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CHAPTER I

INTRODUCTION

Deoxyribonuclease

Bacteriophages mey be divided, on the basis of their interaction
with host bacteria, into two major classes; virulemnt phages and temperate
phages (1,2,3). When virulent phages infect sensitive bacteria, they
multiply in the host and eventually host cells lyse and release progeny
phages. On the other hand, temperate phages may establish a symbiotic
relation (lysogeny) with host cells (4). 1In this case, bacteria which
survive phage infection normally carry the phage genome (prophage) in
-their chromosoﬁnas. Since the prophage becomes & part of the bacterial
chromosome, the replication of the prophage is in harmony with that of
host genome.

In addition to these two types of interaction, one can observe
enother type of interaction which is called carrier state or pseudolysogeny
where some phage-infected cells survive and they are able to produce free
phages for many generations, However the characteristics of lysogenic
cells, such as the stable incorporation of phage génome ‘into the bacterial
chromosome and the synchronous replication of phage and host chromosomes
are absent in cells in the carrier state. Lwoff (4) defines the carrier
state simply as a mixture of bacteria and phage which are in a more or less
stable equilibrium, Phage T3 (5)anda virulent mutant of P22 for Salmonelle
(6) have been repoz;ted to show this type of interaction.



Bacteriophages for Bacillus subtilis have been known for decades.,

In 1961 Romig and Brodetsky (7) initiated a systematic investigation on
bacteriophages active on B, subtilis. Among six phage isolates, two of
them (SP6 and SP13) formed turbid plaques, suggesting that they might be
temPefate phages. Their results showed, however, that cells isolated
from the turbid plaques were not truly lysogenic, although spores derived
from such cells were able to produce free phages even after heat treatment
vhich would inactivate all free phages.

Transducing phages SP 10 and PBS 1 for B. subtilis were igola.ted
in 1961 by Thorne (8) and by Taksheshi (9) respectively. It was thought
-earlier that PBS 1 isolated by Takahashi was a temperate phage and lyso-
genic cultures could retain prophages through repeated su‘;cultures (9).
However, it was found later that the individual lysogenic bacterium was
not as stable as previously thought. | When apparently lysogenic cells
were grown in broth containing phage antiserum, they reverted to the
sensitive state at an extremely high frequency (10). The proportion
of lysogenic (phage-carrying) cells remained constant for about 60 minutes
and thereafter it decreased by 50% at each generation time (10).

Further studies on the PBS 1 system were carried out by Takahashi
(11) with phage-carrying spores obtained from B. subtilis ‘cul‘l:ures infected
with PBS 1. Centrifugation in a CsCl gradient of DNA extracted from such
spore prepgmtions,--in which free phages were eliminated by heat treatment
and thorough washing, yielded two distinct DNA bands. From their buoyant
densities they were ' identified as the bacterial DNA ‘(y=1.703) and the
PBS1 DNA (f=1.7223. No DM of intermediate densities was foun?, From



the relative amount of the PBS 1 DNA banded in the CsCl gradient, it has
been estimated that each spore contained PBS 1 DNA equivalent to several
copies of the phage genone.

From these and other observations, Takshashi (11) has suggested
that the PBS 1 system can be a case of pseudolysogeny (carrier state) in
vhich the phage genome present in B, subtilis cells or spores is not
attached to the host chromosome and the replication of PBS 1 DNA is
independent.

Studies carried out with another transducing phage SP10 also
showed that cells carrying this phage were unstable and they were in
the carrier state (12,13,14).

When non-replicating phage DNA is present without s1/;a.’b1e integration
-into the host chromosome as in the case of the restricted phage genome in
a non-permissible host or in the case of superinfecting phage genome, the
phage DNA is usually degraded into acid-soluble fragments by the action of
DNase (15-19). In order to prevent breakdown of & superinfecting genome,
eddition of streptomycin or reduction of Mg2+ in the medium is necessary
to inhibit the action of DNase (20). _

In contrast to the above situations, PBS 1 INA can ;'emain in the
cells for several generations without being degraded, although it is not
integrated into the host chromosome. Therefore in the present study
DNases in uninfected B. subtilis cells and cells infected with PBS 1,were
investigated to obtain information on the mechanism _by which PBS 1 INA can
remain intact in B. subtilis cells. _
| In addition to the ability to create the carrier state, phage PES 1



can mediate generalized transduction in B. subtilis (10). It has been
‘shown by Takshashi (21) that fregencies of joint transfer, as expressed
by the cotransfer index or by percentage of joint transfer, are higher
in transduction than in transformation medizied by free INA molecules.
WVith a pair of closely linked markers, the frzqguency of joint transduction
was only slightly higher than that of joint tra;r.xsfoma.tion. On the other
hand, a considerably higher degree of linkage wé,s obtained by transduction
when loosely linked markers were exemined. Thus it appeared that host
DNA, during the phage multiplication was not degraded extensively so that
transducing particle could incorporate relatively undamaged host IDNA,

In the present thesis results of investigations on DNases active
on B, subtilis DNA and on the fate of the bacterial INA a.;“aer infection
- with PBS 1 will be presented to substantiate the above genetic obsexv#tion.

Although DNases in Escherichia coli have been investigated

extensively (22,23), comparatively little is known about DNases in B.

subtilis. During studies on DNA polymerase of B. subtilis, Okazaki and
Kornberg (24) found a DNase which had several fold greater activity on

native DNA then on heat-denatured DNA, This DNase has a DNA-phosphatase
aotivity which facilitates the priming action of template INA in DNA syn-
thesis by eliminating phosphoryl groups at the 5'-~termini. This enzyme-

may be similar to exonuclease III found in iﬂ_. coli (25,26). Birnboim

(27) found a DNase which was associated with the fraction containing cell walls
and membranes of mechanically disrupted cells of B, subtilis. . This INase
has an exonucleolytic.activity on heai-denatured DNA. Strauss et al.

(28,29) has reported that extracts of B. subtilis degrade methylated DNA



obtained by methyl methanesulphonate treatment, and these authors have
suggested that this DNase activity may be responsible for the repair of
alkylated DNA, ©No attempts have been made to purify this enzyme.

In addition to these intracellular DNases, B. subtilis produces
an ex;bracellul,a.r DNase (30). This énzyme has been purified and its
properties have been investigated by Kerr et 2l. (31) and by Okazald
et al. (32)., The exirzcellular DNase preferentially degrades heat-

.c’enatured DNA in the absence of Ca2* producing 3'~decxyribonucleotides by
attacking from the 5'-terminus ina stepwise manner. This enzyme also
can degrade exonucleolytically native DﬁA. from the 3'=terminus in the
presence of Ca2+, | )

Upon infection of B. subtilis with SP3, DNese activity on heat-
denatured DNA increases 50-fold (33). The increase in the DNase activity
can not be observed when celis are infected in the presence of chloramphenicol.,
Therefore the enzyme appears to be synthesized after phage infection,
Unlike INase normally present in extracts of B. subtilis, which has an
absolute requirement for Ca2*, the phage-induced enzyme requires Mg2*,

Infection with SP10 also resulted in a marked increase of DNase
activity in B. subtilis (14). No nuclease activity was detected in SP10-
infected cells of strain 168 in which the phage was unable to grow. The
SP10-induced DNase could degrade both native host INA and SP10 DNA in
vitro. However DNA extracted from the ocells 25 mimutes after infection
did not show any deorease in the frequency of joint transformation,
indicating that bacterial DNA vwa.s not degraded exténsively at least during
the early stages of infection in spite of the induction of DNase which



showed an elevated activity in vitro. The SP10-induced DNase therefore
may be involved in some processes related bto the development of phage
SP10 rather than the destruction of host DNA, 'The isolation and
characterization of this DNase have not been attempted as yet.

Changes in DNase activity in E. coli induced by phage infection
" have been reported by many authors. In E, coli infected with T-even
phages, nuclei are fragmented to yield small blocks of chromatin materials
at very early stages of infection (34). Protein synthesis is necessary
for the disruption of bacterial nuclei, for cells which are infected with
T-even phages in the presence of chloramphenicol retained their morpho-
logical integrity (55)_. The above cytologicél observation is in agree-
ment with the finding that during the multiplication of 'l‘-/-even phages
the major part of host DNA is degraded to small molecules and that ‘fhese
are subsequently reutilized in the synthesis of phage DNA (36-44).

Pardee and Williams (38) have reported that the DNase activity
of extracts of E. coli infected with T2.is significantly higher than that
of extracts prepared from uninfected cells. ILater Stone and Burton (45)
have reexamined this problem end concluded that the increased DNase
activity observed in extracts of E. coli infected with T2 was attributable
to the induced synthesis of DNese after infection. One of the DNases in
the infected cells has been found to‘bean' exonuclease (oligonucleotide
diesterase) which degrades partially-degraded DNA by the action of
pancreatic DNase, into mononucleotides. This enzyme does not degrade .
either native or heat-denatured DNA (46,47). In addi'bioh' to the exo-

‘nuclea.se, Bose and Nossel (48) described g new endonuclease induced by T2
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infection. The partially purified enzyme attacks preferentially heat-
denatured DNA and the principal products of hydrolysis are oligonucleotides
with 5'~phosphoryl ends. Thus the phage-induced endonuclease and exonuclease
seem Yo act together on E. coli DNA to produce deoxyriboside 5'-mono-
phosphates which can be converted to triphosphates, the immediate pre-
cursors of phage DNA (49). Therefore in T-even phages the phage-induced
~ destruction of host DNA seems to be due to two potentl induced enzymes.
Recently Wiberg (50) examined several conditional lethal mutents
(amber) of T4 which could not cause degradation of bacterial DNA, These
mutants produced progeny phages at less than 10% of the yield of the
corresponding wild type phage. The production of new en/zymes vhich
~ degrade host DNA therefore appears to be under the control of phage genes.
Upon infection of E. coli with TS, more than 90% of host INA was
converted to acid-soluble fragments within 5 minutes (51,52). The
degradation of host DNA appeared to be dependent on the synthesis of a
new protein, since infection of E. coli in the presence of chloramphenicol
did not cause the destruction of host DNA. in contrast to cells infected
with T-even phages, no increase in DNase. activity was detectable in the
early steges of infection where & rapid destruction of host DNA was
observed. Nevertheless, DNase activities increased at a later stage of
phage miltiplication. In this case too, the increase in DNase activity
was attributable to the synthesis of a new enzyme. The observation that
appearance of the new DNase closely paralleled the synthesis of T5
_INA, suggested that the new DNase might play a role in DNA synthesis
rather than in degradation. Recently, T5-induced INase has been purified



and its properties have been examined in detail (53). The mode of attack
of the enzyme appears to be both endonucleolytic and exonucleolytic,
yielding & mixture of small oligonucleotides and mononucleotides
terminated with a 5'-phosphoryl group (53). It was found that DNA
isclated from T5 by a very mild technique, contains four single-strand
breaks (54). It is suggested that the T5-induced DNase is responsible
for the introduction of single-strand breaks in T5 DNA (53).

Changes in DNase activities during the development of phage lambda
in lysogenic bacteria have been studied by Weissbach and Korn (55,56).
They found that induction of lambda prophage in E. coli by mitomycin.C
or thymine deprivation caused a 10-fold increase in the activity‘of a
DNase which was distinct from all other INases present in/uninduced
E. coli K12 (A). The induced DNase bas been isolated and found to be
a new exonuclease., The DNase appeared in the early vegetative growth
cycle of the phage, and its inorease paralleled the DNA synthesis,
Enzymes similar to the lambda-induced exonuclease were also found in
induced cells which,were lysogenic to lambdoid phages such as 434, 21 or
#80 (57,58). The exonuclease inducéd by lambda phage was purified
extensively and its properties were studied in detail (59,60). ‘The
enzyme specifically degrades native DNA by abtacking at the 5'~bermini
in a stepwise manner and releasing 5'-mononucleotides. The sequential
degradation of DNA molecules by this DNase generated molecules which
bore protruding 3'-terminated single-stranded regions at both ends of
&8 double-stranded segment. Since protruding 5'-term.1nated single~
stranded regions are reqm.red for the cohesion of DNA molecule, this

mode of action appears to rule out a possible role of the enzyme in the



formation of cohesive ends of mature lambda DNA, Shuster et al. (61)
have reported that non-inducible temperate phages (186 and 299) fail
to produce detectable amounts of the exonmuclease. It has also been
known that bacteria carrying the defective lambda prophage T,” » which
directs the synthesis of an excessive amount of exonuclease upon induction,
have a very high rate of curing (64,65). Thus it has been proposed that
the exonuclease induced by lambdoid phages might keep the prophage detached
from the bacterial chromosome after induction either by destroying the
cohesive: ends of the phage DNA which might be necessary for prophage
attachment (63), or by destroying the prophage attachment site in the host
DNA (61). ,

In the present thesis the isolation and characterization of a
DNase active on native PBS 1 DNA will be described. The possible
biological role of this enzyme in the pseuwdolysogeny of B. subtilis will

also be discussed.

Biosynthesis of PBS 1 DNA

Biochemical investigations on the multiplication of T-even phages
were initiated ebout 20 years ago by Cohen (66). In his earlier work
it was found that DNA synthesis ceased immediately after infection, but
commenced agein at a rate five times greater than the preinfection rate,
This repidly synthesized DNA was later indentified as viral INA (36).

No net synthesis of RNA was observed, although a rapid turnover of RNA
_having a base composition similar to that of viral DNA was found later
by Volkin and Astrachan (67). Protein synthesis continued from the
inception of ini‘eotioﬁ. Howevex:, very little of the protein which was
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formed before viral INA synthesis began, appeared in the phage particle.
The necessity of protein synthesis in early stages of infection for phage
multiplication was shown by using various inhibitors of protein synthesis
(68469,70,71). One of the proteins synthesized during early stages of
infection was ident?i.i‘ied as deoxycytidylate hydroxymethylase which
provided hydroxymethyleytosine (HMC), a unique constituent of the phage
DNA (72,73).  After Cohen's pioneer work, many enzymes which are essential
for the synthesis of T-even phage DNA were: discovered in the T-even phage
system. They are aHMCMP kinase (74,75), dCTPase (74,75,76), dIMP kinase
(76), AGMP kinase (76) thymidylate synthetase (77,78), GCMP deaminase
(79,80), DNA polymerase (81) and glucosyltransferase (76). These enzymes
which are responsible for the rapid synthesis of phage DN; are detectable
as early as 5 mimutes after infection with a T-even phage,

The DNA of T-even.phages contains HMC (82) and can be readily
distinguished from the host INA. TFor this reason mbs‘b btiochemical invest-
igations on phage multiplication have been carried out with T-even phages
and very little is kmown in other phage systems where the chemical
. compositions of viral DNA is similar to that of host DNA, Recently,
however, unusual beses have been found in several B. subtilis phages.
Hydroxymethyluracil (HMU) replaces thymine in the DNA of SP8 (83) and
uracil replaces thymine in the DNA of phage PBS 1 (84).

It has been found, in B, subtilis after infection with phages,
SP8, fle or SP5C which contain HMU in their DNA, that the level of dCMP
deaminase which provides dUMP increased markedly (85,86,87). It has
been suggested that the incorporation of thymine into DNA is prevented

]
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by the action of dTTPase or dTMPase or the production of a specific
inhibitor for thymidylate synthetase in cells infected with those phages
(85,86,87). Nishihara et al. (88) have reported that dCMP deaminase
isolated from cells infected with SP8 is not inhibited by ATTP or AHIMUTP
nor”s"bimulated by dCTP, although dCMP deaminase induced by T-even phages
is inhibited by ATTP and stimulated by AHMCTP or 4CTP (89,90).

Since PBS 1 DNA contains uracil in place of thymine, biochemical
changes similar to *those observed in cells infected with SP8 may be
expected. However, according to Kahan (85) in cells infected with PBS 2,
& clear-plaque mutant of PBS 1, dClMP deaminase was not detectab]:e. He
has observed va. high level of enzymes, AUMP kinase and dTMPase which are
virtually absent in uninfected cell§ (91). Other pa'bhwas's for AUTP
synthesis in PBS 1-infected cells have not been investigated, 4

ribonucleotide reductase may give rise to dUTP by the following reactioné:
UDP—>dUDP—dUTP (92). The existence of this pathway in various systems
has been shown (93,94,95), The 4C deaminase (96) and dU kinase (97)
may also yield dUMP. Therefore the 1a.t'.ter part of the present study

was devoted to the biochemical pathways for the synthesis of AUTP in

B. subtilis ceils infected with PBS 1. |



CHAPTER II
MATERIALS AND METHODS

Symbols
Symbols to designate the genotype of mutant bacteria are according

to Demerec et al. (98).
The abbreviationsused for amino acids, bases, nucleosides,

nucleotides, and micleic acids are those recommended by the NAS-NRC Office

of Biochemical Nomenclature (99). ,
Bacteria
Stra;i.ns A Characteristics
Bacillus subtilis SB19E wild type, str’, ery”
SB202 8ros,y try,, hisy, tyx,
Escherichia coli B © wild type
Bacteriophages
Host Characteristics
'.PBSA1 B. subtilié Uracil replaces thymine in
| DNA.

