bacteria, the pre-
sence of these determimarts has been recognmized by the
ability of cells to produce phage—-like particles which con-
tain some or all of tihe mormal phage components but which
lack infectivity. These defective phages have been
detectad primaerily by electrom microscopy and by the bac-
teriocidal actiwvity cofter associated with them.

The defective phages have been grouped into three clas-
ses on the basis of their structural organization and DNA
content (Garro and Marmur, 137¢). The first of these con-
sists of phage-like particles comtaining random fragments
of chromosomal DA and imcludes the defective phages PBSX,
PBSY,and PBESZ prodoced by Bacillus subtilis and the phage

PBLB produoced yw Bacillws licheniformis. The second

class comsists of particles that contain phage specific
DNA almost exclusively amid includes cne of the defective
B. licheniformis pheages PELA as well as the phage ¢15A

produced by derivatives of Escherichia coli straim 15.




13

This class also includes a plasmid, P158B, vhich shows 90%
homology to the DNA of the temperate E. coli phage PIl,
but has never been shown to code for phage structumral
proteins. The third and most commonly chserved class of
defective phages consists of particles that have the
structural characteristics of phage tails and may not
contain any DNA.

The defective B. subtilis phages PBSX, PBSY and PBSZI are
produced by strains 168, S-31 and W23 respectively. They
are morphologically similar but can be differemtiated
from one another by the density of the particles (Subbaiah
et al., 1965), the number of cross striations in their
tails (Rima and Steensma, 1971) and the 5" termimi of
the DNA found in phage heads (Huang and Marmur, 1970a).

They can also be differentiated by their killimg spectrum,
each phage being able to absorb to and kill B. subtilis
cells other than its producer strain {Subbaiah et al., 1965).

Interestingly, B. licheniformis, a species with only

limited genetic homology to B. subtilis, produces a

defective phage, PBLB, which closely resembles PBSX im

its morphology and killing spectrum (Huang and Marmmr, 1970b).
Of the B. subtilis defective phages PBSX has been the most
extensively studied phage and has served as a model im
understanding the biochemistry of class I defective phages.

PBSX has appeared in the literature under the followimg
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designations: a (Eiserling, 1964), u (Ionesco et al., 1964),
"phage-like particles” (Stickler et al., 1965), GA2 (Azizbekyan
et al., 1966; Bradley, 1965), and PBSH (Haas and Yoshikawa,
1969a). The molecular weight of PBSH DNA estimated by
sedimentation analysis of the native molecule was greater

than that of PBSX DNA, implying non-identity between the

two phages. However, when other technigques to determine

DNA molecular weight were used, similar values were obtained
for both phages (Haas and Yoshikawa, 1969a).

Structurally, PBSX is characterized by an unusually
small head attached by a narrow connector to a long
contractile tail having both a base plate and tail fibers
(Eiserling, 1964). The conclusion that the DNA im PBSX
particles consists exclusively of fragments of chromosomal
DNA was based on several lines of evidence. First, the
inability, in early studies (Okamoto et al., 1968a) to detect
preferential replication of a unique DNA species during
induction of PBSX implicated the bacterial chromosome as
being the source of the DNA packaged into phage particles.
Secondly, the DNA isolated from PBSX had a buayant density
identical to its host's DNA and also showed strong sequence
homology to it by DNA-DNA hybridization (Seaman et al., 1964).
Finally, the DNA isolated from PBSX was shown by a trans-
formation assay to contain genetic markers from all regions
of the host chromosome (Haas and Yoshikawa, 1969b; Okamoto

et al., 1968a; Seaman et al., 1964). The exclusive
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packaging of host DNA is mot unigue to PBSX. It also
occurs during replicatiom of the DNA viruses polyoma and
SV40 (pseudovirion formatiom; Aposhian, 1974) and in the
production of the gemeralized tramsducing particles of
bacteriophages SP10 (Okubo et al., 1963), PBSl (Yamagishi
and Takahashi, 1968) and P22 (Ebel-Tsipis et al., 1972).
Unlike the generalized tramsducing phages, however, PBSX
is not active in tramsduction probably because it is
unable to inject its DNA (Okamoto et al., 1968a). This
defect may be related to the observed backward contraction
of the tail sheath away from the head.

Because the defective phages are non-infectious they
must be propagated as prophages, either inserted into the
host chromosome or existimng extrachromosomally as plasmids.
In the few cases which have been examined, most evidence
points to a chromosomal site for defective phage genetic
determinants. In the case of PBSX a tail gene had been
localized adjacent to the host metC marker (Garro et al.,
1970). Similarly germetic determimants for pyocin R, a
class I1I defective phage, have been mapped near the

Pseudomonas aeruglinosa wmker (Rageyama, 1970a, b).

Furthermore, cells carrying class IIX defective phages
cannot be cured by agemts kmowm to eliminate plasmids
(Clark-Walker, 1969; Kageyama et al., 1964; Traub, 1972)
and plasmids have not been detected consistently in cells
producing the class II defective phage ¢15A (Ikeda et al.,

1970). The E. coli plasmid P15B is the only known case of
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defective phage existing extrachromosomally. However, this
is not surprising, considering that this plasmid is

related to the temperate phage Pl which also forms an
extrachrorosomal prophage (Ikeda et al., 1970).

Expression of PBSX determinants appear to be controlled
by the same general type of repressor mediated negative
control mechanism necessary for the maintenance of the
prophage state in infectious phages such as A. Both
infectious and defective phages are produced in low lewvels
spontaneously but host cells can be induced to produce
higher levels by similar physical or chemical means.

PBSX has been successfully induced by agents that damage
DNA and/or interfere with its synthesis. These incluode
the antibiotic mitomycin C (MC) and ultraviolet light
(UV) (Eiserling, 1964; Seaman et al., 1964), thvmine
starvation (Brabander, 1963; Subbaiah, Unpublished Results),
S-bromodeoxyuridine (Boice, Unpublished Results; Subbaiah,
Unpublished Results), naladixic acid (Subbaiah et al.,
1964) , hydrogen peroxide (Stickler et al., 1965) amd
4-nitroquinoline-l-oxide (Hirokawa and Kallubar, 1563).
The mechanism by which such treatments inactivate prophage
repressors or interfere with their activity has not yet
been clearly defined. Work with A indicates that these
agents initiate a sequence of events which includes

repair of DNA damage utilizing enzymes of the Rec patiway
(Fuerst and Simonvitch, 1965) and the elaboration of a

factor (s) capable of inactivating the repressor proteim
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in vitro (Johnston and Echols, 1972). One step in the
process appears to involve a derivative of adenine other
than C-AMP or ATP (Kirby et al., 1967; Ruff et al., 1971).

Induction by direct thermal inactivation of a tem-
perature sensitive repressor is well documented among
infectious temperate phages (Calendar, 1970). However, to
date, instances of thermally inducible PBSX have not been
definitively traced to an alteration in the phage genes
controlling repression. Yoshikawa and Haas (1968) isolated
a B. subtilis mutant in which PBSH but not SP02 was induced
by high temperature. However, subsequent analysis indi-
cated that this phenotype involved a defect in membrane
biosynthesis leading to cell lysis which was mistakenly
taken as an indication of PBSH induction. Another mutation
leading to the thermal inducibility of PBSX was mapped near
the purB marker by Siegal and Marmur (1969). Though SP02
was also induced at the non-permissive temperature, the
mutation was presumed to be in the PBSX repressor gene
because it could be transformed to the wild type phenotype
only by DNA isolated from B. subtilis 168 which carries the
homologous prophage. However, evidence will be presented
here that this mutation is not in a PBSX prophage gene.
Among the other classes of defective phage, the only
documented case of a temperature inducible phage occurs in
a Ps. aeruginosa mutant producing R type pyocin (Ikeda et
al., 1964). However, because induction appears to be

mediated by inhibition of DNA synthesis at high temperature
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(Liu et al., 1969), it is also unlikely that this mutation
is located in a prophage gene.

Induction of PBSX has been associated with an alteration
in the pattern of cellular chromosome replication. Haas
and Yoshikawa (1969b) showed that in MC treated B. subtilis
168 cells, the origin proximal region of the host
chromosome undergoes multiple cycles of replication
increasing the number of copies of origin proximal markers
in the cells. As no evidence was found for the autonomous
replication of DNA the size of PBSX DNA (22s or 8.3 x 106
molecular weight) early in induction , Haas and Yoshikawa
suggested that if PBSX genes were located near the origin
of chromosome replication the multiple reinitiations which
occur in this region would provide a mechanism for PBSX
replication during induction. They interpreted the unusual
renaturation and biophysical properties of DNA derived
from the chromosomal origin as support for this hypo-
thetical location for PBSX genes (Haas and Yoshikawa,
1969c). However, the authors left open the possibility
that autonomcus replication of PBSX sized DNA may have
occurred simultanecusly with multiforked replication but
could not be detected by their experimental procedure.

There is also evidence which indicates that DNA
replication is not needed for PBSX production. Both Seaman
et al. (1964) and Ckamoto et al. (1968) demonstrated almost
normal production of PBSX in the presence of a potent

inhibitor of DNA synthesis, fluorodeoxyuridine. Further
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evidence that little or mo INA swmthesis is required for the
production of PBSX is that the orly cheervalle effect of
producing PBSX during restrictad ISA replication (mediated

by thymime starvation) is that a2 graater thar mormal propor—
tion of PBSX DNA is of pre-indeoctiom origim (Haas and Yoshikawa,
1969b) . A similar phenomensr 1z foumdE i the case of

colicin B in which replicatiom of its ceding element is not

a mecessary event for cclicin mroducticor (Brxwsmann and

Clowes, 1971).

A second chramosomal svext aSSoClitesd with PBESX
induction invclwves the bhreakdowm of chromesomal DNA into
uniform sized fragmemts whichk are packaged ixto PBSX heads.
Following MC treatment, upr to 3% of the Most chromosame is
fragmented into umiform 225 sized pieces hawimg unigque 5°'
nucleotide terwini, dTWF and ICAP (Boarng and Marmux, 1970b;
Okamoto et al., 1968b}. Though the time of appearance
and the amount of both this fragmemtatior activwity and PBSX
killinmg activity in induoced cells are almost idestical,
it is mot knowm whether the snzyme resporsible for frag—
mentation is a phage or z host peme prodoct. ALL 22s
fragments generated during inductiom appesr iz phage heads
suggesting that the cutting and packagimg mechanism are
intimately associated. This association sugeests & model for
the PBSX packaging mecharizs similar to the hesdfwl model
proposed by Streisinger et 2l. (13%7) for the packaging
of T4 DNA. Accordimg to this wodel, the formation of
uniform phage sized fragmenmts from high molecwlar weight
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DNA is accomplished by a mechanism in which the size of the

DNA is determined by the volume of the phage head.

