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CHAPTER I

INTRODUCTION

Tronoducing phogo PBS 1 for Baci{lum subtilic hao

boon isolatod in 1961 by Takahashi (128). Sineo thon phagos
similar to PBS 1 have beon iselated by a numberx of
investigators. They inecludeo phagos 3 NT (56), AR 9 (13, 141)
and T 10 (114). PBS 1 10 distinct from other tranoducing
phages sueh as SP10 and Sp15 (134, 136, 140). Phage PBP 1

wnich mediates tranoduction in Baocillus pumiluo alsoe has boon

found to bo distinct from PBS 1 (78). Phage PBS 1 rutates
froquently to a clear plague type called PBS 2 (129). This
cloar plaque rmtant is alse oblo to mediato tranoduction in

B.oubtilis, anlthough tho frequoncy of transduction 428 lower

than that of PBS 1 (129).

Tho morphology of PBS 1 is vory cemplex (32). Tho
phagoe probably beleongs to "typoe A phageo"” according to the
clacoification of Bradloy (20). PBES 1 has an icoscahodral hoad,
a’tail corc, @ collar, o base platec and a striated contractile

shoath, Unusocual mﬁructuroa 1iko o6ntroction fibres of unknown

!

function, which emerge from tho choath on contrastien, and |

throe, helical attachoment £ibrogs por virion are also prosont

(32). Tho primary adoerption sito of PBS 1 15 the flagollum
: . \
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of heost cells (38, %58, 112). ' Accerding to Raimonde ot al.
(112) the helical attachomont fibres wind areund the bacterial
flagellum upon adserptien. The intoraction between PBS 1 and
itoc hoot 15 known ao poeoudo-lysegenic oxr carrier state (129).
The genemo of PBS 1 can be incorporated inte opores of

B.cubtilic, when colls are infocted with PBS 1 in lato

exponontial phase or ocarly sperulating stages (130). Tho
ability of PBS 1 to establish pseude-lysogenic colls or the
ability to be incorperated inte sporos may be explained by
induction of 2 DNase inhibitor in PBS l-infoctod collo.
This inhibitor acto spocifically on a DNase which hydrolyses
native PBS 1 DNA (137). 4
Tranoducing particles with a range of densitioes 1&
isopycnic soosiun chloride grahiento have boen reportod by
Mohler ot al.(82). Howevor, Yomagishi and Takehashi (156)
have obtaincd two distinct bandz cerrospending te transducing
particlos and plague-forming particleos in isepyonic cesium
chleride gradients. Electron microscepic examination has
rovealqd that othor bands reportod by Mahler ot al.(82)
c¢®ained danaged phage particlers and varying asmounte of
bactorial dobris (156). .
Thoe molecular weight of the PB3 1 genome io ostimatod-
to bo 1.9 x 108 (55). It has boen repertod that host DNA iso
not dograded oxtonsivoly aftor PBS 1 infoction and large
fragscnts of hest DNA may bo incorporated into tranoducing,

particles (101, 137). Tho molocular woight of the host DRA

e e



eXxtracted from transducing poarticles is heterogeneus and
roanges from 4 x 106 to 1.3 x 108 (156).

The G:C base composition calculated from the T of
PBS 1 DNA differs from that calculated from the bueyant
donosity in cosium chlerido gradients, This discropancy is
causod by the presence of uracil in tho DYA of PBS 1 (132).
Tﬁé chomical anolysis shows that PBS 1 DNA containod 28 ¢ GeC.
It 19 demonstrated that PBS 1 DNA has tho nermal beéa—
cenfiguration in 2¢lution even though it containg uracil in
placo of thymine (71). Native PBS 1 DNA molecules contain
twe single strand intorruptiens per strand (155). Tho
hetorogenoity in size ef PBS 1 DA releculos in alkaline
oucrose gradionts indicatos that thoso nicks are randenmly
distributed (155). 1In econtrast, tho nicks obmervod in theo T5
gonemoe are lecated ot dofinite positions in only one of the
two strands (23).

Pricec and Coek (104) havo shown that after PBS 1
infoction a now DNA pelymerase is inducod. The obsorvation
that the devolepaent of PBS 1 is rosistant to
6-hydroxyphonylazo-uracil and nalidixic ncid, which 4inhibit
host DHNA synthesis, suggosts that the phage inducod DRA
pelymorase may be xesistant to tLose drugs (107, 108),
Hydroxyuren 1nh1bj>® phago DNA cynthesis asn woll as hoot DRA

synthesis (108).
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Actinomycin D, an inhibitor of RNA pelymerisaticon,
prevents the develepment of phage PBS 1 (109, 111, 115%).
However, rifomycin, which alse inhibits the synthesis of RNA,
does net interfere with the devolopmont of PBS 1 (109, 115).
Mony celiphagos such as Th (L9), T5 (12) cnd P1 (88) aro

inhibitod by rifamycin throughout their development eyclo.

Phogos for B.oubtilis such as SPO1 (42), [3-22 (51), SPPL (B6)

and C§>'29 (120) and tho Bacillus pegaterium phage o (127) are

also reportod to beo senoitive to this antibietic. Tho

dovolopnont of coliphage T7 becoros rébimtant to inhibitien by

rifemyecin between 3 and 5 min affer infection, dmwe to the
synthesis of o phage ceded rifamycin-inscensitive RNA poly-
merase (25). The developmont of PBS 1 18 rosiotant to rifa-
mycin from the boginning of infectien. Thus, this phage may

introduce & pretoin during infoction that either itsolf is o

rifamycin-inconsitive RNA polymerase or that modifies host RNA
i f

polymerase to beceme rifomyecin resistant (115). Rocently the
proscnce of a rifaoycin-insensitive RNA polymerase hasm boen

demonstratod in PBS l-infocted colls of B.oubtilis (26, 110).

Gonotic studies of PBS 2 have boon initiantod in our

laberatory by M., Herrington (52). The substitution of thynine

by uracil in the DNA allows the incorperation of 5-flusro-

deooxyuridylate into tho DNA of PBS 2 (80). Later this

cnaleguo has boon found te be mutagenic for the phage (52, 53).

A numbor of temperaturc-sonsitive mutants of PBS 2 have been

analysed and asoignod to ton complomentation groups., Those

\#?V
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mutants have been located on a linecar map by two facteor
crosses (52),

Fragments of PBS 1 DNA with size of about 1/100 th.
of tho genome are distributed in a wide band in cesium
sulphate-mercury gradients (Yamagishi, unpublished results).
This indicates that these fragmonts are heterogenous in base
composition. To test the blolegical activity of the fragments,
a method for phage tronsformation has been develeped (52).

DNA polymerase induced by PBS 1 as well os.DNA

pelymerasce I of B.oubtilis can utilize both 4dUTP and 4ATTP as

precursors for DNA (98, 104). A similar situation ocecurs

with DNA polynmerase induced by T-even phoges of Eascherichia

coeli which can utilize deoxyhydroxymoethylcytidine triphosphate
( dHMCTP) and 4CTP (151, 158) ond with DNA polymerase induced

after(?é or SPO1 infection eof B.subtilis, which can use d4dTTP

and deoxyhydroxymethyluridine triphosphate (dHMUTP) (75, 158).
The lack of specificity of these phage induced DNA polymerasen
necessitnotes the removal ef normal hont deoxypyrimidine
triphosphates from theo cell before the onset of phage DNA
synthesis. Fer oxample, dTTP must be e¢liminated from PBS 1l-
infected cells before phage DNA synthesis starts. The
enzymos involved in the eliminati@n—@f one of tho heost
dooxypyrinidine triphosphotes and the synthosiso of a new phage
specific dooxypyrimidine triphosphate are 111uutratod_in the
following oxamples. ‘
. Tho mochenism of the replacement of cyteoine by
hydroxymothylcytoosine (HIC) in the DIA of T-oven phages fer

PEN
B.coli (154) has boon the subjoet of a largo aumbor of studios,
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Az ocarly as 5 riin after infection with T-even phages o

dCTPase activity is found in the infected cells (68, 69, 125),

This engyme converts dCTP to 4dCMP and thus the hoat DNA

precursor dCTP io removed from the infected cell (68). The

precursor for phage DNA synthesis, JdHMCTP, 12 synthesized at

the nucleotide level ond not after polymerisation of the DNA.

Two enzymes involved in the bliosynthesis of 4AMMCTP can be

identified in the phage-infected cells. These are dCMP .

hydroxymethylase (36, 37)s which converts dCMP to JAEBMCMP and

dHMCMP kinase (69, 125%), which converts dHMCMP to AHMCTP. 1In

addition, a large number of other onzymes and proteins involved

in the synthesis of DNA precursors are induced after T-even

phage infection., These include dGMP kinace (68), dCMP deaminase

(66), AdUTPase and dUDPase (45), dfMP synthetase (7, 27), dTMP

kinase (68), dihydrofelate reductase (48, 57), ribonuclecside

diphosphate roductase (157) and thioredoxin (123'). Phago T4

also codes for a TdR kinasce (24, 54)., Morcever, tho cataboliom

of deexyribose-l-phosphate is inhibited after T4 infection, so

that eoxogenous thymine can be utilised more officiently (87).
Degradation of host DNA by phage induced nucleases 15 | ;

an;thor source of deoxyribonucleotides for phaoge DNA synthensis ;

in collo infected by T-evon phages (144, 14%5). Glucosylatien

of the JHINCMP residuco in the DNA of the T-even phagaes by

glucesyl transferase (68) takes place aftor DNA is polymerized

by a phage induced DYA polymorase (4).
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A number of phages contain hydroxymethyluracil (HMU)

in place of thymine., These include q>€ (118), sp8 (61),
SpP5 (22, 61), 2C (102) and SPOl (99), which are active en

B.subtilis and phage GSW (14) active on B.megaterium. The

ongyme s invelved in the replacemont of thymine by HMU hawve

been studiod in dotail.

In erder to eliminate 4TTP from infocted ?cllo
4TTPase (14, 105, 117), dTMPase (3, 95, 117) and an inhibitor
for thymidylate synthetase are induced (50). All HMU contain-

ing phages active on B.subtilis induce dCMP deaminase (50, 60,

95). In B.megaterium cells infected with phage GSVW, dCMP

deaminase is absent (14),

In the DNA of phagec?-w-lk which is active eon

Psoudomonas acidovorans 50 % of the thymine is roplacod by

5 (4-aminobutylaminomethyl )-uracil (70). The enzymes involved
in this base alteration have net yet been described (70). In

the DKA of SP15 for B.subtilis 50 ¢ of thymine is replaced by

5- (4,5 dihydrexypentyl)-uracil (84, 89). Koubert and Marmur

(89) suggest that dUTP may be tho precurser for phage SP15 DNA

synthesins and that uracil in tho DRFA may be cenverted te thymine

ond 5- (4,5 dihydroxypontyl)-uracil after DNA is pelymerized.
The enzymes invoelved in the modification of bases in SP15 DNA
have not yet boep studied.

In PBS l-infeocted cellsn, onzsymes wnich eauso the
remeval of thymidine nuclecotides are TTPace (139) and dTMPase
(59, 139): The latter encsymo haﬁ‘;oen characterized by Price

and Fogt (106) ond has boon shown to have dTMPaso as well as

ot s e el g g g 2
o o R
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dUMPaso activity. It may be invelved in the removal of both
substrate and product of thymidylate synthetase 1anBS l-
infocted colls.

In the backeriophage systems otudied so far, base
alterations involve the synthesis of a new pyrimidine dooxy-

ribonucleotide by phage coded enzymes and the elimination of

one of the deoxyribonucleotide precursors for host DVNA

oyhth@@im. The base alteration in PBS 1 is unigque in that no

new deoxypyrimidine compound i8 required, Deexyuridino
nucleotides are presént as intermediates in thymidine bieo-
synthosis in uninfected ceolls. PBS l~induced dUMP kinace may
thus have a dual rele, (59). Firstly, it may romove the
substrate fer dTMP synthetase (59) and secendly, it may play
a role in the oynthooio eof dUDP and AUTP in PBS 1l-infected
collo (59).

Tomita and Takahashi (158) have shown that a novel
enzymo, J4CTP deaminasey, is induced after PBS 1 infection,

This engyme converts dACTP to AUTP and thus it may play an

important rele in tho synthosis of dAUTP in PBS l-infected cellsn,

The sameo authors suggeost that ribenucleotide reductase, which
catalyses the reduction of ribonucleostides to deoxyribo-
nucleotides, may play a role in the biosynthesis of 4UTP
(138). Other onsymes such as CdR doaaina#c and UdR kinase
may alse be invelved in tho synthesis of GUTP (138). Tho seme
authers (138) suggest that ACTP doe:inao# may be the majer

pathway for the formation eof AUTP in PBS 1l-infected cells,

s A A A
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9.
since the aspecific activity of thisc enzyme i3 much higher than
those of UDP reductase, CdR deaminase and UdR kinase.

Evaluation of tpo importance of wvarious pathways in
the biesynthesis of AUTP in PBS l-infected colls requires
thorough knowledgcoc ©of the pathways of the hoot pyrimidine
getaboliaﬂ and changes which occur after phage infoection.

Howover, very ligttle ic known about the metabolism of pyrimid- ,

ine compounds in B.subtilis at present. \

In E.coli, Salmonella typhimurium and Sactharomysos ;
o _

corevisine uracil ie converted to UMP by an onsyme colled UMP

Y P TR Pr

pyrophosphorylase (9, 21, 47). Mutanto lacking this enzyme

(upp) have boen iseclated in E,celi, S,.typhimuriwn and ]

S.cerovisiae (9, 21, 47). These ééﬂ mutants are resistant to

fluorouracil (9, 21) ( Ses Fig.ti).

In enteric bacteria and S.cerevisine twoe reactions are

known te be involved in the metabolism of UR., This nucleoside
can be converted to UMP by UR kinase or alterngf&vely, it can

be degraded to uracil and ribese-l-phosphate by UR phosphory-

lase (9, 97). Mutonts lacking UR kinase (udk) or UR pheos-

phorylane (udp) have beon icelated in S.typhirurium and

S.cerovisiae (9, 87). Mutants blocked in oither of these two
enzymes are sonsitive to fluorouridine, but deuble mutanto of
typo udk udp are rosistant te this analegue (9, 47, 97). -

Theoe twoe cnsymos are aboont in Acinotobacter calconceoticun,

ond censoqueontly this bacteorium can not motabelise IR (100).

B.oubtilis can motab@liza‘UR since radicanetive UR coan bo

incorporated into DA and RWA (6, 19). MNoro than 90 % of tho



10,
radieactivity incorporated into nucleic acids is in RNA ﬁnd
only a small fraction of the radieactivity if found in the
DNA fraction (6).

UdR can boe converted to AUMP by TdR kinase or it coan
be degraded to uracil and deoxyribose-l-phesphate by TdR
phosphorylase in enteric bacteria (9, 34, 97). Sineco UR
phoosphoxrylase seems to be able to degrade FUAR to fluorouracil
at low rates, only mutants lacking TdR kinase, TAR phosphory-
lase as weoll as UR phosphorylase are resistant to FUAR (9).
Figure 1 summarizes the metabolisom of uracil, UR and UdR in
entoric bacteria (9).

At prosent only one reaction is known in the metabolism

of cytoesine. In entoric dbacteria and in S.cerevisiae this

base is deaminoted by a specific cytoétne deaxzinase (9, 21,
47, 97). Pyrimidine requiring nmutants of B.coli and

S.typhiruriuwn can grow on cytosine as their sole source of

pyrimidine. Mutaats lacking cytoaﬂ%e deaminase (cod) can neo
longor grow with cyteosine as 2016 source of pyrimidine and
thiose mutants ore rosistant ‘te fluworocytosine (9, 47).
Cytoesine deoce not support the growth of strains which require
CR for growth ( pyrG mutanta).A‘This indicates that there is
no CR phosphorylase or CMP pyrophosphorylase active in enteric
bacteria (91).

In entoric bactoria CdR and CR are deaminated by an
onzymes dooxycytidine-cytidine deoominace (9, 63, 97). Mutaats

locking this onsyme (edd) in B.coli and S.typhimuriv= are

sonsitive to FUdR ond rosistant te FCAR (9, 97). -Thobo strains

2
4% AL da crar s
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11,
can no longer use CdR or CR as sole source of pyrimidine (9).
The observation that cdd mutants in entoric bactoria
are roesistant to FCAR indicates that thore are no other
reactions which metabelize FCAR or CdR. Tho inability eof
enteric bocteria to incorpeorate radiocactive CdR inte nucleic
acids indicates the aboence of CdR kinaso (64, 190). 1In

B.mogatoriun & CAR kinase is preosent (142) and its prooonce

in B.subtilio has been suggosted by the observation that

B.osubtilis can uoe CdR as a precurser for DNA gyanthesis

(8, 115).

The existonce of CR requiring strains of S.typhi-
murium and of E.coli indicates that CR can be cenverted to
CMP, CDP and CTP. This reaction is mediated by UR kinase in
enterig bactoria (9, 91, 97). No kinase specific for CR has
been found as yet.

Tho icelation of thymine requiring mutants in a large
variety of bacteria indicates that salvage pathways oust exiost
which are capoble of converting added thymine or TdR te JdTMP
and 4TTP (97). 1In enteric bacteria, two enzymoes are involved
4in the cietaboliocm eof thymine and TdR. Firstly, TdR can bo
converted to ATMP by TdR kinase. Mutants blocked in this
enzymo (tdk) are incaopable of phosphorylating both TdR and UdR
(97). A socend oncsymo 1o TdR phospherylase waich acts both
in tho conversion of thymine to TdR and in the reverso roaction.

This onsymo motabolizmes TdR as weoll as UAR (97). Mutanto

lacking this onzyme (ipp) are unoble te use oither TAR or UdR
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q .
as Sole carbon source (97). These two anzymes are presenta in’

B.subtilis, although thymine i claimed to be not normally

invelved in the synthesis of thymidine nucleotides in

B.subtilis (6, 19, 116). In P.aocidovorans and in Lactobacilli

TdR phosphorylase seems to be absent (67, 143). Both TdR

phosphorylase and TAR kinase are anbsent in A.calcoaceticus

(100). As a consequence, it io not possible to isclate
thymine requiring mutants blo@kcd in dTMP synthetase in
/

A.calcoaceticus, Pyrimidine requiring mutants of bacterial

specien teoted so far can_not grow on thymine or thymidine

a® sole source of pyrimidine (97). This indicates that there
are no enzymes capable of converting thfﬁino or idR to other
pyrimidine compounds in bacteria. On the other hand,

Nourospora crasca seems to be able to convert thymine and TdR

to uracil (35).
Trans-N-deoxyribosylase, which catalyses the tranafer
of deoxyribose from one base to another without intermediate

synthesis of deexyribonse-l-phoesphate, i found in Lactobacilli

(11). This enzymoe is absent in enteric bacteria (97).

The de nove biosynthetic pathway of pyrimidine §
compounds has boon studied in many organioms (97). The end
product of this pathway is UMP in all cases. MNutants blocked
in each atep of the conversion of aspartate and carbaryl-

phoophate to UMP (EXEA.E,C,D,E and F) have boen isolated in

E.coli and S.typhirmriu=m (97). In B.subtilis gng.B.C.D;E

and F rmtonts are knewn and the mutations are found to be

clustered (30). In B.coli and S.typhirurivm on the other hand,
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these mutations appear to be unlinked (119, 133). A mutant
which is affected in the conversion of UMP to UDP (pyrH) is

isolated in S.typhimurium (9). Mutants which are incapable

of converting UTP to CTP (pyrG) and require CR for growth

have been isolated in S.typhimurium (9). The amination of

uridine ribonucleotides tokos place at the triphosophate level
by CTP synthetase in all organioms studied so far (97). The
reverse reaction, deamination of cytidine ribonucleotides is
not known (97) although.cytidine deoxyribonucleotides aré
deaminated in enteric bacteria (93), A dCTP deaminase

activity was found in crude extracts of S.typhimurium (93).

The presence of this enzyme providoes an'explanation for the
original observation of Neuhard (90) that 80 % of the
thyrmidine nuclectides in this erganiom are derived from
cytidine ribonucleotidos via eytidine deoxyribonucleotides
and uridine deoxyribenucleotides., An E.coli otrain lacking
ACTP doaminamé (paxA) has been described (96). 1In

Lactobncilli, o 4ACMP doominame inatead of o ACTP deaminaose

is found (121). In enteric bacteria the product of dCTP
deanination, 4dUTP, is degraded rapidly by dUTP pyrophosphory-
lase to dAUMP (46), which is the subotrate for dTMP synthetase.
This dUT?\pyrophosphorylaco hans gonerally beeon considerod
responcible for the absonce of dUMP in tho DNA of E.coli (&6).
Thymidine nucleotides nro made in E,colid by thymidy-
late synthotase (39). Mothylene totréhydr@folato 18 tho
mothyl group donor in this roaction (39). ‘ﬁy selecting clonen

rooistont to the felate antagonists, cminoptorin and

L

-
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trimethoprim in the presence of thymine, thymine requiring
mutants have been obtained in many bacterial species (97).
Those mutants are blocked in dTMP oynthetase (thyA). When
the dTMP synthetase reaction is blocked, tetrahydrofolate
remains available for the other reactions requiring this
compound. For this reasen thyA mutaqté are resistant to the
effect of folate antagonists (150).

In B.oubtilis Wilson ot al. (150) cnd Anagnestopoulos

and Schneider (2) have shown that twe unlinked gonetic f;ci.
thyA ond thyB (er EBXY(and thyX) govern the oyntheosis eof
thymidinoe nucleotides., . A mutation at both sites, thyA thyb,
is nocessary to preoduce the‘thyﬁing dependent phenotypo.

The thyA leocus in B.oubtilis codes for 4ATMP synthetase (150).

The thyB lecus cedes for an unknown enzyme. Strains which are
thyA* ore sensitive to inhibitien by aminopterin (150). It

18 net known whetﬁ?r the thyB locus exists in enteric bacteria.
If ce, the thyA and thyB 1oci munst be closely linked, since

the requiroment for thymine can be transduced inte wild type

strains of S.typhirurium by phage P22 and into strains of

E.coli by phago P1 (1, 31). The hypothesis that the thymine

rogquirement in S.typhirmurius is a rosult of two mutations at

twoe clesely linked loci, 18 supported by genetic data

obtainod by Eisenstark ot aol. (31). Transduction of thy~
character with an out;ide marker intoe a recipient strain

would require co-transfor of throe loci, while the transduction
of ggzﬁ charaeter with an outeide markor would roquiroc ceo-

tronsfor of only one of the thy loci. and the outside marker.