Single-strand breaks in DNA,
PBS 15 . B. subtilis  Hydroxymethyluracil replaces
" thymine.

12
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T4 ' E. coli Hydroxymethylcytosine
replaces cytosine
™5 E. coli ‘Single-strand breaks

in INA,

Cul ture media

1 Penassay Broth

2 Tryptose Blood Agar Base (TBB agar)

3 TBB sc;ft agar
This medium contained the same ingredients as TBB agar except
that 'bhé‘ content of agar was 10 g per litre,

4 Watrient Broth |

5 Spizizen's Minimal Medium (SMM) (100)

(1, ),80, 2.0 g
KZHPOA, 14.0 g
Sodium citrate (Na306H507°2320) 1.0 g
MgSO4'7H20 0.2 g
Glucose (10%) . 50 ml
Distilled water 1.01

The pH was adjusted to 7.0. To prepare minimal agar, 15 g
of Bacto-Agar (Difco) were added. Where biochemical
~ supplements were required in the medium, they were autoclaved separately

and added to a final concentration of 50 pg/ul unless otherwise stated.



Glucose was autoclaved separately and added prior to use.

A-pedium

Nutrient Broth 8.0 g
Yeast Extract 1.0 g
NaCl - 4.0 g
HgSO, * TH,0 . 0.2 g
I{H2P04 1.5 ¢
Ne. PO, *TH,0 - - 5.7 &

Distilled water ' 1,01
The pH was 7.5.
Tris~medium

Yeast Extract : 0.5 8 ’
Casamino Acids . 05¢g
(N'H4)2504 2,0 g
Sodium eitrate (Na306H507'2H20) 1.0 g
MgS0, *TH,0 o 0.2 g
Pris-Cl Buffer (1 M, pH 7.5) 50 ml

Potassium phosphate buffer (0.05 M,

o 7.5) . 2 m
Glucose (10%) 50 ml
Distilled water 1.01

Glucose was sutoclaved separately and added prior to use.
. Sporulation medium (101)
Nutrient Broth 8.0 g



MgSO 4 7H20 250 mg

KC1 1.0 g
MnCl, (1.9%) 0.1 ml
Distilled water 1.01

The pH was adjusted to 7.0. Before use, the following sterile
solutions were added per one litre of the medium,

FeS0, * TH,0 (0.27%) 0.1 ml

Ca(N03)2°4.H20 (2.3%) 10 ml

To prepare sporulation agar 15.0 g of Bacto-Agar (Difco) were
added to one litre of the above medium,

Adsorption medium (10)

Yeast Extract ‘ 1.0 g
NaCl ' 4.0 g
K250 4 _ 5.0¢g
KH,P0, N 1.5 8
Ne PO, - 3.0 g
Mg504'7H20 120 ng
CaC1,(1.0%) 1,0 ml
FeC1, (o.56) 2.0 ml
Distilled water 1.01

M-9 medium (modified) (75)

m:401 1.0 g
m21>04 - 3.0 g



16

FeSO 4 ® TH20 0.5 ng
Glucose (10%) 50 ml*
MgSO0 4‘ 7320 490 mg*
Ca012 o 6H20 109 mg¥*
Distilied water 1.01

#* added after sterilization.
411 dehydrated culture media, yeast extract and casamino acids

wore obtained from Difco Laboratories,

Chemical Reagents

Amino acids were purchased from Calbiochem Co. Bases, nucleosides,
nucleotides were products of Sigma General Biochemical Co/. or Nubritional
Biochemical Co. Ltd, All the chemical compounds used were analytical
grade., 3, S5-Diaminobenzoic acld and methyl methoxysulphonate were
products of Aldrich Chemical' Co. frMercaptoethanol was a product of
Eastmen Organic Chemicals. The CsCl (optical grade) was a proguct of
Harshaw Ghemilca,lg Albumin (Bovine Fraction V) was obtained from Calbiocchen
Co. Chloramphenicol was & product of Parke, Davis and Co. Streptomycin
and erythromycin were obtained from Merck and Sharp, and Abott Laboratory
Ltd, respectively. Calf thymus DNA and yea,st- RNA were products of
Worthington Biochemical Co.

Labelled compounds (E?-dU, HO-dC, HO-dCMP and EO_UDP) were obtained
from Schwarz BioResearch Co. Me'bhyl-HB-d.T wvas obtained from New England

Fuclear Co. Orthophosphate (3323204) was obteined from Atomic Energy of
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Canada Ltd,

Enzymes
lysozyme (egg white) was obtained from Calbiochem. Co. INase

(pancreatic), RNase (pancreatic), snake venom phosphodiesterase, pronase

" and trypsin were products of Worthington Biochemical Co.

Other materials

DEAE-cellulose, CM-cellulose and ECTEQOLA-cellulose were products
of Mann Laboratories. Sephadex G-~75, G=-200 and DEAE-Sephadex A-25 were
products of Pharmacia, Hydroxylapatilte-C was obtained from Clarkson

Ve

Chemiocal Co. Inc.

Methods
1 Culture methods
Broth cultures were obtained by inoculating & medium with cells
grown on TBB agar overnight and incubating with shaking for 4 to 5 hours
at 37°C. Bacterial growth was measured by either viable counts made
on TEB agar after an appropriate dilution or optically with a Klett
Summerson colorimeter,
2 / Phage technique
Phage PBS 1 was assayed by the method of Takehashi (10).
Phages T4 and T5 were assayed by the method of Adams (102).
Phage lysates of PBS 1 were prepared in the following way:

L]
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bacterial cultures grown in A-medium for 4 hours at 379C were diluted .
10 times in fresh A-medium and infected with PBS 1 at a multiplicity
of infection (m.o0.i.) of about 0.5. The infected cultures were
incubated with shaking for 60 minutes and incubation continued overnight
vithout shaking b 37°C. A phage titre of 3 to 7 x 10°/ul could be
obtained consistently. . Phage lysates of T4 and T5 were prepared
according to Adams (102).

The presence of free phages was detected by streaking samples
on TBB agar and overlaying soft TBB ager containing sensitive bacteria.

3 Preparation of cell free extracts

Uninfected cells were prepared by growing SBI19E in A-medium,
Cells were collected by centrifugation st 7,400 x g for 5/ minutes and were
washed once with 0.15 M NaC1-0.015 M sodium citrate (1 x SSC). Cells
were stored at =5°C, | '

Infected cells were prepared by infecting 4 hour cultures. of
SB19E at m.0.i., of 3 to 5. At various time intervaels, samples were
withdrawn, quickly cooled and centrifuged. The infected cells were
washed and frozen as described above.

The frozen cellé were resuspended in a suitable buffer solution.
The thick suspensions of bacteria were disrupted by a French Press
(Ga,rve:;:' Leboratory Press) at 15,000 1b/in? three times, Unbroken
cells and cell dedbris were removed by centrifugation at 15,000 x g for
30 minutes, The supernatant fluids were used as crude extracts.

4 Proparation of bacteriel DNA

The crude DNA obtained by the method of Takehashi (103) was



19

<

purified further by the following method. The crude DNA preparation
was treated with RNase (pancreatic) at concentﬁtion of 50 pg/ml at
37°C for 1 hour and deproteinized by phenol saturated with 1 x SSC.
The deproteinized DNA was treated with isopropanol as described by Marmur
(106). The treatment with RNase, phenol extraction and isopropanol
precipitation was repeated until the amount of RNA was reduced to less
than 1.0% as measured by the orcinol reaction (104).
5 Preparation of DINA from phages
Preparation of DNA from phages was described by Takahashi (105).
For the DNA of PBS 1, the isopropanocl precipitation technique (106) was
employed to eliminate teichoic acids (107).
6 Preparation of labelled DNA
| Bacteria and phages for the preparation of P22 labelled DNA were
grown in Tris-medium containing P32 (10 pC/ml). In order to obtain DNA
of high specific activities, the amount of phosphate was limited to
18.2 pg P per ml in the labelling medium, Extraction and purification
procedures were identical to those of unlabelled DNA,
7 Transformation technique
Transformation was carried out by the methods of Spizizen (100)
and of Takahashi (108),
8 Analytical procedures
The amount of protein was estimated by the method oft Lowry et al.
(109), or by measuring the opticsl density at 260 mu assuming E::%OE 11.4.
The amount of DNA was estimated by the method of Dische (110),

or by measuring the optical demsity st 260 m assuming E0-1%. 20,0
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In some inétances, the following fluorometric method was employed (111).
3, 5-Diaminobenzoic acid (0.6 g) was dissolved in 2 ml of 4 N HCL.
The darkbrown solution was decolourized by acid-washed active charcoal
(Norit-A), The decolourization was repeated 5 times with 0.02 g of
charcoal for each treatment, Samples of DNA (0.02 ml) in.0.1 M NaCl
vas mixed with 0.03 ml of 1.8 N perchloric acid and 0.05 ml of decolour-
ized 3, S5-diaminobenzoic aé¢id. The reaction mixture was incubated at
60°C for 30 minutes, then 1 ml of 0.6 N perchloric acid was added.
The fluorescence was measured by Farrand Fluorometer Mode A-2 using
primary filter (Corning filters 5970,4308,3060) and secondary filter
(Corning filters 5031,3384). Under these conditions, with calf thymus
DNA as standard, a linear relation was obtained between t}/ze amount of
fluorescence produced and the concentration of INA ranging from 1.0 pe
to 50 yg per tube.

The concentration of RNA was measured by the orcinol reaction
(104) or optical density at 260 mp, assuning E?‘Z;E 21.0.

Phosphorous was measured by King's method (112).

9 Assay of enzymes '
Diese
i) Radioisotope method

The method was based on the releé.se of acid-soluble radioactivity
from a labelled substrate after enzymic reaction. VWhen P32-1abelled
DNA was wsed acid soluble P72 was measured by Nuclear Chicago gas flow

counter Model D 47. Unless otherwise stated, the incubation mixtures

consisted of 0.05 ml of substrate (DNA,330 pg/ml), 0.015 ml of
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p-mercaptoethanol (0.1M), 0.025 nl of CaCl, (5 x 107M), 0.1 ml of approp-
riate buffer, aliquots of enzyme preparation and distilled water to make
up 0.27 ml, The buffers for assaying activity on native PBS 1 DNA,
heat-denatured DNA (PBS 1 or host), and native host DNA were 1.0 I
Pris-Cl (pH 8.50), 1.0 M Tris-Cl (pH 7.0) and 1.0 M glycine-KOH (pH
8.50) respectively, The reaction was terminated by the addition of
0.2 ml of 1.8 N perchloric acid, 0.2 ml of calf thymus DNA (0.5 mg/ml)
and 0,04 ml of bovine albumin (5 mg/ml). The mixtures were kept at
0°C for 15 minutes, After centrifugation at 14,500 x g for 5 minutes,
radioactivity in the supematant' fluid was measured.
ii) Optical method

The method was based on the release of acid-solubie nucleotides
from the substrate after enzymic reaction., According to Iehman (113),
oligonucleotides of less than 21 nucleotide-length were acid-soluble.
The reaction mixture was the same as in the radioiosotope method,
except that non-radicactive DNA was added as substrate. Increase in
absorption at 260 mp in the supernatent fluid after centrifugation was
measured by a Beckman spectrophotometer Model DU,

iii) Fluorometric method

The é.mount of acid-soluble deoxyribose after enzymic reaction
vas measured by the method deseribed in section 8 of this chapter,
Riese

RNase was measured by the same technique employed in the assay

+

2
of DNase except that Mg was added at & concentration of 0.01 M.

A
dU kinase
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The modified procedure of Sk81d (97) was used. The reaction
mixtures consisted of 1.4 pM H>-dU (2.5 jC), 1.25 mf ATP, 1.25 mif MgCl,,
50 mM Tris-Cl buffer (pH 7.50) and aliquots of enzyme, in a total of
0.5 ml. The reaction was stoppéd after 15 minutes incubation at 37°C
by heating at 100°C for 3 minutes and the resulting precipitates were
removed by centrifugation., The supermatent fluids were analyzed by
paper chromatography (Whatman No. 1) with a mixture of ethanol (95%)-
saturated sodium tetraborate~-5 M ammonium acetate-0.5 M EDTA (220:80:
20:0,5 by vol.) as solvent, The spots corresponding to dU and 4UMP
were cut out and their radioactivities were measured.

UDP reductase

The modified method of Bertanmi et al. (92) was used. The
reaction mixtures contained 1.3 mM ATP, 1,2 mif Oa.Clz, 25 mM Tris-Cl
buffer (pH 7.50), 0.14 pM NADPH (or 0.17 pM NAIH or 0,47 pM reduced
lipoic acid), 1.1 pM H-U0P (3 AC) and aliquots of enzyme, in a total
of 0.5 ml. The reaction was terminated after 30 minutes incubation
at 37°C by heating at 100°C for 3 minutes and the resulting pre-
cipitates were removed by centrifugation. The suﬁerna.tant fluids
were chromatographed as in the.ca.se of dU kinase., Spots of 4UMP,
dUDP, 4AUTP and UDP were cut out and their radiocactivities were mea-
sured,

dClP deaminase

The assay method described by Wang (96) was used with modification.
The reaction mixtures contained 125 R M MgClz, 805 pM aCMP, 25 mM Tris-
€1 buffer (pH 7.50) and aliquots of enzyme, in a total of 1.0 ml.



At various time intervals optical density measurements were made on
0.1 ml-samples affer mixing with 1.5 ml of 1 M HCl., The following
molecular extinction coefficients were wsed: for dUMP Azso” 4.0 x
103 (pH 2.0), 3.33 x 10° (pH 6.70.), 3.84 x 107 (pH 7.50) end for
dCMP A,g = 13.1 x 103 (pH 2.00), 7.78 x 103 (pH 6.70) and 7.25 x 10°
(pH 7.50).

In some instances, the assay of dCMP deaminase was made with
HI-aCMP as substrate. The reaction mixtures contained 1.5 M of
E3-dCMP (5 pC), 125 pM MgCly, 25 mM Tris-Cl buffer (pH 7.50) and
aliquots of enzyme, in a total of 0.5 ml. The enzymic reaction
vas terminated after 15 minutes incubation &t 37°C by heating at
100 for 5 minutes and the resulting precipitates were rgmoved by
centrifugation. The supernatant fluids were chromatographed with a
mixbure of conc. HCl-isopropanol-water (41:170:28 by vol.) as solvent,
The enzyme activity was estimated by measuring the radiocactivity of
the spot corresponding to dAUMP,

dC deeminsse

The reaction mixtures consisted of the same components as

those of dCMP deaminase except that 1.5 of H-dC (5 uC) replaced
R

dCMP. The enzymic reaction was terminated after 15 minutes incubation
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at 37°C vy heating at 100°C for 3 minutes and the resulting precipitates

were removed by centrifugation. The supernatant fluids were chromato-

graphed as in the case of dCMP deaminase, The enzymic activity was
estimated by measuring the radiocactivity of the spot corresponding to
av. ‘



dCTP deaminase

When crude extracts were assayed, the reaction mixtures contained
250 plM MgCl,, 380 pM 4CTP, 25 mM Tris-Cl buffer (pH 7.50) and aliquots
of enzyme, in a total of 1.2 ml. At various time intervals, optical
density measurement were made on O.1 ml-samples after mixing with 1.5 ml
of 1 M HC1. The molecular extinction coefficients for 4UMP and ACIP
described above were also used i‘of dUTP and 4ACTP respectively. VWhen
partially purified prepa.rations‘ were Psed for the enzymic assay, decrease
in the optical density at 260 mp was measured by means of a Gilford
multi-sample absorbance recorder, The reaction mixtures consisted of
250 pM MgCIZ, 280 pM 4CTP, 67 mM potassium phosphate buffer (pE 6.70)

and aliquots of enzyme, in a total of 1.2 ml. g



CEAPTER III
STUDIES ON DNASES IN B, SUBLILIS

[}

Preliminery Experiments

é

As the properties of phage PBS 1 reported by Takahashi (10) were
determined in Penassay Broth, it was necessary to establish the growth
characteristics of the phage in the A-medium used in the present study.