That the DNA found in PBSX comsists of randam
fragments of chromosomal DNA was suggested by the observae—
tion that linkage distances between host markers are
preserved in PBSX DNA (Siegel and NMammr, 126%). Omne
consequence of such a random packaging mechanmism is that
the relative frequency of markers in PEBSX DEA will reflect
the frequency of these markers in cellular DN at the time
that it is packaged into phage heads. However, recemtly,
Boice (Unpublished Results) has presented evidemce for the
preferential packaging of DNA presumably derived from the
origin of replication. When inducing PBSX by germinating
spores in the presence of bramouracil, Boice foumd that
90% of PBSX DNA was bifilarily labeled (#H) while omly
67% of the DNA in the supernatant of the cell lvsate was
similarly labeled. The preferentially imcorporated DNE w&s
presumed to be derived from the chromosomal origim becanse
growth in the presence of bromouracil causes multiforked
initiations of this region. However, since germinatimng
spores are known to extrude DNA (Boremsteim amnd Ephrat i-
Elizur, 1969; Ephrati-Elizur, 13%8), objection to the work
may be raised on the grounds that the INA imn the super-
natant probably included DNA from uninduced cells which
appeared to make up a significant proportiomn of the cells

in these cultures. This DNA which probably has a different
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distribution of bromouracil than that of induced cells,
will skew the real distribution of bromouracil in DNA that
has been accessible to PBSX packaging.

Although the production of PBSX is lethal to the cell,
the PBSX prophage may serve an important cellular function.
This is indicated by the apparent inability to cure B.
subtilis 168 cells of PBSX. Although several cases of
cured B. subtilis 168 cells have been reported, none
appear to be truly cured of PBSX. Seaman et al. (1964)
isolated a B. subtilis strain believed cured of PBSX by
dint of its newly acquired sensitivity to PBSX killing.
Subsequently, however, this strain was shown to be a W23
contaminant (A. Garro, Unpublished Results). Recently
Ephrati-Elizur et al. (1974) reported a B. subtilis strain
insensitive to the inducing effects of MC. However, as
numerous as yet unexplored mechanisms could underlie this
phenotype, there is little reason to conclude that the
strain is cured of PBSX.

PBSX may serve a beneficial function to the cell by
eliminating ecologically competitive bacterial strains
through its bacteriocin-like ability to kill a small
group of related bacterial strains. As PBSX is unable to
inject its DNA, the inhibition of cellular macromolecular
synthesis (DNA, RNA and protein) responsible for cell death

appears to be mediated from the cell surface. Studies with
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gyvocim R (Raziro and Tanaka, 1965) indicate that inhibition
of macromolecular synthesis is not a secondary effect of
imkhiritiom of cellular energy metabolism as occurs in the
case of colicins E and K, but rather a primary effect of
absorption of the defective phage. Similar effects occur
durizg absorption of T4 ghosts to E. coli cells and the
ecsuing cell death is believed to occur through absorption
mediated allosteric changes in cellular membrane proteins
witich imhibit essential membrane functions (Duckworth, 1970).
A similar mechanism may underlie the killing activity of
defective phages explaining their almost simultaneous and
immediate effect on DNA and protein synthesis (Okamoto et al.,
1%¢3a) and oz cell permeability (Kageyama et al., 1964).

™he ability of PBSX to absorb to a cell is determined
by the specificity of the cell surface receptor. Glaser
et al., 1%¢6 demonstrated that the chemical nature of the
teichoic acids im the B. subtilis cell wall affects PBSX
absorption; however whether teichoic acids form the
actual receptor or whether the teichoic acid molecules on
the cell surface comtrel the availability and the activity
of the true bindimg site remains uncertain (Young, 1967).
There are several kmown instances in which a prophage can
z2ffect the specificity of cell wall polymers (Jonasson
et al., 1969; Robbims and Uchida, 1962). It has been
soggested that such lyscgenic conversions may underlie the
absorption and killimg spectrum of the closely related
B. subtilis defective phages (Subbaiah et al., 1965) as
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well as their inability to absord to their producer strains.
A further prerequisite for absorption may involve the
physiological state of the tail sheath. Iz the case of
the pyocin R particle that is morphologically similar te
the PBSX tail, it has been demonstrated that particles
having contracted sheaths are incapable of absorbing to
sensitive cells (Higerd et al., 1%7; Coetzee et al., 1968).
There is little actual information on the nature and
origin of naturally occurring defective phages. HRowever,
because the ubiguity of the phenomenon suggests that
defective phages play a role in normal cell physiolegy and
because of possible analogies between defective phages and
partially derepressed viral genetic determinants invelved in
oncogenesis, the defective phages merit better understanding.
Only in the case of PBSX has sufficient bicchemical and
genetic data been accumulated to suggest a possible cause
for its defective nature. Various pieces of evidence
suggested that PBSX genes were scattered at distant sites
along the B. subtilis 168 chromosome. The only definitive
localization of PBSX genes was by genetic mapping of a tail
gene near the chromosomal metC marker (Garrec et al., 1970).
However, the presence of phage genes near purB vas suggested
by the adjacent location of the previocusly discussed
mutation causing the thermal inducibility of both PBSX
and SPO2 and another site for PBSX genes near the chromosomal

origin marker purA was suggested by the multiple replicatioas
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of the origin proximal region occurring during MC induction
of PBSX (Figure 1). If PBSX genes were scattered, all
segments of PBSX specific DNA may not be derepressed
during induction unless under regulon or cascade type
control and certainly, phage specific DNA could not be
excised as a unit.

The work to be described here was undertaken to
determine if PBSX genes are indeed scattered. The task of
definitively positioning PBSX genes was first approached
by a transcriptional mapping technique in which the hybridi-
zability of PBSX specific mRNA to fragments of chromosomal
DNA carrying gene clusters derived from various parts of
the chromosome was to be determined. Though PBSX specific
mRNA could be isolated, due to technical difficulties the
approach was abandoned in favor of biochemical and genetic
analysis of both newly and previously isolated bacterial

mutants having presumed prophage mutations.
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Figure 1

B. subtilis genetic map. Adapted from Young and

Wilson (1972) and Hara and Yoshikawa (1973). The

arrows indicate suggested sites of PBSX prophage genes.
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CHAPTER 1II

MATERIALS AND METHODS

A. Bacterial and Phage Strains

The bacterial strains used are listed in Table 1. All
strains except W23 are B. subtilis 168 derivatives and are
lysogenic for PBSX. W23 is a PBSZ lysogen, sensitive to
PBSX killing activity. Phage $105 and the clear plaqgue
mutant ¢105c4 were obtained from L. Rutberg; SPO2, SPO2cC
and SP8* from J. Marmur; SPOl, 822, SPl0, »1 and $E from

E. Hemphill and TSPl from W.C. MacDonald.

B. Media

All minimal media contained Spizizen's salts
(Anagnostopoulos and Spizizen, 1961) plus 0.5% glucose
and 25 ug/ml aspartic and glutamic acids. Required amino
acids were added to a final concentration of 50 ug/ml,
purines and pyrimidines to 100 :g/ml and agar (Difco) to
a concentration of 2%. In KS medium the basic minimal
medium was supplemented with 0.1% Difco yeast extract;
NaS is identical to KS except 6.07 g NaHIPO‘ and 11.36 g
Na2HPO4 are substituted for their respective potassium
salts. CH-min is the basic minimal medium plus 0.05%

casamino acids and 10~°

M anlz. VY nutrient broth con-
sists of 2.5% Veal Infusion plus 0.5% Yeast Extract in dis-
tilled water. TBAB plates (Difco Tryptose Blood Agar Base)
were used for routine maintenance of cultures and for

colony counts.




Strain

GB

GB

GB

GB

GB

GB

GB

GB

GB

GB

GB

GB

BD

BD

BD

BD

BD

BD

BD

BD

BR

1

19
21
23
26
34
64
75

159

219

1001

1323

71

170
191
193
194
224
239
246

95

TABLE 1

BACTERIAL STRAINS

Progertiesa

hisa,

trpC

xtl-lb, metC, pyraA

metC

metC, leuA

trpC, metB, recA
sacP, trpC

argC, metC, pyrA
xinP, metc, pyra
pheA, ilvC, trpC, xtl-3
pheA, ilvC, trpC, xin
leuvA, metB, tsi-23
pheA, ilvC, trpC, xhd
argC, hisA, pyrA
trpC, thr

trpC, thr, recB

trpC, thr, rechD

trpC, thr, recaA

trpC, thr, reck

trpC, thr, recC

trpC, thr, recG

pheA, ilvC, trpC
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Source

E.

D.

P.

P.

Nester

Dubnau
Comstock

Thurm
Anagnostopoulos
Dedonder

Thurm

Thurm

mutagenized deri-
vative of BR 33

mutagenized deri-
vative of BR 93

E.

Siegel

mutagenized deri-
vative of BR %35

D.

D.

Dubnau
Dubnau
Dubnau
Dubnau
Dubnau
Dubnau
Dubnau
Dubnau

Rutberg



TABLE 1

(CONTINUED)
Strain Progertiesa
44A0 xtl-1
MU8U5Ul6 purA, leuA, metB
W 23 str , pBSX®

Source
K. Bott
N. Sueoka

Spontaneous
Strf mutant

axtl, PBSX marker leading to loss of bacteriocidal
activity; xin, PBSX marker leading to noninducibility

of PBSX; xhd, PBSX marker leading to formation of defec-

tive heads; PBSXS, killed by PBSX; str, resistant to

5 mg/ml streptomycin sulfate.

b

phenotype.

PBSX markers were introduced into strain GB64 by
transformation at saturating DNA concentrations selecting
argc+ transformants and then assaying for the PBSX mutant
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The overlay plates used to assay PBSX killing activity
consisted of 2.5 ml of the top agar described by Okubo and
Romig (1963) seeded with a streptomycin resistant strain of
W23, layered on CH-min plates. Both layers contained 3 mg/ml
streptomycin sulfate. Similar plates, seeded instead with
a streptomycin resistant 44A0 strain were used for ¢105
plague assays. Overlay plates of tryptone broth plus lO-ZM
!lgso4 were used for SP8*, SPOl, B22, SP10, ¢1 and ¢E plaque
assays while overlay plate of Difco Brain Heart Infusion

were used to assay TSPL.