L e b

. L e
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The latter would be therefore expected.te occur more
frequently. Data obtained by Eisenstark et al. (31) show
that co-transduction of thy* character with an outside
marker indeed occurs meore frequently than that of thy™

character. In S.t&phimurium thymine independent revertanto

which are still resistant to aminopterin have been obtained
(31). They may be similar to the thyaA thzﬂ+@trains of

B.subtilis (150).

Alikhanian et al. (1) observed that in E.coli 64 out
of 134 thy mutants were located at one site, while the others
wore distributed over 16 other sites. These 64 mutants
showed o temperature-sensitive thymine dependence and they
mapped to the left of nll other thy mutants investigated (1).

Forster and Helldorf (quoted in 97) suggested that
the second pathway for dTTP synthesis may inveolve direct
methylation of d4CTP, followed by deamination of 5-methyl~.dCTP
to 4TTP. Although this roaction favours the hypothesis that

. there are two independent pathways involved in the synthesis

\\-of thyrmiidine nucleotiden, the suégosted reaction is not
conosistent with the results obtained with aminepterin. Be&%f
dTMP oynthetase and tho reaction proposed by Fiérateor and h
Holldorf require methylene tetrohydrofolate =ms the methyl
group donor and therefore thyA thys* strains as well as thya*
thyB strains are oxpected to be sensitive to felate antagon-
ists. In fact, Egzﬁ thyB* strains are found te be resistant

L
to amini%torin {(150). .

\
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In all organisms studied so far, deoxyribonuclootides
are synthesized by reduction of ribonucleotides by ribo-
nucleotide reductase (5, 97). The reduction of ribonusleo-
tides i85 the exclusive pathway for the biosynthesis of
deoxyribonucleotides (8, 40, 41, 65). Ribonucleotide
reductnse has boen studied in detail in E.coli and in

Lactobacillus leichmannii. All four ribonucleoside diphoa-

phates are roduced by the same enzyme in E.coli (72, 113).
This reduction is coupled with oxidation of the reduced form
of thioredoxin, n low molecular weight protein, that oacts as
the hydrogen donor in this reactioen (74).

The enzyme in EB,celil is an agglomerxrate of two proteins,
Bl and B2 (135). The molecular weight of the ribonucleotide
reductase in E.coli i3 245,000 (135). Tho ribonucleoside
diphosphate reductace induced after infection of E.coli with
phage T4 is oimilar to the E.coli enzyme 1n.overall gtructure
(15). However, T4 thioredoxin seems to be substantially

difforont from that of E,coli (12%)., In L.leichmennii a

ribonucleoeside triphosphate reductase is found which in

dependent on coenzyme Bl2 (43). The molecular weight of this

enzyme is estimated to be 110,000 (43). .

Tho ensymed frem E.so0li and L.leichmannii differ not
.7 N
only in cubstrates but alse in sensitivity to hydroxyurea (33).

The L.leichmannii onzymo is insensitive to hydroxyurea, whilo

the E.coli enzyme is inhibited both in vive and in vitre by

R

this drug (122). Tho inhibition of theo E.coli ribonucleotide

reductase is asoociated with the B2 subunit, which bind§‘a

s mw. g e



‘mon-heme iron co{%ctor (122),
. 82

The growth of B.subtilis is inhibited by hydroxyurea

(8). This inhibition can be overcome by addition of
deoxyribonucleosides to the medium (8). A mutant which is
affected in ribonucleotide reduction (EEAIB) shows increased
/ Eensitivity to hydroxyurea (8). A similer observation has
boen made with o mutant of E.coli affected in ribonucleoside
diphosphate reductase (nrd) (40). A temperature-sensitive

DNA mutant of E.coli (dnaF) has besen shown to have a temperat-

ure-sensitive Bl subunit of ribonucleotide reductase (41).
This thesis i8s devoted to a quantitative evaluation
of the contributions of various pathways to the synthesis of

dUTP in PBS l-infected cells of B,subtilis, Such an evalua-

tion requires thorough knowledge of the pathways involved in
the synthesis of this compound. Since the pyrimidine
motabolism of the host cells was virtually unknown, the first
part of this thesis is devoted to an investigotion eof the

pathwaya' of pyrimidine metabolisom in uninfected B,subtilis.

The second part is dovo?od to the synthesis of 4AUTP
in PBS l-infeocted cells, According to Temita and Takahashi
(137, 138), decmination of dCTP may be the major pathway for

the.fbrmation of AUTP 4in PBS l-infected cells, since the
specific activity of dCTP deaminase i8 mwmch higher than that
of othoer eongymon pomaib1§ involved in the mynthouia.of
dooxyuridine nucleotides. Tho same authors mugéest that tho

roal evaluation of the role of dCTP deaminamase should be made
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by a comparison of the following two pathways: UDP-—» dUDP—>
dUTP and CDP--—» dCDP—> dCTP — 4UTP.

A comparison of the specific activities of the enzymes
involved in these pathways would not permit evaluation of
their rolative importance in the synthesis of QAUTP in
PBS 1l-infected cells, since tho spoecific activities of enzymes
in vitro are somotimes not related toe the actual metabeolic
flux in vivo (152). Therefore, in order to evaluate the
contributions of the wvarious paghways involved in the syn-
thesis of 4dUTP, in vivo labelling oxperiments have beon

carried out with infected cells of mutants of B.subtilis

blocked in various steps of‘pyrimidine motabolism. A
comparison of the specific rodioactivitiocs of dUMP and CMP

in the phage DNA allows an evaluation of the relative import-
ance of the pathways involved in the synthesis of AUTP in

PBS l.infected cell2 of B.subtilis.
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Figure 1
p
Pathways of biosynthesis of pyrimidine nucleotides

in Salmonella typhimurium (9).
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CHAPTER IT

MATERIALS AND METHODS,

Symbols and abbreviations.

Symbola to designate the genof?p@ of mutant
bacteria were according to the propesals of Demerxraec
et al. (29).

The units of length, weight, volume and time are
abbreviated as in the Journal of Bacteriology. The
abbreviations used for bases, nucleosides, nucleotides

and snalogues were those used in the Journal of Bacteri-

ology:

T thymine

C cytosine

U uracil

BEMU hydroxymethyluracil

HMC hydroxymethylcytosine

dHMUMP deoxyhydroxymethyluridine monephosphate
dBMUTP deoxyhydroxymethyluridine triphosphate
AdHMCMP deoxyhydroxymethylcytidine monophosphate
dHNMCTP deooxyhydroxymethylcytidine triphosphate
CdR deoxycytidine

CR cytidine

UdR deo xyuridine

UR uridine

TdR thymidine

AdR deoxyadenosine

GdR deoxyguanosine

NdR AdR+ GAR+CARHTAR.

FUdAR 5-flucorodecoxyuridine

FUR 5-fluorouridine

FCAR S—fluorodooxycytidino

FCR 5-fluorocytidine

Other abbreviantiens used wore:

PETA. . plagquo-forming unit
MOX rutipliclity of infection

- 20 -
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AD adsorption medium

PA penassay broth

TBB . Tryptoze Blood Agar Base.

R-1-P ribose-l-phosphate

dR-1-P deoxyribose-l~-phosphate

TCA trichloroacetic acid

CPM count per minute

EDTA ethylenediaminetetraacetic nciqd,

Symbols to designate genotypes used were:

PYTA, B, C, Mutonts blocked in a step of the de nove
DyE+F synthesis of UMP

pYTG mutant requiring CR, locking CTP synthetoase

PYTH mutant affected in UMP kinase

upp mutant lacking UMP pyrophosphorylase

udk mutant lacking UR kinase

udp mutant lacking UR phosphorylase

tpp mutant lacking TdR phosphorylase

tdk mutant lacking TdR kinase

cod mutant lacking cytosine deaminase

cdd rutant lacking deoxycytidine-cytidine
deaminase

thyA mutant lacking dTMP synthetase

thyB mutant lacking unknown enzyme in d4dTMP
syntheois .

toA temperature-sennsitive DNA mutant in B.subtilis

dnaF tomperature~-sensitive DNA mutant in E.colil

nrd mutant lacking ribonucleotide reductase

dns mutant requiring deoxyribonucleosides

dck mutant lacking CdR kinase

crk mutant lacking CR kinase

§§§ mutant lacking dCDP deaminase

fur mutant resistant to 5-fluoreouracil

paxA mutant lacking dCTP doaminase

Bacteriophage and bacterial straino.

Bacteriophage PBS 1 was from our laboratery stock.
Phage lysates were prepared from a single plaque isolate
of PBS 1. Phage PBS 1 was maintained in spores of

B,oubtilis as described by Takahashi (130). DNA negative

rutants of PBS 2, SFUS50 oand SWNG5, wore provided by
M.Levine.
The bacterial strains used in this study are

Iisted in Table 1.
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Table 1.

List of Bacterial atrains

jl
7
Strain Source

SB19E (gﬁgr exry™) Laboratory stock
A26 pyr-1 Laboratory stock
167 tsA* thyA thyB D. Karamata (8)
167 tsAl3 thyA thyB ‘ D. Karamata (8)
3046 (fur) M. Polsinelli
SB19E pyr-2 New isolate
SB19E pyr-3 " "
3B19F pyr-2 cdd-1 n n
SB19E pyr-2 cdd-1l dck-1 " "
SB19E pyr-2 cdd-1 dck-2 n n
SB19E pyr-2 cdd-1 dck-5 " "
SB19E pyr-2 cdd-1 ddd-1 " n
SB19E pyr-2 cdd-1 ddd-2 " "
A26 pyr-1 dns-1 n "
SB19E dna-2 " n
SB19E dns-3 " "
SB19E dns-4 " "
SB19E dns-5 " "
SB19E dns-6 n "
SB19E dns-7 n "
SB19E dn»s-8 " n
167 t5Al3 cdd-1 thyA thyB " n
167 t5Al3 cdd-1 thyA* thyB " n
167 ts5A13 cdd-1 thyA thyB* n "
SB19E to5Al3 cdd-1 " "
SB19E tsAl3 cdd-1 dck-3 " n
SB19E tsAl3 cdd-1 ddd-3 " "
SBIi9E ts5Al3 cdd-1 pyrGl " "
SB19E t5A13 cdd-1 pyrGl dck-& " "
SB19E tsAl3 cdd-1 dck-3 crk-1 " "
SB19E tsAl3 cdd-1 dok-3 crk-2 " "
SB19E ts5Al3 cdd-1 ddd-3 crk-3 " "

” n

SB19E tsAl13 cdd-1 ddd-3 criz-4
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3. Culture Media.

a) Difco Penassay Broth (PA),

b) Minimal medium (MMC) was the minimal medium described
by Spizizen (126), to which Casamino Acids (Difco)
was added at 0.02 4,

MMC conitained:

(NHu)zsoh 2.0 g

K,HPO,, 14,0 &

KH, PO, 6.0 g

sodium citrate 1.0 g .
MgSOu.7 aq. 0.2 g

distilled H20 1.00 liter

The pH was adjusted to pH 7.0. After sterilisation

25 ml1 of a 20 % glucose solution were added and 2 ml
of a 10 % solution of Casamino Acids (Difco). MMC
agar contained 16 g agar (Difco) per liter of medium.
Bases and nucleosides were added at a final concentra-

tion of 10 pug/ml when required.

¢) Adsorption medium (AD) was used for phage dilutions

and phaoge adsorption (14).
d) Difco Tryptose Blood Agar Base (TBB).

e¢) Transfoermation medium BGHM.
A medif;cation of the BGM medium describad by Mahler

(81) was used.
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To 100 ml of autoclaved Spizizen's minimal medium

(126) the following solutions were added:

5 ml 10 % glucose

1 ml 10 % Difco Yeasot Extract
0.2 ml 10 % Difco Casamino Acids

1 ml 0.5 % thymine

Prior to use 1 ml of 10 % arginine was added.

f) Compotence medium CM,
A modification of the CM medium described by Mahler
(81) was used.
To 100 ml of autoclaved Spizizen's minimal wmedium

(126) the following selutions were added;

5 ml 10 ¢ glucose

1 ml 10 & Difco Yeast Extract
0.2 ml 10 % Difce Casamino Acids
0.1 ml 0.5 % thymine

Prior to use the following supplements were added:

2.5 ml 0.125 M CaCl,
2.5 ml 0.1 M MgCl,
1.0 ml 0.05 M opermine EC1 (pH 8.8)

. Phage techniguen.

Tho’nwaay for phage PBS 1 woao carried out as
described proviously (129) oxcopt that AD meodium was

used feor phoge dilutien and adoorption (156),
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Phage lysates prepared according to Takahashi's
method (129) were centrifuged at 3000 x g for 15 min te
remove cell debris. The supernatant fluid was ceﬁtrifu—
ged at 40,000 x g for 60 min. The pellet was resuspended
in buffer containing 0.02 M Tris-Cl (pH 7.5), 0.1 M
sodium chloride and 0.01 M magnesium sulphate and incu-
bated with lysozyme ( 100 pg/ml), DNase (10 mg/ml) and
RNase (10 pg/ml) at 37 C for 30 min. The phage particles
wore polleted again by centrifugation at 40,000 x g for
60 min and they were resuspended in 1x SSC ( 0.15 M
podium chleride 4+ 0.015 M sodium citrate).

Phage particles were further purified by iso-
pycnic cesium chleride gradient centrifugation as
described by Yamagishi and Takahashi (156). The banded
phaoge particles were reomoved fixom tho contrifuge tube with
o syringe. The phage was diluted five~fold with PA and
stored at &4 C. The phage was stable for many months under
this condition. The titers of these preparations were

usually 2 to 5 x 1011 PFU/ml.

Bacterinl transfeormation.

Bacterial transfermatien was carried out as
doscribod by Mahler (81). The rocipient cells wero .
grown for 4 h in BGM and then transforred to Cﬁ.
Bactorial DNA eoxtracted accoerding to the procedure of
Takahaochi (131) was added at a final consontratien of

1 pg/ml,

a arassm

P
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Mutagenesis.

A culture of B,.subtilis grown in PA for 4 h was

mixed with an equal volume of a concentrated solutioun of
N-methyl-N'-nitro-N-nitrosoguanidine ( nitrosoguanidine)
in water to give a final~concentration of about 50 pg/ml.
After 10 min at 37 C the mutagenized culture was plated
on appropriate selection media. The vreplica-plaoting
technique described by Lederberg and Lederborg (76) was

used in some instances to select desired mutants.

Incorporation of radioactive bases and nucleosides into

DNA and total nucleic acids.

Broth cultures were obtained by inecculating PA
with cello grown overnight on TBB agar. Growth of the
cultures waos followod with a Klett-Summerson colorimeter
equipped with filter *54 ( 500-700 nm wavelength).
Radioactive nucleosides or bases were added to 2 culture
in late exponentinl phase (Klett units=z 80). At various
times 0.2 ml-somples were pipetted into 5 ml of cold
10 ¢ TCA to measure the incorporatien of radioactivity
into the total nucleic acids, Samples were kept at 0 C
for 30 min. The TCA precipitates wore collected on
membrane filters (poré sizZe: 0.45 pm) by suction and
washed three times with cold 5 $% TCA. The filters were
thon driquggder an infro-red iamp and the radioactivity

was determined by liguid scintilliation counting.

. . .
T TN
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In order to measure the incorporation of radio-
activity into DNA, 0.2 ml-samples of the culture were

pipetted into 0.8 ml of 0.3 N potassium hydroxyde and

-kept at O C for 30 min. The samples were incubated at

37 C for 18 h to hydrolyse RNA. The samples were

neutralized with 0.13 ml of 6 N hydrochloric acid and

DNA was precipitated with 5 ml of cold 10 % TCA. The

samples wore kept at O C for 30 min and the TCA

preciplitable radioactivity was measured as described above,
Foxr the incorporation of radicactive bases or

nucleosides into PBS l-infected cells, a similar proced-

ure was used. When a broth culture of B.subtilis reached

a turbidity of BO Klett units PBS 1 was added at an MOI
of 4, At various times after infection radioactive

compounds were added to cul tures.

Crude oxtracts.

Cells of B,subtilis were grown to the late

exponential phase in PA and ceoled rapidly in ice water.
Cells wore harvested by centrifugation at 7000 x g for
10 min. Tho pellets were frozen and stored at -% C. To
obtain crude extracts, cella resusponded in appropriate
buffer were troated twice with 2 Fronch Pressure Cell
(A&qrican Inztrument Co.) at a pressure of 15,000 1ba/
inch?. Unbroken cells and dobris were removed by contri-

fugatien at 30,000 x g for 30 min and tho supernatant

fluid wae usod 8 crude extract.
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Extracts fer ensyme assays in PBS l-infected
cells wore made from cells infected as described earlier
and harvested between 25 and 30 min after infection,

The concentration of protein in crude extracts
was determined by the procedure of Lowry ot al. (79) or
estimated from the absorbance at 280 nm. An absorbance
of 0.8 at 280 nm with a 10 mm light path correasponded

to 1 mz/ml protein,.

Enzyme assayo.

All enzyme assays were carried out in crude
extraocts prepared as described above. Unless otherwioce
stated, the reactions were torminated by heating the assay
mixture at 100 € Ter 3 min. The resulting precipitates
wore removed by cotntrifugation and appropriate cmounts of
the supernatant fluids, usually 30 nl, were spotted on -
Whatman ¢ 1 filter paoper togoethoer with non-radiocactive
reference nucleotides, nucleossides and bases. Radiocactive
products were separated from substrates by papeoxr chroma-
togrophy. The amount of product formed in the reaction
mixture was ebtained from the % of total CPM on the
chromategram, present in the product spotns., At loast once
for tho ascay of eoach of tho enzymes, the stability ef
both cubstrates nnd products was investigated by doter-
nmining the distribution of radioactivity in baoses,
nucloosides and nucleotidos. Tho total CPM recovered

from tho chropategrans did net change after incubation,
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Therefore, nll radioactivity was accounted for and the

amount of product formed in the reaction mixture could

be deterﬁéged by comparison of the CPIl in the product

spot(s) ond the total CPM on the chromatogram. Ensyme

activities were corrected for the blank values obtained

with bolled extracts.

The reproducibility of assoys was generally

within 10 % between extracts of one atrain, oxcept for

assays of dCDP deaminase, UTP- and CTP roductase, The

assays of these enzymes will be discussed later.

a)

Deoxyuridine kinase or deoxyuridine phosaphorylase.
The procedure used was a moedification of the one
déacribed by Tomito and Takshashi (138). Crude
extracts were prepared in 50 mM potassium phosphate
buffer (pH 7.4). The reaction mixture contained for
both enzyme assays: .50 mll potassium phoophate
buffer (pH 7.4) , 1.25 mM ATP, 1.25 mM MgCl,,
0.34 pM 6-2H-UdR (3 pci) ond aliquots of extract
corrosponding te 0.4 ~ 0.7 mg protein in o total
volumo of 1.0 ml. Tha rate'of proeduct formation was
conotant o§®r a pericd of 10 min and thoe initial
volocity of the reaction was propertional te the amount
of ongyme added uptny o rate of 0.4 nmele/h. The
ao@ﬁy mixture was incubated for 10 min at 37 C.

Tho predusta, AUMP for UAR kinase or uracil foxr UA4AR

phoophoerylase, wore soparated from the substirate by
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descending paper chromateography with a mixture of
95 ¢ ethanol: saturnted sodium tetraoborate: 5 M
armonivm acetate: 0.5 M EDTA ( 220:80:20:0.5 by

volune) as solwvent.

Deoxycytidine-cytidine deaminase.

The procedure was described by Tomita and

~Takohashi (138). Crude eoxtracts were prepared in

50 mM Tris-Cl buffer (pH 7.5). The reactioen mixture
contained : 25 mM Tris-Cl buffor pH 7.5, 125 mM MgCl,,

3r-cr ( 5 pci)

1.0 pM 5-JH-CdR (5 pCi) or 0.25 pM 5-
and aligquots of extract correoponding te 0.5 mg

proetein in a total velumeo eof 1.0 ml, The rate of

product formation was constant over a peried of

15 min and the initial velocity of ihé reaction wao
prepertional to the amount of ensymo cdded upte a

rate of 0.8 nmele/h for CdR deamination and 0.21

nmele/h for CR deamination., The assay mixture was
incubated for 15 min at 37 €. Thse product UdR or UR, was
separated from the substrate by asconding paper
chromategraphy with a mixture of icoproponals

concontrated hydrochleric aecid: water (170:42:28 by

voeluse) as selvent.

Deoxyceytidine kinace.

The cethoed was sinmiloar to tho procedurc for tho
UdR kinaso aamay'domoribod by Teomita and Takahaohi

s({ag). Tho assay conditions for this onsyme voro not

- A BT wam e e
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optimized. Crude oxtracts were prepared in 50 mM
Tris-Cl buffer (pH 7.5). The reaction mixture
contained: 50 mM Tris-Cl buffer ( pH 7.5), 1.25 mM
ATP, 1.25 mM MgClz. 0.5 pM S-BH-CdR ( 2.5 pci) and
gliguots of crude extract corresponding te 0.2 mg
protein in o total volume of 1,0 mi. Under these
conditions tho rate of product formation was zonstant
at loast for 15 min. The initial vel%city of the

o
reaction was proportional te the amount of enzyre

added upto a rate of 0.45 nmole/h. The reaction
mixture was incubated at 37 C for 15 min. Products
(dCMP+dCDP+dCTP) were separated from the substrate
by descending paper chromatography as described in
the assay of UdR kinase, More than 80 % of the

product was in the ACDP spot.

Cytidine kinaase.
Crude extracts were prepared in 50 mM Tris.Cl

buffer (pH 7.5). The assay mixture was as described

3

for CdR kinase oxcept that 0.25 pM 5-"B-CR ( 5 pCi)

Te—— ~

was usod o8 substrate and aliquets of extract

“,1

correoponding to 0.8 mg protein. The rate of product
formation was not linear. Tho assay was terminated

after 3 min at 37 C_Pinco the recaction did net proceed

—

&‘./

any furthor. Therefore this method could fiet be used
in guantitative detoerminatione of cytidine kinase

activity. Produets (CMP+CDP4+CTP) wore soparatod fron

-
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the ocubstyate os deacribed in the CdAdR kinase assay. .
The activity was expreossed as the amount of product

formed affer 3 min incubation.

Thymidylate synthetase.
The assay of dTMP synthetase was performed by

the procedure of Wahba and Friedkin (147).