A single-step growth experiment was carried out by the following
procedure. Cells of fully grown SB19E (5.3 x 108 cells/ml) were
suspended in the adsorption medium (5.3 x 10° cells/ml) a;xd infected at a
m.0.i., of 0.1, After 5 mimutes at 37°C, unabsorbed phages were removed
by centrifugation at 5,900 x g for 5 minutes. The infected cells were
resuspended and diluted at 10~3 in the A-medium. The infected cultures
were incubated in a water bath with aeration at 379C and samples were
vithdrawn at appropriate time infervals for plaque assay. 4s shown in
. Fig. 1, in the A-medium the latent period was found to be approximately
38 minutes and the burst size was 8, vwhich was much smaller than that
found in Penassay Broth by Takahashi (10).

Changes in the number of viable cells, the cell density as
expressed by Klett units and the proportion of phage-carrying cells in a
culture of B, subtilis infected with PBS 1 are shown in Fig. 2. The
cell density decreased only slighfly during the first 20 minutes, although
at the 20 th. minute 90 % of cells were killed. During the first 20

25
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minutes, more than 50 % of the surviving cells were in the carrier state.
Thereafter the cell density decreased as a result of lysis of infected
bacteria,

The chemical and physical properties of PBS 1 DNA differ considerably
from those of the host DNA (11,84). It was therefore desirable %o
obtain information on the sensitivity of PBS 1 DNA and B. subtilis DNA o
well characterized DNases such as pancreatic DNase (an endonuclease) and
snake venom phosphodiesterase (an exonuclease). Degradation of DNA was
measured by the fluorometric method. As shown in Table 1, the initial
velocity of pancreatic INase on both PBS 1 and host DNA (native or heat-
denatured DNA) was very similar. On the other hand, snake venom phospho-
diesterase degraded heat-denatured PBS 1 INA faster than ﬁeat—denatured
B. subtilis DNA., Since snake venom phosphodiesterase degrades from
3t'-hydroxyl ends, PBS 1 DNA seems to increase the number of 3'-hydroxyl

ends upon heating.

DNases active on PBS 1 DNA

DNases in crude extiracts prepared from uninfected cells were
fractionated on a column of Hydroxylapatite-C, After the column ‘chroma'bo-
graphy, DNase activities were found in three fractions (Fig., 3). Effluent
from the column (Fraction I) had no DNase activity. Fraction II which was
eluted with 0.05 M potassium phosphate buffer (pH 6.80) degraded only
native B, subtilis DNA, PFraction III which was eluted with 0,16 M
potassium phosphate btuffer (pH 6.80) showed a DNase activity on native PES 1
iDNA and on heat-denatured DNA (PBS 1 and B, subtilis DNA), Fraction IV
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which was eluted by 0.32 M potassium phosphate buffer (pH 6.80) showed

a DNase activity on heat-denatured PBS 1 and B. subtilis DNA (Table 2).
Fraction III had an optimal pH of 8.0 with native PES 1 INA as

substrate, Fraction IV showed an optimal pH of 7.0 for the degradation of

heat-denatured PBS 1 DNA, Both DNase activities were dependent on the

2+ 24

presence of Ca?+, Other bivalent cations, an"', 2"', Fe™ and Cu

could not replace Ca.2+. The optimal concentration of Gaz"' was found to be
5% 10"3 M for both» DNase activities., Results were summarized in Fig. 4 and
5, and Tables 3 and 4.

With the above ‘optima.l conditions, changes in the level ‘of DNases
active on PBS 1 DHA in infected cells were investigated with crude extracts,
A DNase active on native PBS 1 DNA which was detectable in uninfected cells
disappeared 20 minutes after infection, whereas a DNase active on heat-
denatured PBS 1 DNA remained at the same level during the multiplication of

PBS 1 (Fig. 6).

An inhibitor for DNase active on native PBS 1 DNA

The disappearance of the DNase activity on native phage DNA in
PBS 1-infected cells may be due to the production of an inhibitor.
Alternately the disappearance of the DNase activity on native phage DNA may
. also be explained by the ‘cessa.'l::‘.on of enzyme synthesis followed by the
degradation of the enzyme. As it was found that a boiled crude extract
from infected cellq strongly inhibited the DNase activity on native phage
INA in uninfected cells (Fig. 7), it appeared that the production of an

inhibitor was resyonsii)le for the disappearance of the DNase activity.
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The time of appearance of the inhibitor coincided with the time of
disappearance of the DNase (Fig. 7). The second possibility could not be
tested, since the inhibitor bound tightly fto the enzyme and the DNa.ée could
not be separated from the inhibitor-enzyme complex.

When chloramphenicol was added (100 pg/ml) to a culture at 5 or
15 minutes after infection, the -prod.uction of the inhibitor was completely
blocked. However chloramphenicol had no effect on the production of the
inhibitor if added 20 minutes after infection, suggesting that the inhibitor
was synthesized at early stages of phage multiplication.

Partial purificetion of the inhibitor was achieved by chromatography
on Sephadex G-75 (Fig. 8)., The partially purified inhibjitor was destroyed
by pronase and trypsin, while it was resistant to RNase, DNase, lysozyme
end to heat treatment at 100°C for 15 minutes (Table 5). The inhibitor
seems to be a protein and its molecular weight was estimated to be about
1.5 104 as judged by its behavior on the column of Sephadex G=75.

The inhibitor was further purified as follows: the partially
purified inhibitor from Sephadex G-75 was pooled and concentrated in vacuo
at 60°C, Mucleic acids were eliminated from the concentrated fraction by
the method of Razzell (114)., Precipitates resulting from the ireatment
were removed by ecentrifugation, then the supernatant fraction was concentrated
in vacuo at 60°C., The concentrated fraction was dislyzed against distilled
water several times and finally against 0.05 M Tris-Cl buffer (pE 7.50).

The precipitates resulting from the method of Razzell consisted mostly of
_mucleic acids and did not show any inhibitory activity.
Since the concentrated fraction still contained mucleic acids as

[
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Judged by the ratio of 0'3"260 to Oe,De,zao9 the inhibitor was treated with
pancreatic RNase (50 )\ng/ml) and pancreatic DNase (50 pg/ml) at 37°C for
2 hours., After the treatment with the nucleases, the inhibitor was
separated from DNase, RNase and degradation producte by gel filtration on
Sephadex G-75(Fig. 9). The ultraviolet absorption spectrum of the most
purified fraction still showed an absorption ma.:dmmn( at 260 mi, suggesting
the presence of nucleic acids (Fig. 10). TFurther purification has not
been attempied,

The purified inhibitor showed a non-competitive type of inhibition,
suggesting that the DNase active on native PBS 1 DNA might be an allosteric
enzyme (Fig.11). The inhibitor affected the DNase active on native PBS 1
INA, but not other DNase activities (Table 6). g

The binding of the inhibitor to the DNase active on native PBS 1
DNA was examined with a purified preparation. As shown in Fig, 12, the
inhibitor emerged from the column of Sephadex G-75 at fractiomns ¢ through
11, and the DNase emerged at fractions 6 through 8, when théy vere applied
on the column separately. When & mixture of the inhibitor and the DNase
was applied on Sephadex G=75, the peak of protein corresponding to the
inhibitor disappeared and only the peak corresponding to the DNatse was
observed., This observation showed that the binding of the inhibitor and
the TNase was very tight. The tight association of the inhibitor and the

DNase seems to explain thé failure to recover the DNase active on native

phage DNA from infected cells.

i
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INase of B. subtilis in the carrier state

As reported by Takshashi (10,11), PBS 1 can establish pseudolysogeny.
The pseudolysogenic cultures are unstable and phage-carrying cells
segregate sensitive cells at a fairly high frequency. Thus a population
of cells infected with PBS 1 comsists of cells in the carrier state and cells
in the lytic cycle, a.nd.“ their proportion changes with incubation time.

For this reason spores derived from infec't".ed. cultures were chosen to
investigate DNase in B. subtilis in the carrier state.

The spbres carrying PBS 1 were prepared by the following technique:
fully grown SB19E in Penassay Broth was infected at m.o0.i. of 20 and was
incubated at 37°C for one hour. The infected culture (0.5 ml) was spread
on the sporulation agar and incubated at 37°C for 30 hours (11). The spores
were collected in 0.01 M potassium phosphate buffer (pE 7.50) containing
0.85 % NaCl and treated with lysozyme (1 mg/ml) and pancreatic DNase
(100 pg/ml) for 30 mimutes at 37°C to lyse vegetative cells. After the
enzymic {treatment, the spores were washed three times with the same buffer.
Upon heat treatment at 85°C for 10 minutes and plating on TBB agar, it was
found that 72 % of germinated spores carried free PBS 1 particles.

- The purified spores were resuspended in 8 M urea-0.1 M F-merca.pto—
ethanol at pH 3.0 (115,116), and were incubated at 3700 for 30 minutes,
The spores were washed five"bimes with 0,85 % NaCl and were finally
resuspended in 0.01 M potassium phosphate tuffer (pH 7.50) containing 0.85 %
NaCl, The lysozyme was added to the spore suspension at 2 mg/ml and
incubated at 37°C for 30 minutes. After treatment most spores lost their
;'efractility. The lysozyme-treated spores were washed once with 0,05 M
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Tris-Cl (pH 7.50) containing 0.01 M @umerca.ptoethanol and resuspended in
the same buffer. The treated spores were crushed with a French Press
(Carver Laboratory Pross) four times at 15,000 1b/in2, The supernatant
fluids obtained after centrifugation at 12,000 x g for 30 mimutes were
dialyzed against 0.05 M Tris-Cl buffer (pH 7.5). The dialysates were used
as enzyme or inhibitor preparations.

Crude extracts from sporeé carrying PBS 1 had no DNase activity on
native PBS 1 DNA and had & considerable amount of the inhibitor (Table 7).
On the other hand, crude extracts of spores prepared from uninfected cultures

showed the DNase activity on native PBS 1 INA and the inhibitor was absent.

Purification of the DNase active on native PBS 1 DNA

Foregoing results indicated that B. subtilis cells contained a
DNase which hydrolyzed native phage DNA but not native host DNA. Attempts
were made to purify and characterize this INase.

The frozen uninfected cells were resuspended in 0,001 M potassium
phosphate buffer (pH 6.80) and cell free extracts were prepared as described
in Methods. The cell free extract was dialyzed against 0,001 M potassium
phosphate buffer (pH 6.80) overnight and wes  applied on & column of
Hydroxylapatite-C which was previously equilibrated with 0,001 M potassium
phosphate buffer. The charged colurm was first eluted with 0,001 M
potassium phosphate buffer, then 0.05 M and finally 0.16 M buffer. The
DNase active on native PBS 1 INA was found only in the fraction eluted with
0.16 M potassium phosphate buffer, The fraction eluted with 0.16 M buffer

was precipitated with 40 to 60 % saturation of ammonium sulphate. Ammonium
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sulphate was removed by diaslysis in 0,001 M potassium phosphate buffer
(pH 6.80) overnight. |

The dialysate was applied on & column of DEAE-cellulose (100 ml
in & column of 20 mm in diameter) previously equilibrated with 0.001 M
potessium phosphate tuffer. The colum was washed first with 120 ml of
0.001 M potassium phosphate buffer, then eluted with a linear gradient of
N¥aCl (0 M to 0.3 M NaCl in 0,001 M potassium phosphate buffer). The
total volume of the gradient was 400 ml., Five ml fractions were collected.
The masé activity on native PBS 1 DNA appeared as & broad peak, which
included two separate protein peai:a (Fig. 13). ‘The active fractions were
pooled and concentrated with ammonium sulphate at 60 % saturation.
Ammonium sulphate was removed by dialysis in 0.001 M pota;sium phosphate
buffer (pH 6.80) overnight.

The specific activity and recovery of the DNase during the purification
steps are shown in Table 8, The final product had & specific activity
50 times higher than thet of crude extracts and contained almost no
nuciéic acid as judged from its ultraviolet absorption spectrum.

Further purification of the DNase with CM-cellulose, ECTEOLA-cellulose.

Sephadex G-200 or DEAE-Sephadex A-25 was unsuccessful.

Properties of the purified DNase active on native PBS 1 DNA

A1l preparations except the final product from DEAE-cellulose
chromatography could be stored at -5°C without any loss of activity., The
purified DNase after chromatography on DEAE-cellulose was stable at 4°C,

_‘ but was inactivated in.the frozen state. The inactivation took place even

in an enzyme preparation kept in liquid nitrogen.
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The rate of hydrolysis of native PBS 1 DNA in Tris-Cl buffer is
shown in Fig. 14. The highest DNase activity was obtained at pH between
8,00 and 8,50, The rate of hydrolysis was affected by the concentration
of buffer used. The optimal concentration of Tris-Cl buffer for the enzyme
sctivity was 0.5 I ‘(Rig. 15). As in the case of partially purified
preparations, the DNase required the presence of Ca.2+ for its ac:tivity
(Table 9). Among other cations tested, Cu®® was slightly effective, bub
Mg?* and M2t could not replace Ca?*, Monovalent cations, X' and Na¥ did
not stimulate the enzyme activity.

The enzymic activity was strongly inhibited in the presence of
potassium phosphate (Fig. 16). The inhibition of the DNase by phosphate
probably is due to the removal of Ca.z"' £rom the mixture 'b& forming insoluble
gomplexes,

The addition of yeast RNA to the resction mixture did not inhibit
‘the DNase activity at concentrations up to 30 pg/ml,

As it was shown earlier , the INase active on native PBS 1 DNA did
not degrade mative host DNA, The specificity of this DNase was studied
. further with the purified preparation. This DNase degraded native PBS 1
DNA rapidly and reached complete degradation after 90 minutes of incubation
at 37°%, PBS 15 DNA in which hydroxymethyluracil replaces thymine was
degraded to a small extent, Calf thymus, B. subtilis and T4 DNA wers not
degraded by this enzyme. Results are summarized in Table 10 and Fig. 17.

The DNase active on native PES 1 DNA was shown to have a strict
specificity toward substrate. In order to investigate whether DNA from
 other sources could compete with PES 1 DNA in the enzymic reaction, calf
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thymus DNA was added to the reaction mixture. As shown in Table 11,
thymus DNA had no effect on the degradation of PBS 1 DNA even at a
concentration three times higher than tha.t‘ of the substrate. Therefore it
seems that thymus DNA does not interact with active site(s) of this enzyme.

| No RNase or nucleotidase activity wes éetectable in the purified
preparation. The purified preparation, however, contained a INase activity
on heat-denatured DNA, As shown in Fig. 18, heat-denatured DMA!'s from
T4, PBS 15 and B. subtilis were degraded by this preparation. The initial
rate of degradation of PBS 1 DNA was greatest among DNA's tested. 'It was
not clear whether the DNase activity on héat-denaturea DNA was due to
the presence of another enzyme. The sensitivity of the two enzyme
activities (on native and heat-denatured PBS 1 DNA) .to heatt was found to be
different. As shown in Fig. 19, Athe DNase active on native PBS 1 DNA was
completely inactivated after 30 minutes of incubation at 55°C. On the
other hand, 12% of the original activity on heat dematured PBS 1 DNA was
found after the same heat treatment. In addition to the difference in heat
sensitivity, the DNase active on native PBS 1 DNA was inhibited specifically
by the inhibitor, whereas the DNase a;c‘bi.vity on heat-denatured DNA was not
affected by the same inhibitor (Table 6). These observations suggest
that the most purified preparation might still contain two enzymes; one
active on native PBS 1 DNA and the other active on heat-denatured DNA.

The mode of action of the INase active on native PBS 1 INA

It has been shown that the PBS 1 DNA molecule has four single-
strand breaks (117) in its linear structure, while T4 end B, subtilis DNA
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which are resistant to the enzyme have no single-strand breaks. In order
to examine whether the specificity of this enzyme toward substrate was due
to the presence of single-strand breaks in PBS 1 DNA, single-strand breaks
were artificially introduced into B. subtilis DNA,

| Single-strand breaks were introduced by the treatment with a low
concentration of pancreatic DNase (118). The incubation mixture (1.52 ml)
contained DNA from SB19E (1.5 ml of A26o=8.6 in 0,01 M Tris-Cl, pH 8.0-0.02 M
NaCl), 0.01 ml of 1 M MgCl, and 0,01 ml of pancreatic DNase (0.13 or 0.66
units). The mixture was incubated for 30 minutes at room temperature.
The reaction was terminated by adding 0.01 ml of 0.1 M EDTA and the mixture
was dialyzed against 0.1 M NaCl,

Zone sedimentation analysis of INA treated with pénoreatic DNase was
carried out in a alkaline sucrose gradient (5-20 %) in 0.02 M K;P0, at pH
12.1 (pH was adjusted with 4 M KOH)., Samples of DNA were layered on the
top of the gradient and were centrifuged for 24 hours at 24,000 r.p.m. in a
Spinco SW 25,1 rotor at 15°C, The sedimentation profile of DNA treated with
various amounts of pancreatic DNase is shown in Fig. 20, The DNA treated
with pancreatic DNase sedimented in alkaline sucrose gradients at a much
slower rate than the control. Since the control DNA and the DNA treated with
0.13 units/ml of pancreatic DNase sedimented at the same rate in neutral
sucrose gradient, the slower rate of sedimentation of treated INA in alkaline
sucrose gradients would indicate the presence of single-strand breaks.