C. Chemicals, Radicactive Materials and Enzymes

Mitomycin C (MC) was purchased from Hakko Kogyo Co. Ltd.
Stock solutions were prepared every two weeks and stored in
the dark at 4°C. Nitrosoguanidine (N-methyl-N'nitro-N-
nitrosoguanidine) was obtained from Aldrich Chemicals
{(Cedar Knolls, N.J.), hydroxyapatite from Biorad Laboratories
{(Rockville Centre, X.Y.), spleen phosphodiesterase and
micrococcal muclease from Worthington Biochemical Corporation

(Freehold, N.J.) and 1%

C amino acid mix (0.1 m Ci/ml) and
3H thymidine @nethy1-33. 10-15 Ci/m mole) from New England

Nuclear (Bostom, Mass.).

D. Antisera

Anti-PBSX amtiserum was prepared by immunizing rabbits
with CsCl purified PBSX (500 ug phage protein/ml) in complete
Freund's adjuvant. The rabbits received four toe pad

injections cnce a week for four weeks and were bled one
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week after the final innoculations. Sheep antiserum to

rabbit vy globulin was generously donated by B.F. Erlanger.

E. Preparation of PBSX

Throughout the procedures to be described, cells were
grown at 37°C with vigorous aeration and culture densities
monitored with a Kiett-Summerson colorimeter equipped with
a No. 66 red filter. Ome Klett unit is approximately

6

eguivalent to 1 x 10 cfu/ml.

1. Induction and Labeling

B. subtilis 168 cells were grown in VY to early
exponential phase (23-25 Klett units) and MC was added to
a final concentration of 0.4 pg/ml. Thirty minutes later
the cells were harvested and resuspended in an equal volume
of prewarmed KS supplemented with 0.4 ug/ml MC and 1.5 uc/ml
14C amino acid mix. After 120 min of additional incubation
the culture had lysed. The lysate was incubated for 30 min
at 37°C with 1 ng/ml of both pancreatic deoxyribonuclease
and pancreatic ribonuclease and made 0.5 M with respect to
NaCl before removal of cell debris by low speed centrifugation

{10 min at 7,000 revs/min in a Sorvall SS$-34 or GSA rotor).

2. Concentration anmd Purification

PBSX particles were concentrated by polyethylene
glycol precipitatiorn and purified in CsCl step gradients
as described by Yamomoto et al. (1970). The phage band,

identified by its density of 1.375 g/cm>, was dialyzed
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2 3

against TMK (10 “ M Tris-HCl, 5 x 10 ° M MgCl,, 0.3 M KCl,

2'
pH 7.2). For further purification, the phage was rebanded
in a CsCl gradientof 1375 g/cm3 average density, centrifuged
for 48 hr at 35,000 revs/min in a Spinco type 50 rotor and

then dialyzed against TMK.

3. 1Isolation of PBSX DNA

DNA was isolated from purified PBSX particles by

the method described by Okamoto et al. (1968a).

F. Mutagenesis

BR 95 cells were mutagenized by a modification of a
procedure described by Adelberg et al. (1965). Cells grown
in VY to a density of 100 Klett units were resuspended in an
equal volume of Spizizen salts adjusted to pH 6.0 and
incubated for 10 min at 37Cwith 100 pug/ml nitrosoguanidine.
After thorough washing, the culture was grown in VY to
stationary phase to allow cell division and sejregatiorn of

mutant genotypes before plating on TBAB.

G. Screening of Mutants

Single colonies were inoculated into 1 ml VY and grown
overnight to stationary phase. Ten ul of these cultures
were inoculated into 1 ml VY which contained 250 ug/ml
deoxyadenosine and 8 uCi/ml 3H thymidine to label the
bacterial DNA which would be packaged by the phage during
induction. The cultures were grown until the cells in each

tube reached a visually estimated density of 25 Klett units
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(approximately 2-3 hr). MC was added to a final concentra-
tion of 0.5 ug/ml and incubation was continued for 3 hours.
Clones potentially defective for PBSX gene functions
were identified by monitoring the MC induced cultures for

three phage associated activities: cell lysis, PBSX
mediated killing of B. subtilis W23 and packaging of
chromosomal DNA into PBSX heads. Clones defective for
PBSX induced cellular lysis (Lys ) were identified by
sustained high turbidity of the culture at 3 hours post

induction. In cultures of MC treated cells carrying wild

type PBSX turbidity normally increases for only 90 min but
then falls rapidly as the cells lyse. Clones defective for
the production of PBSX killing activity (Kil ) were identified
by the inability of the induced culture to cause a zone of
clearing on a lawn seeded with sensitive W23 cells. The

loss of killing activity is associated with defects in the
PBSX tail. Chromosomal DNA packaged into intact PBSX heads
was found to be resistant to degradation by nucleases.

Mutants defective for PBSX head formation were expected to

be found among those clones which failed to protect (Prt )

38 labeled chromosomal DNA from exogenously added nucleases.
To detect such clones lysates were treated with 100 ug/ml
lysozyme for 30 min at 37°C, then adjusted to 0.1 M Tris,

3

5x 10 M caCl,, pH 7.6 and incubated for 45 min at 37°C with

10 ug/ml spleen phosphodiesterase and 10 ug/ml micrococcal
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nuclease. The percent protection was calculated from the
ratio of acid insoluble counts, measured by the method of

Li and Felmly (1973), after and before nuclease treatment.
The Prt phenotype was ascribed to lysates which afforded
less than 40% protection. This is the average amount of
bacterial DNA packaged into PBSX particles. Kil ™ cells

also exhibited the Prt phenotype probably because defective

tails allow nuclease to penetrate otherwise normal heads.

H. SDS Polyacrylamide Gel Electrophoresis

1. Preparation of Samples and Immunoprecipitation

0.2 Ml aliquots of cells, grown and MC induced in

14C amino acid mix.

either KS or NaS were pulse labeled with
In samples taken for direct analysis by electrophoresis,
the pulse was terminated by 2 volumes of cold 0.02 M NaN3
and immediately centrifuged (15 min, 5,000 revs/min in a
Sorvall SS34 rotor). The pelleted cells were lysed by a

30 min incubation in 20 ul of a 0.02 M NaN3 solution con-
taining 5 mg/ml lysozyme, followed by the addition of

20 ul double strength cracking buffer (0.05 M Tris-HC1,

pd €.8, 1% SDS, 1% mercaptoethanol, 0.002 M EDTA, 10%
glycerol). To prepare samples for immunoprecipitation,

the pulse was terminated by a 30 min incubation in an equal
volume of 500 ug/ml lysozyme, 0.02 M NaN3. The lysate was
incubated first with anti-PBSX antiserum for 60 min at

37°C and then with sheep anti-rabbit yglobulin for 60 min

at 37°C. After overnight incubation at 4°C the immuno-
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precipitates were washed with cold 0.9% saline and dissolved
in cracking buffer. All samples were placed in boiling

water for 3 min and cooled before being applied to the gel.

2. Electrophoresis

Samples were analyzed on slab gels as described
by Studier (1973) using the discontinuous buffer system
of Laemmli (1970). In the immunoprecipitated sample only
1-3 pl of the dissolved precipitate was placed in each
slot to avoid distortion of the bands by excessive im-
munoglobulins. Kodak no-screen X-ray film was used for
autoradiography of dried gels. The pattern of grain
densities converted into absorbence was recorded on a

Canalco microdensitometer.

I. Transduction and Transformation

Preparation of competent cells and transformation were
carried out as described by Rudner and Remeza (1973).
Preparation of PBSl transducing lysates and transductions

were carried out as described by Dubnau et al. (1967).

J. Isolation of DNA

DNA from exponentially growing cultures was isolated
by the method described by Okamoto et al. (1968a). Spore
DNA was isolated from BR95 spores which had been germinated
for two hours in the presence of 100 .:g/ml chloramphenicol
and then heated for 10 min at 60°C (Yoshikawa, 1963).

The germinated spores were lysed with 1 mg/ml lysozyme
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for 30 min at 37°C. 1% Sodium lauryl sulfate was added

and the procedure for cellular DNA followed.

K. Genetic Mapping

PBS1 transducing lysates were used to mediate three
factor genetic crosses. Since it is not possible to select
directly for PBSX markers, primary selection was for the more
origin proximal auxotrophic marker argC or for metC. Prior
to scoring for unselected markers, prototrophic transductants
were purified by streaking them on appropriately supplemented

selective plates.

L. UV Killing Assay

To minimize the proportion of cells growing in chains,
cultures were grown in CH-min media to a cell density of
25 Klett units. Cells, transferred to an equivalent volume
of Spizizen salts in a Petri dish, were aerated by a
magnetic spinbar and irradiated in a darkened room with an
8 watt G.E. Germicidal lamp at an approximate dose rate of
25 ergs/mmz/sec. Samples were taken at intervals during
the irradiation and divided into two parts, one of which was
used to determine surviving colony forming units and the
other, diluted 1/5 in VY, was incubated for 120 min to

allow production of PBSX.

M. Preparation of ¢$105 and SPO2 Lysogens

Strains to be lysogenized were used as lawns for

plaguing ¢105 and SPO2. Prospective lysogens, picked from
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the center of turbid plaques, were tested for immunity by

cross-streaking against ¢105c4 and SPO2c respectively.

N. Electron Microscopy

Samples for electron microscopy were either resuspended

in a solution of 1% ammonium acetate, 102

M MgCl, (ARM)

or dialyzed against it. A drop of the solution was placed
on carbon coated formovar covered grids and negatively
stained with 2% uranyl acetate. Specimens were examined on

a Hitachi or AEI electron microscope.

0. Hydroxyapatite Chromatography

HBydroxyapatite columns were prepared according to the
procedure of Bernardi (1969) using a sodium phosphate pH 6.8
buffer system. DNA was alkali denatured in the following
manner: egual volumes of 1.0 M NaOH and 20 ug/DNA/ml in
0.01 M sodium phosphate buffer were mixed gently at 0°C
for 10 min and neutralized with an equivalent volume of cold
1.0 M NanzPOA. Both native and alkali denatured DNA samples
were dialyzed against 0.001 M phosphate buffer before being
applied to the column. The DNA was eluted with a linear
gradient of sodium phosphate buffer ranging from .001 M
to 0.5 M. Three ml samples were collected and the amount
of DNA in each was determined spectrophotometrically using
the conversions 1 00260 = 50 ug double stranded DNA and
1 ODy¢o = 42.5 ug single stranded DNA. All transformations

utilized 0.1 ug transforming DNA/ml competent cells.
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CHAPTER II1

RESULTS

A. PBSX Specific Proteins

Prior to attempting a genetic analysis of PBSX, the
phage structural proteins were analyzed to enable subsequent
identification of mutations affecting PBSX gene products.
SDS gel electrophoresis of disrupted purified phage revealed
seven distinct bands designated X1 through X7 (Figure 2).
The molecular weights of these proteins and their relative
proportions in the purified particles are presented in Table
2.