The thyB coded thymidylate synthotase.

The assay procedure was based on the technique
described by Lomax and Greenberg (77) for the assay
of thymidylate synthetase in E.celi. The release
of tritium from the 5.position of AUMP oxr dUDP was
moasurad. Crude extracts were propared in 50 mi
Trioc-Cl buffer (pH 7.5). The reaction mixture
contained; 25 oM Tris-Cl buffer (pH 7.5), 250 M

MgClz. 0.1 pM 5-BH~dUMP or 5-3

H-dUDP ( 1.5 pCi) and
aliquoea of crude extract corresponding to

2.0-2.7 mg protein in a total volume of 1.0 ml. The
mixture was incubated at 37 C. JThe rate of product
formation was not linear. The assay was torminatod
after 5 min 8ince the recaction did not proceed any
;arthor. Therefore this mothod could not be used in
quantitative detorminatidnd of tho encymo. Tho
roaction was terminated by ndding 0.5 ml of a charceal
slurry ( 1 g / 50 ml of 10 =l potaosium phosphate

buffor pH 7.5) to 0.33 ml of roaction mixture. Tho
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charceal, which adsorbed the unreacted substrate,

was rgmoved by centrifugation and 0.5 ml of the
supernatant containing tritium released from the
5-position of dUMP oxr dUDP was mixed with 5 ml of

a scintillation fluid (Aquascint II). The results
were oxpressed a® CPM released in 0.5 ml of super-
notant.,. A 0.33 ml-sample was mixed with the charcoal

slurry without incubation and served ns contreol,

Deoxycytidine triphosphate deaminase,.
This assay was performed by the procedure
described by Tomita and Takahashi (138). Crude

extracts were prepared in 50 mM Tris-Cl buffer

(pH 7.5). .

Deoxycytidine diphosphate deacminase.

Crude extracts were propared in 50 mM Tris-Cl
buffer (pH 7.0). The reaction mixture contained:
25 mM Tris-Cl buffer (pH 7.0), 5 mM MnCl,, 334 nM

3
5-"H-dCDP ( 2.5 uCi) and aliquots of crude oxtract

corresponding to 0.25-0.70 mg pretein in o total

volune of 1.0 mi. Tho/;Ato of product formation

was constant for 15 min and the initial velocity of
the roaction was propertional te the amount of ensyme
added upte & rate of 130 nmoles/h, The reaction
mixture was incubated at 37 C for 10 min. The

product was soparated from the substrate by asconding
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paper chromatography as described in the assay of

CdR-CR deaminase.

Uridine triphosphate reductane,

Crude oxtracts were prepared in 50 mM potassium
phosphate buffer (pH 7.4) containing 0.2 miM
moercaptoethanol,., Thoe assay mixture contained:

25 mM potassium phosphate buffer (pH 7.4), 1 mM
dithiothroitol, 1.2 mM CaCl,, 0.285 pM 5- H-UDP

( 5 pCi) and aliquots of crude extract corresponding
to 3.5 mg protein in a total volume of 1.0 ml. The
rate of product formation was not constant., The
velocity of the reaction was proportional to the
amount 6f enzyme addod upto a rate of 0.1 nmele/h,
Samples wore incubated at 37 C. The specific enzymo
activity\ggg/égzzzlntcd from the améunt of products
formod after 10 min, fho products (dUDP and dUTP)
were separated from the cubstrate as described in the

aspay of UdR kinase and UAR phosphorylase.

Cytidine triphosphate roductase.

Crude oxtracts wefa propared o8 in the assay of
UTP roductase. Tho ronction mixture contained:
25 =} petassium phoophate buffer (pH 7.4), 15 mM
Mg012. 30 jx=oles of creoatine phoophate, 0.05 ng
ercatine phecphokinaso, 0,255 M 5.33~cxg (5 pcy)

and aliquots of corude extract corrcoponding to
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0.5-1.,0 mg protein in a total volume of 1.0 ml, The
rate of product formation was not constant. The
velocity of the reaction was proportional to the
amount of enzyme added upto a rate of 0.1 nmele/h.
Samples ware incubated at 37 C. The specific R
activity was calculated from the amount of products
formed after 10 min. The preducts (d4dCTP and dCDP)

were separated froem the substrate as described in

the UdR kinase and UdR phosphorylase assays,

Stoichiometry of dCDP deaminase reaction.

The standaord assay for 4ACDP deaminase was scaled

up sizx-fold and radicsactive substrate was omitted. The
assay mixture was incubated for 10 or 20 min at 37 C.

In addition, the nucleotide composition of a control
pixture with boiled extract was dotermined. The reaction
was terminated by heating the assay mixtures at 100 C feor
3 min. The resulting procipitates wore removed by centri.
fugatien and the supornatant liquid was quantitatively
applied onto o Dowex-l-formate coelwmn ( 9 x 1.1 cm).

The substrato and productso were soparated by gradient
elution with o comcave gradient formod by mixing 1 M
ar=oniuvm formate (pH 8.2) in a mixing chomber with 250 ml
water (83). Twentyfive-drep fractions ( about 1.3 ml)
wore c¢ollected and the absorbancy of each fraction wao
noasurocd at 260 nm. Thoe anount of nuclogtide in a poaok

was eostimated froem the total absorbancy., Cempounds in
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- the various peaks were identified from acid, neutral

and alkaline UV absorption spectra. The molér oxtinct-
ion coefficient at 260 nm for dUMP and AUDP was 10 x 103
The molar extinction coefficient fer dCMP ond 4ACDP at
260 nm was 7.4 x 103. The separation of AdUDP and d4dCDP
wae not complete oind the composition of tho two
nucleotides in this poak was determined by analysing

the acid UV absorption spoctrum.

Labelling of bacterial DNA with radioactive bases and

nucleosides.

Cells of B.subtilis were grown in PA to a

14
turbidity of 60 Klett units and labelled with C-CR,
i 1b 3
C-CdR, C-uracil or 5~ H~UR.
Two min prior to the addition of radiocactive
material, unlaballed CR and uracil were andded to the

culture at a final concentration of 2 pg/ml each, to

lower the specific activity of the radioactive compounds.

Under these conditions less than 10 % of the added
radionctivity was incorporated throughout the coursce of
the experiment and, thus, the DéAfef the cella was
labslled uniforply. Whon the noniredioactivo compoundo
wore obsent, 2ll radioactivity was incorporated inte

nucleic acids in leoss than 10 min,

Cells were harvested 60 min ( 2-3 gencrations)

aftor the addition of radioactive material,by centrifugo-

tion at 3000 x g for 10 min. DHA was extracted by the

=,
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procedure of Takahashi (131) with minor modifications,
Cells were rooumpended_in 1 x SSC and lysed with lyso-
zyrie ( 100 pg/ml) at 37 C. Sedium laurylsulphate was
added at a final concentration of 0.45 ¢ and theo lysate
was heated at 60 C until lysis was complete. Two volumes
of cold 9% % ethanol were added and crude fibres were
collected with a glass rod. The fibres were dissolved
in 1 x SSC + 0.4% ¢ scodium laurylaglphate. Penatured
protein was salted out by adding solid sodium chloride
at a concentration of 1 M. The precipitate was removed
by centrifugation at 27,000 x g for 730 §1n at 4 C. Two
volumes of cold 95 % ethanol were added to the supornat-
ant fluid., The precipitate was collected by c[girifuga-
tion at 10,000 x g for 10 min and 1redicsolved in

1 x SSC. Prenase was added at a final concentration of
10 pg/ml and the mixture wae incubated at 37 € ferx

bs min. Potassiunm hydrexide wasz then added at a cone

centration of 0,3 N. After incubation at 37 C for 18 h

200 npg of unlabelled carrier DNA was added. The soelution

was neutralizsed with concentrated hydrochleoric acid aond
DNA was prociplitated with TCA at a final concentration
of 10 ¢% and kopt at O C fer 30 min. The precipitat; was
collocted by canfrifugatian at 3000 x g for 20 min and
washoed throc timos with cold 80 % othanel. The DNA was
hydrelysod with poncroatic DNase and snako-von@m)phoupho-
dieotorase by the procoedurec of {fu ocnd Kaisorxr (153).

Aftor hydrolysis tho products, AAMP, dGP, dCMP and dTMP,

, .. ..
P alanii
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were separated by paper chromatoegraphy. Samples eof
10-100 pl wore spotted on Vhatman gt 1 filter paper
togother with non-radioactive reference nucleotides.
The chromatogram was develeoped with a mixture of iso-
propanol: concentrated hydrochloric acid; water
( 170:41:28). The spots containing dTMP and dCMP 'were
cut out and the radiococtivity was determined. In all
caseo less thon 2 b of the CPM were recovered at the
origin of the chromatogrom, indicating that the enzy-
matic hydrolysis wos complete. The ratie of the CPM in
dTHMP to that in dCMP was determined and corrected for
the ral&tiv? abundance of these nucleotides in the DNA,

In the case of strain tsAl3 cdd-1, cells were
grown overnight in MMC. The culture was then diluted
ton-fold in MNC supplemented with 2 pg/ml of CR and
uracil. One hour after dilution radioactive CR or CAR
wore added to the medium. Cells were harvested for DNA
oxtraction 4 h after the additfon of radioactive material

( 3-b generatian)

Labelling of PBS 1 DNA with radionctive bases and

nucleosidos in various bactoricl mutanto,

Mutant strains of B.oubtilis wore grown in PA to

o turbidity of 80 Klott unito and infocted with PES 1
at an KOI of 4. .Twe ciin prior to the addition of r;ﬁd‘io_

active material 2 pg/ml ecach of unlabolled CR and
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uracil were added to the cultures for reasons outlined
earlier. Radioactive bases or nucleosides ( 5-3H-uracil,
5-3H-UdR, 5—BH-CdR or 5—3H—CR) wore added at 18 min
after inY¥ection at which time phage DNA synthesis began
(115). Cell lysis was complete after 50-70 min. Cell
debriso were removaed by ceontrifugation at 7000 x g for
10 min. The laobelled phoge paxrticles were collected by
centrifugation at 40,000 x g for 60 min together with
2 x 1010 carrioer phage particles. The phaoge was reo-
suspended in buffer containing 0.02 M Trio-Cl (pH 7.5).
0.1 M sodium chloride and 0.01 M magnoesium sulphate and
treated with lysozyme ( 100 pg/ml), DNase ( 10 pg/ml)
and RNase ( 10 pg/ml) at 37 C for 4% min. The phage was
lysed with sodium laurylsulphate (0.45 ¢ final concentra-
tion) to rolease the DNA., Samples were treated twice
with an equal volume of cold phenol saturated with
1 x SSC to romove protein. The aqueous layer was
neparated by centrifugation. Phonol wén recoved by
dialyeing twice aguinst 1 x SSC. Tge dialysate was
troated with pgéaswium hydroxide (0.3 N) for 18 h at

37 C to hydrolyse RNA. Tho phage DNA was procipitated

together with 200 pg ef unlabolled B.subgilis DNA and
hydrolyosed as described above.
!
After hydrolysis tho products werp\aoparatod

by papor chromategraphy as deoscribed in tho case of

< ey

bacterial DNA. Samples ( 10-100 pl) wore spotted on .

Vhatman ¢:1 filtor papor togethor with non-radioactive
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reference nucleotides. The spots containing dUMP and
dCMP were cut out and the radioactivity was detormined.
The ratio of the CPM in dUMP to that in dACMP was
calculated and corrected for the relative abundance of
dUMP ond dCMP 1in PBS 1 DVNA.,

\ In oxrder to investigate the reproducibility of
the mothod, somples of DNA were hydrelyzed in twe
pertiona, EBEach hydreolysate was chromatogrophed twice

and each chromatogram was counted twice by liquid
scintillation ceunting. The figures in Table 34 were
obtained as an average of eight values for each DNA
sample. The sprenad in the values obtoined was indicated
for oach scmple whon somples woere analysed in this way.
The largost variations occurred botween two chromatogramo
of tho some hydrolysate. It can be seen from Table 34
that the variations were generally less than 10 %, except
in bome caoces that tho CPM were low, The results of

duplicate experiments never varied by more than 10 %.

Chorieals.

Cor=ion éhoaicala wore obtained from Fimhef
Sciontific Co. and were all reagont grade. Nitroso-
guanidine was obtaincd from Aldrich Chem, Co., Nucleic
acid bases, nuclcosides and nucleotides as well aos
eminoptorin, DmL-tdtrahydrefalic acid, croatine phos-
phate, creatine ﬁhesﬁh&ktnaoe and hydrexyuroa wore

obtained from Sigma Chomical Co,

e s
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Dnase, RNase, snake-~venom phosphediesterase,
lysozyme and pronase were obtained from Worthington
Biochemical Corp.

Rifamycin was a gift of Dr. K.B. Freeman and
fluorecytoosine, FCR and FCAR were roceived as gifts
from Hoffman LaRoche Chem. Ceo,

Prepared media were obtained from Difco.
Mombrane fllters wero obtaoined from .Schleicher and
Schuell ( Type B6 Bac-T-Flex; pore size: 0.45 um).
Dowex-l-formate (Agl-X8 200-400 mesh) was obtained from
Bio-Rad Labopratories. Aquascint II was obtained from
Internatieonal Chomical and Nuclear Corp. Spoctrafluor
was obtainod from Amorshan/Soarle Corp.

The following radicnctive compeunds were
obtained from Schwarz Mannheim BioResearch Corp.:
5-JH.uracil (18 Ci/rmolo), 5~ H-UR (20 Ci/mmole),
5—3H-UdR (18 Ci/tmolo)J 6-SH—uracil (14.5 ci/mmole),
6~3H-Udn (20 Cci/r=ole), 5-3n-cn (19 Ci/rmole), 5_33.cdn
(25 ci/r=0le), S-BRLdCTP (20 Cci/c=0le), 5-3ﬁ-dCDP
(18 ci/c=ole), 5~3a-dcmp (=22 cg/ggglo). S-BH-dUMP

3

(15 ci/r—ole), 5-3HLUTP (7.4 Ci/t;olo);\5~ H-UDP

(7.5 -Cci/c=ole), sésn-crp (9.7 Qi/n:élo). S-Sﬁ-GDP

{(12.5 ci/cmele), ﬂothyl-aﬁ-TdR (6.7 ci/r=ole), 2-1bC-CdR

1b

(60 =€i/e=olo), 2~ Yc-CR (29 mCi/c=elc) ona 2-1Yc.

»

ufacil (30 mCi/r=oleo).

- - N | CRO
5.3ﬁ-dunp ond 5-JH-ACDP in: pome cades wors proparod by

the procoduro of laley ot al. (1%3).

1
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Phage antiserum used was the original antiserum
against PBS 1 prepared by Dr. I. Takahachi. The K wvalue
L 4

was roperted te be 1830 (129).

LR peTeSam moTes i



CHAPTER IIIX.

THE METAROLISM OF PYRIMIDI&E BASES AND NUCLEOSIDES,

In order to study the metabolism of pyrimidine

bases and nucleosides in B,.subtilis, o number of mutants

requiring pyrimidine compounds for growth were isolated by
treating wild-type strain SB19E with nitrosoguanidine,
Mutagenized cultures were plated on MMC agar supplemented
with uracil and replicated onto MMC agar without uracil.
Colonies that failed to grow on MMC agar without uracil

were pelocted. By this technique two mutants, pyr-2 and
pyr-3 , werc;iaolatcd. Strain A26 which was previously
isolated by Toakahashi was also used in ;;15 study. These
mutants are presumably blocked in the de novo synthesis of
UMP, and therefore they require uracil for growth. Mutants
affected in the metabelism of nuclecosides were isolated from
PYr-2 by nitrosoguanidine mutageonesis, The growth require-
ments, resistance to fluoro-analogues, and the incorporation
of radioactive bases &=d nuciecosides were investigated in

these mutant strains to obtaonin information on the motabholism

of uracil, UR,UdR, ocytesine,CdR and CR in B.subtilis.

Uracil and uridine. /

Tho pyrimidine requiring strains pyr-2,pyr-3 and

- 843 -
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A26 grew well on MMC agar supplemented with uracil (Table
2). Uracil may be taken up and converted to UMP in tpese
mutants. In order to determine whether this conversion of
uracil to UMP takes place with or without equilibration
with the UR pool, the rates of incorporation of both
S-GH-UR and S-RH-uracil into TCA-precipitable material were
measured at the same concentration (5 mucCi/ml) and specific
activity ( 10 Ci/mmole). It was found that the rate of
incorporation of radioactive UR was about 25 % of the rate
of incorporation of radioactive urascil. This indicates=
that the conversion of uracil to UMP does not involve UR
as an intermediate. Uracil may be converted directly to
UMP by UMP pyrophosphorylase.

The pyr mutants of B.subtilis grew well on MMC agar

supplemented with UR (Table 2). .  However, it is not known
whether UR was broken down to uracil by UR phosphorylase or
whether it was directly converted to UMP by UR kinase. \

w2

Deoxyuridine.

¢

Mutants pyr-2, pyr-3 and A26 wh;ch are blocked in .
the de ngvo syntheois of UMP groew en MMC agar supplemented
with UdR ( Teble 2). WNe reactions are known in bacteria
which oxidize the deoxyribaﬂelmoiety of decoxyribonucleosides
or deoxyriboenucleotides to pibose. &hua. tho growth of pyr

putants of B.Qubtilio on UdR may'ﬁe due to breakdown of UdR

- to uracil and dR-1-P by UdR phosphorylase.

3
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In E.coli and S.typhimurium, UdR is metabolized by

TdR phosphorylase as well as TdR kinase (9, 34, 97). Tomita
B L 4

aitd Takahashi (138) described the presence of mn UdR kinase

S
a?tivity in crude extracts of B.subtilis. In the present
study, in addition to UdR kinase activity, UdR phosphorylase

activity was found in crude extracts of B.subtilis (Table 3).

In order to study the relative importance of these two
enzyme activities in thg metabolism of UdR, the incorporation
of 6-BH-UdR into DVA and total nucleic acides was determined
in strains SB19E (wild type) and in 167 thyA thyB, which
requires thymine for growth. In the former strain Ud4dR can
be metabolized to dUMP,dTMP and 4dTTP. In the latter strain;
which lacks 4ATMP synthetase, UdR cannot be converted to 4TTP.
Thus, if 6-JH-0dR is converted to dUMP in appreciable amounts,
the radiocactivity in DNA as a percentage of the radiocactivity
incorporated into total nucleic acids is expacted to be
larger in SB19E than in 167 thyA thyB. 1In fact, there was
no difference in the radiocactivity in DNA as a percentege
of the radioactivity incorporated into total nucleic acids
between atféiﬁs SB19E and 167 thyA thyB (Table 4). This
result indicates that thg majority of UdR is mexagolized
through uracil. More than 93 % of fhe total CPM 1nc6rporated
into nucleic acids were recovered in the RNA fraction
(Teble 4).

errther information on the 'relative importance'of

UdR phosphorylase and UdR kinase was obtained by labelling

VA ke Kotk e e
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strain tsAl13 cdd-1 pyrGl with 6->H-UdR, 6- H-uracil and

5-3H-uracil. This strain requires CR for growth .(Table 2)
and is probably blocked in the conversion of UTP to CTP.
The radioactivity can only be incorporated into 4dTMP in the
DNA when these radioactive precursors are added to this
strain. No radioactivity was expected to be incorporated
into DVA when 5—3H-uracil was added. If UdR kinase ins
important in theﬂﬁetabolism of UdR, theo radiocactivity in
DNA as a percentage of the radioaqtivity incorporated into
total nucleic acids should be higher after labelling with

6-3H—UdR than with 6-.3

H-uracil. It was found, however, that
the radiocactivity in DNA as a percentage of the radioactivity
incorporated into total nucleic acids was very small with
6-3H—UdR and also with 6-3H-uracil (Table 5) , This
result indicates that only a very small fraction of the
UdR (about 4 %) 1is metabolized through dUMP. As expected
no incorporation into DVA was observed with S-BH-urécil,
indicating that tﬂis strain was blocked in the conversion
of UTP to CTP. ,

The UdR kinase activities in extracts of strains
SB19E and A26 were 0.38 and 0.48 nmole/h/mg protein, res-
pectively, in the presesnce of ATP or dATP. VWhen ATP or dATP
was omitted from the reaction mixture no UdR kinase activity
was detectable. Thus, the uctivity i3 completely deopendent
on the presence of ATP or 4ATP in the rocaction mixture.

Labelling experiments described above indicate that most

UdR is metabolized through uracil. The activity of UdR

-
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kinase observed in vitro therefore appears to be not

i e

important in the cells,.

Strain tsAl3 cdd-1 and dns-2 are affected in the
reduction of ribonucleotides and require deoxyribonucleo- {
sides for growth ( strain tsAl3 cdd-1 requires NdR only
at 45 C). Thus these mutants might have higher levels of
deoxynucleoside kinase activity. Hewever, the specific
activities of UdR kinase in strains tsAl3 cdd-1 and dns-2
were not significantly higher than those in strains SB1l9E
and A26. This would be a further indication that UdR ‘

kinase does not play a significant role in the metabolism

of UdR 13 vivo,

Cytosine.
Mutents pyr-2,pyr-3 and A26 did not grow on MMC

agar supplemented with cytosine at 30 npg/ml (Tablé 2). In

contrast, pyr mutants of F.coli, or S.typhimurium or

S.cerovisise are able to grow on cytosine (9, 21, 47, 97).

It 15 not known at present whether the inability of the

B.subtilis mutants to use cytosine i2 related to the uptake H

of this compound or te the conversion of cytoszine to other
pyrimidine compounds,

A B,oubtilis mutont carrying a pyrG mutation grew ;

on MMC agar supplementod with CR but not on the modium
containing cytosine (Table 2). This indicated that cytosine

was not convorted to CifP in this strain. Thus, CMP

N
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pyrophoaphorylase and CR phosphorylase seem to be absent

in B.subtilis.

Cytosine deaminase in E.coli and S.typhimurium

deaminates fluorocytosine and consequently this base anal-
ogue inhibits the growth of these bacteria (9, 21, 97).

Since B.subtilis did not seermm to be able to metabolize

cytosine, fluorocytosine was not expected to inhibit the

growth of B.subtilis., However, this compound was found to

inhibit growth of B.subtilis as well as of E.coli and

S.typhimurium. The inhibition of growth of B.subtilis was

not overcome by the addition of TdR to the medium. This
would suggest that fluorocytosine did not exert its effect
in B.subtilis merely by inhibiting thymidylate synthetase.