Single-strand breaks were also introduced by ascorbate as described
by Bode (119). The reaction mixture (1.0 ml) contained 0.5 ml of 0.01 M

Tris-Cl buffer (pE 7.50)-10"> M EDEA, 0.5 ml of DNA (A, =6-2) and various

°=
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amounts of ascorbic acid. The mixture was  incubated for 7 hours at 37°C
and the reaction was ‘i:enninafed by dialyzing it against 0.1 I NaCl.

The zone sedimentation in sucrose gradients was made in the same way as

in the case of DNA treated with panc:r.fea:hijc DNase, As showm in Fig. 21,
DNA treated with ascorbate sedimented at a greé.tly reduced rate in alkaline
sucrose gracdiente, indicating again the presence of single-strand breaks
in the treated DNA,

B. subtilis DNA  treated with 0,13 units/ml of pancreatic DNase
~or with ‘l()'3 M of ascorbate, as well as T5 DNA which contained 4 single-
strand breaks were resistant to the action of the DNase (Table 12).

B. subtilis DNA treated with higher concentraiions of pancreatic DNase or
ascorbate was degraded by the INase., Presumably h_igher concentrations of
these agents produce not only single-.;strand breaks but alseo singlé—stranded
regions vwhich are sensitive to the INase active on dematured DNA,

Another unique property of PBS 1 DNA which is absent in DNA of
other sources is the substitution of thymine 'by‘ uracil. In order to examine
vhether the strict specificity of the DNase toward mative PES 1 DNA was
due to the presence of uracil in PBS 1 DNA, cyltosine was converted to
uracil in thymus DNA by nitrous acid according to the method of Shapiro and
Chargaff (120). Since low pH causes depurination and back bone breakage
of DA (121-123), DNA treated with low pH without nitrous acid was examined
as a control, The treatment of DNA with nitrous acid was as followed ; 135
ng 'of NalNO, were added to a solution of 5 mg of calf thymus DNA in 2,5 ml of
distilled water. The pH of the mixture was adjusted to an appropriate
value by glecial acetic acid. The mixture was incubated at 37°C for 30
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or 72 hours in a securely closed test tube. The treated DNA was dialyzed
against 1 x SSC and finally -against 0.1 M NaCl,

Extensive hydrolysis was obtained with INA's treated at pH 3.35 with
or without addition of nitrous acid (Table 13). Under this condition the
DNA was fragmented and coulﬁ not be recovered as fibre by the addition of
ethanol, On the other hand, under a milder acidic condition (pH 4.0 for
30 hours), control DNA was not degraded, while the deaminated INA was
degraded extensively, |

As nitrous acid deaminates also guanine and adenine (124), it is not
clear whether the sensi_tivity of deaminated calf thymus DNA to the DNase is
due to only the presence of uracil in the molecule, Therefore it was
necessary to exs;.nﬁ.ne the digestion products to obtain further information
on the mode of action of the DNase.

PBS 1 DNA labelled with P72 was hydrolyzed with the purified enzyme
for 7 hours at 37°C, The products of hydrolysis were examined by paper
chromatography with a mixture of ethanol (95 %)-saturated sodium tetra-
borate-5 M ammonium acetate-0.5 M EDTA (220:80:20:0.5 by vol.) as solvent.
Results are shown in Fig. é2. The Ioarod.uc'bs were mostly oligomqueotides
and smaller amounts of mononucleotides. The mononucleotides were 4GMP and
aAMP,

The digestion products were also examined by chromatography on
DEAE-Sephadex A-25 column, A large amount of digestion products was
obtained by hydrolyzing unlabelled PBS 1 DNA. Reaction mixtures were
the same as described in Methods except that 0.45 M Tris-Cl buffer was

"replaced by 0.12 M glycylglycine-KOH buffer (pH 8.30) in order to lower
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the amount of total solute in the mixture. The extent of hydrolysis in
glycylglycine-KOH buffer was the same as in 0.45 M Tris-Cl buffer,.

After an incubation at 37°C for 10 hours, urea was added to the reaction
mixture to a concentration of T M, After the addition of urea, the total
volume became three times the original volume and the concentration of all
the solute other than urea was approximately 0.04 M, The hydrolysate

was applied on DEAE-Sephadex A—25- (1 x 15 cm) previously equilibrated with
0.02 M Tris-Cl (pH 7.60) containing 7 M urea.(125). After washing the
column with 0,02 M Tris-Cl (pH 7.60)~7 M urea, elution was accomplished by
& linear gradient of 0.14 M to 0.28 M NaCl in 0.02 M Tris-Cl-7 M urea, and
finally with 1 M NaCl in the same buffer., As shown in Fig. 23 (4),
digestion products consisted of nucleoside, mononucleotid/es and oligo-
nucleotides, Each fraction was concentrated by absorbing on a colum of
DEAE-cellulose previously equilibrated with 0.01 M NH4H003 and by eluting
with 1 M NH4HCO3. The ammonium bicarbonate was removed by evaporating
in vacuo. The concentrated fractions were ireaited with snake venom phospho-
diesterase (100 pg/ml) at 37°C for 12 hours in order to examine mononucleo-
tides present in the fractions, The hydrolysates with phosphodiesterase
were examined by paper chromatography using a mixture of isopropanol-conc,
HC1-H,0 (170:41:39 by vol.) as solvent. The results of the analysis are
summarized in Table 14. The mucleoside fraction contained only dU.

In the mononucleotide fraction and oligomucleotide fractions up to tetra-
mcleotide, only dGMP and GAMP were present, In the fraction of oligo-
nmucleotides larger than hemnﬁcleotides,‘ dAMP, AGMP and 4dCMP were present

but dUMP was absent.
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As described previously the purified DNase still contained a DNase
active on heat-denatured DNA, In order to investigate the mode of action
of the DNase active on heat-denatured DNA, digestion products of heat-
denatured PBS 1 and host DNA were examined by chromatography on DEAE-
Sephadex A-25 as in the case of native PBS 1 DNA, The digestion products
of heat-denatured PBS 1 DNA were very similar to those of native PBS 1 DNA
(Fig. 23 (B)). In the hydrolysate of B. subtilis DNA, mononucleotides and
oligonucleotides smaller than hexanucleotides were found to contain only
dAMP and dGMP. Nucleosides were a.bsént. Oligonucleotides larger than
hexamucleotides contained dAMP, dGMP, dCMP, and 4TMP, Results are
summarized in Fig, 23 (C) and Table 14. .

INases active on B. subtilis DNA

Crude extrdcts from uninfected cells were fractionated by chromato-
graphy on & column of Hydroxylapatite-C (Fig. 3 and Table 2). Fraction II
had & DNase activity on native B, subtilis DNA and Fractions IIf and IV had
& DNase activity on heat-denatured B. subtilis and PES 1 INA, The optimal
pH for the DNase active on native B, subtilis DNA (Fraction II) was 8.5.
The optimal pH for the DNase active on heat-denatured host DNA (Fraction IV)
was 7.0 (Fig. 24 and 25), Both DNase activities were dependent on the

2+ Other catioms, Mn2*, Mg2¥, Fo2* and cu?* could not

presence of Ca
replace ca2t, The optimal concentration of ca®t vas found to be 5 x T
for both cases (Tables 15 and 16), The optimal pH and cation requirement
of Fraction III were described earlier, |

Using these optimal conditions, changes in the level of DNase
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activity on B, subtilis DNA in cells infected with PBS 1 were investigated.
The DNase activity on heat-denatured host DNA remained constant. The DNase
activity on native host DNA was barely detectable throughout PBS 1
multiplication (Fig. 26). It has been shown that RNA and a heat sensitive
protein are inhibitors for some DNases (113,126). The low level of DNase
activity on native host DNA could be due to the presence of these inhibitors.
However, the treatment with RNase or mild heat treatment of crude extracts
did not change the DNase activity (Table 17).

DNase activity on B. subtilis DNA in cells infected with PBS 1 was
also examined by measuring the release of radioactive nucleotides in the
acid-soluble fraction from H3-1abé11ed cells, Strain SB19E was grown in
Tris-medium containing Ho-aT and shortly before the end of log phase a
large amount of non-radiocactive 4T was added., The labelled culture was
incubatsd further for 100 minutes in order to reduce the radioactive nucleo-
tide pool., Cells were infected with PBS 1 and samples were taken at
various time intervals., After the addition of an equal volume of 10 %
trichloroacetic acid to the culture, the radiocactivity in the acid-soluble
fraction was determined (127). As shown in Fig. 27, the radioactivity in
the acid-soluble fraction remained constant throughout PBS 1 multiplication.

| The assay methods employed in the above experiments were based on
the amount of acid-soluble nucleotides released from the substrate., Thus
a small amount of INase activity which causes fragmentation of INA without
producing detec'l?able amounts of nucleotides cannot be measured. It is
known that transforming DNA damaged by a relatively low level of DNase or

' by shearing forces shows a considerably reduced specific transforming
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activity. The DNase activity was therefore determined by measuring

transforming activity of B. subtilis DNA treated with crude extracts.

Both the frequencies of joint transformation (aroz, try,, his,, tyr1) and
single transformation decreased when DNA was treated with cell extracts
(Table 18). The number of single transformants (str®) obtained with DNA
preparation treated either with infected cell extracts or with uninfected
cell extracts was the same, The number of joint transformants, on the
other hand, was lower with INA treated with infected cell extracts than
that obtained with DNA treated with uninfected cell extracts., This was
reflected in the ratio of the number of single transformsnts to that of
joint transformants.

The above result indicates that there is a slight/increa.se in the
DNase activity on the host DNA, when tests are made in vitro. Nevertheless,
the specific transforming activity and the frequency of joint transformation
of DNA extracted from infected B, subtilis were the same as those of the
control (Table 19)., It appears that the host INA in PBS 1-infected cells
is protected from the action of DNase,
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Fig.3. Chromatography of crude extract from uninfected cells on Hydroxylapatite-C.

The amount of protein applied on the column (2 x 34 cm) was 4.2 g.
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Fig. 4. Effect of pH on DNase active on na.five PBS 1 DNA,
Fraction III in Table 2 was used. - The assays of
DNase were made by the radioisotope method.
Buffers used were Tris-maleate-KOH (0—0), Tris-C1
(©—0) and glycine-KOH (A—a).
. Pig. 5. Effect of pH on DNase active on heat-denatured
PBS 1 DNA,
Fraction IV in Table 2 was used. The assays of
- DNase were made by the radioisotope method. Buffers
used were Tris-maleate-KOH (O0—0) and Tris-Cl (0—O).
- The initial velocity of enzymic reaction was
proportional to the amount of enzyme added in the
;ea.nées of 0.005 to 1 pg/min for mative PBS 1 DNA and

0.005 to 1.3 pg/min for heat-dematured PBS 1 DNA,
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Fig, 6. DNase activities on PBS 1 DNA in crude extracts of B. subtilis
infeceted with PBS 1.

The assays of DNase were made by the radioisotope method.
Netive PBS 1 DNA (©—G); heat-denatured PBS 1 DNA (O—O).
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Fig. 7. Appearance of inhibitory activity after phage infection,

Crude extracts from infected cells were mixed with an equal
volume of crude extracts from uninfected cells and decrease in
the DNase activity was measured by the radicisotope method.
Crude extracts from infected cells were heated at 100°C for 15
minutes in order to destroy DNase. INase (O—O); Inbibitor
(A—A). The INase activity without the inhibitor was taken as
100.
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Separation of the inhibitor on Sephadex G-75.

A orude extract (40 minutes after infection) was
applied on a column of Sephadex G-75 previously
equilibrated with 0,05 M Tris-Cl buffer (pH 7.50).
The assay of the inhibitor was made by adding 0.1
ml-samples of each fraction to the DNase assay
mixture conteining aliquots of crude extract from

" uninfected cells. Protein (0—O); Inhibitory

activity (A—14).

The size of the column was 1 x 27 cm and 0.5 ml-

- fractions were collected.,
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Separation of the inhibitor from DNase, RNase and
smaller molecules on Sephadex G-75.

Sephadex G-75 was equiliﬁmted with 0,05 M Tris-Cl
buffer (pH 7.50). DNase and RNase were ;1uted out
be*l:weeh fraction No. 4 and No, 8, The assay of
the inhibitor was made as describeé. in Fig. 8.
Protein (0—O); Inhibitor (&4),

The size of the column wis.1:x 27 om and 0.5 ml-

fractions were collected.
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Fig. 11,

0.2 06 1.0
l7'S

Effect of the inhibitor on the DNase active on native
PBS 1 INA,

The assays of the DNase were made by the radioisotope
method., Fraction III in Table 2 was used as the

enzyme preparation. The concentrations of DNA varied
from 60 pg/ml to 12 pg/ml, The amounts of the inhibitor
were 0,08 m1/0,27ml (O—0) and 0.06 m1/0.27 ml (&A);

no inhibitor (O—O). The inhibitor was the purified
fraction which had been treated with DNase and RNase and
gel filtration as shown in Fig. 9.
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Chromatography of the DNase and the inhibitor on Sephadex G-75.

The purified DNase (Table 8) and the purified inhibitor (Fig.
9) were subjected to Sephadex G-75 which was previously
equilibrated with 0.05 M Tris-Cl, pE 7.50.
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Fig. 14. Effect of pH on the purified DNase active on native
PBS 1 DNA,
'The assays of DNase were made by the optical method.
Fig. 15. Effect of concentration of buffer on the DNase.

The assays of DNase were made by the optical method.

The pH of Tris-Cl buffer was 8.0.
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The assays of the DNase were made by the optical method.
The reaction mixtures consisted of 0.5 M Tris.Cl buffer
(pH 8.00). Potassium phosphate buffer (pHS.00) was added.

- The activity obtained in the absence of potassium phosphate

was taken as 100,
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Fig. 17. Degradation of various DNA's by the purified DNase active

on native PBS 1 DNA,

<

The assays of DNase were made by the optical method.
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Fig. 18, Degradation of verious heat-denatured DNA's by the purified
DNase.

The assays of DNase were made by the optical method.
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Fig. 19. Heat inactivation of DNases active on PBS 1 DNA,
' Heating was performed on the complete reaction mixture
without substrate as described in Materials and Methods.
The reaction was initiated by transferring the mixture to
379C and adding the substrate to the mixture. Substrates
E:ere I)Ia.tive PBS 1 DNA (©—O) and heat-denatured host DNA
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Fig. 20. Sedimentation analysis of B, subtilis INA treated with
pancreatic INase,
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'Fig. 20, Sedimentation analysis of B. subtilis INA treated
with pancreatic DNase, ,
Bacterial DNA was sedimented after treatment with
pencreatic DNase (0,66 units/ml) (1), or (0.13
units/ml) (2), or prior to enzymic treatment (3).
Sedimentations were performed :in 0.02 M K3P0 4 at
pH. 12.1 in a gradient of sucrose (5-20 %).
DNA (0.5 ml, 0.D.ogo=8.7) was layered on the top

of the gradient.
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Sedimentation analysis of B. subtilis INA {reated
wvith ascorbete., d

Bacterial DINA wes sedimented in sucrose gradients

at neutral or alkaline pH, prior to the treatment
(1), (4), after the treatment with 0.01 M ascorbate
(2), or 0.1 M ascorbate (3),(5). Conditions of

the treatment and sedimentation were described in the

text,
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The hydrolysate of DNA labelled with Psawas'chromatographed in a mixture of
ethanol (95%)-saturated sodium tetraborate-5 M ammonium acetate-0.5 M EDTA
(220:80:20:0.5 by vol.) as solvent. The positions of reference compounds,
AdGMP, 4AMP, 4CMP and QUMP were located by scaning under a ultraviolet lamp
and shown on the Figure.
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Fig. 23. Analysis of digestion products of DNA by the

Diase active on mative PBS 1 INA on the DEAE-
Sephadex A-25 chromatography.