The kinetics of phage protein synthesis was examined
using lysates prepared from cells which had been pulse
labeled at various times during induction. Synthesis of
most of the previously identified structural proteins
(X1, X2, X3, X4 and X6) was first detectable at approximately
56 minutes post-induction and their rate of synthesis
appeared to increase progressively during the latent period
(Plate IA, B). Two structural proteins X5 and X7 could not
be identified in these gels. X7 is not seen because of
the poor resolution of low molecular weight proteins in
these gels; it is readily detectable among the proteins of
total cell lysates resolved on 13% gels (Figure 3). Protein
X5, however, is never seen in pulse labeled total cell
lysates. A direct comparison of induced and uninduced

cultures shown in Plate II reveals wmore clearly than Plate I
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Xl X2 X3 x4 XS X6 X7

bgsorbance
’

increasing a

AUl -

—
direction of migration

Figure 2

Proteins of purified PBSX. CsCl purified

14

I'BSX labeled with C amino acids were electrophoresed

on 13% SDS polyacrylamide gels.




41
TABLE 2

STRUCTURAL PROTEINS OF PBSX

. a ] Totgl
PBSX Molecular weight Protein
Protein (daltons) in PhageP
X1 83,000 3
X2 71,500 28
X3 47,200 2
X4 30,600 37
X5 17,700 10
X6 13,700 15
X7 10,800 5

aApproximate molecular weights were determined by
the method of Weber and Osborn (1969).

b'rhe amount of protein in each band of radioauto-

graphs was determined by the area under each peak measured
by automatic integrator function of a Canalco microdensi-
tometer.
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Plate I

Autoradicgraph of (&) a 10% and (B) a 20%
SDS gel showing the kimetics of protein synthesis
after MC imductiom. BR%3 was grown in NaS medium
and induced with 0.4 ug/ml at 0 min. At the times
indicated 0.2 ml samples were removed and pulsed

14C amino acids. The

for 3 mim. with 2.3 uCi
pulse was terminated by ¢.4 ml cold 0.02 M NaN3
and the cells comcentrated by centrifugation.

The pellets were lysed amd processed for electro-

phoresis as described im Materials and Methods.
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XI X2H X3 X4X8 X5 X6 X7

—

N ICA,

Figure 3

— total cell lysate

~—purified PBSX

Comparison of the proteins found in purified PBSX

and those inducible by MC in B. subtilis. BR35 cells

were pulse labeled at 75 min. post induction and electro-

phoresed on a 13% SDS-polyacrylamide gel.
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Plate II

Autoradiograph of a 10% gel showing a direct
comparison of proteins synthesized in a culture
induced for PBSX(+) and a non-induced (-) culture.

Samples were prepared as described in Plate I.
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that some of the normal host proteins were turned off during
the course of induction, though many continued to be
synthesized throughout. Some of these, such as protein H,
were synthesized in relatively large quantities. Because
of this high background of host specific protein synthesis
it is impossible to unambiguously identify all MC inducible
proteins, some of which may be non-structural PBSX proteins.
However the induction of a protein termed X8, that is not
incorporated into the mature particle, can be detected.

It appears at 60 minutes post induction and its kinetics

of synthesis are similar to PBSX structural proteins.

The previously identified MC inducible proteins labeled
by a short pulse differ from those found in purified phage
in two respects: (1) compared to other phage proteins,
relatively greater amounts of X1 and X7 are synthesized
than are incorporated into mature particles, and (2) protein
XS could not be identified in pulse-labeled total cell
lysates while protein X8 was consistently observed. 1In an
attempt to determine if there was a product-precursor
relationship between X5 and one of the other proteins,
particularly X8, a pulse chase experiment was performed.

As shown in Figure 4,the amount of radioactivity in X5 does
increase during the chase period. However radioactivity is
lost from two of the previously identified MC inducible

proteins, X1 and X8, obscuring the origin of X5.
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Figure 4

Proteins labeled during a pulse chase experi-
ment. At 75 min. post induction two aliquots of
BR95 cells in NAS were pulse labeled for 3 min. with

12 pci, 14

C-amino acids. The pulsed sample (a) was
processed as described in Plate I. Cells in (b)

were harvested and washed by filtration on a nitro-
cellulose membrane filter, resuspended in an equal
volume of fresh NaS containing 0.4 ug/ml MC and incu-
bated for 60 min. The lysate was then treated for
30 min. at 37° with 20 pliters of a 5 mg/ml lysozyme,
0.02 M NaN, solution. An equal volume of double-
strength cracking buffer was added and the sample
heated at 100° for 3 min. Approximately equivalent
amounts of radioactivity from a and b were electro-
phoresed on 13% SDS-polyacrylamide gels. Sample (cC)

is purified PBSX.
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It was possible to determine which of the proteins were
associated with the head and tail structures by analyzing
the proteins present in isolated PBSX tails. A fraction
(Fraction 2 of Figure 5) consisting almost exclusively of
phage tails, with some contaminating flagella (Plate IIIA)
was isolated by fracticnating concentrated radioactively
labeled PBSX on CsCl gradients of an average density less
than that of intact phage (demsity of 1.330 units rather
than 1.375 units). In contrast to the tails of purified
intact phage (Fraction 1 of Figure 5 and Plate IIIB) many
of the isolated tails are partially disintegrated, disjointed
and contracted. This may explain the low level absorption
and killing activity of the iscolated tail fraction (Table 3).
Electropherograms of this fractiom (Figqure 6) reveal the
presence of proteins X1, X2, X3, X5 and X6 in PBSX tails.
The two PBSX structural proteins absent im the tail fraction
are assumed to be the head proteims. This assumption was
later confirmed by work with a mutation affecting PBSX head
assembly. The flagella proteim (FL) was identified both
by its enrichment in other fractions comsisting primarily of
flagella and by its characteristic molecular weight of

40,000 daltons (Martinez et al., 1967).

B. Biochemical Characterization of PBSX Mutants

In screening approximately 1,500 mutagenized clones, one
was isolated with a phenotype (Prt , Kilt, Lys*) expected

for cells carrying a prophage mutated inm a PBSX head gene,
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Figure 5

Fractionation of a PBSX preparation on CsCl
density gradients. BR95 cells were grown in KS con-
taining 8 uCi/ml °H thymidine and 250 ug/ml deoxy-
adenosine. When the density reached 33 klett units,
0.4 ug/ml MC was added and 30 minutes later 1.5 .Ci/
ml 14C amino acid mix. After the culture lysed, it
was concentrated as described in Materials and
Methods. The concentrated phage were spun to equi-
librium on a CsCl gradient of 1.330 density units
(48 hrs at 35,000 rpm). 5 uliter aliquots of each
of the 0.2 ml fractions collected was spotted on a
glass filter and counted. Based on the resultant
radioactivity profile, the samples were pooled into
the 7 fractions indicated and each was immediately
dialyzed against either TMK (5 x 1073 MgCl, +
0.3 M KC1, buffered with 0.01 M Tris-HC1l, pH 7.2)

or AAM. —0—O0—, 3H; —e—e—, c.
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Plate IIIX

Electron micrographs of isolated PBSX tails.
Fractions 1 and 2 of the CsCl density gradient
presented in Figure 5 were dialyzed against AAM.
A. Fraction II, isolated tails. The arrows indi-
cate tail fragments. B. Fraction I, whole phage.
The scales in A and B represent 43); and 410;

respectively.







TABLE 3
BIOLOGICAL ACTIVITY OF FRACTIONATED

PBSX PREPARATIONS

Fraction Killing Specific Absorption
No. Activity? To W23 CellsP
1 1224 4000
2 4 300
3 4 300
4 4 0
5 4 0
6 0 0
7 0 0

AThe killing activity is the reciprocal of the
highest dilution which produces a clear zone on a lawn
of W23 cells.

bAbsorption to W23 cells was determined by the

method of Okamoto et al. (1968a). Samples from each
fraction, containing equivalent numbers of 14¢ counts,
were mixed with both W23 and 168 cells. The difference
in counts between the absorption to W23 and 168 cells
represents absorption specific for W23 cells.
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Xi X2 X3 FLxse X8 X6 X7

— PBSX tails

L / \— purified PBSX

Figure 6

Structural proteins of isolated PBSX tails.
Gradient fraction 1 (purified phage) and fraction 2
(isolated tails) shown in Fig. 5 and Plate III were

electrophoresed on 13% SDS-polyacrylamide gels.
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Xhd~, and twelve clones with a phenotype (Prtl Kil~, Lys')
expected for cells carrying a prophage mutated in a PBSX
tail gene, Xtl . Since the Xhd and Xtl phenotypes
potentially reflected mutations in PBSX structural components,
the pattern of phage specific protein synthesis in induced
cultures of the single Xhd isolate, GB 1323, and a
randomly chosen Xtl isolate, GB 159, were examined.

As seen in Figure 7, both mutants appear to produce
all the previously identified PBSX proteins. However,
since this approach would only detect gross alterations in
either the synthesis or molecular weight of a particular
protein, the serclogical reactivity of the proteins
synthesized was examined. Labeled proteins present in
total cell lysates capable of complexing with rabbit anti-PBSX
antibodies were analyzed by SDS gel electrophoresis. The
results presented in Figure 8 show that the immunoprecipitate
of the wild type strain BR95 contains at least 6 of the 7
PBSX structural proteins in approximately the same propor-
tions present in purified phage. Though several faint
bands appear at the approximate position of X5, it is
difficult to conclusively establish if any of these are
identical to X5. The immunoprecipitate of the Xhd mutant,
1323, is conspicucusly missing proteins X4 and X7, previously
identified as head proteins. In the case of the Xtl™

mutant, 159, proteins X6 and possibly X5 are not immuno-
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Figure 7

PBSX specific proteins in total cell lysates of
B. subtilis mutants. The lysates were prepared as des-
cribed in Plate I after pulse labeling the cells for 3 min.
at 75 min. post induction and electrophoresed on a 13%
SDS gel. a, xtl-1, 44A0; b, Xhd isolate 1323; c, Xtl

isolate 159; 4, BR95; e, purified PBSX.
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Xl X2 X3 X4X8 X5 X6XT7

Figure 8

Proteins immunoprecipitated from lysates of B.
subtilis mutants by anti-PBSX antiserum. At 75 min.
post induction, 0.2 ml aliquots of cultures growing

14C—amino

in KS were pulsed for 6 to 10 min. with 5 uCi
acids and processed for immunoprecipitations and gel
electrophoresis on 13% SDS gels. a, xtl-1, 44A0; b, Xhd
isolate 1323; c, Xtl™ isolate 159; d, BR95; e, purified

PBSX.
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precipitable while a protein banding at the position of X8
is precipitated. In an independently isolated B. subtilis
nutant, 44A0, carrying the PBSX tail gene mutation xtl-1,
protein Xé is not synthesized at all (Figure 7). Immunopre-
cipitation of total cell lysates of 44A0 are missing X6 as
expected and possibly X5 as well (Figure 8).