If fluorocytosine were deaminated in B.subtilis,

strain 3046 (fur-1) would be resistant to both fluorocyto-

sine and flourouracil. However, it was found that :the

growth of strain 3046 was inhibited by fluorocytosine. This

analogue, therefore, may not be deaminated in B,subtilis,

An alternative explanation would be that strain 3046 may

take up fluorocytosine but not fluorouracil.

Deoxycytidine.

Mutants pyr-2,pyr-3 ond A26 grew woll on MMC egar

supplemented with CdR (Table 2). Thercofore, B,oubtilis

nay be able to convert CAR to UdR s in the case of E.coldi

and S, typhirmriua (9, 63, 97).

ARt BeKe——T Rmrm f en e e e
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The metabolism of CdR was further investigated by
isolating mutants which were unable to deaminate CAdR. A
culture of pyr-2 was treated with nitrosoguanidine and
plated on MMC agar supplemented with UdR. After an incuba-
tion @f two dayes colonies were replicated onto MMC agar
supplemented with CAR. A strain that failed to grow was
selocted and designated as pyr-2 cdd-1. CdR deaminase
activity was present in crude extracts of atrains SB19E
and pyr-2, but absent in extracts of pyr-2 cdd-1 (Table 6).

In contrast to the cases of E.coli and S,typhimurium

(9, 97), the cdd-1 mutant of B,subtilis was not resistant

to FCAR (Table 2). This result may be explained by the
preéence of a CdR kinase reported by Bazill and Karamata (8)
and Rima and Takahashi (115). Mutants resistant to FCdR
were isolated from strain pyr-2 cdd-1 by nitrosoguanidine
mutagenesis followed by selection on MMC agar supplomented
with uracil and FCdR. Three FCdAR resistant strains were
investigated further. They incorporated 5-3H-CdR into DNA
at rates 1.5 - 4,1 & of the rate in the parent strain
(Table 7). Furthermore.(thenp mutants had less than 1 %
of thoe CdR kinase activity of the porent strain (Table 7).
Those mutants wero designated as dck-1,dck-2 and dck-5.

It appears that CdR 13 metabolized in B,.subtilis by

two ensymes : CAdR deaminase convorts CAdR to UdR and CdAR
kinase converts CdR to dCMP. The relative omount of CdR
mctpbolizod by those two éhzymoo has not been ostablished

rigorously. Incorporation oxperirents with 5-3H-CdR in wild
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type strains showed that more than 95 % of the total radio-
activity incorporated into nucleic acids was incorporated
into DNA., This indicates that most C4R in these cells is
converted by CdR kinase to dCMP and dCTP and only a small

fraction of CdR 1is converted to UdR and uracil.

Cytidine.
Mutants pyr-2,pyr-3 and A26 grew well on MMC agar

supplemented with CR (Table 2). A mutant carrying the
cdd-1 mutation was unable to deaminate CdR as well as CR
(Table 6) and failed to grow on MMC agar supplemented with
CR (Table 2). These results indicate that growth of pyr

mutants of B,subtilis on CdR or CR requires a functional

deoxycytidine-cytidine deaminase,

Strains of B,subtilis carrying the cdd-1 mutation,

were able to incorporate 5-3H-CR into nucleic acids at very

high rates (Table 10). This indicates that CR can be

converted to CMP,CDP and CTP. In E.coli and S.typhimurium

this conversion is mediated by UR kinase (9, 97) and this

v

explaing the ability of p¥rG mutants to grow on CR. A
li

kinase énzyuo spocific for CR is absent in the enteric

bacteria. In B.subtilis the incorperation of radioactive

CR was much more rapid than the incorporation of radiocactive

f s -
UR (Table 10). Thus, kinase aspecific for CR may be involved

in tho metabolism of CR in B.subtilis. This question was

further investigated by isolating mutants which were unable
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to incorporate radioactive CR into mucleic acids. Deriva-
tives of strains tsAl3 cdd-1 dck-3 and tsAl3 cdd-1 ddd-3
which were resistant to fluorocytidine (FCR) were isolated
after nitrosoguanidine mutagenesis, These mutants were
selected on MMC agar supplemented with FCR and designated

as crk (Table 8). In order to study whether these crk
mutants were deficient in CR kinase, the incorporation of
S-BH-CR into nucleic acids was measured. }he rate of
incorporation of 5-3H-CR in the crk mutants was found to
be less than 0.5 % of the rate of the parent strains
(Table 9). The aétivities of CR kinase in crude extracts
of the crk mutants and their parent strains confirmed that
these mutante were lacking CR kinase (Table 9).

CR kinase was present in t8A13 cdd-1 as well as its
dorivative ts5Al3 cdd-1 dck-3 which lacks CdR kinase. Both
strains incorporated 5-3H—CR into nucleic acides at about

the same rate. This result sugpgests that CR kinase £%

distinct from CAR kinase in B.subtilio.

In order to determine wheﬁper CR kinase is also
/

distinct freia UR kinase in B.subtilis, the incorporation of

3 3
5-"H-UR and 5- H-CR into nucleic acids was moasured in a

crkz mutant and its parent strain. The rate of incorporation
of S-BH-UR into nucleic acids in strain tsA13 cdd-1 dck-3

was veory similar to that in tsAl3 cdd-1 dek-3 crk-1. On

the other hnpd, the rate of incorporation of S-BH-CR into

f

ts5A13 odd-1 dck-3 cri-1 was very much lower than that in
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t3A13 cdd-1 dck-3 (Table 10), This result indicates that

CR kinase and UR kinase are distinct enzymes in B.subtilis,

The relative amount of CR metabolized by deamination
to UR and that by CR phosphorylation to CMP have not been

investigated,
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Response of various mutants to pyrimidine compounds,

Growth on MMC agar
Strain U UR UdR C Cd4dR CR

supplemented with

T TdR U4+FCdR none
SB19E (wild type) + + 4 % & + 2 -+ - %
A26 (pyr-1) + + o+ - ¢ 4 = - - -
pyr-2 or pyr-3 - + + - + + - - - -
2_:{__!_‘-2 _(_:_gg_-l + + + - - = - - - -
pyr-2 cdd-1

- - + -

deck~1 + + + - - -

£5A13 cdd-1

2 2 T T

N

CRy CdR, cytosine, UR, UdR and uracil were added to MMC agar

at a concentration of 30 pg/ml. TdR and thymine were added

to a concentration of 20 pg/ml. The concentration of FCdAR

was. 1 pg/nml.,

Symbolst: +, growth; «, no growth.
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Table 3.

UdR kinase and UdR phosphorylase
activity in B.subtilis mutants.

Strain UdR kinase a UdR phosphorylaaeq
specific activity specific activity
t3A13 cdd-1 0.23 / o0.07
SB19E dns-2 0.07 O.41

8 eoxpressed as nmoles/h/mg protein.
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Table 4,

Incorporation of 6-3H-UdR into nucleic acids.

CPM CPM
Time incorporated ° incorporated % of
Strain in in total inteo CPi1 in
min nucleic ecids DNA DNA
SB19E L 2689 156 5.8
(wild type) ‘
- 8 8643 521 6.0
12 18260 1191 6.5
20 50076 3403 6.8
167 thyA thyB L ko2l 342 8.5
' 8 11496 767 6.7 {
12 22096 1315 6.0 »
20 548735 13361 6.1

Colle of strains SBL9E and 167 thyA thyB were grown in PA
supplemontod with 10 pg/ml thymine. 6-3HLUdR was added to

/ tho culturo at tho late exponentinl phase at a final
concentration of 2.5 pCi/ul. The incorporation was meaaureq

in 0.1 ml-szmples of the culture in this oxporiment,
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Table 5.

3 3
Incorporation of 6~ H-UdR, 6- H-uracil

and S-BH-uracil into nucleic acids,

CPM CPM
Radioactive Time in incorporated inceorporated < of €PM
label min into total into in DNA
nucleic acidse DNA
3
6~ B-UdR 0 117 66
5 15705 616 3.5
10 41459 2144 5.0
6-Houracil 0 156 127
5 6057 161 0.6
10 22324 320 ‘0.9
5 )
ijﬁfﬁfacil 0 166 58
f/ 5 3875 59
4 10 13579 63

Colls of SB19E tsAl3 cdd-l pyrGl were grown in RA
supplemented with 20 pg/ml CR. Radioactive materials wore

added to the culture at a final cencontration of 5 pci/mil,

b e e i s
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Table 6.

Cytidine and deoxycytidine deaminase in B.subtilis,

CdR deaminase a CR deaminase
Strain spocific activity specific activity
SB19E (wild typoe) 2.28 ' -
PYr-2 cdd-1 <0.01 < 0,003

expressed as nmoles/h/mg protein.
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Table 7.
Characterisation of CdR kinase mutante. .
CAR XkXinase CdR kinace Rate of
Strain specific relative iagorporation of
activity® activity - 7H-CdR in DNA
(9) ( %)k
Ezr—-Z 3057 100 -
pyr-2 cdd-1 3.08 ﬁ@é 100° ;‘
pyr-2 cdd-1 dck-1 0.05 2 1.5 {
pyr-2 cdd-1 dek-2 0.05 T2 5.1 /
pyr-2 cdd-1 dck-5 0.05 2 1.5 2

2 exprossed as nmoles/h/mg protein.

b

Cello of theo various mutants were grown° PA supplomented

3

with 10 pg/ml uracil. 5-"B-CdR was added ko the culturecs
at the late exponential phase gt final concentrations of
1 pCi/ml, The incorporation of radioagtive material into
nucleic ncids was measuxred in 0.2 mlisoamples of the culture
at 10 min afto; addition of the ioactive material,

€ 10,800 CPM incorperated por 10 min at 0.2 ml culture.

e E e b e e o at e




59.

Table 8,

Growth of fluorocytidine resistant strains,

Concentration of fluorocytidine

Strain
none 5 pg/ml 25 pg/ml 4O pg/ml 60 pg/ml
SB19E (wild type) 4+ + - - -
t8Al3 cdd-1 +4 + - - -
tsAl3 cdd-1 dck-3 +4 + - - -
tsAl3 cdd-1 dck-3 +4+ T . + + +
crk-1
t2Al3 cdd-1 dck-3 +4 + + + 4+
crk~2
tsA13 cdd-1 ddd-3 ++ + M - -
tsAl3 cdd-1 ddd-3 ++ 4+ + + +
crk-3
t8A13 cdd-1 ddd-3 Yy + + x +
crik- .

FCR was added to MMC agor at the various concentrations

indicated,

&>

Symbols: +4, growth; +, light growth; _ very light growth;

-9 nO gr@W’th L)



Table 9.

Characterisation of CR kinase matants,.

60.

Relative rate of CMP-CDP-CTP
Strain 1n<5:f§'pfg§tion of fon;eghp;or
(%) (pmoles)
3351? cdd-1 1b,32
tsA13 cdd-1 dck-3 100 14,02
ts8A13 cdd-1 dck-3 crk-1 0.1 0.07
t2A13 cdd-1 dck-3 crk-2 0.1 0.17
tsA13 cdd-1 ddd-3 100 9.52.
tsAl3 cdd-1l ddd-3 crk-3 0.05 0.09
tsAl3 cdd-1 ddd-3 crk-k4 0.h4 0.59

Colls of t}:e various mutants were grown in PA, S-BH-CR

was added to the culture at the late exponential phase at

at finol concentration of 6.5 pCi/ml. The incorpeoration

of radiocactivity was measured at 5 min after the addition

of radiocactive material.

. .
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Table 10.

3

Incorb;;étion of 5-3H-UR and 5-"H-CR into nucleic acids,

Radioactive Time in CPM incorporated CPM incorpeorated

label min in tsAl3 cdd-1l in tsAl3 cdd-1
dck-3 dek-3 crk-1

5-3H-UR o} 1kbs 837

3 16812 14217

6 15785 15791

™

5-3H-CR 0] 9604 148

257732 359

6 331308 ) 515

Cells of both strains were grown in PA to the lato

exponontial phase, Cultures were then mixed with 5—3

3

H-CR
or 5-"H-UR at final concentrations of 5 pCi/mi and

20 pcCi/mi, rospoctively.

[ AR



CHAPTER IV.

METABOLISM OF PYRIMIDINE NUCLEOTIDES.

Ribonucleotides.

The observation that the cdd mutant did not grow on

MMC agar supplemented with CR suggested the absence of a

CMP, CDP or CTP deaminase in B,subtilis (Table 2). Further

evidence for the lack of these enzymes was obtained from the

following experiments. The DNA of strain tsAl3 cdd-1 ddd-13
which lacks 4CDP deaminase and deoxycytidine-cytidine

14
deaminase was labelled with C-CR for more than two genera-

The DVA was hydrolysed and the ratio of the apecific

a
activity of 4ATMP to that of 4dCMP was determined . TIt waa

found that the ratio dTMP™/ACMPX in strain tsAl3 cdd-1 ddd-3

was 0,03 (Table 26), indicating that in this strain no

approciable amounts of CR were converted to unridine ribvo-

nucleotides, dooxyribonucleétidea and thymidine nucleotides.

the conversion of urdidine ribonucleotides to cytidine ribo-

nuclcotides in B.subtilis, The DNA of strains SB19E and

o
The following experimonts were carried out to study

a Eoroafter the ratio of the spocific activity of 4dTMP to

' x, X
that of ACMP will be indicated as ATNMP /dCMP .

-'62-
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tsAl3 EEE?I was labelled with 5-BH-UR or with S-BH-uracil.
It was found that the dCMP in the DNA was labelled (Table
26), indicating that UR and uracil can be converted to
UTP, CTP and dCTF. This result 1i8 in agreesment with results
obtained by Barlati (6) which suggest that uracil and
uridine can be converted to uridine ribonucleotides and
subsequently to cytidine ribonucleotides and deoxyribonuc-

leotides,

Matants of S.typhimurium which are blecked in the

conversion of uridine ribonucleotides to cytidine ribonuc-
leotides require CR for growth (9). Such mutants were also

isolated in B.subtilis by treating strain t8Al13 cdd-1 with

nitrosoguanidine. The mutagenized culture was plated on
MMC agar supplemented with CR and replicated onto MMC agar,
Strains that failed to grow in th; absence of CR were
solocted and designated as pyrG mutants. When 5—3H-uracil
was added to a ¢ulture of onc such mutant, tsAl?3 gﬁgrl‘
pPYrGl , no incorporation of radioactivity into DNA was
observed (Table 5). It appears that the conversion of
uridine ribonucleotides to cytidine ribvonucleotides {8
blocked in the pyrGl strain. In all othor organioms studied
(97), cTP a}nthetaue. which converts UTP to CTP, 10 respons-
ible for the converaion of uridine ribonuclectides to

cytidine ribonucleotides., It is probable that the same

enzyme is also involved in B.ocubtilis,
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Deoxyribonucléotides.

Thymidine nucleotides: Wilson et al. (150) and

Anagnostopoulos and Schneider (2) showed that in B.subtilis

the requifement for thymine resulted from mutations in two
distinct genetic loci (thyA and thyB). The thyA locus is
known to code for thymidylate synthetase, but the enzyme
coded by the thyB locus is unknown (150).

Mirster and Holldorf (qubted in 97) proposed that
the thyB coded pathway may be involvea in a direct conver-
sion of deoxycytidine nucleotides to thymidine nucleotides,
Therefore, it was first investigated whether deoxycytidine

nucleotides could be converted to thymidine nucleotides in

-

B.subtilis. The DNA of strain pyr-2 cdd-1 was labelled with -~

14

was found to be 0.43, indicating that CdR, after conversion
to deoxycytidine nucleotides, was converted to thymidine
nucleotides, ‘ )

In order to determine whether deoxycytidine nucleo-
tiden were first converted to deoxyuridine nucleotides or
wnether they werc directly converted to thymidinoe nucleo-
tides yvia the thyB coded pathﬁaff/four types of mutants
wore isolatod with various combinations of thyA and thyB
genotypes. In addition, the cdd-1l mutation (CdR deacminase)

waos introduced into these strains in order to label only

deoxyriboducleotides after tho addition of radioactive CdR.

X X
C-CdR for more than two generations. The ratio ATMP /dCMP
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The four strains were 167 tsAl3 cdd-1 thyA thyB, 167 toAl3

+ +
cdd-1 thyA thyB, 167 tsAl3 cdd-1 thyA thyB , and SB19E

+ + .
ts3A13 cdd-1 thyA thyB . The tsAl3 mutation carried by these

strains is irrelevant to the present experimentsa,

Strain 167 tsAl13 cdd-1 thyA thyB was derived from
167 tsAl3 thyA thyB by transformation with DNA extracted
from pyr-2 cdd-i. Ono of the transformants, which grew on
TBB agar supplemented with 10 pg/ml FCAR, was nelocted and
tested for thymine dependence, sengitivity to aminopterin
and the presence of CdR-deaminase and 4TMP synthetase.
Results shown in Table 11 confirm the genetypeo of this

strain, thyA thyB cdd-1l,.

Strains 167 tsAl3 cdd-1 thyA+thyB and 167 ts3A13 cdd-1

thyA th E+ were derived from 167 tsAl3 c¢dd-1 thyA thyB by
ThyA xhy zs

transformation with DNA extracted from wild type cells. The
transformants which were capable of growing on MMC agar
without thymine were selected and tested for sensitivity to
aminopterin. The transformants were separated into two

classes on the basiz of their sensivity to aminoptering
resistant clones (thyA gng*) and sensitive cloncs (shya'thyB).
Since the two loci are unlinked in transformation it is
unlikely that EEZﬁ+ EEZB+ transformants were present among

the aminopterin uohuitivo clones., One otrain from each class
was soloctod and téete& for thyminbd dependence, sensitivity

to umiuop?or#ﬁ and CdR docainase and ATMP synthotase (Table 11),
The‘gopotygos of thd'ﬁwo Btrq§n3 testod wero_confirmod to be

R
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+ : +
thyA thyB cdd-1 (aminopterin resistant) and thyA thyB

-
cdd-1 (aminopterin sensitive).

+ + )
Strain SB19E tsAl3 cdd-1 thyA thyB was derived

from SB}9E (wild type) by transformation with DNA extracted

from a strain with genotype 167 £sAl3 cdd-1 thyA thyB'.

Transformants which grew on TBB agar supplemented with
10 pg/ml FCAR were solected. Of 41 transformants selected
for the cdd-1 mutation, 6 appeared to carry the t8Al3

mutation as well. Their genotype was confirmed to be

tlyA+_tth¢ cdd-1.
The DNA of the above strains was labelled with
C-CdR for morelthan two generations. The ratios
aTMP*/dCcMP™ werd determined in the strains grown in PA
(Table 12). The ratio dTMPX/dCMPX was also determined in

% +
167 tsAl3 cdd-1 thyA thyB and 167 ts8A13 cdd-1 thyA thyB

grown in MMC (Table 12)}. The expected ratios dTMP®/dCMP¥,
assuming that deox&c&tidine nucleotides are directly conver-
ted to thymidine nucleotideos, are also ehowg in Table 12,
It can be aeenithat the experimontal wvaluoes differ signifi-
cantly from the expected valuos, The results thoreofore do
not support the hypothesis that the thyB ceded pathway nmay
be involved in a direct conversion of deoxycytidine nucleo-
tides to thymidine nucleotides. There were no significant
difforences in the ratios betwoon tho thyA® thyB and the
thyA igxﬁ# strains when grown in either PA or MME., This
suggosts that deoxycytidine nucleotides are

convortod teo dooxfur@dino nuqlootidou;.and eubuoqd@nt¥§‘to

|

-
3
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thymidine nucleétidea.

Lomax and Greoenberg (77) devised a very sensitive
assay for the s}ntheaia of thymidine nucleotides. This
method i» based on the replacement of the tritium atom in
the 5-position of radioactive dUMP by a methyl group in
the synthesis of dTMP. The tritium iz released into the
mediwa in the form of water. To demonsatrate the presence

of a spocific enzyme coded by the thyB locus, the release

3
of tritium from 5- H-dUMP or S-BH-dUDP was measured in crude

extracts of strains thyA thyB cdd-1, thyA thyB edd-1 and
+

thyA thyB cdd-1. In crude extracts of the thyA thyB mutant

no tritium was released, indicating the absence of thymid-
ine nucleotido synthoesis from the deoxyuridine nucleotides
(Table 13). In extracts of strain thyA EEZB” tritium was
reloased from the 5-position of 5_Sn.dunp (Table 13),
although thymidylate synthotase coded by the igxﬁ locus
was abosent in this mutant. A8 expected a large amount'of
tritium woas released in.crude oxtracts of strain gng+gng
(Table 13). The large amount of tritium released in
oxtracts of this strain indicates that the normal thymidy~
lato scynthoetase is active undexr tho assay conditions des-
cribed, dTheae rosultc_domongtrate that an engymo capablo

of synthesizing thymidine nuclcotides is present in the

thyA tth+ strain, whaile it is absont in the thyA thyB strain,

This is the first report of an enzyme activity associated with the

et N A m v
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In order to investigate whether the substrate for
the thyB coded enzymo iz 4dUMP or 4UDP, the release of
tritium from S-BH-dUMP and 5-3H-dUDP was measured in crude
extracts of otrain 167 t5A13 cdd-1 thyA ngB+. No ocignifi-
cant differences were observed in the amount of tritium
released from the two substrates. There i3, however, the
possibility that dUDP is first dephosphorylated to dUMP
which is thon used by the enzyme as substrate. The stability
of the subotrates was therefore investigated in the reaction
mixture. 5-3H.dUDP or 5—3H-dUMP was added to the assay
mixture and after an incubation of 30 seconds the distri-
bution of tritium in UdR, AUMP, dUDP and 4dUTP was dotermined
by deaéending papor chromatography with a mixture of
isobutyric acid and 2.3 N ar=oniuwm hydroxide (663134 by
volume) as solvent. It was found that S»BE-dUDP added to
the assay mixture was quantitatively con§erted to 5-3H-dUMP
within 30 socondn. The reverse roaction o.g. phospherylation
of 5-3H-dUMP to 4dUDP was not observed and ne siymnificant
amount of radioactivity was recovered in the 4AUTP aﬁd UdR

speto.

dCDP deaminases Tho observation that deoxyuridine nucleo-

tides aoro intonae{iutou in the convorsion of deooxycytidine
nuclootides to thymidine nucleootidos suggoosts tho prenénce

of a dooxyeytidino‘nucloo ido docninaso in B.subtilis, The

following oxporimonts w designed to domonstrato cuch o

docminaso.
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No dCTP deaminase (137, 138) was detectable in

extracts of uninfected cells of strain pyr-2 cdd-1 and the
four mutants with varying combinations of thyA and thyB
genotypes. On the other ﬁand, as reported by Tomita and
Takahashi (137, 138), a high dCTP deaminase activity was
found in PBS l-infected cells (1520 nmolecs/h/mg protein).
Although no significant amount of dCMP deaminase activity

was detected in extracts of 167 toAl3 cdd-1 thyA thyB

(Table 14), a high level of ACDP deoaminaso was found in

B.subtilis (Table 14), A dCDP deecminase has not: been

roported before in B,s2ubtilis or any other orgmnism.