A column (1 x 15 em) of DEAE-Sephadex A-25, pre-
equilibrated with 7 ¥ urea and 0,02 M Tris-Cl, pH -
7.6, was used with a linear gradient of 140 ml
(total volume) of o.‘i4 M to 0.28 M NaCl, in 7 M urea-
0.02 M Tris-C1 (pH 7.6). Two ml fractions were

" ocollected.
The amount of sample apél.iecl on the column was 45

©.D. units at 260 W,
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Fig. 24, Effect of pH on the DNase active on native host
DNA.
The assays of DNase were made by the radioisotope
method, Buffers used were Tris-maleate-KOH
(0—0n), Tris-C1 (0—O) and glycine-KOH (A—2).

Fig. 25. Effect of pH on the INase active ,on heat-denatured
host DNA,
The assays of the INase were made by the radioisotope
method, Buffers used were Tris-maleate-XOH (0—0)

 and Tris-Cl (0—0). |

The initial velocity o;f.' enzymic reaction was
proportignal to the amount of enzyme added in the
ranges of O to 0.015 pg/min for the DNase active on

native host DNA and 0.005 to 1.3 pg/min for heat-
denatured host DNA,
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Fig. 26, DNase activities on host DNA in crude extracts of B. subtilis

infected with PBS 1.
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Fig. 27. The release of redioactive nucleotides in acid-soluble
fraction from HJ-labelled cells.
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Fig. 26; DNase activities on host DNA in crude extracts
of B, subtilis infected with PB5 1,
' The assays of DNage were made by the radioisotope
method, Native host DNA (@—€); heat-denatured
host DNA.(O—O).
Fig. 27. The release of radioactive nucleotides in the acid-
soluble fraction from Ho-labelled cells.
;-For defermination of total amounts of radiocactivity
in the cells, 0.5 ml-samples, at various time intervals
affer infection, were pipetted onto Millipore
filters of 0.45 p pore diameter, and wasﬁed with 10
ml of cold Tris-medium, 10 ml of cold distilled
water, For determination of the amounts of radio-
activity in nucleic acids, 0,5 ml-samples of cells
were mixed with a.;l equal volume of cold trichloroacetic
acid (10 %) and kept at 0°C for 10 mimites, Then
the fillters were washed with 10 ml of cold trichloro-
acetic acid (5 %) and 10 ml of cold distilled water.
The filters were dried and the radiocactivity wes

measured.
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Table 1
Degradation of PBS 1 and B, subtilis DNA by pancreatic

DNe.se and snake venom phosphodiesterase

Enzyme ® DNA X (minutes™)
(pg/m1)
Pancreatio 0.91 Native PBS 1 1,14
DNase '
0.18 . Netive PBS 1 0.17
0.18 - Native host 0.14
0.91 Denatured PBS 1 . 0,12
0.91 Denatured host 0.16
Snake venom 22,7 Denatured PBS 1 0.62
phosphodiesterase
9.1 Denatured PBS 1 0.23
22.7 Denatured host 0.30
9,1 Denatured host 0.09

Reaction mixtures for pancreatic DNase contained 2,0 ml of INA (0.D.pgg=
2.0), 2.0 ml of 0.15 M Tris~Cl (pH 7.2) containing 0.05 M MgClz and 0.01

. M p-mercaptoethanol, and 0.4 ml of enzyme preparation, Reaction

mixtures for snake venom phosphodiesterase conteined 2.0 ml of DNA { 0.D.o40
=2,0), 2,0 ml of 0.05 M Tris-Cl (pH 8.7) containing 0.01 M NaCl and 0.001 M
CaClp, and 0.4 m)l of enzyme preparation.

K is the velocity constant expressed as minutes=!, .



Table 2
DNase activity of fractions obtained by

Hydroxylapatite-C chromatography

15

Fraction Substrate
. Host DNA PBS 1 INA
Native Denatured Native Denatured
I 0 0 0 0
1T 0.09 0 0 0
II1 0 1,04 0.1 0.87
IV 0 1.48 _ 0.01 . C.73

Activity was expressed as mg of INA dégra.d.ed/hour/mg protein.
DNase activity was assayed by the radioisotope method.



Table 3

Effect of bivalent cations on DNase active

on native PBS 1 INA

Cations (m21) DNA degraded Relative

(mg/hour/mg protein) activity

CaCl, 0.5 . 0.63 | 90
1.0 ' 0.69 99
5.0 ‘ 0.70 100
10.0 0.66 95
MeCl, 0.5 0.01 2
1.0 0.09 - 13
5.0 0.13 19
10.0 0.10 14
FeCl, 0.1 0 0
1.0 0 0
CuC12 0.1 o 0

1.0 0 0.
MnC1, 0.1 0.10 15
1,0 0 0

None - 0.01 2

Enzyme preparation used was Fraction III in Table 2,
DNase activity was assayed by the radioisotope method.



Table 4

Effect of bivalent cations on DNase active

on heat-denatured PBS 1 INA

(i

Cations (mt) DFA degraded Relative
(mg/hour/mg protein) activity
CaCl, 0.5 0.89 90
1.0 0.98 99
5.0 0.99 100
10 0.97 98
MgCl, 0.5 0 0
1.0 0 0
5.0 0 0
10 0 0
Fe012 0.1 0 0
1.0 (¢} 0
Cu012 0.1 0 0
1.0 | 0 o .
MnC1, 0.1 0 0
1.0 0 0
None - 0.02 2

Enzyme preparation used was Fraction IV in Table 2,
INase activity was @ssayed by the radioisotope method.



Inactivation of the inhibitor by various treatments

Table 5

78

Treatment PBS 1 DNA degraded Inhibition
(mg/nour/vg protein) (%)
Control 0.69 0
Pancreatic 0 100
Rilase
Pancreatic o 100
DNase
Lysozyme 0.01 98
Pronase 0.66 3
Trypsin 0.68 2
Heat (100°C for 0 100

15 minutes)

The inhibitor was treated with various enzymes at a final concentration of
10 pg/ml for RNase and DNase, and 100 pg/ml for lysozyme, pronase and

trypsin for 30 minutes at 37°C,

were heated at 100°C for 15 minutes.
DNase and PBS 1 DNA, Enzymic activity was measured by the radioisotope

me thod.

After the treatment, the reaction mixtures
The control tube contained only the
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Table 6

Specificity of the inhibitor

Substrate Inhibitor INA degraded Inhibition
' (mg/hour/mg protein) (%)

Denstured PBS 1 - , 0.98 0

DNA + 0.98 0

Denatured host - 1.46 0

INA & 1.43 2

Native PBS 1 - 0.72 o}

DNA + 0 100

Enzymic activity was measured by the radioisotope method. Fraction III
in Table 2 was used as an enzyme preparation, A purified inhibitor
preparation (Fig. 9) was used.



Table 7
The inhibitory activity of crude extracts

from spores carrying PBS 1 genomes
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Preparations ' DNase activity on
native PBS 1 DNA

Extraets from uninfected 0.34
spores (I)

Extracts from spores : 0
carrying PBS 1 genomes (II)

Extracts from uninfected 0.67
cells (I1I)

(1) + (II1) 0.67
(11) + (II1) 0

The activity of DNase was expressed as DNA degraded (mg/hour/mg protein).
DNase activity was assayed by the radioisotope method.



Table 8
Purification of the DNase active on

native PBS 1 DNA
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Purification Specific activity ' Protein Recovery
steps (mg/hour/mg protein) (mg) (%)
Crude extract . 0.67 40000 100
Hydroxylapatite-C 0.67 16000 60
(N, )50, 0.4-0.6 - 6.7 1650 41
saturation

DEAE-cellulose 19.5 30 2.2
(Fractions II and III) : B

(NH4)2304 33.5 10 1.3

0.6 saturation

The DNase activity was assayed by the radioisotope method.



Table 9
Effect of cations on the purified DNase active
on native PBS 1 DNA

Cation (mi) DNA degraded Relative

(mg/hour/mg protein) activity
CaCl, 0.5 25.8 76
| 1.0 29.5 88
5.0 | 34.0 100
10.0 19.8 58
100.0 3.5 , 10
MgCl, 0.5 -. 0 0
1.0 0 0
10.0 0 0
100.0 0 0
MnCl, 0.1 0 0
| 1.0 0 0
10.0 0 0
100.0 0 0
CuCl, 0.1 0 0
1.0 5.8 17
10.0 10.6 31
KC1 100.0 0 0
330.0 0 0
NaCl 100,0 3.4 10
330.0 | 2.4 7

Non-e "' 3.4 10
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Table 10
Degradation of various IDNA's by the purified DNase

active on native PBS 1 INA

Source of DNA DNA degraded Relative
(mg/hour/mg protein) activity
B. subtilis o] 0
SB19E
Calf thymus : 0 0
Phage T4 0.3%4 1
Phage PBS 15 ' 1.70 5
Phage PBS 1 34.0 ” 100

The DNase activity was assayed by the optical method. In these experiments
0,05 ml of DNA (470pg/ml) was used in a total volume (0,27 ml) of reaction
mixtures. _
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Table 11
Effect of thymus DNA on the degradation of PBS 1

DNA by the purified INase

Substrate Calf thymus DNA degraded Relative
DNA added (pg/ml) (mg/hour/mg protein)  activity

Native PBS 1 None 34.0 100
DNA (60 pg/ml)
Native PBS 1 30 : 33,6 99
DNA (60 pg/ml)
60 ' 34,6 102
170 34,4 101
Native thymus - 0 g 0

oNA (60 );g/ml)

The DNase activity wes assayed by the optical method,



Table 12
Degradation of DNA carrying single-strand bresks by

the purified DNase active on native PBS 1 DNA
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Souce of INA Treatment DNA degraded

Relative
(mg/hour/mg protein) activity
PBS 1 None 34.2 100
SB19E Pancreatic DNase
0.13 units/ml 0 0
0.66 units/ml 1.0 32
Ascorbate ‘
1072 M 0 ) o
10 n ' 8.9 06
T5 None 1.7 5

The DNase activity was assayed by the optical method.
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Table 13

Degradation of nitrous e.eid-tmtsd; ealf thymus DNA by
DNase active on native PBS 1 DNA

Treatment % cytosine Total content DNA. degraded Relative
: converted of urac:i.:;. (mg/nour/mg protein) activity
‘ mole %

72 hours at pH 3,3

with nitrous acid 5 15.4 26,2 17

wvithout nitrous acid O 0 26.8 79
30 hours at pH 4.0 A

with nitrous acid 30 6,2 27.2 80

without nitrous acid O 0 0 0
None (PBS 1 DNA) - 36.0 34.0 100

None (thymus DNA) - 0 0 0

The DNase activity on native PBS 1 DNA (34.0 mg/hour/mg protein) was taken
as 100, The DNase activity was essayed by the optical method. The amount
of oytosine converted was determined by paper chromatography of the treated
DNA after complete hydrolysis by the mixture of pancreatic DNase (100 pg/ml)
and snake venom phosphodiesterase (100 pg/ml).
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Table 14

Analysis of digestion products

Substrate Fraction Mole %
dAMP d4GMP d4CMP dTMP dU

Native PBS 1 Nucleosides 0 0 0 - 100

INA
Monomicleotides 89 11 0 - 0
Dimcleotides T0 20 0 - 0
Trinucleotides T2 28 0 - 0
Tetranucleotides 81 19 0 - 0]
Larger than hexa- 53 19 28 - 0
nucleotides ,

Denatured Nucleosides 0 0 o - 100

PBS 1 DNA
Monomicleotides 89 11 0 - 0
D:i:nucleo’cides . T4 26 0 - 0
Trinucleotides T3 27 0 . ™ 0
Tetranucleotides 80 20 0 - 0
Larger than hexa- 44 é5 31 - 0
micleotides

Denatured Nuecleosides None

host DNA
Mononucleotides 91 9 0 0 -
Dimecleotides 53 47 0 0 -
Trinucleotides 47 53 0 0 -
Tetranucleotides 61 49 0 0] -
Larger than hexa- 26 18 26 30 -

nucleotides




Table 15

Effect of bivalent cations on the DNase active

on native host DNA
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[

Cation (mM) DNA degraded Relative
' (pg/hour/ mg protein) activity
A
CaCly 0.5 46 53
1.0 57 65
5.0 87 -100
10.0 9.6 1
MgClz 0.5 T.2 8
1.0 (| 13
5.0 10 12
10.0 11 13
FeC].2 0.1 T.2 8
1.0 0.0 0
Cucly 0.1 0.0 0
1.0 0.9 1
MnClz 0.1 6.5 7
1.0 7.9 9
None - 8

T.2

Enzyme preparation used was Fraction II in Table 2,
(0.1 M, pH 8.53) was used.

isotope method.

Glycine-KOH buffer
The DNase activity was assayed by the radio-



Table 16
Effect of bivalent cations on the DNase

active on denatured host INA

Cations (M) INA degraded Relative
(mg/hour/mg protein) activity
CaCl, 0.5 1.21 : 80
1.0 " " 1.35 95
5.0 | 1.42 100
10.0 1.41 99
MgCl, 0.5 0.16 o 11
1.0 0.10 T
5.0 _ 0.0‘5 : 4
10.0 0.02 2
F6012 0.1 ‘ 0.02 o : o
1.0 0 0
CuCls 0.1 0.10 7
1.0 0.10 7
¥nCl, 0.1 0.11 8
1.0 0.05 4
None - 0.08 6

Enzyme preparation used was Fraction IV in Table 2. Tris.maleate-KOH
(0.2 M, pH 7.00) was used. The DNase activity was assayed by the
radioisotope method.
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Table 17
Effect of RNase and mild heat treatment on

DNase active on host DNA

Treatment Substrate DNase activity
DNA degraded (mg/hour/mg protein)
Uninfected Infected
None Native 0.085 0.125
Denatured - 1.42 _ 1.41
RNase Native ' 0,085 0,085
10 pg/ml
Denatured 141 A 1.40
Heat Native 0,043 ”0,065
559C for
10 minutes Denatured 0.81 0.83%

The assays were performed by the radioisotope method. Crude extracts were
prepared from cells 40 minutes after infection.
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Table 18
Transforming activily of B. subtilis DNA trested with

crude exiracts or pancreatic DNase

Treatment Number of transformants/ml Ratio
(1) (2) (2)/(1)
Strt . Prototroph

(2o}, try3,his?, tyry)

None 2050 . 3850 1.9

Extracts : | :

from O minutes 417 228 . 0.55
15 minutes 512 179 0.35
30 minutes 450 170 0.3%8

Pancreatic DNase

1073 pg 150 200 1.3

1072 pg 44 19 0.43

Recipient bacterium was SB202 (aro,, try,, his,, tyr;) The mutations borne
by this strain were linked to each other. QIncubation mixtures for

the treatment consisted of 0.03 ml of DNA (100 pg/ml), 0,08 ml of enzyme
preparation (crude extracts, 5 mg/ml in protein contents) and 0.05 ml of
buffer (0.3 ml of 1 M Tris-Cl, pH 8,50, 0.15 ml of 5 x 10~2 M CaCl, and
0.09 m1 of 0.1 M p-mercaptoethe.nol). Incubation mixtures for pancreatic
DNase contained 0.05 M Tris-Cl (pH 7.50), 0.03 ml of DNA (100 pg/ml) and
pancreatic DNase in 100 mM MgCls, to make a final voume of 0.16 ml.

After incubation at 37°C for 20 minutes, mixtures were diluted %o obtain
a concentration of 1 pg DNA/ml and 0.1 ml of the treated DNA was added to
0.9 ml of competent cultures. The mumber of transformants was linearly
related to the amount of DNA within a range of O to.0.1 pg/ml.
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Table 19
Transforming activity of DNA extracted from infected

cells at various stages of phage multiplication

Experiment I
Time of INA extraction Number of transforments/ml Ratio
(1), (2)
after phage infection Str Prototroph (2)/(1)
( minutes) (%2&.’@2’5, ..hi.ﬁ;v .EET)
0 2000 4400 2.2
10 1590 3800 2.4
20 1590 3800 2.4
30 2090 4600 - 2,2

Recipient bacterium was SB202 (aro,, ry,, his,, tyr,). - The mutations
borne by this strain were linked to each other. Amounts of DNA used for
transformation were 0.1 pg/ml,

Experiment IT
Time of DNA extraction Number of transformants/ml Percent
after phage infection Total j_.]_._g"' met*, 3'._];2-‘- double*
( minutes ) :
0 2270 910 39.9
10 2140 825 3845
20 2250 920 40.8
50 | 2090 924 44.2

Recipient bacterium was MIL (met, ile, leu). The mutations ( met, ile)
borne by this strain were linked to each other. Total ile* transformants
were scored on minimal agar plus leucine and methionine, and met? ile*
transformants were scored on minimal agar plus leucine.