Electron micrographs were taken of pellets prepared
by high speed centrifugation (43,500 x G for 180 min.) of
the MC induced lysates of the mutants. As seen in panels
A and B of Plate IV, the pellet of the Xhd mutant contained
assembled tails without heads and that of the Xtl mutant
contained head structures without apparent tail structures.
In the latter case, any tail substructures present may go
unrecognized because they would be easily obscured by
flagella and cell debris. The inability to assemble complete
phage tails has also been observed in cells carrying the
5}171 mutation (J. Mangan, Personal Communication).

The screening for PBSX mutants also detected six
clones (Prt , Kil~, Lys ) which failed to lyse or release
PBSX particles following exposure to MC. This non-inducible
phenotype (Xin ) is expected for mutations in PBSX regulatory
genes imvolved in maintenance of repression. However, mutants
with altered cellular functions affecting prophage induction
such as certain Rec mutants (Rutberg and Rutberg, 1971)
or mutants with altered permeability to MC would also be

expected to exhibit this phenotype. Rec mutants could be
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PLATE IV

Electron micrographs of particles produced
by induced cultures of (A) the Xhd and (B) the
Xtl mutant strains. The lysates were cleared of
cell debris by centrifugation for 10 min at 3,000
x G and then centrifuged for 3 hr. at 43,500 x G.
The pelleted material was resuspended in 1/30 the
original volume AAM. The arrows in A indicate
flagella. The circled structures in B are heads.

o o

The scales in A and B represent 300 A and 270 A

respectively.
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differentiated from PBSX mutants by their enhanced sensitivity
to killing by UV irradiation. Of the six potential mutants
only one, isolate 219, did not exhibit UV sensitivity but

was actually more UV resistant than wild type Rec+ cells
(Figure 9). Mutant 219 in contrast to wild type strains,

also failed to produce PBSX after exposure to the various

UV doses tested. Resistance to UV as well as MC induction
implies that impermeability to MC is not involved in
generation of the Xin phenotype.

The mutation carried by isolate 219 is specific for
PBSX. ¢105 and SPO2 lysogens of this strain are inducible
by MC (Table 4); thus the mutation appears to block MC or
UV mediated derepression of PBSX. When isolate 219 was
examined for MC induction of PBSX specific protein synthesis
by SDS gel electrophoresis, no structural proteins were
detected even by immunoprecipitation.

Mutant 219 is not cured for PBSX. The presence of the
wild type PBSX xXtl-1 allele was demonstrated by the ability
of mutant 219 to act as the donor for PBS1 mediated trans-
duction of an xtl-1 strain to xtl-1t (Table 5). Between
14 and 43% of the metC recombinants were converted to §£l71+.
A more precise determination of the contransduction fre-
quency of xtl-1 and metC could not be made in this cross
since 29% of the metC recombinants also became non-

inducible for PBSX. The high frequency of conversion of
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TRARLE 4

INDUCTION OF SPO2 AJD 1ld3 PROPHAGES

IN ST8AlN 2L1%

wC Imdwction?
Strain Yielders® __ Burst
BR 95 (9105) 1.2 139
GB 219 (¢105) 1.8 | 79
BR 95 (SP02) 1.4 108
GB 213 (SPO2) 1.1 36

Cultwofwlmsmmzl‘rmgens growm i VY to
a density of 25 kxlett mmits, were treated with .4 g/ ml
and 0.3 ug/ml WMC respectively. After 3 min. lysates
containing SP0O2 were titered while cultares of 2103
lysogens were incubated for 30 mimgtes with cnc13
before titering.

inelders: ratio of imfectioms centers, after MC
addition but before borst, to viabhle cells present before
MC.
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TABLE 5
PBS1 MEDIATED TRANSDUCTION OF THE
xt1l-1 MARKER FROM ISOLATE 219
Donor: GB 219 phea, ilvC, tryC, xin
Recipient: GB 219 metC, pyrA, xtl-l
Selected marker: metC
metC xtl-1 xin No. of Recombinants
1 0 0 37
1 1 0 9
1 N. S. 1 19
Total 65
Minimal percentage converted to xt1?t 9/65 = 13.9%
Maximum percentage converted to xt1t 28/65 = 43.1%

3e1* and "0" refer to donor and recipient pheno-
types respectively. N. S. means that the marker could
not be scored because of the noninducible phenotype of
the recombinant.
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Xin' to Xin~ demonstrates that the mutation responsible for
the noninducible phenotype contransduces with metC. This
observation was confirmed by determining the cotransfer

frequency of mutation 219 with metC (Table 6).

C. Genetic Mapping of PBSX Mutants

The mutation responsible for the Xhd phenotype of
isolate 1323 and the Xtl phenotype of isolate 159 are
also linked to metC. Three factor crosses using PBSl
mediated transduction were performed to order the mutations
with respect to argC and metC. The xtl-1 mutation was
also remapped at this time since previous work (Garro et al.,
1970) had positioned this marker to the right of metA on
the B. subtilis map but failed to resolve its location
with respect to metC. All the PBSX specific markers mapped
between argC and metC (Table 7a, b, c, d). The cotransfer
frequency (CF) between argC and metC varied from .12 to
.23 for individual transducing lysates. By correcting
the contransduction frequency between argC and the PBSX
markers for this variation [CF = (CFX to argC) (.23/CF metC
to argC)], and subtracting the corrected values from 1.0,
relative recombination frequencies can be calculated (Table 8).
The following map order was deduced:

argC xin xtl-3 xhd xtl-1 metC
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TABLE 6

LINKAGE VALUES BETWEEN MUTATION 219 AND
AUXOTROPHIC MARKERS OBTAINED BY TWO FACTOR CROSSES

MEDIATED BY PBS1 TRANSDUCTION

%
Cotransfer of
Selected Marker Mutation 219
purA 0 (0/67)°2
metC 67 (54/80)

2Phe fraction in parenthesis represents the number
of cells converted to prototrophy over the number of
cells tested.
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TABLE 7

ANALYSIS OF THREE FACTOR TRANSDUCTION CROSSES

INVOLVING THE xhd, xtl and xin MARKERS

7a

Donor: GB 1323, xhd, pheA, ilvC, trpC
Recipient: GB 64, argC, metC, pyrA
Selected phenotype: argC*

argcC xhd metC No. of Recombinants
1 0 0 73
1 1 0 12
1 0 1 0
1 1 1 11
Total 96

Frequency of cotransfer of xhd with argC: 23/96 = 0.24

Frequency of cotransfer of metC with argC: 11/96 = 0.12

Suggested order of markers: argC, xhd, metC

7b

Donor: GB 159, xtl-3, pheA, ilvC, trpC
Recipient: GB 64, argC, metC, pyraA
Selected phenotype: argCI

argC xtl metC No. of Recombinants
1 0 0 81
1 1 0 21
1 0 1 0
1 1 1 14
Total 116

Frequency of cotransfer of xtl-3 with argC: 35/116
Frequency of cotransfer of metC with argC: 14/116
Suggested order of markers: argC, xtl-3, metC

0.30
0.12
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TABLE 7

(CONTINUED)
Te
Domoz: GB 75, xin, metC, pyrA

Recipiemt: BD 71 argC, hisA, pyrA
Selected phenatype: argCr

argC xin metC No. of Recombinants

L Q 0 52

I 1 0 37

L ] 1 0

L 1 1 21

Total 110
Frequency of cotransfer of xin with argC: 58/110 = 0.53
Freqguency of cotransfer of metC with argC: 21/110 = 0.19
Suggested order of markers: argC, xin, metC
=&
Domors: 4430, E%%Tl
Selected mhenatypes sract - L
argC xtl-1 metC No. of Recombinants

1 Q 0 54

1 1 0 16

i Q 1 2

1 1 1 19

Total 91

Frequency of cotransfer of xtl-1 with argC: 35/91 = 0.39
Frequency of cotransfer of metC with argC: 21/91 = 0.23

Smypested order of markers argC, xtl-1l, metC

2m)™ amd "Q™ refer to donor and recipient phenotypes
respectively.
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argC and: 1:
xin -636€ * -364
xtl-3 -480 ,, -320
xhd . 456 ‘ .544
xtl-1 -3%0 '& -610

2CF was computed as described in the text.
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D. Other Sites Suggested for PBSX Genes

As mentioned in the Introduction, the presence of PBSX
genetic determinants at a site in the vicinity of the
origin proximal purA marker and also at a site linked by
PBS1 transduction to purB has been suggested. It has
already been shown that the purB linked mutation which
causes the thermal induction of PBSX also causes induction
of SPO2 (Siegel and Marmur, 1969). It was of interest
therefore to examine the effect of this mutation on other
B. subtilis temperate phages such as #105. As seen im
Figure 10, ¢105 is also induced at the restrictive teamperature
in this strain indicating that other temperate phages
of B. subtilis 168 are also affected by this mutation.

The suggested localization of PBSX genes near the
origin of host chromosome replication was based on marker
frequency analysis which demonstrated that MC treated cells
induced for PBSX were also derepressed for replication of
the origin proximal purA marker (Haas and Yoshikawa, 196%b).
To demonstrate that this derepression and the resultant
enrichment of purA marker DNA in PBSX heads is a result of
multiforked initiations at the chramosomal origin, the
frequency of another origin marker in PBSX DNA was examined.
Table 9 indicates that PBSX DNA is enriched for the origim
marker sacP as well as for purA. In all previously reperted
experiments, the frequency of the PBSX proximal marker

metC was not determined. Therefore marker fregquency
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Figure 10

Thermal induction of ¢105 from GB1001l (4105). A
culture growing exponentially in VY at 329 was diluted
1:100 into VY at 42°. Samples were taken at 20 min.
intervals and assayed for phage. -0-0o-, shifted to 42°C;

-o~¢~, maintained at 32°C.
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TABLE 9
RARKER FREQUENCY ANALYSIS OF THE DNA

FOURD IN PBSX EEADS3

sacP pura leuA

Source of DEA
GB 1 cells® 4.2 2.3 1.3
PBSX produced by  32.3 59.0 2.7

GB 1 cells

3marker frequency amalysis has been described by
Yoshikawa et al. (1%64). The marker frequency of spore
DRA was used to mormalize all values. The efficiency of
transformation was standardized to transformation of the
metB marker. Transformatioms were performed with 0.05 ug
DRA/m]1 competent cells.

bnm was isplated from a culture of GB-1 cells that
was treated with 0.4 ug/ml MC and immediately poured
over an aguivalent volume of ice, 0.4 M NaN,.