The activity of 4dCDP deaminase was stimulated by
MnCl2 and the highest activity was obtained at a concentra-
tion of 5-mlM (Table 15). MgCl, and CaCl, stimulated dCDP
deaminase to a leéeogor extent than Mn012 did, Tris buffer
gave higheg activitiers than potassium phosphate buffer at
the some pH. Tho highent activity was obtanined in the Trin
buffer at pH 7.0. It i8, however, possible that the optimal
pH may be lower than 7.0, It was found that for each mole
of dooxycytidine’nuclootide that disappoarocd from the
roaction mixture an eguivalent atlount of deoxyuridine
nucleotide was formod (Table 16).

Tho activity of dCDP deaminase in crude oxtracts
showed a sigmoidal increase with inercasing pubstrate con-

contration (Fig. 2). The K, ond V., of dCDP doaminase wore

graphically detorminod by oxtrapolating tho linear part of
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a double reciprocal plot and found to be 700 100 uM and
2.5:‘0.5 pmoles/h/mg protein respectively., As shown in
Table 17 dCDP deaminase was inhibited by dTTP in a compet-
itive fashion.
Attempts were then made to isolate mutants of

B.subtilis which lack dCDP deaminase activity. Strain pyr-2

cdd-1 was mutagenized with nitrosoguanidine and FCdR resistant
mutants were selected on MMC agar containing uracil (10 pg/ml)
and FCAR (1 pg/ml). Two classes of FCAR resistant mutants
showing different levels of incorporation of 5-3H-CdR into
DNA were found. One class was unable to incorporate 5-3H-CdR
into DNA, These were the dck mutants lacking CdR kinase,
described earlier. The s8econd class incorporated 5-3H-CdR
into DNA at rates 25 to 33 % of the rate in the parent strain.
These mutants were found to lack dCDP deaminase (Table 18).
They still possessed CdR kinase activity (Table 18) and were
designated as ddd mutants., By the same technique another
mutant, tsAl3 cdd-1 ddd-3 was isolated from tsAl3 cdd-i as
parent strain (Table 19).

The enzyme dCDP deaminase may Be involyed in the
synthesis of thymidine nuclecotides and, therefore, the
loevel of dCDP deaminase activity may vary between mutants
carrying diféerent combinations of thyA and thyB genotypes.
Howover, no significant difference in the level of dCDP
deaminase was found betwoen straing carrying various

combinations of thyA and thyB genotypes (Table 19),
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Conversion of ribonucleotides to deoxyribonucleotides.

The conversion of riboanucleotides to deoxyribo- -
nucleotides in bacteria and mammolian cells is mediated by
ribonucleotide reductase (97). Some properties of this

anzyme in B.,subtilis were investigated and compared with

those of E.c0li ribonucleoside diphosphate reductase.

Reduction of cytidine ribonucleotides : No reductase activity
was detectable when 3H-CMP was added as substrate, The
activities of ribonucleotide reductase with 3H--CDP and
3H-CTP were found to be 13 and 62 pmoles/h/mg protein

respectively in crude extracts of B.subtilis., "~ The rate of

product formation was not constant with time and,in fact,
after 10 min of incubation .at 37 C the reaction stopped.
Therefore, the stability of 3ﬁ~CDP agd 3H-CTP‘in the reaction
mixture were tested by adding these compounds to the reaction
mixture. At various timag the distribution of radioactivity
iﬁ CTP, CDP,CMP and CR apots was determined by descending
paper chromatography. It was found that CTP was rapidly
dephosphorylated to CMP., CDP was also cOn;erted to CMP but
at é lower rate. No radioactivity was found in the CR spot.
To determine whether CTP or CDP was the real sub-
strate for ribonucleotide reductase, ‘the concentration of
TP ond CDP in the aspay mixture was compared with the rate
of product foxmation. 3H-CTP was addod to the assay mixture

and at varioﬁb times tho distribution of radioactivity in .

Y
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the CTP,CDP,CMP, dCMP,dCDP and dCTP spota was determined by
paper chromatography. Results of such an experfment areq’
shown in Fig. 3. The concentration of CTP in the reaction
mixture decreased rapidly end correspondingly an increase
in the amount of CMP was obaervad, suggesting that CTP in
our reaction mixture was degraded rapidly. Nevertheless,
the only deoxyribonucleotide formed was 4dCTP. This result

indicates that CTP may be the substrate for the reduction

of cytidine ribonucleotides in B.subtilis., Thereafter CTP

was astabilized in the assay mixture by creatine phosphate

and creatine phosgphokinase.

-~

Reduction of uridine ribonucleotides : The following experi-

ments were carried out to determine the subostrate for the
reduction of uridine ribonucleotides. The acéivity of
ribvonucleotide reductase was measured with QH-UMP. GH—UDP
and 3H—UTP as substrate. No detectable ribonucleotide
reductase activity was obseryed when 3H~UMP was added as

3H-UDP and

substrate. The activity of reductase with
3H-UTP were found to be 7.8 and 7.4 pmoles/h/mg protein
respoctively. Tho stability of the radioactive substrate
wao analyaod in o similar fashion as in the caua‘of
cytidine ribonucleotidos. It wan fougd that 3H--UTP was
rapidly converted to UDP and that an equilibrium was osta-
blished in the assay mixture in which 8’% of the radio-
activity was in UTP, about 74 ¢ \1n UDP and obout 18 % in

UMP. UWhaon 3H-UDP waso added an cquilibrich was established

M
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with about 86 % of the radiocactivity in UDP, 6 % in UTP and
about 8 % in UMP. This equilibrium could be shifted by the
addition of creatine phosphate and creaztine phosphokinase.
When 3H—UDP wae added together with these compounds, the
radioactivity was distributed as follows: 57 % was in UTP,
37 % in UDP and 6 4 in UMP. However, it was found that the
activity of ribonucleocotide reductase was neither inhibited
nor stimulated by the shift in the equilibrium. Thus no
conclusion could be drawn regarding the substrate in the
reduction of uridine ribonucleotides. Attempts were then
made to study the product of the roaction with varying
amounts of cell extracts. Both 4dUDP and 4dUTP were found
as products in the assay mixture (Fig. 4). In all cases,
the initial rate of dUTP formation was higher than that of
dUDP. Presumably thé presence of dUDP in the reaction
mixture 13 due to a dUTPasce which convérts dUTP to 4dUDP.

(Tomita and Takahashi, unpublished observations),

Properties of ribonucleotidéd reductase : It was found that

Tris buffer was inhibitory for reduction of both UTP and
CTP and consequently assays were performed in potassium
phosphate buffer.

As mentioned ocarlier, the rate of product formation
was nover linear with time in both CTP reductase and UTP
reductase onssays. Attempts were poade t6 eliminate this

difficulty. The presence of o serino proteanse in the

>
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extract could play a role in the degradation of the enzyme
during incubation. However, the addition of serine protease
inhibitor, phenylmethyl sulphonyl fluoride, to the assay
mixture did not improve the linearity of the CTP reductase

assay. In L.leichmannii the removal of ribosomes from/the

crude extract by centrifugation at 100,000 x g has beeﬁ

reported to improve the linearity of the CTP reductase éapay

)

(43). However, the removal of ribosomes from crude extracts

of B.subtilis did not have the 3ame effect. It i® also

possible that the recaction was not linear because no elect-
ron acceptors were present in the assay mixture. Neither
the addition of g.l mM dithiothreitol nor the addition of
NADPH at concentrations of 0.14 or 1.0 pM improved the
linearity of UTP reductase or CTP reductase assay®, Higher
concentrations of NADPH ( more than 10 uM) were found to be
inhibitory fer both caces.

It was found that the CTP reductase actdvity was
stimulated by MgCl, , but CaCl, ba& no effect. The highest
activity was found with MgCl, at a concentration of 15 mM,.
In contrast, UTP reductase was stimulated by CaCly and the
highcét activity was found at & concentration of 1,2 mM,
MgCl, had no effect on the UTP roductase activity. The
effect of the pH was tested over the range of pH 6.6 to 8.2
for both CTP reductase and UTP roductase activity. fho
highest CTP reductase activity was found with a buffer at

pH 7.4, However, the differences in nctivity over the pH



75.

range tested were very small for CTP reductase activity
7 (Less than 14 9%) and there was practically no difference in

the case of UTP reductase,

Requirement for ATP and the effect of hydroxyurea : The

activity of E.coli ribonucleoside diphosphate reductase is
dependent on ATP in the assay mixture (72, 113). It was

found that the activity of CTP reductase in B.subtilis was

inhibited by ATP (Table 20). It was also found that ATP at
a concentration of 1.3 mM reduced the UTP reductase activity
to 43 4 of the conttol value.

The E,coli ribonucleotide reductase is inhibited in

vitro and in vivo by hyéroxyurea (33, 122). In B.subtilis,

CTP reductase activity was not inhibited by this drug in

vitro (Table 20). Similarly, UTP reductase in vitro was not

sensitive to hydroxyurea. These results indicate that ribo-

nucleotide reductase in B.subtilis, 'l1ike in the case of

L.leichmannii, (33), is not seonsitive to hydroxyurea in vitro.

Results shown in Table 21 indicated that the growth

of B.tubtilis was inhibited by hydroxyurea. The addition

of deoxyribonucleosides to tho medium {omoved the inhibitory
offect of hydroxyurea (Table 21). This effoct was observed
only in straine which were capable of converting the deoxy-
ribonuclecosides to deoxyribonucleotides. The gég mutant
which lackes CdR kinase was not éble to grow on MMC agar

cOntainiﬂg hydroxyuren and deoxyribonucleosides.
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Ribonucleotide reductase in mutant strains : Bazill and

Karamata (8) have isolated 22 tsA mutants of B.subtilis

which are temperaturec-sensitive for DNA synthesis. Although
the tzA mutants can_not grow at 45 C, they do 8o in the
presence of deoxyribonucleosides in the medium. thill
and Karamata (8) suggest that the tsA mutations may be
located in the structural gene for ribonucleotide reductase,
since i}e temperature sensitive phenotype of all 22 tsA
mutants can be reversed by deoxyribonucleosides and since
the different mutants are reversed by different combinations
of deoxyribonucleosidos. In order to determine whether the
ribonucleotide reductase in the tsA mutants was affected,
CTP reductase and UTP reductase activity were assayved in
straine 167 tsAl3 thyA thyB and in 167 ts’thyA thyB., Tt
wa® found that there was no difference in the activities of
CTP reductase or UTP reductase between the Eg+strain and
the tsAl3 strain grown in the presence of deoxyribonucleo-
s8ides at either 30 C or at 45 C. ' Thus the presence of the
tsA13 mutation did not affect the activities of UTP and CTP
reductase in the cells,

In order to compare the temperaturas sensitivity
in vitro of the wild typo enzyme and the mutant enzymo,
both the §é+ strain and tho tsAl3 strain ;ore grown at 37 C
and CTP reducta;e activity and UTf reductase activity weoere

assayed at 37 C and ot 45 C. The activity of UTP reductase

PR
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in the 33* strain assayed at 45 C was 54 4 of the activity
assayed at 37 C. 1In the tsAl3 strain, the activity assayed
at 45 C was 59 % of that at 37 C. Therefore there scems to
be no significant difference in the enzyme in !igiﬂ between
the wild type strain and mutant strain,

B,subtilis can use exogenous deoxyribonucleoaides

(8,115) and thus it may be possible to isolate mutants which
have an absoclute requirement for deoxyribonucleosides (ggg).
In order to isolate such mutants, strains A26 and SB19E
were mutagenized with nitrosoguanidine., The mutagenized
cultures were plated on MMC agar supplemented with deoxy-
nucleosides ( 20 pg/ml) and uracil { 10 pg/mi). Subsequent~-
ly, the colonies were replicated onto MMC agar without
deoxyribonucleosides and those which failed to grow in the
absence of deoxyribonucleosides were selected and examined
further., All mutants isolated by this technique required
deoxyribonuclecosides for growth at 45 C (Table 22),

However, when CTP reductase activity was assayed in the
mutant strains it was found that the ts8A13 mutant as well

as the dns mutants contained appreciable amounts of CTP
reductase activity (Téblo 23). Strains A26 dns-1 and dns-2
required deoxyribonucleosides at 45 C but not at 25 C

(Table 24), Strains A26 dns-1 and dns-2 -as well as dne-3
woro isolated at 37 C. The other dns mutants were isolated
at 30 C after this tomperature depéndency had boen noticed.
A nimiiar temperature dependoncy for the requirement for.
deoxyribonucleosidos has been observed ﬁy‘ggfha and Neuhard

(41) in a mutént of E.coli which is affected in ribonucleo-
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tide reductase, The temperature dependency of their strain
is related to growth rate rather than to higher temperature,
since the mutant phenotype can be reversed by slowing the
rate of growth of this strain.

Further avidence for the complex nature of the

requirement for deoxyribonucleotides was obtained from

studies on the effect of other mutations on the tsA phenotype.

The growth requirements of a number of strains carrying the
t8A13 mutation in combination with other mutations which
affect the metabolism of deoxycytidine nucleotides, such

as ddd ( dCDP deaminase) , cdd (deoxycytidine-cytidine
deaminase), thyA and thyB were tested. It was found that
strains carrying the tsAl3 mutation in combination with

the thyB and cdd~1 mutations or with the ddd-3 and cdd-1
mutations were able to grow at 45 C without deoxyribonucleo-
sides (Table 25), It is not known whether a strain with
genotype tsAl3 ddd-3 gggf can grow at 45 C since mutants of

Ve

this type are not available,

Synthesis of dTTP.

dTTP may be synthesized in B,subtilis by the follow-
ing four pathways, é*ogenoﬁa de can be converted to dTMP
and to 4ATTP. UTP may be reduced to dUTP which can be
convertod to dUMP —» dTMP ~» dTTP. CTP may be reduced to
dCTP which con be converted to 4dCDP -+ dUDP —»dUMP — dTMPD —»

dTTP. Exogonous CdR cant be converted to dCMP and 4CDP which

PR S
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is deaminated to dUDP-—7dUMP~—9dTMP—-#dT??.

In order to evalﬁa£e5%hé’cbntributions of these
pathwgyg, the DNA of various bacterial mutants was labellead
for more ﬁhan two generafidns Qith4fa&1oactive bases or
nucleosides. The DNA waﬁ'then thractod and hydrolysed
and the ratio dTMP%/déﬁPx was determin;d. If one can assume
that the dCTP and 4dTTP pools turnover rapidly aad that
steady-state conditions ex;st,fo; ghé gynthesis of deoxy-
ribonucleotides, the abov@”ratib d’IjMP'x‘/';iCMPx should determine
the contribution of vafio;xé, ~pét,m;va’y‘s;_;e:c':.:'i:he, dTTP pool.

These assumptions were shown to b; {aliduin E.coli by
Neuhard and Thomassen (92). These suthors showsd that the
4CTP pool in @iggllcfurned over witp‘a half“ttﬁ¢ qf-1.l
minute at 30 C. The turnover pége at 37 C was ﬁoo rapid to
be determined by their techniques., Steady~state conditions
prevailed for the synthesis of deoxyribonucleotides in a
growing culture of E.coli (92). |

p - .
The results of labelling experimenta in which #ariOus
matant s wére labelled with different radicactive baug;-And
nucleoasides are ohownrin Table 26, Control experiments were
carried out with strain teAl3 cdd-1 ddd-3 which was defect-,%
ive in 4CDP deamianase and deozycytidiné-cyfidine deaminase,
The addition of either 1l‘c-«:mn or th-CR'to this strain

should result in the incorporation of radioactivity ianto

DNA in the dCMP fraction but not in dTMP since no pathways .

.

Goxiut in this strain for the conversion of cytidine nucleo-

tidos to ATTP., 1Indood the DNA of this strain lobolled with

¢
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14:_car and ‘%c-cR showed a ratio dTMP*/dCMP* of 0,01 and
0.03 respectively, indicating that no dTMP was labelled
(Table 26).

The tritium atom in the 5-.position of labelled
deoxynucleotides is replaced by a methfl'group in the s8syn-
thesis of thymidine nucleotides. VWhen 5—3H-UR was added to
wild type cells, the ratio dTMP*/dCMP® was 0.01, indicating
that no dTMP was labelled (Table 26).

In order to investigate the contributions of the-CTP
reductase and CdR kinase pathways in combinatioﬁ with the
dCDP deaminaso -pathway, DNA of.strain tsAl3 cdd-1 was
labellod with ¥c_cR or with 140 AR 'in PA and MMC. A sig-
nificant difference in the ratio -dTMP*/dCMP® was observed
botween DNAs labolled with 12C-CR and with 1%C.CdR. This
difference was observed in both PA and MMC, This result
indicates that labelled nucleotides are exchanged between the dCTP
and dCDP pools and that the ratio’dCTPx/dCDPx is dependent on the type of
label used. When 1L‘C—Cd.R id'Lsod,.the ratio dCDPF/dgTﬁsis
greater than 1.0, since dCDP is labelled direcify and ‘sinco
the specific activity of the d4dCTP pool is lowered by cold
dCTP derived from the reduction of CTP, (Fig. 5). On the
othor hand, when ‘“C-CR 1o used, tho ratio ACDF® /acTH 16
smaller than 1.0, since the AdCTP pool is labelled directly
and since the specific activity of the dCDf pool is lowered

by cold dCDP derived from exogemous CdR (Fig. 5).

L merir wweem b M asr vk mme L2

e
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The ratio dTMF*/dCMF was 0.19 when the DNA of tsAl)
¢dd-1 was labelled with l1“(;-012 in PA (Table 26). This
indicates that 19 % of the dTTP in these celle in PA 1o
derived from dCTP. The ratio dTMF*/dCMP® in DNA of tsAl3

cdd-1 labelled in MMC with L%

C-CR was 0.39 (Table 26).
This indicates that in MMC 39 % of the dTTP is derived from
the reduction of CTP and the remainder from UTP; The differ-
enée in the percentages of dTTP derived from the dCTP
between PA and MMC ( 19 % and 39 % respectively) may be due
to the presence of exogenous CAdR in PA which can be conver-
ted to ATTP by the following path: dCMP-—dCDP —>dUDP~—
dAUMP — dTMP —> dTTP.

The contribution of exogenous TdR to the synthesis
of AdTTP was determined by labelling the DNA of strain

1k

t8A13 cdd-1 dck—j crk-1l with C-uracil, In this strain

which lackes CdR-CR deaminase, CdR kinase and CR kinase, the
specific activity of 4CTP must be the same as that of dUMP
since the specific radioactivity of the nucleotide pools
can_not bé diluted by cxegenous bases and nucleosides in
this strain. Exogenous TdR, however, can dilute the radio-
activity of the thymidine nucleotides in this strain and the
gmount of dilution is a measure of the participation<of
exogonous TdR in the oynthosis of dTTP. The DNA of the

1h

above mentioned strain wos .labelled with c-uraéil and the

ratio dTMP /dCIP™ was dotormined. Tho ratio was found to
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be 0.83 (Table 26), indicating that in this strain in PA

about 17 % of ATTP was derived from exogenous TdR and the

remainder from the reduction of UTP and CTP.

f{'\
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Table 13.

Activity of the.thyB coded thymidylate synthetase

in various mutants.

85.

Genotype of strains CPM in assay CPM in control
umeda supernatant fluidb supernatant fluidb
thyA thyB cdd-1 1627 1698
+
thyA thyB cdd-1 36694 9228
tth+tth cdd-1 418868 4483

3
5~ H-dUDP was used as substrate in this “%$xperiment.

These strains carry th@ tsAl3 mutation in addition %o

the ones indicated.

control were those released into the medium without

incubation at 37 C.

CPM in 0.5 ml of supernatant fluid. The CPM in the

o R n P2 el
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Table 14,

/ -
dCMP deaminase and dCDP deaminase activitiea

in mutant thyA thyBYcdd-1.

Substrate added to the Deaminase activity
assay mixture a (nmoles/h/ mg protein)
5-3H-dCDP not detectable
5- >H-dCDP + 167 pM dCDP ’ b1
5-33~dCDP + 167 pM dCMP not detectable
5-3H-dCMP ‘not detectable
S-BH;dCMP + 167 pM ACMP <1.5
) {
a

tho nssay mixture cohsisted of subatrate, 25 mM Tris-Cl
buffer pH 7.5, 125 uaM MgCl2 and aliquots of crude
extract corresponding to 1.95 mg protein in a total

volume of 0.6 ml.

(3



Table 15.

87. -

Effect of diwvalent cations on 4ACDP deaminase

activity.
Cations Concentration Relative activity
' (rab1) (%) "
MnCl, 1.25 87
5.0 100
7.5 89 i
15 83 "
Mg012 1.25 38 >f/
| 5.0 42 \\
¢ 10 41 ™~
20 21
CaCl2 1.25 19
none —-— 1k

2100 ¢ activity was 113 nmoles/h/ rmz protein. This assay

was not pgrformed undor ¢ptimal conditions of substrate

concentration and pH.

.
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Table 17.

The effect of ATTP on the activity

of 4ACDP deaminase.

Concentration Concentration dACDP deaminase Inhibition

of dCDP (pM) of ATTP (pM) activity = (%)
334 none . 806 o)
ks 758 6
90 709 12
180 693 ‘14
360 669 17
s 720 L3 ks
100 nono . 304 (o]
360 164 46
720 52 83 '
a

oxpras@oé os nmeles/h/ mg protein.
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Table 18.

dCDP deaminase and CAR kinase

in ddd mutantsa.

90.

dCDP deaminase

CdR kinase

Strain a a
specific activity apecific activity
v
pyr-2 cdd-1 X0 3.33
pyr-2 cdd-1 dck-l 17 <0,01
pyr-2 cdd-l ddd-1l £ 0.5 2.76
pyr-2 cdd-1 ddd-2 0.5 not determined

a expressed as nmeles/h/ mg protein.
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Table 19,

dCDP desminase activity in mutants

affected in thymidylate synthesis.