* Percent double : the frequency of transformants which received the two
mrkers simulfaneously. Amounts of INA used for transformation were

0.1 pg/ml. The number of transformants was linearly related t
of JI{TA within a range of 0 to 0.1 Pg/ml. ¥ o the amount




CHAPTER IV

ENZYMIC STUDIES ON QUTP SYNTHESIS IN CELLS INFECTED WITH PBS 1

Fbrm'ation of deoxyuridine compounds by various enzymes in cells infected
with PBS 1 |

Bacteriophage PBS 1 contains DNA in which thymine is completely
replaced by uracil (84). This is the only DNA known to contain deoxy-
uridylic acid. Two enzyme activities which are virtually absent in
uninfected cells, have been observed in B. subtilis infected with PBS 2,
a clear-plagque type mutant of PBS 1 (91). One of them is dUMP kinase,
which phosphorylates dUMP, This enzyme has been oconsidered to be
respon;iaible for the formation of dUTP, The other enzyme is dTPase,
vhich dephosphorylates dTMP., This enzyme seems to prevent the incorp-
oration of thymine into the phage INA,

Other pathways which would yield dUTP in PBS 1-infected cells
have not been investigated. A ribonucleotide reductase system can
glve rise to AUTP by the following reactions: UDP—dUDP —>dUTP (92),
The existence of ribonucleotide re.ducta.slea has been shown in various
organisms (93-95,128), The dCMP deaminase would also give rise to
dUMP as shown in E. coli infected with T-even phages (79,89,129) and
B. subtilis infected with phages SP8 (85), SP5C (86) or fe (87). The
dC deaminase (96) and dU kinase (97) may also yield AUMP.

The formation of deoxyuridylates :m B. subtilis cells infected
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with PBS 1 was investigated by determining the activities of dU kinase,
dac deam:i.nasé, dClP deaminase and UDP reductase in crude extracts.
These enzymes were examined at various pH values (6.5-8.5) and in

the presence of different bivalent cations (Mg¥, MmZ* and Ca*), but
there were no appreciable differences in the enzyme activities between
infected and uninfected cells. The highest enzymic activities were
obtained under the conditions described in Materials and Methods.
Results are shown in Table 20, Elimination of small molecules from
crude extracts by passage through Sephadex G-75 made no difference in
the level of enzymic activities., In no case dClMP deaminase was
detectable, even when the sensitivity of the assay method was increased

| by the use of radicactive substrate.

Deamination of dCTP in PBS 1-infected cells

As shown in the previous section, dCMP deaminase was not detect-
~able in either infected or uninfected cells. It has been reported that
dCMP deaminase from a variety of sources such as sea urchin eggs (130),
chick embryo (131) and E. coli infected with T-even phages (89) is
stinulated by the presence of dCTP. Therefore the effect of dCTP on
dCMP deaminase in B, subtilis infected with PBS 1 was examined., As
shown in Table 21 (Expt. I), the addition of &CTP into the reaction
mixtures apparently stimulated the deamination of deoxycytidylate.
However, when increasing amounts of AdCMP were used with 2 relatively
large amount of dCTP, the amounts of deoxycytidylate deaminated remained
almost constant (Table}z;, Expt. II). These results clearly indicated
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that 4ACTP rather than ACMP -was the substrate of the enzyme.
The addition of chloramphenicol at 100 pg/ml to PBS 1-infected
cultures during infection prevented further increase in the deaminase

activity (Fig. 28).

Purification of dCTP deaminase

Partial purification of ACTP deaminase was achieved with crude
extracts from cells harvested at 30 minutes after infection by passing
through a column of DEAE-cellulose which had been equilibrated with
0,05 M Tris-Cl buffer (pH 7.50). The enzyme was not absorbed on the
colum, The fractions which emerged immediately from the column were
pooled and concentrated with ammonium sulphate (60% of saturation). The
concentrated fraction had & 10-fold specific activity (1.33 P moles/hour/
mg protein) over the crude ‘extract. ° Atitempts to purify the enzyme by

Hydroxylepatite-C, CM-cellulose and Sephadex G-200. were unsucoeésful.

Properties of partially purified dCTP deaminase

Effect of pH: The optimum pH for 4CTP deaminase was found to be

6.65 to 6.85 and the type of buffer had 1;i.tt1e effect on the enzymic
activity (Fig. 29). It was observed during the study on the effect

of pH that high ionic strength of buffer inhibited the activity of 4CTP
deaminase (Fig. 30).

Effect of cations: The effect of bivalent cations was tested in

0.067 M phosphate buffer (pH 6.70). The enzyme activity was stimulated
by M?¥, Mg?*, and Ca®* (Table 22). Auong them Mn?* showed the strongest
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stimatory effect at the concentrations tested.

Substrate specificity: The susceptibility of dCDP, dCMP, dC and

CTP to the enzyme was tested. None of these four compounds was deaminated.

Reaction product and stoichiometry of deamination of 4CTP

The product of deamination of ACTP was separated from the other
compounds by paper chromatography with a mixture of isobutyric acid-2.3
N NH OH (66:34 by vol.) as solvent. Only two spots which showed the

4

R, values of ACTP and 4AUTP were found on the chromatogram, Furthermore

£
the material extracted from the spot corresponding to 4UTP had ultra-
violet absorption spectra identical to those of authentic 4AUTP. Vhen
quantitative determination of ACTP and AUTP by paper chromatogrephy was

- made, it was found that for each mole of AUTP formed an equivalent amount
of dCTP was lost from the reaction mixture (Fig. 31). These observations
indicated that the partially purified enzyme was free of phosphatases and

other enzymes which degrade dUTP.

Inhibition of 4CTP deaminase by dTTP

It has been shown that dCMP deaminase from various organisms
(130,131) can be inhibited by dTTP in a non-competitive mamner, There-
fore the effect of various compounds on the activity of AdCTP deaminsse
was examined. As shown in Table 23, dTTP inhibited markedly the 4CTP
deaminase activity. 4 slight inhibition was observed with 4TDP and
dTMP at rather high concentrations. Other compounds (dT, 4UDP, AUMP

and dU) had no effect on the enzyme activity.



The mode of inhibition by dTTP appeared to be non-competitive,
The K, and V,,_ were found to bs 360 pM end 2,32 my moles/minute
respectively (Fig. 32). The K, wes found to be 22 Bt

97



o
e

hour/mg protein)
O
o
|

(LLmoles/
O
o
1}

O
i

o)
A
{

dCTP deominated

} ]

Fig. 28,

5 |0 2‘0 ‘
TIME AFTER INFECTION
(MINUTES)

Effect of chloramphenicol on the appearance of ACTP
deaminase.

98
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Effect of chloramphericol on the appearance of
dCTP deaminase,

The. assays of ACTP deaminase were made with prepara-
tions partially purified by passing through a
column of Sephadex G-75; Extracts were prepared
from infected cul‘tﬁms of B. sub‘bi].ié at various
time intervals after the following additions:
chloramphenicol (100 pg/ml) added at 5 minutes
(&—D), 15 mimtes (3—Q) and 25 mimutes ©—C);
no chloramphenicol added (O—O).

The initial veloeity 6f engymic reaction was
proportional to the amount of enzyme added in +the

range of O %o 3 mp moles/min.



=

‘©

§ .

Q.

o o N

e H ,

t :

o - A\\j

< 1:/0’”"’

a j D\

éé HOF”' . o) ¥

i \’

- 08 , ©

@ : A

"§ .

= Oﬁg-

O g

g |

. 04 \

==

O i

° Q.2

0‘: ] ) L,
6 7 8

pH

Fig. 29, Effect of pH on 4CTP deaminase.

RAARAACTM ( {R1IN/I et s o+ 1

100

N A

-y
P



101

Fig., 29, Effect of pH on 4CTP degminase.

Buffers examined were M/20 Tris-Cl (0—0), M/20
borate-phosphate (O—O) and M/15 potassium phosphate
(&—A). The assays were made with an enzyme
preparation partizlly purified by the DEAE-cellulose
chfomatography and concentrated by ammonium
sulphate precipitation. Cells for the preparation
of crude extracts were harvested 30 minutes after

" infection, -



102

(@)

o
o

dCTP deaminated (fLmoles/hour/mg protein)

L

0 935 o 0.2
CONCENTRATION (M)

Fig. 30. Effect of ionic strength of buffer on the ACTP deaminase,

o

Buffers used were Tris-Cl (pH 7.20) (O—O) and potassium
phosphate buffer (pH 6.80) (O—D). An enzyme preparation
partially purified as in Fig. 29 was used.
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Fig. 32. Effect of 4TTP on 4CTP deaminase.
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Fig. 31, Stoichiometry of dCTP deamination.
The initial concentration of ACTP was 380 P, An
enzyme preparation partially purified as in Fig.29
was used.

Fig. 32 Effect of dTTP on dCTP deaminase.
The assays of dCTP deaminase were made with a
Gilford multi-sample aﬁsorbance regorder and an enzyme
preparation partially purified as in Fig. '29. The
concentration of ACTP varied from 360 uM to 90 Pl
The concentrations of ATITP were 20 pM (O—O) and 10
Wi (&—A); no ATTP added (O—a).

*
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Table 20
Formation of deoxyuridine compounds by various

enzymes in infected anci uninfected cells

Enzyme Specific activity (mp moles/hour/mg protein)

Infected Uninfected
dU kinase 0.31 0.31
dC deaminase 1.1 1.1
4CHMP deaminase 0 0
UDP reductase 0.36 0.35

Infected cells for the preparation of crude extracts were harvested 30
minutes after infection. ,

The initial velocity of emzymic reaction was proportional to the amount of
enzyme added: for UDP reductase O to 0.04 mp moles/min, for dC deaminase
0 to 0,06 mp moles/min, for dU kinase O to 0.06 mp moles/min, and for dACMP
deaminase 0.01 to 2 mp moles/min (us:.ng PBS1 5-1ni‘ected cell extracts for
enzyme preparation).



Table 21
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Deamination of dCTP by crude extracts

Expt. No. Substrate (pM) Amounts deaminated
dcMP acTP (mp moles/hour/mg protein)
I 805 0 0
805 122 20
805 244 127
805. 488 140
IT 0 488 127
8 488 127
80 330 118
805 330

118

Cells for the preparation of cxude extracts were harvested 30 minutes

after infection,



Effect of bivalent

Table 22

cations on 4CTP deaminase
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Cation Concentration dCTP deaminated Relative
A ‘ activity
(ra21) (mp moles/hour/mg protein)
.ane - 690 48
MgCl, 0.125 1130 78
0.250 1300 90
1.25 1130 18
2.50 1130 78
25.0 710 ’ 49
¥nCl, 0.025 1450 100
0.25 1230 85
CaCl, 0.125 1070 T4
1.25 810 56

An enzyme preparation partially purified as in Fig. 29 was used.



Table 23

Effect of mucleotides and nucleosides on dCTP deaminase

Compound Concentration dCTP deaminated Inhibition
tested (1) (mp moles/hour/mg protein) (%)
dTTP 44 0 100
22 625 52
13 860 26
6 1140 12
aTDP 81 1900 31
aTMP 80 860 26
27 1250 4
azT 55 1310 0
dulP 55 1300 0
aUuMP 55 1300 0
au 25 1300 0

An enzyme preparation pariially purified as in Fig, 29 was used.



CHAPTER V

DISCUSSION AND CONCLUSIONS

DNases in B. subtilis before and after infection with PBS 1

Results of j:he present study show that B, subtilis cells contain
a DNase which hydrolyzes native PBS 1 DNA and that this enzyme activity
disappears completely 20 minutes after infection by PBS 1.  Thes
disappearance of the enzyme activity seems to be due to the production
of an inhibitor which interacts specifically with the DNase, Other
INases found in B. subtilis are not affected by the inhibitor., The
inhibitor may be at least partly responsible for the survival of the PBS 1
genome in cells or spores in the carrier state.

DNases active on B. subtilis DNA in PES 1-infected cells have also
been investigated. A considerable amount of DNase activity on heat-
denatured B. subtilis DNA is detecta.b].e‘ in crude extracts of both uninfected
and infected cells, but there is no difference in the activity between
the two types of cells, Only a small amount of activity on native
B. subtilis DNA is found in.both infected and uninfected cells, It has
 been shown that RNA and a heat sensitive protein are inhibitors for DNases
in some instances (113,126). These possibilities were tested by adding
RNase to the reaction mixture (100 pg/ml) or by heating the enzyme
preparation at 55°C for 10 mimites. These treatments do not change the

level of DNase a.c‘civity‘ on native host DNA in both infected and uninfected

109
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cells,

Degradation of host DNA during the multiplication of PES 1 was
also investigated by infecting cells which were previously labelled with
H3-c_1T, Almost no radiocactivity is released into the acid-soluble fraction
throughout PBS 1 multiplication, indicating that the host DNA is not
degraded into small polynucleotides. In another experiment, it is found
that DNA extracted from infected B. subtilis has a specific transforming
activity which is comparable with that of I)I\TA from uninfected cells,
although crude extracts of infected cells can reduce considerably the
specific transforming activity of the INA in vitro. These observations
suggest that the host DNA is protected in the cells and is not degraded
extensively during the multiplication of PBS 1.

The above results will account for the presence of relatively
.large fragments of host DNA in transducing particles of PBS 1. Yamagishi
and Takahashi (117) estimated that the total molecular weight of DNA in
the transducing particles would be 2 x 10° daltons.

It has been reported by Bott and Strauss (14) that the general
level of DNase increases markedly in cells infected with phage SP10 which
is also able to create the carrier state in B. subtilis. Although the
increase in DNase activity is detectable as early as 10 minutes after
infection, there is no decrease in the frequencies of joint transformation
of linked markers in the host DNA extracted at later stages. Therefore it
eppears that this enzyme is not involved in the destruction of host DNA,

-Other DNases in B. subtilis infected with SP10 have not been investigated.
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Properties of DNases in B. subtilis

According to Laskowski (132,%3%3), DNases may be divided into two
classes: exonucleases which catalyze successive removal of monohucleotides
from the end of a DNA molecule, and endormucleases which catalyze hydrolysis
of ph.osphodiester bonds randomly within a DNA molecule. Depending on the
site of hydrolysis, the digestion products would have 3!-hydroxyl ends or
5t-hydroxyl ends. It has been shown 'l:haj't some DNases attack heat-denatured
DNA faster than native DNA or vice versa. It has been found that an
exonuclease can attack oligonucleotides but not DNA of higher molecular
weight (46). Some endonucleases can hydrolyze both strands of native
DNA simultaneously at the same locus (134). Some DNases are specific for
UV-irradiated DNA which contains pyrimidine dimers (299135) or methylated
DNA obtained by the methyl methanesulphonate treatment (28).

Recently an endomiclease specific for DNA lacking a host-controlled
modification which confers immunity to the host specific restriction
mechanism has been found by Meselson and Yuan {136). Since the modification
of a DNA molecule seems to be determined by its pattern of methylation (137,
138), Meselson and Yuan suggest that this endomuclease may recognize a
specific pattern of methylation in a DNA molecule . However, no DNases
are known to have specificity toward purine or pyrimidine bases in DNA,

As mentioned earlier, a DNase present in uninfected B, subtilis has
& specific affinity toward PBS 1 DNA, The DNA from PBS 15 wﬁich containg
hydroxymethyluracil in place of thymine is degraded only to a small extent

and INA's from calf {thymus, B. subtilis, phages T4 and T5 are completely

resistant to this INase.
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I+t has been shown <that PBS 1 DNA contains four single-strand breaks
in the molecule (117). It is possible that the enzyme may initiate
hydrolysis at the single-strand breaks., However, an introduction of
artificial single-strand breaks by the treatment with ascorbate or with a
small amount of pancreatic DNase does not make B, subtilis INA susceptible
to the DNase. Thus the possibility of single-strand breaks as a primary
site for hydrolysis may be ruled outb.

After an exhaustive digestion of native PBS 1 DNA with the purified
enzyme, the digestion products are found to be dU, mononucleotides (dAlMP
and dGMP), oligomucleotides ( di- %o penba~) consisting only of GAMP and
dGMP, and oiigonucleotﬁ.d.es larger than hexanucleotides containing dClP,
dAMP and 4GMP. No uridine nucleotides are found.

It appears that native PBS 1 DA is hydrolyzed first at 4AUMP in
double stranded DNA molecules. The observation that thymus DNA in which
cytosine is converted to uracil by nitrous acid becomes susceptible o this
enzyme suggests that the sensitivity toward the enzyme is determined by the
presence of uracil in the molecule. The release of dU by the initial
reaction may be followed by strand separation of small DNA fragments, for
both GAMP and dGMP are present in the digestion products (Table 14).
Presumably these mdhonucleotides are released by the DNase active on heat-
denatured DNA still present in the purified preparation.