“rhe sacP marker was monitored as described by Lepesant
and Dedomder (19%68).
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analysis was performed msimg cellwulzr ISR isolated at
various times guring the comrse of imdocticw. Fiqure 11
indicates that the relative mmber of copies of the metC
marker, as well as the purd marier, Incresses dumrimg
induction of xin' strains (BEY3). HRwewer, iT MC treated
xin strains (Table 19) omly the puri marker is Tresent im
multiple copies, indicating that Durd reclitatior OOTUXS
independently of PESX indnrtiom. The abhserce of metd
replication in this strain comfirms the xotiomr that
amplification of the metl marker is uxiimely related to

induction of PBSK.

E. Prospective PBSX Mptants

One of the isolates, 240, had a2 mheoctyoe (Pre , Kil')
suggestive of a PBSX head mutamt. It &iffered however Srom
the known head mutant 1323 ix that cell Iysis vas slow amd
incomplete. In additiom Strain 2440 was foumi to be
defective for ancther WC imdurihle activity that may be
associated with phage heads; thet is, fragmentation of the
host chromosome i1nto pieces of wniforwx molacular size (22s).
Figure 12 indicates that the ISR Iz WC treated straioc 440
consists of fragments of wvarying molecular size as opposed
to the discrete 225 pieres foumd ir imdeoed cells hawimg the
wild type 440 allele. To stmiv the molecular basis of the
phenotype associatad with mmtatiom 440, the syathesis of
PBSX structural proteins was analyzad by SIS gel electro—
phoresis (Figure 13B). Durimg imfwcticon many host specific
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Figure 11

The frequency of auxotrophic markers in MC
induced B. subtilis cells. DNA was isolated from
aliguots taken from an MC induced culture at the
times indicated. Less than saturating levels of
DNA were used in all transformations (0.05 pg trans—
forming DNA/ml competent cells). The values obtained
were normalized to spore DNA and the efficiency of
transformation standardized to transformation of
the leuA marker. —0—@—, metC; —X—X—, PuUri;

—0 —0 —, metB.
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TABLE 10
MARKER FREQXENCY ANALYSIS OF MC TREATED

xin~ AND xim' STRAIRS

S’ﬂ:raJ"uma Normal i zed Walmesb

para metC lewa metB

BR 95 (xin') T = 0 2.0 1.3 1.a 1.0
BR 95 (xin') T = 80 12.0  10.0 Lo 0.9
GB 219 (xim ) T = 0 3.3 0.9 1.2 0.8
GB 219 (xim ) T = 80 3.0 2.9 .G 1.0

ACells were growm im VY to a cell demsity of 23 klett
units and indoced with 0.4 ig/ml MC. DEA was isclated
immediately after indoctiom, T = @ amd after 80 min. of
incubation, T = BU.

b'n:e efficiency of tramsformatiomn was stamdardized
to tramsformatiom of the leuwd marker. Values cbtained
with spore DEA were osed for mormalizatiom. ALl trans-
formatioms were a2t mnor-saturatimg concemtratioms of
DINA.
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Figqure 12

Fragmentation of chromosomal DNA during induc-

3

tion of PBSX. H DNA isolated from MC treated BR2>

and 440 cells were prepared and processed as des-—
cribed by Okomato et al. (1968). 1% label 17 Dxa
(—0—0—), prepared according to Armentrout et al.
(1971), served as a molecular size marker (32s).
BR95 DNA: (a) 0 min., ‘b) 90 min., (c) 120 min.
post induction. 440 DNA: (d) O =amimn., (e) 90 min.,
(f) 120 min., (g) 190 min. post induction. The

arrow indicates the 22s position.
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Figure 13

Proteims symthesized during MC induction of
lysate 440.
Al Protelins immunoorecipitated from lysates of
(a) isolate 440 amd (b) BRI5. MC treated

cells were labeled for 10 min. with 14

C amino
acids just before cell lysis began and PBSX
proteins were immmoprecipitated as described
in Materials amd Methods. Proteins were

resolved om 13% IS gels.

B. dhole cell lysates of isolate 440 pulse labeled
at (a) %0 mim. and () 13 min. post induction.

{c) purified PBSX.
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proteins normally shut off, continue to be synthesized.
This background obscures PBSX structural proteins which are
produced in small amounts in strain 440. At 80 minutes post
induction, only X6 can be identified while 100 minutes
later (180 minutes post induction) synthesis of large
amounts of protein X1 make it readily observable. The pre—
sence of all other structural proteins was detected by im-
munoprecipitation of cell lysate, radioactively labeled just
before lysis began (Figure 13A). Interestingly, proteimn Xé,
identified in total cell lysates, could not be readily idemn-
tified in immunoprecipitates. Electron microscopy of phage
pelleted from lysates of isolate 440 revealed the presence
of both PBSX tails and empty heads.

Strain 440 also shares some of the characteristics of
cells having Rec type mutations. These include enhamced
sensitivity to the killing effects of MC and UV light
(Figure 14) and low level transformability. To determime
if further analogies exist between 440 and Rec strainms,
the inducibility of ¢105, SPO2 and PBSX prophages from
strain 440 and four strains carrying different Rec mata-
tions was compared. Preliminary data indicate that the
pattern of prophage induction in strain 440 differs from

all the Rec strains tested (Table 11).

F. Relationship of PBSX to Other B. subtilis Phages

Although the origin of the defective phages remaims

unknown, the possibility exists that they evolved from
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Figure 14

UV sensitivity of isolate 440. ——@—, isolate

440; —X—X—, BR95.




TEE EFFECT OF Rec MUTATIONS AND MUTATION (S) 440 ON

TEE INDUCTION QF PBSX,

TABLE 11

¢105 and SPO2 PROPHAGES

Arhacterial Strains
BD170 BD194 BD191 BD246 Isolate
. (Rect) (reca) (recB) (recG) 440
Imduction of:
01d3
Cell lysisb + - + - +, lysis
slow
Barst" 50 2 45 28 20
SPQ2
Cell Lvsis + + + + +
Barst 50 1 40 15 20
PBSX
Cell Lysis + - + - -
Titer/ 3t 512 128 256 16 512
Sample

aImdncticm was carried out as described in Table 4.

I:’I.ysj.s aof the host cell was defined by a gradual
declime in the turbidity of the culture.

cPlaqme forming units/infective center.

&Titering of PBSX samples was described in Figure 9.




infectious phages by loss of some function essential for
infectivity. 7To study this possibility in the case of FBSX
its infective counterpart was sought by testing the ability
of anti-PBSX antiserum to neutralize plague formation by a
number of B. subtilis phages. The non-specific neutralizing
effect of serum was eliminated by calculating the percentage
reduction in plague forming units as follows:

[ (plague forming units (pfu) in the presence

of normal rabbit serum -pfu in the presence of

anti-PBSX antiserum) : pfu in the presence of

phage diluent] x 100
As indicated in Table 12, of the phage infectious for
strain 168, SP8* showed significant cross neutralization.
822 had a similar percentage reduction in pfu; however the
reliability of this result is Juestiocnable because of the
poor visability of 322 plagues. Phage SP10, infecting W23
strains, also shows a low level of cross neutralization.

G. Relationship of PBSX to Another B. subtilis Defective
Phage, PBSI

The defective phage PBSZ produced in B. subtilis W23
strains is closely related to PBSX and has been showm to
react with anti-PBSX antiserum (Huang and Marmur, 1970b;
Subbaiah, Unpublished Results). Immunoprecipitates formed
by reacting anti-PBSX antiserum with MC induced lysates of
W23 cells were found to contain seven proteins designated
zl, 22, 13, 24, 28, 26 and 27, presumed to be the structural

proteins of PBSI. Of these, five proteins band at positions




TABLE 12

NEUTRALIZATION OF B. SUBTILIS PHAGES BY ANTI-PBSX ANTISERUM®

Phage
Host: B, subtilis

t Reduction of pfu

SP8*
168

28

8PO1
168

<0.01

622

168

W23P
28

8p82
168

<0.01

8P10
w23

¢1
168

<0.01

b
168

<0.01

TS8Pl
168

<0.01

°Bamplel of each phage were diluted in phage diluent (10'2 M Tris HC1,
pH 7.4, 5 x 10-3 M MgCly, 0.001% gelatine), to a concentration appropriate
for plating and treated with either phage diluent, anti-PBSX antiserum, or
normal serum for 1 hr. at 379 C before plating.
of pfu was calculated as described in the text.

b

The percentage reduction

B. subtilis 168 cells were used in this study to plaque 822

68
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identical to PBSX structural proteins while Z1 and a minor
band 28 are found to have higher molecular weights than their
presumed PBSX counterparts (Figure 15a). It is difficult

to discern whether a protein analogous to X5 is present.
Figure 15b indicates that compared to other PBSZ proteins
greater amounts of 21, 27 and 28 are synthesized during
induction than are immunoprecipitated. Similar observa-
tions for PBSX proteins X1 and X7 and for X8 produced in
mutant 159 suggest that Z1 and Z8 may be the structural

counterparts of X1 and X8.
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e M

Figure 15
Proteins synthesized during induction of PBSZ.

Whole cell lysate of (a) strain W23 and (b)
strain BR95 pulse labeled with 14C amino acids
for 3 min. at 75 min. post induction; (c¢), puri-

fied PBSX.

Immunoprecipitate of (a) strain W23 and (b)

14

strain BR95 labeled for 10 min. with C amino

acids at 75 min. post MC induction.
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CHAPTER IV

DISCUSSION

A. Structural Proteins of PBSX and PBSZ

Seven PBSX structural proteins, X1 through X7, were
resolved by SDS gel electrophoresis of purified particles.
An eighth protein, X8, which appears to be unstable is
induced by MC along with the PBSX structural proteins.
Although X8 could not be unequivocally identified as a
phage coded protein, it seems likely that it is either a non-
structural protein or a precursor of a PBSX structural
protein. Two lines of evidence suggest a product-precursor
relationship between X8 and X5 similar to that reported for
some of the structural components of a number of DNA
phages (Laemmli, 1970; Zweig and Cummings, 1973). First,

X8 is only seen under pulse labeling conditions in which

X5 is not detected; second, in the 53573 mutant, a protein
banding at the position of X8 is immunoprecipitated by
anti-PBSX antiserum while X5 is not. However an unequivocal
relationship between X5 and X8 was not established because
the origin of X5 is obscured by the presence in induced
cells of two unstable proteins, X1 and X8.