4\41
k.
Genotypes of strains dCDF deaminase ad
a
used specific activity b

thyA thyB ¢dd-1l 286
thyA thyB cdd-1 224
thyA” thyB cdd-1 501 ’
thyA* thyB*cdd-1 294
t5A13 cdd-1 ddd-3 <5

all thoso strains carry the tsAlld mutation in
addition to the ones indicated.

exprossed as nrweles/h/ mg protein.
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Table 20 )

Effect of ATP and hydroxyurea on CTP reductase

]

activity.
Concentration CTP reductasne Inhibition
(mM) specific activity& ( %)
control - 0.47 o.
ATP T 0.125 0.29 39
1.25 0.11 76
hydroxyurea 1 0.43 ! 8
10 0.47 - o)

. ~
expressed as nmoles/h/ mg protein,



Table 21.

93.

Effect of hydrexyurea on the.growth of B.subtilis,.

Concentration Growth on MMC agar
of hydroxyurea |NdR | wild type. tsAl3 cdd-1 tsAl3 cdd-1
(m2) L T dac3
0 - +3 *d *
1 - ++ +4 4
3 - >4 e +4
10 - ++ ¥ t
30 - M - -
60 - - - -
4/100 ‘ - - - -
60 S + + -
100 ‘ & % ' % -

sy

NdR ( AdR + GdR &+ CdR 4 TdR ) were added at a final

concentration of 10 pg/ml oach.

]
SyubOls: +4&ygrowth; <,

-y NO growth,., -

light growths

Fra

t

¥, vory light growth;

~

Y
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Growth requirements of dns and ts3Al13 mutants

at 30 C and at 45 C.

Incubation at 30 C Incubation at 45 ¢

Strain
: MMC MMC+NAR 2 MMC MMCsNAR 2
SB19E wild type $é +4 +4 34 -
toAl3 cdd-1 T 44 - s -
£5A13 cdd-1 dck-3 44 9 - - " ;d
226 P b S+ *d &4 ?
A26 dns-1 © - s - »
ggg,é R 4 - %
dne-3 0 e f +
dno-k - ¥4 - +
922L5 - +4 - +
dnz-6 - & - *
dns-7 ' - + - +
dno-8 ) - +4 - +

@  NdR ‘werc ndded ot a final concentratien of 20 pg/ml.

b uracil was added to the plates on which theoe strains

were tosted. -

Symbols: 44, growth; 4, light growth; <, vory light growth;

-

- 'n° gr:owth .

. .
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Table 273,

CTP reductase activity in dns and tsAl3

mutants.

95.

Strain

CTP reductase

specific activitya

CTP reductase activity

( % of parent strain)

SB19E wild type
dno-2
dns-3
dns-4
dns-5
dns-6
dns-7
dno-8

t8Al13 cdd-1

A26

* A26 dns-1

100
61
23
98
69
39
36
92
85

100
Ly

oxpremuodC;e nmoles/h/ mg protein,

PSSP

. wmhwar o wem o o
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Table 24,

Temperature sensitivity of dno

and tsAl3 mutants,

96.

Incubation A26 dns-1 t5A13 cdd-1
temperaturo +NdR® -NdR® 4NdR «NdR +NdR -NdR
© &
22 ¢ % - NS s TS e+
25 C 3 ¢ +§ +4 *4 +e
30 C 4 - 4;«3- & +4 L
37 C < - +4 - 4% %
Ly C & | - b - 43 -

uracil waes also added to the modium for this strain

Symbolo: &4y growth; 4, light growthj f, very light greowthj;

-9 no growth,

§
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Table 25.

Phonotypic roversion of the tsAl3 mutation.

MMC at MMC at MMC & NdAR

Strain
37 ¢ 45 ¢ at 45 c®

167 t5A13 thyA thyB ° b - +
167 tsA13 thyA thyB' v+ - +
167 tsAl3 EEXA§EEXB e - +
167 teAl} thyA thyB cdd-1" 4 + +
167 tsA13 thyA'thyB cdd-1 | e s O +
167 tsAl3 thyA thyB cdd-1 ++ - +
tsAl3 cdd-1 +4 - -
t5A1) cdd-1 ddd-3 * + +
=3

NdR wore added to a final concentration of 10 pg/ml each.
b thymine was added to the plates for thefe strains at a
concentration of 10 pg/ml.

Symbols: 44, growthi <4, light growth; -~y no growth,
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Figure 2.

Linoeweaver-Burke plot of the velocity of the dCDP

deaminase versus the scubstrate concentration.

The assay of dCDP doaminase was performed under the
standard condition. The amount of product formed wape
" determined after 7.5 min incubation'at 37 C.

1/v is expressced as hour/nmole.

-1
1/S i85 expressed ns mM .
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Change# in the ribonucleotide and deoxyribonucleotide

composition in the assay mixture for CTP reductase,

CTP reductase was assayoed under the standard condition,
oxcept ;hat no creatine phoophate and creoatine phospho-
kinase were added. Nuclecotfdes and deoxynucleotides were
separated by paper chromatography. The 4 of the total cpm

recovered in esach fraction was ﬁlotted vorsus the time of

incubation at 37 C. .
e ’ CMP
O~—0 ’ cDhP '
&2 ’ CTP

&—10 s, dCTP
o—oO s, dACDP

dCMP
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Figg_x:@ l‘ .

The composition of the products in UTP reductase

assays at various times,

UTP roeductase assays were performed under the standord
condition with varying amounts of crude extract. The
products wore separated by paper chromatography. The
amounts of dUTP,dUDP and dUMP and the total acmount of

products were plotted versus time,.

7.0 mg/ml.

a

A:s protein concentration wa
B: protein concentration was 3.5 mg/ml.
C: protein concentration was 1,75 mg/ml.

D: protein concentration waes 0.88 mg/ml.

Symbolos

& ®] N total product formed
L——N\ s dUTP

O—O »  dUDP

¥
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CHAPTER V.

PYRIMIDINE METABOLISM IN PBS 1-INFECTED CELLS.

Development of the phege.

The process of infection with PBS 1 used in this
study was characterised earlier by Takahashi (129). The
latent period of the phage was foundyto be 35 min and the
rise period 15 min (129), The burst size of PRS 1 under

these conditions was found to be 23 (129).

Number of phage producing cells : For biochemical studies

on phage development it is important to know the fraction

of the cells that are producing progeny phages., The numbers
of phage producing, phage carrying and uninfected cells were
determined in cultures of SB1l9E infected with.PBS 1 at an
MOI of 5 in either MMC or in PA. In MMC it was found that
more than 80 % of the cells were killed by PBS 1 without
producing phages and only 4 4 of the cells produced progeny
phages in MMC (Table 27). These observations led to the
conclusion that MMC is not a suitable medium for biochemical
studiocs on the development of PBS 1. In PA, however, 85 %

of the cells produced phages and the remaining cells were
-

either uninfected or phage carrying {(Table 27). The fraction

i
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of "killed" cells wase verx small in PA. From the total
number of PFU after lysis‘;T the culture and the number of
phage producing cells present, it was estimated that each
phage producing cell released about 40 PFU after lyszis under

our conditions.

Nucleic acid metaboliasm : In order to eobtain information on

biochemical changes occurring during the development of

PRS 1, the rate of RNA and DNA synthesis in infected cells
was determined. Cells infected with PBS 1 at an MOI of 5

in PA were pulse-lazbelled with 5-3H-UR and the incorporation
into DNA and RNA was determined.

The apparent rate of RNA synthesis after infection increased
gradually and reached a maximal value at Zjbmin after
infection (Fig. 6). The rate of incorporation of 5-3H-UR
into DNA began to rise 15 minutes after phage
infection and reached a maximal valﬁe 30 min after infection
(Fig. 6).

The following experiments were, conducted to deter-

. mine host DNA synthesis after PBS 1 infection. The incor-

poration of methyl-BH-TdR into DNA was measured in SB1OR

A

“infected with PBS 1. Radibactive TdR can only be incorpor-

ated into host DNA and not into phage DNA. As shown in
Flg. 7 the synthesis of hout.DNA was greatly reduced by
PBS 1 infection. In a céparate.oxperimant. it was found
that the rate of incorporationlpf radicactive TAR inte host

DNA was about 20 ¢ of the rate of uninfected cells. This
\
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resaidual host DNA synthesis may be due to the presence of
uninfected and phage carrying cells in the culture. The
above results éppear to indicate that the synthesis of
host DNA is shut off soon after infection. However, an
alternative explanation for this result may be that radio-
active TAR can no longer snter the nucleotide pools 1in
phage-infected cells. Therefore, the rate of DNA synthesis
was measured also with S—BH-CdR. The rate of incorporation
of 5-3H-CdR 5 min after infection was again 20 ¢ of the
rate of uniﬂ?ected cells,

It was reported earlier that the development of
PBS 1 was completely resistant to rifamycin, an inhibitor
of RNA synthesis (15). In the present study, it was found
that rifamycin inhibited DNA synthesis in PBS l-infectad
cell® only slightly, but DNA syanthesis in uninfected cells
was reduced greatly by the antibiotic (Table 28). When
similar eoxperiments were. carried out with DNA negative phage
mutants, it was found that the rate of DVA synthesis, which
was about 20 % of the rate in cells infected with wild type
rhage, was reduced to the background level by the addition
of rifamycin (Table 28). These results may indicate that
residual omounts of DNA synthosis in PBS l-infected cells

may be due to the prosence of uninfected cells and phage-

carrying cells.

Dogrodation of host DNA : 1In E.coli infected with phage

Ts host DNA is rapidly degraded and deéoxyribonucleotiden
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v
released are reutilized in the synthesis of phage DNA (14l
However, in the PBS 1 system, Tomita (137\ found that host
DNA was not degraded to acid soluble nucleotides in cells

’ TN
in Tris medium infected at very late exgpaéﬂtial hage.
In order to investigate host DNA dzgradation during PBS 1
infection under our conditions, thé release of ra&ioactivity
from host cells prelabelled with méﬁhyl—3H~TdR was)meaﬂured.
|

No changes occurred in the a@ﬁunt of TCA precipita?le
radioactivity in the cells infected with PBS 1 at an MOI
of 5 in PA (Fig. 8), indicating the absence of host DVA
degradation. The apparent absence of host DNA degradation
is not due to reutilization of degradation products in

phage DNA synthesis, since no enzyme which demethylates

dTMP in B.subtiliz cells is known.

Pyrimidino metgbolisé.
The pathways for the’metabolism of pyrimidine

compounds in uninfected colls of B,.subtilis are summarized

in Fig. 5. The following experiments were carried out to
investigate UdR kinase, CdR deaminase and CdR kinase in
PBS l-infected cells., In mddition, changes in 4dCDP
deaminase, ribonucleotide reduc;ase,mnd the thyB coded
enzyme were also stud;cd in PBS l-infected cells. All
bacterial mutants used in thie study lysed after 60 min

after infeoction indicating that the dewelopment of PBS 1

in theaetotraina may be comparable to that in wild type cells.
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UdR kinase 3§ In order to investigate induction of UdR 3

kinase, phage infected cells of strain tsAl3 cdd-1 pyrGl :%
dck-4 were labelled with 6- H-UdR or 6- H-uracil. A simi-
lar experiment carried out with uninfected cells showed

that no significant amount of UdR was metabolized by UdR
kinasze in the uninfected cell and that nearly all UdR was
broken down to uracil and deoxyribose-l-phosphate (Table 5).
In pyrG strains radioactivity from 6-3H-UdR and 6_3H—uracil
can be incorporated only into the dUMP molety of PBS 1 DNA
and not into the dCMP moiety., If UdR kinase were induced
by PBS 1, the radioactivity in DNA as a percentage of the ;
radiocactivity incorporated into total nucleic acids should
be substantially higher after~the addition of 6-3H-UdR to
the cells than after the addition of 6-3H-uracil, since Ud4R

~ could be directly converted to 4dUMP—s AUDP—>dUTP. Cells

of t5Al13 cdd-1 pyrGl dck-4 were infected with PBS 1 at an %‘
MOI of 4 and labelled with either 6-3H-uracil or 6—3H~UdR. |
It was found that the fractien of the total CPM incorpor-

ated into DNA after the addition of 6-3H-UdR was not signi- :
ficantly different from the fraction of CPM incorporated
into DNA after the additi;n of 6—3H-urac11 (Table 29).
This resuit indicates'that no UdR kiqaﬁe i3 induced in

PBS l-infected cells.

CJR kinase and CdR deaminase .1 Induction by qu 1 of phage

coded CdR kinaose or CdR deaminase was tested by measuring

-
- [
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the incorporation of S-aﬁ;CdR into nucleic acids of strain

t2A13 cdd-1l pyrGl dck-4. This strain carries the dck and

cdd mutations and is unable to metabolise CAdR either by
CdR kinase or by CdR deaminase. If eithar CdR kinase or
CdR deaminase is8 induced in phage infected mutant cells,

5~3H—GdR must be incorporated into DNA or;RNA. If only

3H--CdR will be incorperated into
DNA and if only CdR deaminase ia induced, 5-3H-CdR ia
expected to be incorporataed mostl} into RNA,

PBS l-infected cells of tsAl3 cdd-1 pyrGl dck-4
were labelled with S—BH-CdR and 1t was found that no radio-

activity was incorporated into nucleic acids (Table 30).

This result indicates that neither CdR kinase nor CdR

deaminase is induced after PBS 1 infection.

-~

dACDP deaminase 3§ In order to determine whether the host

dCDP deaminase was affected by PBS 1 infection, tho activity
of this enzyme was assayed in cells of strain tsAl13 odd-1,
from which many other straoins used in this s2tudy were
derived. The specific activity of dCDP deaminase was

70 nmoles/h/ mg protein in uninfected cells and 80 nmoles/h/
mg protein in PBS 1 infected cells of the same culture,
indicating that dCDP deominase was not affected by phage

infection.
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Ribonucleotide reductase : The activity of CTP reductase

and UTP reductase were assayed in uninfected cells and in
phage infected cells of strain dns-6 which has low levels
of CTP reductase. It was found that both UTP reductase

and CTP reductase‘activities remained practically the same
during phage development (Table 31), indicating the absence
of enzyme induction. It was also found that treatment with i
rifamycin which does not interfere with induction of phage
coded enzymes (111, 115) caused a marked decrease in the

»

spaecific activity of CTP reductase.

Activity of the thyB coded enzyme : It was found by Tomita ,

and Takahashi (unpublished reaglt) that PBS 1 infection does

not alter the level of dTMP synthetase coded by the thyA

-

locus, In order to investigate the thyB coded pathway in

PBS l-infected cells, the release of tritium from 5-3H-dUMP

- 3

wae measured in crude extracts of uninfected and PBS 1l-

+
4infected cells of strain tsAl3 cdd-1 thyA thyB . 1In this

»

h~//}strain the activity of the thyB coded pathway can be assayed
without interference from the thyA coded thymidylate synthe-
tamse, Crude extracts were prepared from cells harvested

before infection and 25 min after infection with PBS 1,

v mr . R .

These extracts were incubated with the standard reaction
mixture.* It was found that the amount of CPM released into
the medium by extracts of infected cells was about 50 % of '

that released by uninfected cell extracts (Table 32). .
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Table 27.

Various types of cells in a PBS l-infacted culture.

< of totaml 4 of total
Cell type
in PA in MMC
rhage producing 85 L
phage carrying 7 7
uninfected 7 7
"killed"® 1 B2

Cello of SBLOE were grown in MMC and in PA to the late
exponentinl phase and infected with PBS 1 at an MOI of 5,
Ten min after infection the cultures were treated with phage
antiserum (diluted 1:120) for 3 min. The number of surviv-
ing cells was determined on TBB. In order to establish the
numbers of phage carrying and uninfected cells, individual
colonies from the TBB plates were toated for their capac#ty
to produce lysis on lawné of sensitive bacteria. The number
of phage producing cells waz calculated by subtracting the
number of phage carfying cells from the total number of PFU

dotornmined 10 min afteor infection,
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Table 28,

The offect of rifamycin on the rate of

DNA synthesis in phage infected ceslls.

Relative rate of DNA synthesais

/” Phage .

. - rifamycin + rifamycin
PRS 1 (wild type) 1.00 0.77
SFU50 0.21 0.04
SNG5 0.25 . 0.07
No phage 0.92 0.07

Rifomycin (25 pg/ml) was added 2 min before infection.
The rate of DNA synthssis was measured by the incorporation

3H-CdR. Radionctive material was andded at 10 min after

of 5.
infection at o final concentration of 1 uCi/ml. The amount
of radioactivity incorporated into TCA inseoluble and alkali

stable materinl was measured at 20 min after infection.
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Table 29.

-Incorporation of 6_3H-UdR and 6- H-urscil into

{
nucleic acids in infected cells,

Time., after the
addition of UdR

i

CPM in total CPM in % of CPM

or uracil * nucleic acide DNA in DNA
(min)
6-JH-vdR o 61 65 -
7.5 . 5866 610 10.6
15 12733 2137 16.8
6—3H-uracil (o} 169 191 -
7.5 6206 568. 9.2
15 18973 L1513 23.8

Colls of toAl3 cdd-1 pyrGl dck-4 were grown in PA supplemented
with 20 mpg/ml CR. In the late exponential ph&me.tho cells
were infecteod with PBS 1 at an MOI eof 4. Twenty five min
after infection 6-3E;UdR or 6—3H-uracii was added at a

final eoncontration of 5 pCi/nl. Tho incorporation inte

nucleic geids, and DNA was noasured at the timos indicated.,

s amara M o £ 3 T p
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Table 30.

Incorporation of S—BH-CdR into pyrimidine mutants

infected with PBS 1. <

Time .CPM inceorporated CPM incoerperated

in in
. (min) t8A13 cdd-1 tsA13 cdd-1
‘ min pyrGl pyrGi dck-4
Uninfectod o ’ 95 13
colls
5 L286 25
10 9366 Lé
15 16011 ) 49
20 28258 ' 29
PBS l-infected 0 L3 i4
cells
5 7509 88
10 13550 52
15 T 22825 72
20 30517 - 123

Colls of t5Al3 cdd-1l pyrGl ond $5A13 cdd-1 pyrGl dck-4 were
grown in PA supplocented with 20 pg/ml CR. In the late
expenontial phase cells werse infected with PES 1 at an MOI
of 4§, Twenty min after infectiocn 5—3ﬁLGdR was added at a
final concontration of 1.25 mCi/ml. The incorporation of
radioactivity inte nucleie acids was moaourcé.in PBS 1-

infocted collo ard in an uninfectod control culturo of

both straino,



Table 31.
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UTP reductose and CTP raductose activity before

and after infection with PBS 1,

UTP reductase

specific activity®

+ CTP reductasmso

specific activitya

Uninfected colls 6.6
PBS l-infected 7.1
cells

PBS l-infoctoed
coll troated with
rifamyein P 4.0

k36

300

54

o oexpresnsed as pmoeles/h/ mg protein.

b 20 pg/ml rifamyein was added at 2 min before infection.,
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Table 32.

Activity of the thyB coded pathway after PBS 1 infection.,

Concentration
of protein in CPM 4in the czgntzo:h@
the reaction supernatant supornatant
mixture liquid a P a
(mz/m1) liquid
Uninfected cells 2.5 11612 1975
1.25 4760 893
PBS l-infected 2.76 Lhg9g 1050
cellsn
. 1.38 2730 1129
Boiled extract 2.5 1530 615

5-BH—dUMP was used as substrate in the assay, which was
performed by the standard proceduro.

2 CPM in 0.5 nl of supornatant liquid. The CPM in the
contrel are those released into the rmedivm without

incubation at 37 C for 3 min.
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Incogﬁoration of 3H—uridino inte nucleic acids

in PBS l-infected cells.

A culture of SBl9E (2 x 108 cells/ml) in PA was
infocted with PBS 1 at on MOI of 4 at various tinmes cells
were pulse labelled with Jh-ur ( 40 pci/ml) for 5 min.
The incorporation inte nucleic acids and inte DNA was

measured.

Symbolon:

CO—0 s RNA,
o'_—"o : DNA.
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Figure 7.

*

Incorporation of 3H—thymidine into nucleic ancids

in PBS l-infected cells,

A culture of SB19E (2 x 108 cells/ml) in PA was
infected with PBS 1 at an MOI of 4 and labelled with
methyl—BH-TdR (100 pCi/ml) continuously. At various times
after the addition of radiocactive maoterial the incorporation
into nucleic acids was measured in the PBS l-infected

culture and in an uninfected control culture.

Symbols;,

OO » uninfocted cells,

O s PBS 1l-.infected cells.
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Figure 8.

Stability of the host DNA in PBS l-infected cells,

)

_—
Cellls of SBlOE were prelabelled with

me thyl- H-TdR ( b0 pCi/ml) in PA in the late exponential
phase for 1 hour., Cells were harvested by centrifugation
at room termperature and diluted (1:10) in fresh prewarmed
PA, One hour after resuspension of the cells the culture
reached o turbidity of 80 Klett unites and PBS 1 was added
to an MOXI of 5, At various times after infection the
amount of TCA precipitable radiocactivity was measured in

a PBS l-infectod culture and in an uninfected control.

Syrmbolss

C—— » uninfocted cellso.

O———0 » PBS l-infected cello.
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CHAPTZER VI.

THE SYNTHESIS OF dUTP IN PBS 1-INFECTED CELLS,

The metabolism of pyrimidine compounds in

B.subtilis and changes induced by PBS 1 infection investi-

gated in this and earlier studies (59, 106, 137 -~ 139) are
shown in Fig. 9. According to the proposed paothways 4dUTP,
the precursor for PBS 1 DNA synthesis,can be formed either
by raduction of UTP or by deamination of deoxycytidine
nucleotides (dCTP and 4CDP).

Fig. 10 ghows the metabolism of pyrimidine compounds
at later stages of PBS 1 development. It is assumed that
dephosphorylation of dUDP and d4dUTP is reversed by phage
induced dAUMP kinase (59, 138) and that the synthesis of
thymidine nucleotides 1is blocked as a consequence,

If ono assumes that 1) the dCTP peol and the 4UTP
pool turnover rapidly and conseguently the poels reach
maximal specific zactivity rapidly after the addition of xradio-
active material, and that 2) the synthosis of deexyribo-
nucleootides in the PBS l.infected colln i8 in o ateady-wtate;
tho ratie dUMPK/dCMFK in ?he phoage DNA can b used to

determine the fraction of AUTP derived from each pathway.