When heat-denatured PBS 1 DNA is used as substrate, 'digt;stion
products are identical to those of native PBS 1 DNA, Digestion products
of heat-denatured B. subtilis DNA are quite different from those of native

or heat-denatured PBS 1 DNA., DNucleosides are absent in digestion products.
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Mononucleotides and oligonucleotides smaller than hexanucleotides contain
only purine nucleotides, showing that purines are removed preferentially
from the DNA, It is probable that heat-denatured PBS 1 DNA is hydrolyzed
at purine nucleotides and dU is removed as in the case of native PBS 1 DA,
S:i.nce' cytosine is absent in the oligonucleotide fractions of less than 5
nucleotide-chain length, it seems that cytosine runs of less than 5
nucleotides are infrequent in PBS 1 INA,

The most purified DNase still contains the activity toward heat-
 denatured DA, At present it is not known whether this activity is due
to a contaminating enzyme. Differential inactivation by heat and the
presence of a specific inhibitor for the DNase active on native PBS 1 DNA
suggest that it may be a contaminating enzyme. ’

The properties of DNases active on host INA were not investigated
extensively in the present study. Our Difase active on host DNA appears
%o be different from the enzyme found by Okazaki and Kornberg (24). The
enzyne fbund. by these authors is an exonuclease degrading DNA from 3'-
hydroxyl ends, and it exhibits also DNA-phosphatase activity as in the case
of exonuclease III of E coli (26). Since the INase found in this study
is inhibited by RNA, this enzyme may be similar to endonuclease I of
B. coli (113). A DNase active only on heat-denatured DNA found in the
present study is similar to the enzyme reported by Birnboim (27) in regard
to the substrate speciﬂci‘by and cation requirement, Our enzyme, however,
has an optimal pH of 7.0, while that of Birnboim shows the maximal enzyme

3

activity at 9.5.
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dUTP synthesis in B. subtilis infected with PBS 1

Enzymes which convert uridine nucleotides to corresponding deoxy-
ribonucleotides have been found in bacteria (92—94)9 Studies on DNA
polymerase of L. coli show that dUTP can be incorporated into DNA in
g_i_‘!:_z;é (1%39). However, no DNA of bacterial origin which contains.uracil in
place of thymine has been found so far. It has been suggested that dUTPase
in E, coli may prevent the incorporation of dUTP intec DNA by dephosphorylating
the triphosphate (92,140). It is also probable that the inability of
dUlMP to serve as a precursor of DNA results from the apparent absence of a
phosphotransferase which converts dUMP to dUTP (139-141).

Reductases for ribonucleotides are also present in animal cells,

Tt has been found that a heat stable extract from Tat liver comverts aU to
auDP (142) and unheated extracts from normal and regenerating rat liver
efficiently phosphorylate dUDP to form dUTP (143). In these cases the
presence of an active dUTPase and inhibition by UMP and CMP in the phospho-
~::"‘y'lrap.'l:img system appear to be responsible for preventing dUTP from being
incorporated into DMA (143). However, in some systems such as sea urchin
eggs, AUTP may be actually incorporated into DNA and then methylated by
transmethylation with methionine (144), although the amount of thymine

thus formed in the INA may be very small,

Since PBS 1 DNA contains uracil in place of thymine, infected cells
should contain enzyme(s) which synthesize 4UTP and this triphosphate must
be protected from tl:\e action of phosphatases. The present study with PBS 1-

infected B. subtilis reveals the presence of a dCTP deaminase which

specifically reacts with dCTP to form dUTP, The addition of chioramphenicol
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into PBS 1-infected cultures prevents further increase in the deaminase
activity. Furthermore the enzyme activity was completely abseant in
uninfected cells. Thus it appears that the formation of ACTP deaminase is
induced by PBS 1 infection.

| According to Kahan (91), AUTP may be formed by the phosphorylation
of dAUMP in PBS 2-infected cells, In crude extracts, the Specifglc activity
of dUHP kinase has been reported to be 15 mp moles/hour/mg protein (91).
On the other hand, 4CTP deaminase found in the present study shows a
specific activity of 127 mja moles/hour/mg protein in crude extractis. These
results apparently suggest that the deamination of dCIP is a major pathwey
for the formation of AUTP in PBS i=infected cells., The real evaluation of
dCIP deaminase in the 4UTP synthesis, however; should be x;ade by comparing
the following two pathways: UDP— dUDP —»dUTP and CDP —» dCDP —»dCTP —dUTP
in PBS {-infected B. subtilis cells.

Since in PBS 1 DNA thymine is completely substituted by uracil and
since AdCTP deaminase is strongly inhibilted by ATTP, 4TTP must be eliminated
from the system in order to maintain the production of PBS 1 DNA, Various
* mechanisms for the elimination of dTTP have been suggested for other cases
in which the phage DNA lacks thymine. Cells infected with SP8 contain
dTTPase (85), SP5C-infected cellé contain d.Tm’ase (86) and ATP synthetase
' is inhibited in @e-infected cells (B87). It has been reported that thymine
deprivation derepressed CDP reductase (145), resulting in the accumulation
of 4CTP in the intracellular pool of deoxyribomucleotides (146). Since
dTTP must be eliminated from PBS 1-infected cells, these cells will

probably have a lower concentration of thymidylates than that in uninfected
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cells, This sitvation may cause an accumulation of ACTP which subsequently

is converted to AUTLP by the deaminase,



(1

(2)
(3)
(4)
(5)
(6)

(1)

(8)

(9)

(10)

(1)

(12)

(13)

BIBLIOGRAPHY

G. S. Stent, (1963). Molecular Biology of Viruses.

W. D. Hayes, (1965). The Genetics of Bacteria and Their V%ruses@

S. E. Luria and J. E, Darnell, Jr. (1967). General Virology.

A, 1woff, (1953). Lysogeny. Bacteriol. Rev. 17, 269.

D. K. Fraser, (1953). Host range mutants and semitemperate mutant of
T3. Virology 3, 527.

N. D. Zinder, (1958). Lysogenization and super infection immunity in
Salmonella phage P22. Virology 5, 291. ’

V. R. Romig and A. M. Brodetsky, (1961). Isolation and preliminary

characterization of bacteriophages for Bacillus subtilis. J. Bacteriol.

82, 135,

C. B. Thorne, (1961). Transduction in Bacillus subtilis. Fed. Proc.

20, 254.
I, Tekahashi, (1961). Genetic transduction in Bacillus subtilis.

Biochem. Biophys. Res, Comm. 5, 171.

I. Takahashi, (1963); Transducing phages for Bacillus subtilis.

J. Gen, Microbiol. 31, 211.

I. Takahashi, (1964). Incorporation of bacteriophage genome by spores

of Bacillus subtilis. J. Bacteriol. 87, 1499.

C. B. Thorne, (1962). Transduction in Bacillus subtilis. J. Bacteriol.

83, 106.
S. Okubo, M. Stodolsky, K. Bott and B. Strauss, (1963). Separation of

117



(14)

(15)

(16)

(17)

(18)

- (19)

(20)

(21)

(22)

(23)

(24)

118

the transforming and viral deoxyribonucleic acids of a transducing

bacteriophage of Bacillus subtilis. Proc. Nat. Acad. Sei. U. S. 50,

679. .

K. Bott and B, Strauss, (1965). The carrier state of Bacillus subtilis

infected with the transducing bacteriophage SP10. Virology 25, 212,

A, F. Graham, (1953). The fate of the infecting phage particle.
Ann, Inst, Pasteur 84, 90.

R. Delbecco, (1953). Mutual exclusion between related phages. J.
Bacteriol. 63, 209.

D, Dussoix and W. Arber, (1962). Host specificity of DNA produced by

Escherichia coli., IX. Control over acceptance of DNA from infecting
phage. J. Mol, Biol. 5, 37. |

B, Wolf and M. Meselson, (1963). Repression of the replication of
superinfecting bacteriophage DNA in immune cells, J. Mol. Biol. 7, 636,
S. Lederberg and M, Meselson, (1964). Degradation of non-replicating
bacteriophage DNA in non-accepting cells. J. Mol. Biol. 8,623.

R. C. French, &, F. Graham, S. M. Lesley and C. E. van Rooyen, (1952).
The contribution of phosphorous from T2r* bacteriophage to progeny.

J. Bacteriol. 64, 597.

I. Tekahashi, (1966). Joint transfer of genetic markers in Bacillus
subtilis. J. Bacteriol. 91, 101,

I. R. Lehman, (1963). The nucleases of Escherichia coli. Progress in

nucleic acid research vol. 2.
I. R. Lehman, (1967). Deoxyribonucleasess their relationship to
deoxyribonucleic acid synthesis, Amn. Rev, Biochem. 36, 645.

T. Okazaki and A. Kornberg, (1964). Enzymatic synthesis of deoxyribo-



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

119

nucleic acid., XV, Purification and properties of a polymerase from

Bagillus subtilis. J. Biol. Chem. 239, 1004.

C. C. Richardson and Kornberg, (1964). A deoxyribonucleic acid

phosphatase-sxomiclease from Escherichia coli. I, Purification of

" the enzymne and characterization of the phosphatase activity. J. Biol.

Chem. 239, 242,
C. C. Richardson, I. R. Lehmsn and A. Kornberg, (1964). A deoxyrilbo-

nucleic acid phosphatase-exonuciecose from Escherichia coli. IT.

Characterization of the exonuclease activity. J. Biol. Chem. 239, 251,

H. C. Birnboim, (1966). Cellular site in Bacillus sublilis of a

nuclease which preferentally degrades single-stranded nucleic acids,
J. Bacteriol. 91, 1004. g

B. S. Strauss, (‘ié62)° Differential destruction of the transforming
activity of damaged @.eomxibonucleic acid by a bacterisl enzyme.
Proc. Nat. Acad. Sci. U. S. 48, 1670,

B. S. Strauss, T. Searashi and M. Robbins, (1966). Repair of DNA
studied with a nuclease specific for UV-induced lesions. Proc. Nat.
Acad, Sei. U, S. 56, 932.

M, Nakai, Z. Minami, T. Yamazaki and A. Tsugita, (1965). Studies on

the nucleases of a strain of Bacillus subtilis. J. Biochem. 57596,

I. M, Kerr, E. A, Pratt and I, R, Lehman, (1965). Exonucleolytic
degradation of high-molecular-weight DNA and RNA to nucleoside 3'-

phosphates by a nuclease from Bacillus subtilis., Biochem. Biophys.

Res. COmm. _2_9.9 1540
R, Okazaki, T. Okazaki and K. Sakabe, (1966). An extracellular

nuclease of Bacillus subtilis:  Some novel properties as a DNA




120

exonuclease. Biochem. Biophys. Res, Comm. 22, 611,

(33) D. M. Trilling and H. V. Aposhian, (1965). A deoxyribonuclease found
after infection of Bacillus subtilis with phage SP3, Proc. Nat. Acad.
Sei. U, S. 54, 622,

(34) ' E. Kellenberger, (1962). Vegetative bacteriophage and the maturation
of virus particles. Adv. Virus. Res. 8, 1.,

(35) E. Kellenberger, (1960). The physical state of the bacterial nucleus.
In Microbial Genetics, Tenth Symposium of the Society'for General
Microbiologys; p. 39.

(36) A. D. Hershey, J. Dixon and M. Chase, (1953). Mucleic acid economy in
bacteria infecgted with bacteriophage T2. I, Purine and pyrimidine
composition. J. Gen. Physiol. 36, T77. ’

(37) L. L. Weed and S. S. Cohen, (1951). Utilization of host pyrimidines in
the synthesis of bacterial viruses. J., Biol. Chem, 192, 693.

(38) A. B, Pardee and L. Williems, (1952). Increase in deoxyribonuclease

of virus-infected Escherichia coli. Arch., Biochem. Biophys. 40, 222,

(39) 4. D, Hershey, (1953). Nucleic acid economy in bacteria infected with
bacteriophage T2, II. Phage precursor mucleic acid. J. Gen. Physiol.
31y 1¢

(40) S. S. Cohen, (1953). Studies on controlling mechanisms in the metabolism
of virus-infected bacteria. Cold Spring Harbor Symp. Quent. Biol.
is, 221,

(41) G. S. Stent and 0. Maaloe, (1953). Radioactive phosphorus tracer
studies on the reproduction of T4 bacteriophage. 1I. Kinetics of
phosphorus assimilation. Biochim. Biophys. Acta 10, 55.

(42) L. M, Kozloff, (1953). Origin and fate of bacteriophage material.



121

Cold Spring Harbor Symp., Quant. Biol. 18, 209.

(43) A. D. Hershey, A, Garen, D. K. Fraser and J.D. Hudis, (1954). Growth
and inheritance in bacteriophage. Carnegie Inst. Wash, Year Book 53,
210,

(44) P. E. Kunkee &nd A, B. Pardee, (1956). Studies on the role of deoxy-
ribonuclease in T2 bacteriophage development. Biochim, Biophys. Acta
19, 236. ‘

(45) A. B. Stone and K. Burton, (1962). Studies on the deoxyribonuclease

of bacteriophage-infected Escherichis coli. Biochem. J. 85, 600.

(46) A. E. Oleson and J.F. Koerner, (1964).A deoxyribonuclease induced by
infection with bacteriophage T2, J. Biol, Chem, 239, 2935.

(47) S. E. Jorgensen and J. F. Koerner, (1966). Separation and character-
ization of deoxyribonucleases of Escherichia coli B. I. Chromatographic
separation and properties of two deoxyribo-oligonucleases, J. Biol.
Chem. 241, 3090.

(48) S. Bose and N, Nossal, (1964). A DNA endonuclease induced by T2 phage.
Fed. Proc. 23, 272.

. (49) 1I. R. Lehman, M, J. Be.ssman, E. S. Simms and A, Kornberg, (1958).
Enzymatic synthesis of deoxyribonmucleic acid. I. Preparation of
substrates and partial purification of an enzyme from Escherichia
coli, J. Biol. Chem, 233, 163.

(50) J. S. Wiberg, (1966). Mutants of bacteriophage T4 unable to cause
breakdown of host DNA, Proc. Nat, Acad. Sci. U. S. 55, 614.

(51) E. Pfefferkom and H. Amos, (1958). Deoxyribonucleic acid breakdown
and resynthesis in 75 bacteriophage infection. Virology 6, 299.

(52) L. V. Crowford, (1959). Nucleic acid metabolism in Escherichia coli




(53)

(54)
(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

122

infected with phage T5. Virology 7, 359.
A, V. Paul end I. R. Lehman, (1966). The deoxyribomicleases of

Escherichia coli. VII. A deoxyribomuclease induced by infection with

phage T5. J. Biol. Chem, 241, 3441.

'C. A, Thomas, Jr. (1966). The arrangement of information in DNA

molecules. J. Gen. Physiol. 49, 143.

A, VWeissbach and D. XKorn, (1965). The deoxyribonucleases of Esherichis
coli K12, J. Biol. Chem., 238, 3383,

D. Korn and A, Weissbach, (1963). The effect of lysogenic induction

on the deoxyribonucleases of Escherichis coli K12. I, Appearance of

a new exonuclease activity. J. Biol.Chem. 238, 3390.

W. E. Pricer, Jr. end A. Weissbach, (1967). The synéhesis of deoxy-
ribormoleic acid exonucleases associated with the formation of
temperate inducible bacteriophages. J, Biol. Chem, 242, 1701,

D. Korn and A, Weissbach, (1964). Purification and properties of

a deoxyribomucleic acid exonuclease associated with the formation of
phage 434, J. Biol, Chem, 239, 3849.

J. W. Little, I. R. Lehman and A. D. Kaiser, (1967). An exonuclease
induced by bacteriophage A . I. Preparation of the crystalline enzyme.
J. Biol. Chem, 242, 672.

J. W. Little, (1967). An exonuclease induced by bacteriophage M.

II. Nature of the enzymatic reaction. J. Biol. Chem. 242, 679,

R. C. Shuster, T. R. Breitman and A, Weissbach, (1967). The failure
of three temperate coliphages to direct the synthesis of a new type
A deoxyribomuclease. J. Biol. Chem. 242, 3723,

A, D, Hershey, E, Burgi and L. Ingraham, (1963). Cohesion of DNA



(63)

(64)

(65)

'(66)

(67)

(68)

(69)

(70)

(71 )'

molecules isolated from phage lembda. Proc. Nat., Acad. Sci. U, S.
49, T48.

H. B. Strack and A, D, Kaiser, (1965). On the structure of the ends
of lambda DNA. J, Mol. Biol. 12, 36.

C. M. Radding, (1964): Nuclease activity in defective lysogens of
phage. II. A hyperactive mutant. Proc, Nat. Acad. Sci. U. S. 52, 965.
U. A, Eisen, C. R, Fuerst and L. Siminovitch, (1966), Genetics and
physiology of defect:{ve lysogeny in K12(\): Studies of early mutents,
Virology 30, 224.