Proteins X4 and X7 were presumed to be head proteins
since they could not be detected in preparations of isolated
PBSX tails. The validity of this classification is contingent

on the assumption that none of the tail proteins were lost
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prior to or during the isclation procedure. Although the
killing activity in the tail preparation was significantly
lower than that expected from the amount of PBSX specific
protein present, it need not be attributed to loss of a
tail protein. The more likely reason for this low level
of activity is the large proportion of disintegrating,
disjointed and contracted tails in the preparation. That
the contracted state of the PBSX tail can interfere with
its killimg activity is suggested by the fact that the
morphologically similar pyocin R particle is rendered
biologically imactiwve through contraction of its tail
sheath (Coetzee et al., 1968; Higard et al., 1967). Further
evidence that both X4 amd X7 are head proteins is that
they are simultaneously affected by the xhd mutation.

Five of the structural proteins of PBSX and the
related B. subtilis phage PBSX have identical molecular
weights as determined by their migration in SDS polyacrylamide
gels. This observation, taken together with the known
serological cross-reactivity between PBSX and PBSZ,
suggests that at least some of these proteins may be similar
and serve similar structural functions in the two phages.
Bowever which of them is respomsible for the immuno-
precipitability of PBSZ by anti-PBSX antiserum remains

unknowr. Two of the PBSZI proteinms, Il and 28, differ in
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their molecular weights from any of the PBSX specific
proteins. Their presumed PBSX counterparts are X1 and X8
(X5?) suggesting that Z1 and 28 are tail proteins.
Variations in the tail proteins of PBSX and PBSZ are
expected on the basis of their different absorption and
killing spectra. These observations on the structural
relationship between PBSX and PBSI lend support to a theory
of evolution of the three related B. subtilis defective
phages proposed by Subbaiah et al. (1965). According to
this theory, all three prophages evolved in a single
bacterial strain. Selection favored bacterial strains in
which mutations in the prophage altered the specificity of
both the cell wall receptor of the producer strain and

the tail of the phage it produced. Altered tails allowed
the phage to absorb to previously resistant cells thus
eliminating ecologically competitive strains while the
altered receptor of the producer strain protected it from

the killing activity of its own defective phage.

B. Mutations xhd, xtl and xin

The xhd and xtl-3 mutations interfere with the assembly
of PBSX head and tail structures respectively. Although no
alterations of the structural proteins produced by the
two mutants was evident by SDS gel electrophoresis,
serological differences were cbserved. Antisera to PBSX
failed to precipitate proteins Xé and possibly X5 from

lysates of the straim carrying mutation xtl-3 while a
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protein at the position of X8 was evident. Whether this
latter protein is identical to X8, which may be normally
cleaved during maturation of tail, is uncertain. In
lysates of strains carrying the xhd mutation the two
proteins X4 and X7 were not immunoprecipitable. The
fact that the serological reactivity of several proteins is
simultaneocusly affected does not necessarily imply that the
strains are carrying multiple closely linked mutations.
Although this possibility cannot be eliminated, a more
likely explanation is that the antiserum, raised against
whole PBSX particles, does not in all cases recognize
individual structural polypeptides but recognizes instead
antigenic determinants formed by structural polypeptides
that have been processed and/or assembled during the long
labeling period. Non-immunoprecipitability of an individual
polypeptide therefore does not necessarily imply that the
mutation lies in the gene coding for that polypeptide as
mutations in other phage genes may indirectly affect its
processing and assembly into a serologically reactive
entity.

The xin mutation interferes with MC and UV induced
derepression of PBSX prophage and may be analogous to the
A Ind mutations. - These A mutations have been localized
in the phage repressor gene and lead to the production of
an altered repressor protein.no longer derepressible by
UV or MC (Jacob and Campbell, 1959; Ogawa and Tomizawa,

1967; Ptashne, 1967). As in the case of A Ind lysogens,
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strains carrying the xin mutation are more UV resistant
than xin' strains presumably because of elimination of

prophage induction which is lethal to the cell.

C. Potential PBSX Mutants

Preliminary genetic analysis of strain 440 (A. Garro,
Personal Communication) has indicated that it is carrying
multiple mutations. This was shown by the ability to
separate the mutations responsible for the UV sensitivity
and the non-transformability of the strain. The difference

in the induction pattern of ¢105, SPO2 and PBSX prophages

in strain 440 and in the Rec strains may therefore be the
result of the combined effects of two or more mutations.
Pol and Uvr mutations are also known to increase sensitivity
to UV and MC (Gass et al., 1971; Laipus and Ganesan, 1972).
A Lysogens of E. coli strains carrying either Pol™ or Uvr
mutations are inefficiently induced by UV doses normally
used for inducing A from wild type strains (Witkin and
George, 1973). If the UV sensitivity of strain 440 is due
to either of these mutations, MC doses routinely used for
induction may have been too high to efficiently induce PBSX.
This would account for the defects in PBSX associated
activities such as the inefficient fragmentation of the
host chromosome and the poor induction of PBSX specific
protein synthesis observed in this strain. The possibility
still exists, however, that the defects in PBSX associated

activities are due to a separate mutation in the PBSX



938
prophage. The possibility also exists that the defect in
PBSX mediated fragmentation of the host chromosome and the
non-transformability of the strain are pleiotrophic effects of
a single mutation. This is based on a possible association
between transformability of a strain and the presence of a
PBSX prophage suggested by the similar size of PBSX DNA and
the double stranded DNA intermediate believed to be involved

in the transformation process (Dubnau and Ciriglianoc, 1972).

D. Genetic Site(s) of PBSX Genes

No evidence was found for wide scattering of PBSX
prophage genes across the B. subtilis chromosome. The
three mutations, affecting both structural and control
functions are presumed to span a significant portion of the
PBSX prophage. Yet they all mapped in the same region of
the chromosome, metC, as does the previously described
mutations xtl-1 and xtl-2. The latter mutations, definitively
localized to the right of metA on the B. subtilis map,
have cotransfer frequencies to metC similar to the PBSX
mutations described here. This suggests that PBSX prophage
genes are clustered between metA and metC. The recombination
frequencies observed in PBS1l mediated crosses indicate a

map order of xin, xtl-3, xhd, xtl-l. However, it is not

possible at the present time to confirm this order by fine
structure mapping as recambinants for these markers cannot

be selected directly in genetic crosses.
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The results presented here provide alternative explana-
tions for the data suggesting that PBSX genes are located
in the vicinity of either purB or the origin proximal purA
markers. The observation that the purB linked tsi mutation
causes the thermal inducibility of ¢105 as well as the
previously reported induction of PBSX and SPO2 indicates
that this mutation is analogous to the E. coli cellular
mutation tif, which produces thermal derepression of
inducible coliphages (Kirby et al., 1967). With respect to
the purA locus, marker frequency analysis of DNA in MC
treated xin mutants demonstrates that MC induced multi-
forked initiations at the chromosome origin occurs
independently of PBSX induction. Furthermore the lack of
involvement of purA in PBSX induction is supported by the
apparent absence of multiforked initiations during thermal
induction of a mutant temperature sensitive for PBSX
induction (Seigel and Marmur, 1969). Depression of chromo-
some replication appears to be one of many functions

inducible by UV and presumably MC (Bridges, 1972).

E. Replication of PBSX

The ten fold increase in the frequency of the metC
marker following exposure of gigf (but not xin~) cells to
MC suggests that derepression of PBSX enables enhanced
replication of adjacent bacterial genes. This can either

occur if the prophage detaches from the bacterial chromosome
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with the adjoining bacterial genes and then replicates
autonomously or if the derepressed PBSX prophage replicates
in situ enabling the replication machinery to read through

to adjacent markers. The former possibility seems unlikely
as Haas and Yoshikawa (1969b) were unable to detect DNA
fragments of the presumed prophage size until late in
induction when fragmentation of chromosomal DNA for packaging
into PBSX heads had already begun. In situ replication is
known to occur in the B. subtilis phage 4105 and also results
in amplification of adjoining bacterial genes during phage

induction (Armentrout and Rutbergqg, 1971).

F. Possible Evolution of PBSX

That PBSX may be related to infectious phages is
suggested by the serological relationship between PBSX
and the infectious B. subtilis phages SP8* and SP10
and by the apparent sensitivity of SP10 to the PBSX
repressor (Goldberg and Bryan, 1968). However, it is
unclear whether PBSX (as well as the other defective phages)
is the evolutionary antecedent of infectious phages or
whether it is derived from infectious phage by physical and
functional loss of genetic information. The ability to
generate defective phage from infectious ones lends support
to the latter hypothesis. A defective form of A, A docL,
has been generated by inducing lysogens under restrictiwve

conditions causing the incorrect excision of an otherwise
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intact prophage. Particles containing this DNA are rendered
non-infectious by the absence of the right arm of the A
chromosome (Little and Gottesman, 1971). Interestingly, the
absence of the right cohesive DNA end also results in a
PBSX-like inability to inject DNA.

Another model for the generation of defective phage also
involves malfunctioning of prophage excision process. Smith
(1966) isolated a mutant of the temperate phage P22 having
a defect in a gene involved in prophage excision. Like
PBSX, induction of the P22 mutant prophage leads to pro-
duction of predominantly non-infectious particles containing
almost exclusively host DNA, specifically enriched for pro-
phage proximal markers. These characteristics are attri-
buted to the absence of phage specific integrase function
which leads to both in situ replication and subsequent in-
ability to excise intact prophage genomes. The striking
physiological similarities of PBSX induction to the P22 mutant
and to the less well characterized A docl suggests that PBSX
may be derived from an infectious phage (SPS*? SP10?) by loss
of functional integrase system. Superimposed on the defective
excision process or perhaps integral to it may be the
effects of PBSX's small head capacity. That the PBSX head
may indeed be unable to contain a full complement of PBSX
genetic information is suggested by the unusually large
proportion of the coding capacity (85%) of DNA of the size
packaged in PBSX heads needed to account for PBSX specific

proteins (Adolph and Haselkorn, 1972; Mendez et al., 1971).
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PART 11
ON THE NATURE OF CROSS-LINKS IN CELLULAR DNA
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CHAPTER I

INTRODUCTION

It is well documented that when DNA isolated from
various sources is denatured, a fraction of the molecules
spontaneously regain native conformation upon removal of
denaturing conditions. The double stranded nature of this
fraction has been established on the basis of its residual
transforming activity (Marmur and Lane, 1961; Ginoza and
Zimm, 1961), density in CsCl gradients (Rownd et al., 1968),
elution from hydroxyapatite (Bernardi, 1969), distribution
in dextran polyethylene-glycol polymer systems (Alberts and
Doty, 1968) and visualization by electron microscopy
(Barzalai and Thomas, 1970). Using biophysical techniques,
Alberts and Doty (1968) demonstrated that the unusual
renaturation properties are the result of a covalent
link which appeared to be located near one end of the double
stranded molecule.