- 119 -
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Although the vWalidity of these assumptions has been verified

for T4 infected cells of B.coli, no relevant data are

available foxr B«abtilis,
<>

In the present study the ratio dUMPﬁ/dCMPgs was

//determined in the DNA of PBS 1 labelled with various bases
and nucleosides in 2 number of mutant strains affected in
theo metabolism of pyrimidine,

On the basis of the above assumptions tho ratio of
the aspecific activity of 4dAUTP to that of dCTP in the cell
equals the ratio JdUMP" /dCMP® in the DNA, ATo interpret the
results of the labelling experiments, the former ratio
(dUTﬁK/dCTﬁK) was expressed as a function of the specific
radioactivities of the substrates (UTP,dCTP and 4CDP) and
of the relative centribution of the pathways involved in
the synthesis of AUTP ( a.é. UTP reduction, dCTP decamination
and 4dCDP deamination) as follows:

Let the fraction of AUTP derived from the roduction
of UTP equal (x), and let the fraction derived from doam}ﬁa~

\7tion of dCTP equal (y), then the fraction derived from the
docminntion of dCDP will be ( l-x-y), assuming that the
pathways in Figs. 9 and 10 are correct.

The specific nctivity of the dUTP pool (d) can be
deseribod as o wolghtod average of the specific activities
of the UTP, dCTP arid ACDP pools. Tauos

d = xa ¢+ y¢ ¢ (l-z-¥)o

o .
P e e i Y e

. 4
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where: d = the gspecific activity of the d4dUTP pool ,

2
I

the. specific activity of the UTP pool ,

0
I

the specific activity of the 4dCTP pool ,
o = the specific activity of the d4dCDP pool .
(x) = the fraction of dUTP derived from

UTP reduction

1

(y) the fraction of dUTP dorived from

dCTP deamination

14

(L-x-vy) the fraction of JdUTP derived from
dCDP deamination

The ratio d/c will be:

- X0 Ly, (l-x-y)e
c c

da xa
Cc
This ratio d/c equals the ratio dUMP®/dCMP* in the DNA of
PBS 1 which can be determined experimentally after
labelling the DNA with various radioactive’cOmpOunds.

This general equation can be simplified according
to the mutante and radioactive compounds used:

Whon S-BH-CR or S-BH-CdR are used in strains carry-
ing the cdd-1 mutation, ne UTP will be labelled (Fig. 10).
Therefore, the specific activity of UTP (a) will be zerxro
and the torm 5% can be emizted from the equation,

When 5-3H-urmoil or S-BH-UR ara used in stroins
cérrying the pyxG mutation, no cytidinoe or deoxycytidine
nucleotides will bo labelled (Fig. 10). Therefere, the
apécific activities of CTP (b), 4ACTP (c) and dCDP (o) will

be gero and d/c will be infinite.

o s W

e
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In strains lacking 4ACDP deaminase, the fraction
(1-x-y) will be zero and x + y = 1,
In strains carrying the dck mutation, the specific
activity of dCDP equals the specific activity of ACTP ( & = c¢),

-

since all 4dCDP is derived from A4CTP in such a2 strain. Thus

the general equation for such a strain becomes: !

g , 28
- (1-x)

-
>

In strains carrying a-combination of the dck and
crk mutations no dilution of the uridine and cytidine
nucleotide and deoxynucleotide pools will occur (Fig. 10).
The specific activities of UTP,CTP,dCTP,dCDP,dUDP and dUTP
will be the some (2 = b= c = d = e = f) and therefore d/c = 1.
No difference should be found in the value of d/c
when DNA is labelled with 5-JH-uracil or 5-JH-UR, since both
compoundes enter the ngcleotide pools via UMP.

A summary of the modifications of the general formula

expressing the ratio d/c is shown in Table 33.

Various mutants infected by PBS 1 were 1abeklgg\yijyﬂr
5-3B-urocil, 5-3H-CR, 5-JH-CAR or in oné- éase 5-JH-UdR and
the ‘ratio AUMPE/ACMP= was determined (Table 34),

The ratio dAUMP™/4CHPT was found to be 1.0 in strain

18413 cdd-1 dck-3 crk-1 wWhed this strain was lobelled with

either 5-BH-uracil or 5~ H-UR after infection,
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The ACMP in phage DNA was not labelled when cells

of ts8A13 cdd-1 pyrGl dck-4 were infected and labelled with

5-H-uracil. The ratio dUMP*/ACMP* in the phage DNA was
very high. ’

If UdR kinase contributes to the dUTP pool, a high
ratio dUMPX/dCMP® would be expected, since deoxyuridine
nucleotides would be labeliled directly while deoxycytidine
nucleotides would reméin unlabelled. However, it was found
that the ratio dUMPx/dCMPx in PBS 1 DNA labellad with
5-3H-UdR in wild type cells was the same as the ratio
obtained with 5-JH-UR. This result indicates that UdR is
broken down t¢ uracil and dR-1-P and that the radioactivity
enters the nucleotide pools via UMP. This result is thus
in agrecment with earlier data shown in Tables 2, &, 5 and
26 which indicate that UdR is predominantly metabelized by
conversion to uracil and 4dR-1-P,

If a large omount of 5-JH-CdR is metabolized via
UdR by deamination, the ratio dUMP®/ACMP™ in DNA labelled
with 5-JH-CAR in wild type cells will be similar to those
obtained with S-BH-UdR and 5-3H-UR. However, the ratio
dUMP™/dCMP™ in the DNA of PBS 1 labelled with 5-JH-CdR was

different from the ratios obtained with 5-3H-UdR or

3 x

5-H-UR (Table 34). Furthermore, the.ratio duMP™/dCMP™ in

phage DNA labolled in wild type cells would be expected to
be different from the ratio obtained in a cdd mutant if a

large amount of CdR were deaminated in wild type cells,

3
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However, no difference was found between the ratio obtained
with 5-3H.Cdn in cdd mutants and in wild type cells (Table 34),
These results indicate that CAR i» predominantly metabolized
by conversion to dCMP in wild type cells and not by deamina-
tion. This 16 in agreement with incorporation experiments
carried out earlier yhich showed that more than 95 % of the

5-3

H- CdR incorporaé;d into nucleic acids in wild typelcells
was incorporated into DNA rather than into RNA,

The ratio dUMP~/dCMP™ in PBS 1 DNA labelled with
5-3H-CR in strain tsAl3 cdd-1 dok-3 was 0.53. This indicated
that in this strain the value of (1-x) was 0.53 (Tables 33
and 34) and consequently (x) was 0.47. Therefore, about
50 ¢ of the dUTP was derived from reduction of UTP and the
remainder was derived from decmination of dCDP and dCTP.

The valaes of the ratio dUMPX/ACMPX in strain tsAl3
cdd-1 ddd-3 labelled with S-SH-CdR or S-BH-CR were O.44 and

0.58 respectively. The value of the ratio dUMF® /dCMP® in

tsAl3 cdd-1 ddd-3 crk-93 labelled with S—BH-CdR was 0.47.,

Tables 33 and 34 show that these values are indicative of
the value of (y), the fraction of QUTP derived from deaminoa-
tion of dCTP, in these strains, Thé/g;;rage value of (y)

in the three detorminations was 0.50. Since in the ddd
rutants (l-x-y) oquals zero, (x+y) oquals 1, It may bo
conciuded that in these strains about 50 % of AUTP iso
dorived from reduction of UTP and cbout 50 % is derived from

deamination of d4dCTP.
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It was observed that the value of (x) was about
0.50 in strains tsAl3 cdd-1 dck-3, tsAl3 cdd-1 ddd-3 and

t3A13 cdd-1 ddd-3 crk-3. If we assume that (x) is also

about 0,50 in strain ts5Al13 cdd-1l, the values of (y) and
(1-x-y) can be estimated in this strain.

The general formula for the ratio dUMP*/ACMPT in

PBS 1 DNA labelled in strain EﬂAlB cdd-1 with 5-3H-CdR or
with 5—3H-CR is

4 -y, (l-x-v)e

c c

Since (x), (y) and (l-x-y) are constant for a given strain,

the observation that the values of d/c of PBS 1 DNA in strain

tsA13 cdd-1 labelled with S—BH-CdR was different from that
obtained with 5-3H-CR was unexpected. The parameter which
coutes this differonce is the value of e/c, which is the
ratio of the epo;;féf‘fgz{;I%y of dCDP to that of AdCTP. In
experinents on the synthesis of dTTP in uninfected ceila,
it was already observed that the ratio dCDP*/dCTP™ (e/c)
depended on the type of laobeol used (Table 26)., A similar
differconce between the values obtained with 1I&C---CdR and

1k

C~CR was obmerved.

Tho above equation can be rewritten to:

R
e o 7~
c lex.y

The values of d/c in PBS 1 DWA laobellod with S-SH-CdR and

5-?H—CR wore found to beo 0,97 and 0.50, rospectively
. -~

(Table 34). Thus, if we introduce thess experimental values

Fir e v
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for d/c in the formula we obtain:

(2 o= L0 =3 ohq (D) - 9:97 - ¥
¢’ CR T l=x=y ¢’ CdR lex-vy

and conseqguently, since (x) , (yv) and (1-x-y) are constant

in one strain:

2)

[ o] CdR 0-97 - Y

ey -

c’ CR 0.50 -~ ¥y

The parametoer (%)Cdg /(%)CR i85 dotermined by the degree at
which the specific activities of the dCTP and the dCDP pool
are diluted by unlabelled compounds derived from the CTP
reductase or CdR kinase pathways (CdR to dCDP). If we
assume that the degree at which the 4dCTP and 4dCDP pools are
diluted by unlaobelled materiazal remains constant after

infection, then we can substitute the value of (9_)CdR /e
¢’ Cq (S)er

by the value of this parameter in uninfected cells which can

be calculated from the ratios ATMPX/ACMP= in DNA of strain

tsAl3 cdd-1 labelled with 1“C-CdR and 1hC-CR (Table 26).

The value of (&)cdRr /(%)CR would equal:

X
(aTMP /dcmp’i)cdR _ 0.62 5
(aTP®/acup™} 0.19
CR
LY
Therefore: 0.97 - ¥ - -
0.50 - y 3 f.\nd y “D 0.26.

If x = 0.50 , 1lox-y = 0.24,
Therefore in stroin tsAl3 cdd-1 , about 50 % of dUTP may be

derived from the reduction of UTP, 25 % may be deoerived from

deamination of dCTP ond 25 % may bo derived from doamination

of dCDP.
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The ratio dUMPx/dCMPx was calculated from the ratio of
CPM in dUMP/4dCMP, The total CPM on the chromatograms
ranged from 4000 - 50,000 , except for those ratios
indicated with © in which 1500 - 2500 CPM were used.
2 5 34_uracil and 5-JH-CR were added at a final
concentration of 5 pCi/ml; 5-3H-CdR was added at o
concentration of 1 npci/ml and 5-3H-UR was added ot a

concentration of 10 PCi/ml.
b S-SH-UdR (10 pCi/ml) was used in this experiment.

€ All experiments were carried out in PA,except for this
strain 20 pg/ml CR was added to the modium.

d These values are averages of two determinations.
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CHAPTEHR VII.

DISCUSSION,

Metabolism of pyrimidine bases and nucleosides in

uninfected cells,

The foregoing results indicate that the metabolism

of uracil, UR and UdR in B.subtilis resembles that in

enteric bacteria., Uracil and UR are converted to UMP and
serve as a precursoxr for the pyrimidine compounds required
by the cell (6, 19), ~

The oﬁservation that the 1incorporation of radio-
active 'UR into nucleic acids was significantly lower than
that of uracil, suggests that the conversion of uracil to %
UMP does not involve UR as an intermediate. An alternative
explanation may be that the poor incorporation of UR is due
to poor uptazke of this compound by the cells, In E.coli

and S;corevisiae, however, the uptake does not seem to be

the rate limiting aﬁép in the incorporation of bases and
nucleosides into nucleic acids (47, 62, 94, 103). 1In

B.subtilis, thorefore, uracil may also be converted to UMP

by an enzyme comparable to the E.coli UMP pyrophosphorylase

which links uracil to phosphoxribosyl pyrophosphate (21, 97).
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< ~ o
It i not known whethhr UR i® metabolized in

B.subtilis by both UR kinase and UR phosphorylase as 1in

the case of E.coli and S,typhimuriuvm (9, 97).

The motabolism of UdR in B,subtilis seems to be

similaxr to that in enteric bacteria., UdR 15 converted to
uracil and deoxyribose~l-phosphate in the cell and the
activity of UdR kinase which can be domonstrated in vitro
does not scom to play.an important role in the motaboliom
of UdR. Beck ot al. (9) and Fuchs and Neuhard (40) report
that the converszion of UdR to AUMP 1is not significant in
enteric bacteria unless the bacterial straines used are
deficient in TdR phosphorylase (tpp). This enzyme breaks
down TdR and UdR to the corresponding bases and dR-1-P,

Beck et nl. (9) found that in tpp’ strains of S.typhimurium

FUAR wos broken down so rapidly that no toxic introacellular
level of FUAR con bs maintained.
The motaboliom of cytosine, CR and CdR in

B.oubtilis i8 similar in ocome aspects and different in

others to that in enteric bgctoria. Both B.subtilis and

the enteric bacteria contain deoxycytidine~cytidine deam-
inase, which allows pyrimidine roquifing riutants to grow on
CR or CdR oo pyrimidine source (9, 97). While in enteric
bactoxrin CAR 1o tﬁo preforred cnbatrﬁte for this deaminasne

(97)s in B.subtilis CdR and CR appoar to be equally good

substratos, Tho activity of CAR deaminase found in this

.
e ean T s en S W oG



134,
gtudy was similar to that obtained by Tomita and
Takahashi (137, 138),

Unlike the enteric bacteria, B,subtilis contains

an active CdR kinase, which phosphorylates CdR. The
presencé»of this enzyme was sugéested by Bazill and
Karamata (8) from their study of mutants affected 1in
ribonucleotide reduction. In the present study, the
presence of tho enzy&e was demonstrated by conversion of
CdR to dCMP in vitroe. CdR appears to be metabolized
predominantly by conversion to ACMP by CdR kinase, rather
than by demination. This is suggested by the observation
that more than 9% % of the radioactivity from 5-3H-CdR
incorporated into nucleic acidaﬂwaa present in DNA,

A high lovel of CR kinase activity was found in

B,aubtilis. No such ongyme has been described for other

orgonisms, In enteric bacteria CR 185 converted to CMP by

UR kinase (9, 97). CR kinase in B.subtilis is distinct

from CdR kinase, osince dc¢ck mutants which lack CdR kindse
ars not affected in their capacity to incorporate S-BH-CR
into ;ucleic acids. The enzyme 1is also diaﬁinct from UR
kinase, since crk mutants which are blocked in the incor-
poration of radioactive CR are still able to incorporate
radioactive UR into nucleic acide at a rate comporable te
that of wild type cells. An alternative explanation may be
that the incorporation of radioqptivo UR.i%}EEE mutants ig

-modiated by UR phosphorylase. It 48 thus not complotely

P N T e
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excluded that UR kinase and CR kinase are the same enzyme,
To determine whether UR kinase and CR kinase are distinct
enzymes, uridine phosphorylase mutants (upp) will have to
be icsolanted and sensitivity of mutants of the type crk upp
to FUR must be tested.

In contrast to the pyrimidine requiring mutants of

enteric bacteria, mutants in B.aubtilim$zanvnot use cyto-

sine as sole source of pyrimidine. This indicates that

cytosine can_not be deaminated by B.subtilis in sufficient

gmounts to nllow growth of pyr mutants., Like in E.coli and

S.typhimurium (9, 91, 97), in B.subtilis ostrains carrying

the pyrG mutation CR can.not be replaced by the addition of
cytosine to the medium, This indicates that neither CR
phosphorylase nor o CMP pyrophosphorylase are preosent in

this organiom.

Trans~-N-deoxyribosylase which i3 present in

Lactobacilli (11) seems to be absent in B,subtilis, Some

t8A mutants of Bazill and Karamata (8) required two
deooxyribonucleosides for growth aond, ono deoxyribonucleoside
and the three otheor bases did not support growth of theose
sutanta. The dns mutants iselated in this study showed
similar roequiraments for‘CdR and ono ©f tho purine deoxy-
ribenucleesides. If trans-N-docoxyribosoylase is active in

B.subtilis ono deoxyribonucleooside pluB the other bases

ohould bo sufficient to sSupply the cells with all deexyri-

b@nucléosidos.
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Metabolism of pyrimidine nucleotides in uninfected cells, %

\ B
It i2 clear from this study that strains carrying
~
the pyxrG mutation are blocked in the conversion of uridine .
— “{
P
ribogucleotides to cytidine ribonucleotidez, A number of
PYrG mutents reverted to CR independence. This may indicate
that only one reaction is involved in the amination of
uridine nucleoctides, It i3 unlikely that the pyrG mutants
originally are double mutants and that single revertants .

are CR independent énalogoue to the case of thymine depend- %

ence in B.subtilis. The pyrG mutants are most likely

blocked in the conversion of UTP to CTP by CTP synthetase.
Although no biochemical evidence is presented, it is
assumed that the amination of uridine ribonucleotidea takes %

*

place at the triphosphate level in B.subtilis. In all :

other organismes studied so far the amination of uridine j
ribonucleotides takes place at the triphosphate level (97).
- <
The observations of Wilson et al. (150) on genetic
loci which govern the biosynthesis of thymidine nucleotides

in B.subtilis were confirmed in this study with strain

167 tsA13 thyA thyB and its cdd-1 derivative. Aminopterin
. +

resistant and sensitive thy transformants were isolated

and: sensitivity to aminopterin wan correlated with the

presenco of the thyA coded thymidylate synthetase in the
<

various straina. The obseorvation that ATMP in B.subtilis
DNA i labelled by radloactive CAR suggosts tho existence

of a pathway for the coaverscion of dooxycytiéino nuclootides

\
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to dTTP. ,The values obtained for the ratio dTMP’/dCMP™
in the DNA of mutants with various combinations of the
thyA and thyB genotypes indicate that a deoxyuridine
nucleotide is an intermediate in this conversion of
deoiycytidine nucleotides to 4dTTP. An enzyme activity
which released tritium from the 5-position of S-BH—dUDP
was present in extracts of strain thyA Eth+ and absent
in strain thyA thyB.™ Since it was found that tritium was

3H-dUMP and 5-°H-dUDP and

released in equal amounts from 5-
8ince the latter compound was rapidly and gquantitatively
converted to dUMP, it was concluded that 4dUMP was the

substrate for the enzyme coded by the thyBR locus.

The foregoing conclusion that the conversion of a

deoxycytidine nucleotide to ATTP occurs with a deoxyuridine

nucleotide as intermediate implies that B.subtilis cells

must contain a deoxycytidine nucleotide deaminase., Indeed,

a deaminase for dCDP was -found in B.subtilis cells and a

preliminary characterisation of this enzyme was carried out.

A number of mutants lacking dCDP deaminase (ddd)

were isolated in the course of this study. They were FCJdR

i

resistant derivatives of strains already carrying the cdd-l1

mutation., The ddd mutants differ from dck mutants,which are

also resistant to FCAR,in the rate of incorporation of
radioactive CAR into nucleic acids. Ths ddd nutants
incorporate radioactive CdR at reduced rates, possibly due

te o roduced rate of turnover of the 4dCDP péal.
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Results of experiments on ribonucleotide reductase

in crude extracts of B.subtilis were variable and incon-

clusive. Similar difficulties were encountered in the early

work on ribonucleotide reductase in crude extracts of

E.coli and L.leichmannii (73). Larsson and Reichard (73)
in a review of the earlier experiments on this enzyme in
crude extracts of E.coli state that "the activities of
different extracts varied wildly, and the results of kinetic
experiments were very peculiar®", Contrasting ewvidence on
the role of ATP and Mg** accumulated in studies on ribo-

nucleotide reductase in crude extracts of L.leichmannii

(33, 73). Beck (10) showed in a study on the regulation
of this enzyme that a very complex interplay exists betwe;n
ATP and divalent cations, which can be stimulatory or
inhibitory depending on the substrate and the concentration
and type of effector molecules ;resent (ATP or deoxyribo-:
nucleoside triphosphates),

It is assumed in the present and other studies (8)

that the reduction of ribonucleotides in B.subtilis is

carried out by one enzyme. No reoal evidence for this assump-~
tion exists, except that in all other organisms studied so
far only one enzyme is reapoasible'for the reduction of
ribonucleotides. The oxistence of only one ribonucleotide

?

reductase in B.subtilis i85 suggested by the study of Bazill

and Karamata (8) on $2A mutants and by our study on dns
mitants., Both types of mutants require a pyrimidine and

a purine deoxyribonucleoside for growth, It seems therefore

!
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that these mutants are affected in one enzyme that reduces
both purine and pyrimidine ribonucleotides,

Although the ribonucleotide reductase activity
observed was variable, the rate of reduction of cytidine
ribonucleotides was consistently greater than that of uridine
ribonucleotides, Similar observations were made in crude

extracts of E.coli and L,leichmannii. In these organisms

the rate of reduction in vitro of uridine ribonucleotides
wae markedly lower than that of reduction of cytidine ribo-
nucleotides (10, 16, 43). Results presented in this thesis
support the hypothesis that ribonucleoside triphosphates are

the substrates for ribonucleotide reductase in B.,subtilis.

If we assume that the reductase acts on either CDP or CTP
but not on both, the following observation would also suggest
that the redunction takes place at the triphosphate level,

If B.subtilis had a diphosphate reductase, then both radio-

active CdR and radioactive CR would label dCDP before dCTP.
From the dCDP pool the radioactivity would flow to dCTP

and ATTP in uninfected cells and to dCTP and 4UTP in

PBS l-infected cells (Figs. 5 and 9), One would not expect
any difference in the ratio ATMP*/dCMP™ in uninfected cells
of cdd mutants or in the ratio of dUMP¥/dCMP® in PBS 1-
infected cells of cdd mutants between DNA labelled with
radioactive CAR and DNA labelled with radioactive CR.
However, such differences were found in the present study
(Tables 26 and 34). The above statement is valid only if

e
dooxyribonucleoside triphosphates are the irmediate precursors
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b

/

for DNA, and if no part of the 4CDP pool is channelled
specifically to either dCTP or 4TTP (dUTP), analogous to
the channelling of carbamyl phosphate to arginine or to
pyrimidine biosynthetic pathways in N.crassa (28).