S. S. Cohen, (1947). Synthesis of bacterial viruses in infected cells.
Cold Spring Harbor Symp. Quant, Biol. _1_?_, 38,

B. Volkin and L. Astrachan, (1956). Phosphorus inco;pox'ation in

Escherichia coli ;'ibonucleic acid after infection with bacteriophage

T2. Vir()low _2.’ 1490
J. Tomizaws and S. Sunakawa, (1956). The effeot of chloramphenicol on
deoxyribonucleic acid synthesis and the development of resistance to

ultraviolet irradiation in Escherichia coli infected with Bacterio-

phage T2, J. Gen. Physiol. 39, 553.

A, D. Hershey and N. E. Melechen, (1957). Synthesis of phage-precursor
nucleic acid in the presence of chloramphenicol. Virology 3, 207.

S. S. Cohen and C. B. Fowler, (1947) Chemical studies on host virus
interactions. III, Tryptophan requirements in stages of virus
multiplication in the Escherichia coli-T2 bacteriophage system.

J. Exp. Med. 85, T71. |

K. Burton, (1955). The relation between the synthesis of deoxyribo-

mcleic acid and the synthesis of protein in the multiplication of



(72)

(73)

(74)

(75)

(76)

(11)

(78)

(79)

124

bacteriophage T2, Biochem, J. 61, 473.
J. G. Flaks and S. S. Cohen, (1959). Virus-induced acquisition of
metabolic function. I. Enzymatic formation of 5-hydroxymethyldeoxy-

cytidylate. J. Biol., Chem, 234, 1501,

+J. K. Flaks, J. Lichenstein and S. S. Cohen, (1959). Virus-induced

acquisition of metabolic function., II, Studies on the origin of the
deoxycytidylate hydroxymethylase of bacteriophage-infected Escherichia
coli, J. Biol, Chem. 234, 1507.

R. Somerville, K. Ebisuzaki and G. R. Greenberg, (1959). Hydroxyl-

methyldeoxycytidylate kinase fromation after bacteriophage infection of

. Escherichia coli. Proc. Nat, Acad. Sci. U.S. 45, 1240.

A, Xornberg, S. B. Zimmerman, S. R. Kornberg and J. Josse, (1959).
Enzymatic synthesis of deoxyribonucleic acid., VI. Influence of
bacteriophage T2 on the synthetic pathway in host cells. Proc. Nat.
Acad. Sci. U. S. 45, T72.

J. F. Koerner, M. S, Smith and J. M. Buchanan, (1959). & deoxycytidine
triphosphate splitting enzyme and the gynthesis of the deoxyribomucleic
acid of T2 bacteriophage. J. 4m, Chem., Soc. 81, 2594.

H. D. Barmer and S. S. Cohen, (1959). Virus-indmced acquisition of
metabolic function IV, Thymidylate synthesis in thymine-requiring
BEscherichia g_:g;_::._ infected by T2 and TS5 bacteriophages. J. Biol, Chem,
234, 2987. .

S. S. Cohen, J. G. Flaks, H. D, Barner, M, R, Loeb and J. Lichtenstein,
(1958). The mode of action of 5-fluorouracil and its derivatives.

Proc, Nat. Acad, Sci. U. S. 44, 1004.

K. Keck, H. R, Mahler and D. Fraser, (1960). Synthesis of deoxy-



(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

125

cytidine-5'-phosphate deaminase in Escherichia coli infected by T2
bacteriophage. Arch. Biochem, Biophys. 86,85.

S. S. Coben, (1960). Virus-induced acquisition of metabolic function.
Fed. Proc. 20, 641, |

H. V. Aposhian and A. Kornberg, (1962). Enzymatic synthesis of INA,
The polymerase formed after T2 infection. J. Biol. Chem. 237, 519.

G. R. Wyatt and S, S, Cohen, (1953). The bases of the nucleic acid of
some bacterial and animal viruses: the occurence of 5-hydroxymethyl-
cytosine. Biockem, J. 55, T74.

K. Kallen, M. Simon and J. Marmur, (1962). The occurence of a new
pyrimidine base replacing thymine in a bacteriophage DNA: 5-hydroxy-
methyluracil. J. Mol. Biol. 5, 248, g

I. Takahashi and J. Marmur, (1963). Replacement of thymidylic acid by

deoxyuridylic acid in the deoxyribomucleic ecid of a transducing

‘phage for Bacillus subtilis. Nature 197, 794.

J. Marmur, F. M. Kahan, B. Riddle and M. Mandel, (1964). Formation of

complementary RNA and enzyme in Bacillus subtilis infected with

bacteriophage SP8, Acidi nucleici e loro funzione biologica, p. 249.
V. H. Aposhian, (1965). A dTMPase found after infection of Bacillus
subtilis with phage SP5C. Biochen, Biophys. Res., Comm, 18, 230.

D. H. Roscoe and R. G. Tucker, (1966). The biosynthesis of 5-hydroxy-
methyldeoxyuridylic acid in bacteriophage-infected Bacillus subtilis,
Virology 29, 157.

M. Nishihara, A. Chrambach and H. V. Aposhian, (1967). The deoxy-

cytidylate deaminase found in Bacillus subtilis infected with SPS.

Biochemistry 6, 1877.



126

(89) W. H. Fleming and M. J. Bessman, (1965). The enzymology of virus
infected bacteria, VIII. The deoxycytidylate deaminsse of T6 infected

Escherichia coli. J. Biol. Chem. 240, PC4109.

(90) ¢G. F. Maley, D. U. Guarino and F. Maley, (1967). End product regulation
" of bacteriophage T2rt-induced deoxycytidylate deaminase, J. Biol Chem.
242, 3517. )

(91) F. M. Kahan,(1963). Novel enzymes formed by Bacillus subtilis infected
with bacteriophage, Fed. Proc., 22, 406,

(92) L. E. Bérta.ni, A, Higgmark and P, Reichard, (1963). Enzymatic synthesis
of deoxyribomuleotides, II, Formation and interconversion of deoxy-
uridine phosphates. J, Biol. Chem. 238, 406.

(93) A. Larsson and P. Reichard, (1966). Enzymatic synthesis of deoxyribo-
micleotides, IX. Allosteric effects in the reduction of pyrimidine
ribonucleotides by the ‘ribomicleoside diphosphate reductase system

of Escherichia coli. J. Biol. Chem. 241, 2533.

(94) M. Goulian and W. Beck, (1966). Purification and properties of
cobamide-dependent ribomuicleotide reductase from Lactobacillus
leichmanii. J. Biol. Chem. 241, 4233,

(95) E. C. Moore and R. B. Hurlbert, (1966). Regulation of mammalian deoxy-
ribomicleotide synthesis by nucleotides as activators and inhibitors.

J. Biol., Chem. 241, 4802,

(96) T. P. Wang,(1957). Cytosine micleoside deaminase from Escherichia coli,
Methods in Enzymology vol. III. p. 166.

(97) 0. Skoll, (1957). Uridine kimase. Methods in Enzymology vol. III. p. 194.

(98) M, Demerec, E. A. Adelberg, A. J. Clark and P. E. Hartman, (1966).

A proposal for a uniform nomenclature in bacterial genetics.



127

Genetics 54, 61.

(99) IUPAC-IUB Combined Commission on Biochemical Nomenclature
Abbreviation and Symbols for Chemical Names of Special Interest in
Biological Chemistry. (1966). J. Biol, Chem. 241, 527.

(100) J. Spizizen, (1958). Transformation of biochemically deficient strains
of Bacillus subtilis by deoxyribonucleate, Proc, Nat., Acad. Sci. U. S.
44, 1072,

(101) P. Schaeffer, (1961). Etude génétique, biochimique et cytologique de

la sporulation de Bacillus subtilis. D, Sc. Thesis, Faculty of

Science, University of Paris, Paris, France,
(102) M. H, Adams,s (1959). Bacteriophages.
(103) I. Takahashi, (1965). Localization of spore markers on the chromosome
. of Bacillus subtilis. J. Bacteriol. 89, 1069. ’
(104) W, Majbaum, (1939). Z. Physiol. Chem. 258, 117. Cited by Chargaff and
Davidson. The Nucleic Acids vol. 1 , p. 301.
(105) 1I. Takahashi and J. Marmur, (1963). Glucosylated DNA from a transducing

phage for Bacillus subtilis. Biochem, Biophys. Res, Comm. 10, 289.

(106) J. Marmur, (1961). A procedure for the isolation of deoxyribonucleic
acid from microorganisms. J. Mol. Biol. 3, 208,

(107) P. E. Young and A, P. Jackson, (1966), Extent and significance of
contamination of DNA by teichoic acid in Bacillus subtilis,
Biochem. Biophys. Res., Comm. 23%, 490.

(108) I, Tkehashi, (1965). Transduction of sporogenesis in Bacillus subtilis.

J. Bacteriol. 89, 294.
(109) H. 0, Lowry, N. Rosebrough, A, Farr and R, Randall, (1951). Protein

measurement with the Folin phenol reagent. J. Biol. Chem, 193, 265.



128

(110) Z. Dische, {1930), Mikrochemie 8, 4. Cited by Chageff and Davidson.
The Nucleic Acids vol. 1; p. 287.

(111) J. M. Kissane and E. Robins, (1958). The fluoromeiric measurement of
deoxyribomucleic acid in ammal tissues with special reference to
the central nervous system. J. Biol. Chem, 233, 184.

(112) E. J. King, (1932). The colorimetric determination of phosphorus.
Biochem, J. 26, 292.

(193) I. R. Lehman, G. G. Roussos and E. A&, Pratt, (1962). The deoxyribo-
nucleases of Escherichia coli. II., Purification and properties of a
ribonucleic acid inhibitable endonuclease . J. Biol., Chem. 237, 819,

(114) V. B. Razzell, (1963)., The precipitation of polyribonucleotides with
magnesium salts and ethanol. J. Biol. Chem. 238, 3053.

(115) G. V. Gould and A, D. Hichins, (1963). Sensitization of bacterial
spores to lysozyme and hydrogen peroxide with reagents which
rupture disulfide bonds. Nature 197, 622.

(116) H, Tono and A, Kornberg, (1967). Biochemical studies of bacterial
sporulation. III. Pyrophosphatase. J. Biol. Chem, 242, 2375.

(197) H. Yamagishi, (personal communication). Reported at phage meeting at
Cold Spring Harbor, N. Y., U. S. A. (1967).

(118) B, Weiss and C. C. Richardson, (1967). Enzymatic breakage and
joining of DNA, I, Repair of single-strand breaks in DNA by an
enzyme system from Escherichis coli infected with T4, Proc. Nat., Acad.
Sei. U. S. 57, 1021,

(119) V. C. Bode, (1967). Single-strand scission induced in circular and
linear DNA by the presence of dithiothreitol and ofher reducing agents.
J. Mol. Biol. 26, 129.



129 .

(120) H. S. Shapiro and E. Chargaff, (19%6). Studies on nucleotide

arrangement in DNA, XI. Selective removﬁl of cytosine as a tool for
. the study of the nucleotide arrangement in DNA, Biochemistry 5, 3012.
(121) C. Tamm, M. E. Hodes and E, Chargaff, (1953). The formation of apurinic
" acid from the deoxyribomucleic acid of Calf thymus., J. Biol Chem,

195, 49.

(122) C. Tamm, M, S. Shapiro, R. Lipschitz and E. Chargaff, (1953).
Distribution density of nucleotides within a deoxyribonucleic acid
chain, J, Biol. Chem., 203, 673. ,

(123) ¢. R. Bayley, K. W. Brammer and A, S. Jomes, (1961). The nucleotide
‘sequence indeoxyribonucleic acids. Part V. The alkaline degradation
of apurinic acids. J. Chem, Soc. p. 1903. g

(124) H. Schuster, (1960). The reaction of nitrous acid with deoxyribo-
mucleic acid. Biochem. Biophys. Res. Comm. 2, 320,

(125) H. Ishilura, F. A. Neolon and G. L. Cantoni, (1966). Oligomucleotidess
Iﬁprwement in chromatographic separation. Science 153, 300, |

.(126) J. R. Seaton and W, H. Elliott, (1967). Selective release of ribo-

nuclease-inhibitor from Bacillus subtilis by cold shock treatment.

Biochem. Biophys. Res. Comm, 26, 75.

(127) R. J, Britten, R. B. Roberts and E. F. French, (1955). Amino acid
adsorption end protein synthesis in Escherichis coli. Proc. Nat,
Acad. Sci. U. S. 41, 863.

(128) 0. Karlstrom and A, Larsson, (1967). Significance of ribonucleotide
reduction in the biosynthesis of deoxXyribonucleotides in Escherichia
coli. Burop. J. Biochem, 3, 164. |

(129) 6. F. Maley and P. Maley, (1966). The significance of the substrate



(130)

(131)

(132)

(133)

(134)

- (135)

(136)

(137)

(138)

130

specificity of T2r*-induced deoxycytidylate deaminazse. J. Biol.
Chem. 241, PC2176.

E. Scarano, (1960). The enzymatic deamination of 6-aminopyrimidine
deoxyribotides. I. The enzymatic deamination of deoxycytidine 5'=
phosphate and of 5-methyl deoxycytidine 5f?-phosphate., J. Biol, Chen.,
235, 706,

G. F. Maley and F, Maley, (1964). The purificetion and properties

of deoxycytidylate g‘ieaminase from chick embryo extracts., J. Biol.

 Chem, 239, 1168,

M, Laskowski, (1950). Enzymes hydrolyzing DNA. Ann, N. Y. Acad. Sci.
81, T16.

M. Laskowski, (1967). DNases and nucleic acid stméturea Adv. Enzymol.
29, 164.

E. T. Young, II. and R. L. Sinsheimer, (1965). A comparison of the
ini;tie.l actions of spleen deoxyribomuclease and pancreatic deoxyribo-
nﬁclease. J.Biol, Chem, 240,1274.

H. Nakayama, S. Okubo, M. Sekiguchi and Y. Takagi, (1967). & deoxy-
ribonuclease activity specific for ultraviolet-irradiated DNA: A
chromatographic analysis. Biochem. Biophys. Res. Comm. 27, 105,

M. Meselson and R. Yusn, (1968). DA restriction enzyme from
Escherichia coli. Nature 217, 1110,

A, Klein and W. Sauverbier, (1965). Role of methylation in host
controlled modification of phage T1, Biochem.Biophys. Res. Comm. 18,
440.

W. Arber, (1965). Host specificity of DNA produced by Escherichia
coli. V. The role of methionine in the production of host specificity.



131

J. Mol. Biol. 11, 247.

(139) M. J. Bessman, I. R. Lehman, J. Adler, S. V. Zimmerman, E. S. Simms
and A. Kornberg , (1958). Enzymatic synthesis of deoxyribonucleic acid.
ITI. The incorporation of pyrimidine and purine analogues into
deoxyribonucleic acid. Proc. Net. Acad. Sci. U. S. 44, 633.

(140) @. R. Greenberg and L. Sommerville, (1962), Deoxyuridine kinase
activity and deoxyuridine triphosphatese in Escherichia coli.

Proc. Nat, Acad. Sci, U. S. 48, 247.

(141) M. Friedkin and A, Kornberg, (1957). The chemical basis of heredity,
(Ed. W. D. Elroy and B. Glass) p. 609.

(142) PF. Maley, G. F. Maley and J. F. McGarraham, (1967); A gimpler enzymic
procedure for the preparation of nucleoside di and triphosphates,
Anal, Biochem, 19, 265.

(143) R. labow and F. Maley, (1967). The conversion of deoxyuridine 5'-
monophosphate to deoxyuridine 5'-triphosphate in normal and
regenerating rat liver., Biochem, Biophys. Res, Comm, 29, 136.

(144) E. Scarano, M. Iaccarino, P. Groppo and E. Parisi, (1967). The
heterogeneity of thymine methyl group origin in DNA pyrimidine
_isostitch of developing sea urchin embryos. Proc. Nat, Acad. Seci.

U. S. 57, 139%4.

(145) C. Biswas, J. Hardy and W. S. Beck, (1965). Release of repressor
control of ribonucleotide reductase by thymine starvation. J. Biol.
Chem, 240, 3631.

(146) J. Neuhard, (1966). Studies on the acid-soluble nucleotide pool in
thymine requiring mutants of Escherichia coll during thymine starvation

IIl. On the regulation of the deoxyadenosine triphosphate and deoxy-



132

cytidine triphosphate pools of Escherichia coli. Biochim, Biophys.

Acta 129, 104.