Cross-links may either be of biological origin or they
may be extracellularly introduced artifacts. Although any
metabolic functions involving enzymes capable of cross-
linking DNA may be the source of naturally occurring cross-
links, research has focused on DNA replication because the
hairpin structure of cross-linked DNA is similar to the DNA
intermediate predicted by the knife and fork model for DNA

replication (Guild, 1968; Kornberg, 1969). In this model
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the problem of replicating the DNA strand with 5' to 3'
polarity in the absence of known polymerases capable of

3' to 5' synthesis, is surmounted by postulating that the
polymerase replicating the strand with 3' to 5' polarity
continues 5' to 3' synthesis on the exposed complementary
strand. The resultant hairpin is eventually cleaved to two
complementary strands. As predicted by this model, the
most newly synthesized DNA was found to form the cross-
linked fraction in both T7 (Barzilai and Thomas, 1970) and
E. coli DNA (Pauling and Hamm, 1969).

There are, however, several observations which argue
against DNA replication being the source of cross-links.
Cross—-links are not found preferentially in replicating
markers of B. subtilis DNA and they are found in non-
replicating spore DNA (Alberts, 1968). Alberts (1968)
has proposed that cross-links are artifacts induced by the
mechanical shear forces which fragment large DNA molecules
during DNA isolation. This proposal was based on the
observations that the proportion of cross-linked DNA
molecules was constant even when the DNA was derived from
cells grown under a wide range of metabolic conditions or
from cells of diverse procaryotic and eucaryotic species.
Furthermore, A DNA which had not been sheared during isolation
because of its relatively low molecular weight was free of
cross-links. However, because cross-links could not be

induced experimentally by shearing A sized DNA molecules




105

to smaller pieces, Alberts suggested that only shear forces
acting on large DNA molecules (>200 x losmnlecular weight)
efficiently gemerate cross-limks. The position of the cross-
link near the emnds of the molecules suggested a model in
which shear induced covalent bomd rupture produced transient
formation of either free radicals or ion pairs which by
further reaction produced a mew covalent union connecting
opposite strands.

PBSX is umiguwely suited to determine if the cross-
links foumd im cellular DNA are shear induced artifacts
because cellular DNA found im PBSX has been cleaved
intracellularly to a size mo longer susceptible to shear
induced cross-linmkimg. Furthermore as PBSX can be thermally
induced in a B. subtilis mutant temperature sensitive for
PBSX productiom the complicationm of MC induced cross-
linking can be avoided. The aim of the studies presented
here wvas to determime whether cross-links are present in
cellular DNA isclated from PBSX heads and to examine other

possikle sources of naturally occurring cross-links in DNA.
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CHAPTER 11

RESULTS

A, Detection of Cross-links in DNA Isolated from PESX

The DNA isolated from purified PBSX particles was
alkali denatured and the residual transforming activity
examined after neutralization at 0°C (Table 13). Both DEA
isolated from whole cells (chromosomal DRA) and the cellwlar
DNA isolated from PBSX particles (PBSX DNA) have similar
residual transforming activities. The lower values cobtaimed
at less than saturating concentrations of transformimg DER
are a better indication of the percent cross-linked molecules,
since, under these conditions, the number of transformamits
produced is linearly related to the DNA concentratiom im
both native and denatured samples.

Hydroxyapatite chromatography was used to comfimm the
double stranded nature of the cross-linked molecules.
Figure 16 demonstrates that the majority of molecules
responsible for the residual transforming activity im
chromosomal and PBSX DNA eluted at a salt molarity character—
istic of their respective double stranded IURAs. Xative—
like DNA amounted to approximately 3.7% and 3.2% of the
recovered DNA of chromosomal and PBSX DNA respectively.
Assuming that neither double nor single stramded DEA
species are preferentially retained by the columm and cammot
be recovered, the percent of native-like molecnles in the

input DNA is identical to that of the recoversad DREA.



TABLE 13

RESIDUAL TRANSFORMING ACTIVITY OF ALKALI DENATURED CELLULAR AND PBSX DNA

Native tr + Trans- tr + Trans- Residual Trans-b
DNA Con- formants/ml ormants/ml forming Activity
DNA Source centration Native DNA Denatured DNA (%)
G 21" Saturating | 138 x 103 300 x 10° 2.2
GB 21* <Saturating | 67 x 103 67 x 10° 1
pBSX" Saturating 917 x 103 292 x 102 3.2
pBSX” <Saturating | 335 x 103 513 x 10' 1.5

4GB 21*, a mutagenized derivative of GB 21, is temperature inducible
for PBSX. The mutation(s) underlying this phenotype have not been further
characterized. PBSX* was induced from GB 21* by shifting the culture to
48°C when it reached a cell density of 25 klett units. After cell lysis,
PBSX was harvested and purified as described in the Materials and Methods

gsection.

b'I'he residual transforming activity was determined by comparing the
transforming activities of native DNA and an equivalent amount of denatured
DNA.

LOT
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Bydroxyapatite chromatography of cellular and

PBSX DNA. 200-300 g of either native or alkali de-
natured DNA in .001 M sodium phosphate buffer pH 6.8

were applied to each column. A linear gradient ranging
from 0.001I M to 0.5 M sodium phosphate buffer, pH 6.8

was used to elute the DNA. Molarities of the eluted
samples, determined by a Zeiss refractometer, are indi-
cated by the broken line. (a) GB21*DNA, native; (b) GB21*
DNA, alkali denatured, 70% recovery; (c) PBSX*DNA, natiwve;

{d) PBSX*DNA, alkali denatured, 80% recovery, —O0—O0—'
Q. D. 260; —@—@—, transformation of the trpC marker.
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B. Detection of Cross-links im DEA Isclated from Rec Straims

Cells defective for recombimatiom fumctioms (Rec ) are
potentially missing enzvmes capable of cross-limkimg DNA.
To test the association between these fumctioms amd naturally
occurring cross-links, several Rec strains were examined
for residual transforming activity. Table 14 imdicates

that cells carrying recA, recB, recC, recd, reck amd recs

matations have residual transformimg activities ramgimg from
0.8-2.2%. Based on its elutiom properties from hydroxy-
apatite the molecules responsible for residwual transforming
activity in recA strains are double stranded amd represent

approximately 1% of the DNA (Figure 17).




TABLE 14
RESIDUAL TRANSFORMING ACTIVITY OF DNA ISOLATED FROM
B. SUBTILIS STRAINS CARRYING Rec MUTATIONS®

b Transfor- Transduction ffi:igg;;ing
Strain Locus Class DSF SSF DRC mation Homologous | Heterologous| Activity (8)€
GB 26 recAl I + + - - + - 0.8
BD 191 | recB Ila + + + o = = 2.1
BD 193 | recD I1Ib + + - - - - 1.5
BD 224 | reck IIb | + | + | - - - - 1.5
BD 239 | recC III + + + - + + 1.2
BD 246 | recG v + + + + - - 1.0
BD 170 | Rec? + |+ + + + + 3.1
8Phe Rec” mutations involved in this study have been previously described (Dubnau

et al., 1973; Dubnau and Cirigliano, 1974).

b

(Dubnau and Davidoff~Abelson,

DSF, SSF and DRC refer to postulated intermediates in the transformation process
1971; Dubnau and Cirigliano, 1972). They stand for

double-stranded fragments, single-stranded fragments and donor recipient complex,
respectively.

®All transformations were carried out with less than saturating levels of
transforming DNA and the residual transforming activity was determined as in Table]3.

0Tt
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Hydroxyapetite chromatography of DNA isolated from GB26 (recA-1).
a. GB26 DNA, native; b. GB26 DNA, alkali denatured,

0. D. 2603 —O0—0—, transformation of the hisA marker.
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CHAPTER III

DISCUSSION

Cellular DNA in PBSX heads appears to contain cross-
links. As this DNA has been cleaved intracellularly to a
size that Alberts (1968) suggests is no longer susceptible
to shear induced cross-linking, mechanical shearing forces
are probably not the source of naturally occurring cross-
links. The possibility exists, however, that intracellular
double stranded enzymatic cutting of DNA during PBSX pro-
duction could lead to cross-linking by producing the same
DNA intermediates presumed responsible for shear induced
cross-linking. The percentage of cross-linked molecules
in DNA isolated from both PBSX and from whole cells is
lower than the 6% previously reported for B. subtilis DNA.
However, this may be attributed to the alkali denaturation
method used in the experiments presented here. It has been
shown that single stranded DNA in alkali is extremely sen-
sitive to shearing. One effect of such scissions is to
reduce the amount of DNA present in cross-linked molecules
(Alberts and Doty, 1968).

No association was found between naturally occurring
cross-links and the known elements of the Rec pathway.

Cells carrying the recA, recB, recC, recD and recG markers

as well as the strain carrying the mutation responsible
for the most recombination deficient phenotype, reck,
all contain cross-linked DNA. The variations in the per-

cent of cross-linked molecules in these various strains are
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within the normal range of valunes odtaimad for DNA of Rec’
strains. Again, denaturation by alikslr trestment mey hawve
contributed to the small percentape of Cross—linked DNA
molecules found in the Rer strains. 3s all elements of
the Rec pathway may not have bean Sefiged s yet, Lts
involvement in the geperation of ross-limks remains a
possibility.

Finally, by a process of 2lzmonetion, the results pre-
sented suggest reconsideration of INA regplicationx as the
source of cross-linkad DNA. Althooyr recent evidence on
the fine structure of thse DNA Jrowony poixt ix T7 and
studies of kinetics of incorporatioy <of &3 thymidime
into cross-linkad DNA seems to slimonzte the knife amd fork
model, alternate mechanisms of MR regliczticx may account
for the generation of naturally osoowrring cross-links in
DNA (Burger, 1971; wWolison and Dressler, 1%72) . Qther
cellular processes, sach as DNA Tapeir, wiich iowolve
enzymes capable of cross-linking Ik, zlsc remain poten—

tial sources of cross-links in M.
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