B.subtilis cells are sensitive to hydroxyurea (99).

Growth inhibition of B.subtilia can be overcome by deoxyribo-

nucleosjides only in strains which csn convert these com-
pounds to deoxyribonucleotides, Therefore, the deoxyribo-
nucleosides seem to exert thelr effect in overcoming the
inhibition by hydroxyurea after conversion to deoxyribo-
nucleotides. Thus, our results on growth inhibitlon suggested

that the ribonucleoside triphosphate reductase in B.subtilis

might be sensitive to hydroxyurea, as in the case of E.,coli
(122). However, ribonucleoside triphosphate reductase
activities were not inhibited by this drug. Ribonucleoside

triphosphate reductase of B.subtilie, therefore, resembled the

L.leichmannii enzyme (33).

Our dns mutants which require deoxyribonucleosides
%or growth and the t2A13 mutant of Bazill and Karamata (8)
were not deficient in CTP reductase and UTP reductase activ-
ity. Some of the dns mutants were tegperature-senéitive in
their requiremont for deoxyribonucleo$13€3 and tsAl3 muta- ~
tion could be suppressed by the introduction of other muta-
tions (cdd-1 thyB or cdd-l1l ddd-3). These observations

indicate that the requirement for deoxyribonucleosides may

be associated with relative growth rate as im the nrd mutant

—raraedhsoaRnrhot W
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of E,coli (41). It may also be due to altered rsgulatory
properties of ribonucleotide reductazse in these mutants,

rather than defectiveness in ribonucleotide reductase.

The synthesis of d4dTTP.

The synthesis of 4dTT} in B.subtilis was studied by

determining the ratio dTMP  /dCMP™ in the DNA of various
mutants labelled with radioactive uracil, CR or CdR for
more than two generations. This ratio should be a measure
of the amount of dTTP derived from the wvarious pathways
involved in the synthesis of this compound. However, the
validity of relating the ratio dTMPx/dCMPx in the DNA to
the ratio of the specific activities in the pools of DVA

precurscrs rests on the following assumptions,

The first assumption is that steady-state conditions

exist with regard to the synthesis of deoxyribonucleotides

in B.subtilis. It was shown by Neuhard and Thomassen (92)
that steady-state ;onditions oxiat in exponentially growing
cultures of E.coli, since the pool sizes of the various
deoxyribonucleoside triphosph;tea remain constant through-

out growth. Similar studies with B.subtilis have not yet

been made,

The second assumption is that the pools of d4CTP
and 4dTTP turnever rapidly, s¢ that thoy rench maximum
spocific activity soon after the addition of radioactive

compounds, According to Neuhard and Thomassen (92) the
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dCTP pool in E.coli had a half time of 1.1 min at 30 C.
The turnover rate at 37 C was too fast to be measured
accurately. According to Werner (146) maximum specific
activity of the dTTP pool was reached within 5 min in
E.coli growing with a generation time of 400 min; 1i.e.,
within 1/80 th. of the generation time maximum specific
activity wes reached. It seems thus valid to assumoc that
the pools of deoxyribonucleotides reach maximun specific
activity rapidly enough that thhk initial imbalances will
not affect tho overall ratio of the opecific activities
established over z period of more than two generations of
the cells,

The third assumption is that there is no
compartmentalisation or channelling in the pools of deoxy-
ribonucleotides. It is assumed that all deoxyribonucleotides
participate with equal probability in the DNA polymerisation
process or in the formation of other deoxyribon?cleotidea. &
fvidonce suggestive of compartmentalisation in DNA synthe-

sizing systems in freeze-treated B.subtilis was presented

by Billen ot al. (17, 18). However, this evidence was
inconclusive since no differentiation could be made betwoen
incorporation into viable and non-viable cells in the
population of freocze-troated cells.

The fourth assumption is that deoxyribonucleoside
triphosphates are tho immediate precursers for DNA synthe-

sis. This was questioned by Werner (146) in 1971. A

[ o
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postulated precursor dTMP-X, synthesized from 4dTDP was pro-
posed as irmodiate precursor for DVA replication, while
dTTP was suggested to be the precursor for repair synthe-
sis. The assumption that deoxyribonucleoside triphosphates
are immediate precursors for DNA synthesis can not be proven
at this time. However, the results in vitro with DNA poly-

merase IITI in E.coli and in B,subtilis suggest that this

enzyme, which 1is indicated to be the replicative enzyme,
requires deoxyribonucleoside triphosphates for activity
(bk, 148, 1L49). The following observations made in this
present study indicate that deoxyribonucleoside triphos-
phates may be the precursors for DNA synthesis, alt%ough
deoxyribonucleoside monophosphates as immediate DNA preo-
cursgors are not ruled out entirely., It was found tha£ the
ratio dTMP /dCMP™ in DNA of cdd mutonts labelled with radio-
active CR was differsnt from that labelled with radioactive
CdR. If the diphosphates are the precursors for' DNA syn-
thesis, these ratio are not expected to be different. |
If we accept these assumptions, the ratio ATMP /dcMP™
i2 indicative of the\amount of 4ATTP derived from the various
pathways. In MMC about 40 % of the 4TTP was found to be
derived from deamination of deoxycytidine nucleotides.
This conclusion was based on the observation that the ratio E

1k

=4 s ' .
dTMP /ACMP in DNA labelled with ~ C=CR was 0.39 in strain

£8A13 cdd-4 grown in MMC. The romainder of tho dTTP must
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have been synthesized from reduction of UTP, since in MMC
no exogenous TdR or CdAdR are present.
In PA the contribution of various pathways could not
be established rigorously. The rezults in Table 26 suggested

that in strain tsAl13 cdd-1 dck-3 crk-1 about 17 % of the

dTTP was derived from exogenous TdR. In strain tsAl3 cdd-1
20 4 of the dTTP was derived from reduction of CTP. If we
assume that the overall contribution of the 4dCDP deaminase
pathway to the synthesis of ATTP was the zame a®s in the

case of MMC and that about 17 4 of the ATTP was derived from
exogeqyus TdR in strain tsAl3 cdd-1l, we can draw éhe follow-
ing conclusion: 17 % of 4ATTP was derived from exogenous TdR
in s$rain tsAl3 cdd-1, 20 % was derived from reduction of
CTP, 20 % was derived from exogenous CdR and the remainder

|
(43 %) was derived from reduction of UTP.

"Pyrimidine metabolism in PBS l-infected cells,

In PBS l-infected cells no appreciable incorﬁoration
of 6-3H—UdR into DNA through 4UMP was detectable. Thus, it
appears that UdR does not contribute directly to the intra-
cellular pools of deoxyuridine nucleotides in PBS l-infected
cells,

Rodioactive CAR could not be metabolised by PBS 1-
infected mutants which lack CdR kinase and CAR deaminase.
This indicates that PBS 1 does not induce CdR kinase oxr

CdR deaminase, j
J
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The specific activity of dCDé deaminase showed no
change after PBS 1 infection, so this enzyme may be involved
in the synthesis of deoxyuridine nucleotides in the phage
infected cells,

In Th-infected cells of E.coli, a phage coded ribo-
nucleoside diphosphate reductase was found (157). In pgs 1~
infected cellas the specific activity of UTP reductase and
CTP reductase remained at the same level.,. This might reflect
the abaence of PBS 1 coded ribonucleotide reductase. An
alternative explanation for this observation would be that
our assay method could not detect the phage specific ribo-
nucleotide reductase,

Tomita and Takahashi (unpublished result ) found
that the specific activity of thymidylate synthetase remains
constant after PBS 1 infection. The thyB coded pathway was
also found to remain functional after PBS 1 infection. The
taotivity" as measured from the CPM released into the super-
natant was lower in infected cells than in uninfected cells.
The lower activity pight be due to phosphorylation of the

substrate for the thyB coded cnzyme (5~3H~dUMP) to dUDP by

the PBS 1 induced AUMP kinase (59).

The synthesis of QUTP in PBS l-infected cells,

The nmotaboliom of pyrimidine compounds in B.subtilis

and changes ocourring during PBS 1 infection were investigated
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in order to evalumte quantitatively the contribution of
various pathways involved in the synthesis of 4dUTP in phage
infected cells, The present study indicates that UTP
reductase, dCTP deaminase and dCDP deaminése are involved
in the synthesio of deoxyuridine nucleotides in PBS 1-
infected cells. CdR deaminase and UdR kinase are not import-
ant in the synthesis of deoxyuridine nucleotides because UdR
is converted rapidly to uracil and deoxyribose-1l-phosphate.
The PBS 1 induced dUMP kinase does probably not play an
important role in the synthesis of dUDP or 4UTP, since no
biosynthetic pathways yielding AUMP in PBS l-infected cells
are present, The role of dUMP kinase is probably to block
dephosphorylation of dUDP and 4AUTP so that these compounds
can build up in PBS l-infected cells, Another role of AQUMP
kinase may be the prevention of continued synthesis of thy-
midine nucleotides after PBS 1 infection (59). It removes
the substrate for thymidylate synthetases by converting dUMP
to 4UDP,

In order to evaluate the contributions of the UTP
reductase, dCTF deoaminase and dCDP deaminase pathways, the
ratio dUMPx/dCMPal in PBS 1 DNA was measured in various

strains of B.subtilis labelled with different radioactive

bases and nucleosides. The validity of this moasurement is
dependent on the same four aséuﬁptiona described in detail

for the synthesis of 4dTTP in uaninfocted cells.
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Matthews (85) showed that after T4 infection the
pool sizes of the deoxyribonucleoside triphosphates did not
change. The rate of DNA synthesis was much higher in Thi-
infected cells than in uninfected E.coll and it was assumed
that the pools were maintained at a constant level by an
even higher rate of turnover of the deoxyribonucleoside

triphosphates after T4 infection (85). In PBS l-infected

B.subtilis, rates of DVNA synthesis as measured by the rate

of incorporation of radioactive CdR in infected cells were
similar to that in uninfected cells (Table 28). The
incorporation of radioactive CdR is rapid and this may
indicate that the turnover of the dCTP pool is rapid in

uninfected and PBS l-infected cells of B,.,subtilis,

The assumption that deoxyribonucleoside triphosphotes

are the imnediate precursors for PBS 1 DNA synthesis 1is
supported by the requirement of DNA polymerase induced by
PBS 1 for deoxyribonucleoside triphosphates in vitro (104).
The deoxyribonucleoside diphosphates seem unllkely to be the
precursors since the ratio dUMPx/dCMPx in the DNA of PBS 1

labelled with S—BH-CdR 18 different from the ratio obtained

with 5;3

H-CR. The presence of a dUMP kinase and dTMPase
with dUMPase activity (59, 106) make it unlikelyﬁthat deoxy-
ribonucleoside monophosphates are the immediate precursors
fo; PBS 1 DNA synthesis,

If the above assumptions are correct, the ratio

X X
dUMP /dCMP would give an indication of the contribution of

/

s g et
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the various pathway? involved in the synthesis of AUTP in
PBS l-infected cells,

It appears that in a number of strains 50 % of the
dUTP was derived from the reduction of UTP, amand the remainder
was derived from deamination of dCDP and dCTP. The differ-
ences in the ratios dUMP"/dcMP® in PBS 1 DNA labelled with
5—3H—CdR or with S—BH-CR suggested that 4dCDP deaminase must
be also involved in the synthesis of dUTP in PBS l-infacted
cells,

If we assume that 50 % of the dUTP in tsAl3 cdd-1
i3 derived from the reduction of UTP (a similar proportion
of ATTP was derived from the same source in uninfected cells),
and if we asgume further that the degree at which the d4dCTP
and 4CDP pools are‘diluted by unlabelled material remains
constant after infection, then the parameter(%)CdR /(2) R
does not chané% after infection and it is possible toc
estimate the contribution of the dCDP and dCTP deaminase
pathways. It was shown that in PBS 1-infecteé cells the
contribution of UTP reduction, dCTP deamination and JdCDP
deamination to the synthesis of dUTP was 50 %, 25 % and
25 % respectively. In ddd host straine which lacked 4CDP

deaminase, the lack of dCDP deaminase was compensated by an

1ncreaséd metabolic flux through the dCTP deaminase pathway.

T e sy S £
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In B.,subtilis, uracil and UR are converted to

UMP. UdR i3 first degraded to uracil and deoxyribose-1-
rhosphate. UdR kinase i@& present in crude extracts of

B,8ubtilis, However, this enzyme does not seem to be

important in the metabolism of UdR.

Cytosine is not metabolized in B;subtilis. On the
other hand, deoxycytiéine—cytidine deaminase, deoxycytidine
kinase and cytidine kinase, which concern the metabolism of
cytosine nucleosides, are found, Mutants lacking these
enzymes have b;on isolated.

Deaminase for cytidine ribonucleotides 1is absent

in B.subtilis as in the case of enteric bacteria, Mutants
blocked in the conversion of uridine nucleotides to cyti-
dine nucleootides have been isolated in the present study.
They are ﬁresumably blocked in CTP synthetase,

The observation of Wilson et al. (150) that two
unlinked genetic loci, thyA and thyB, are involved in the

*

synthesis of thymidine nucleotides in B.subtilis, has been

confirmed. An enzyme activity which converts a deoxyuridine
nucleotide to a.thymidine nucleotide has beon found., This
enzymo 1a distinct from ATMP synthetase and dUMP is probably

the substrate for this roaction.,

- 1“9—
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A novel enzyme, dCDP deaminase, is found in

B.subtilis., Properties of this enzyme are investigated and

mhtants lacking this enzyme have been 1isolated.

‘ In B.subtilis, reduction of ribonucleotides appears

to be taking place at the triphosphate level, Hydroxyuresa

inhibits the growth of B.subtilis and this inhibition can

be overcome by deoxyribonucleosides. However, in vitro
the reductase is insensitive to this drug.

Mutants which require deoxyribonucleosides for
growth have been isolated. In the{g mutants, however, ribo-
nucleotide reductase activity is stilil deéectable.

The synthesis of ATTP in B.subtilis in PA has been

investigated by in vivo labelling experiments. Under our
cond:tiOns 17 % of dTTP is derived from exogenous TdR,

20 % is derived from exogenous CdR, 20 % is derived from
reduction of CTP and the remainder (43 ¢) is derived from
roduction of UTP,

As in the case of uninfected cells, UdR is not
converted to dUMP in PBS l-infected cells, When PBS 1
infects mutant cells lacking both CAR kinase and CdR deam-
inamse, radioactive CdR is not recovered in nucleic acids,
This suggests that neither CAR kinase nor CdR deaminase is

induced by PBS 1.

The host enzymo, dCDP deaminase, remains active after

PBS 1 dinfection. The onsyme activity codoed by tho thyB
locus peraists during the dovolopmoht of PBS 1. Thore is

»
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no change in the level of ribonucleotide reductase in
PBS l-infected cells,.
The pathways involved in the metabolism of pyri-
midine compounds in PBS l-infected cells are proposed on
the bases of the present resulte and those of earlier studies
on dTTPase (139), dTMPase (59, 106), AUMP kinase (59) and

dCTP deaminase (188).

From the ratios of the specific activity of 4duUMP
to that of ACMP in PBS 1 DVA labelled with radioactive

bases or nucleosides in various mutants of B.,subtilis, it

is concluded that 50 % of dUTP is derived from reduction
of UTP, 25 % is derived from deamination of dCDP and 25 %
is derived from deéamination of dCTP. In host mutants
lacking 4CDP deaminase, about 50 % of dUTP is derived from
deemination of dCTP and the remainder is derived from

reduction of UTP.




LI TERATURE,

Alixhanian,S.I.,T.S.Iljina,E.S.Kalieva,S.V.XKaneneva,
and W.Sukhodolec.1966. A genetical study of
thymineless mutants of Escherichia coli K12,

Genet .Res.8: 83-100.

Anagnostopoulos,M.C., and A.M.Schneider.1966.
Déterminisme génétique de l'exigence en thymine
chez certain mutants de Brncillus subtilis,., Comptes
Rendues Acad,Sciences. 2627 1311-1317.

Aposhian,H.V.1965, A dTMPase found after infection
of Bacillus subtilis with phage SP5C. Biochem,
Biophys.Resc.Commun, 18: 230-235,

?
Apochian,H,V., and A,Kornberg.1962., Enzymatic
syntheeis of DNA, The polymerase found after T2
infection. J.Biol.Chem. 237: 519-525.

Bagatell,F.K.,E.M.Wright, and H.Z2.Sable.1959.
Biosynthesis of ribose and deoxyribose in
Escherichia coli. J.Biol,Chem. 234: 1369-1373.

Barlati,S.1970. Incorporation of uridine into
Bacillus subtilis and SPPl bacteriophage Deoxy-
ribonucleic acid. J.Bacteriol. 101: 330-332,

Barner,H.D., and S,S,Cohen.1959. Virue induced
acquisition of metabolic function,IV, Thymidylate
synthetase in thymine requiring Escherichia coli
infected by T2 and T5 bacteriophages. J.Biol.Chem.
234: 2987-2991.

) %

Bazill,G.W., ond D.Karamata.1972. Temperature-
sensitive mutants of Bacillus subtilis defoctive in
docoxyribonucleotide synthesis., MNol.Gen.Gonet.117:

19-29.

Beck, C.F.sJ.L.Ingraham, J.Neuhard, ond E.Themassen.1972.
lletabolism of pyrimidines and pyrimidine nucloosides
by Salronellas typhimurium. J.Bacteriol.l10: 219-.228.

‘\gﬁ -152—

R

JURNISESES

s ga -

oy




10.

11.

12,

13,

14,

15.

16.

17.

18.

19.

20.

153.

Beck,W.S.1967. Regulation of cobamide-dependent
ribonucleotide reductase by allosteric effectors
and divalent cations. J.Biol.Chem. 242: 3148-3158.

Beck,W.S., and M.Levin.1963. Purification, kinetics
and repressgzion control of bacterial trans-N-deoxy-
riboosylase, J.Biol.Chem. 238: 702-709.

Beckman, L.D.,P.Witonsky, and D,J.McCorguodale.l1l972.
Effect of rifaompin on the growth of bacteriophage
T5. J.Virel, 10: 179-186,

Bslyeva,N . ,N., and R.R.Azizbekyan.1968. Fine atructure
of new Bacillus subtilis phage AR9 with complex
morphology. Virology 3h: 176-179.

3

Ben-EBorin,H.,M.A . Waltz,and A.K.Saz.1974. Early bio-

chemical events occurring after infection of Bacillus

cerous 569SP1 with bacteriophage GSW. J.Virol. 13:
82§-836.

Berglund,0.1972. Ribonucdeoside diphosphate reductase
induced by bacteriophage Ti.I.Purification and
characterisation, J.Biol.Chem. 247: 7270-7275.

Bertani,L.E.,A.Hliggmark, and P.Reichard.1963. Enzy-
matic synthosis of deoxyribonucleotides.II.Formation
and interconversion of deoxyuridine phosphates,
J.Biocl.Chem. 238: 3407-3413.

Billen,D.yL.Carreira,C.T.Hadden, and S.J.Silverstein.
1971. Evidence suggestive of compartmentalisation
of deoxyribonucleic acid synthesiziang systems in
frooze~treated Bacillus subtilis. J.Bacteriol., 108:
1250-1256.

Billen,D., L.Carreira, and S.,J.Silverstein.1971.
Utilisation of deoxyribonucleoside triphosphates in
the cellular synthesis of DNA by Bacillus subtilis,
Biochem,Biophys.Rea,Cormun., 43: 1150-1156.

Bodmor,¥.F., and S.Grother.196%5. Uptake and incorpora-
tion of thymine, thymidine, uracil, uridine, and 5-
fluorouracil 4in the nucleic acids of Bacillus
subtilis, J.Bacteriol. §28 1011-1014,

Bradley,D.E.19067., Ultrastructure of bacteriophages
and bactoriocins. Bacteriol.Rev. 31: 230-314,

e AW




21.

22,

23.

2u

25,

26,

27.

28,

29.

30.

31.

32.

154,

Brockéﬁn.R.W..J.M.Davia. and P,Skitta, 1960, Metabolism
of uracil and 5-fluorouracil by drug-sensitive and by
drug-resistant bacteria. Biochim.Biophys.Acta 40:
R2-32.

Brodetsky, A.M., and W.R.Romig.1964. Characterisation
of bacteriophages of Bacillus subtilis, Bact.Proc.
1964, p118.

Bujard, H.1969. Location of single stranded interrup-
tions in the DNA of bacteriophage T5%Y. Proc.vNatl.
Acad.Sci.U.S. 62: 1167-1174,

Chacep K.V.. ﬂnd D.HoH&llol973. Isolation of mutantsa
of bacteriophage T4 unable to induce thymidine kinase
activity. J.Virol. 12: 343-348.

Chamberlin,M,, J.McGrath, and L.Waskell.,1970. New RNA
polymerase from Eschorichia coli infected with
bacteriophage T7. VNature 228: 227.231.

Clark,S.,R.Losick, and J.Pero,1974. New RNA polymerase
from Bacillus subtilis infected with phage PBS 2.
Nature in press,

Cohen,S.S8.,J.G.Flaka,H.D.Barner,M.R,Loeh, and
Je.Lichtenstein.1958, The mode of action of 5.fluoro-
uracil and its derivatives. Proc,Natl.Acad,.Sci.U.S.
L4: 1004-1012. ?

Davins,R.H.1963. Neurospora crassa mutant lacking an
arginine specific carbamylphosphokinase, Science 142:

1652-1654,

DemerocyM.,E.A ,Adelberg,A.J.Clarke, and P.E.Hartman,
1966, A proposal for a uniform nomenclature in
bacterial genetics. Genotics 54: 61-.76,

Dubnau,D.1970, Linkage map of Bacillus subtilis.p.I,
39-45. In.H.A.Sober and R.A.Harte (eds). Handbook
of Biochemistry. (Second ed.) Chemical Rubber Co.
Clevoland Ohio.

Eisenstark,A.,R.Eisenstark, and S.Cunningham.1968,
Genetic analysis of thymineless(thy) mutants in
Salmonella typhimurium. Genotics 58: 493.506,

Biserling,F.A.1967. The structure of Bacillus subtilis
bacteriophage PBS 1. J.Ultrastruct.Res. 17: 342-347,

i
g
§
¥
¢
H
¥
K
%

>



33.

34,

35.

36,

37.

38.

39.

ko,

b1,

b2,

k3,

155.

Elford,H.1968. Effect of hydroxyurea on ribonucleo-
tide reductase. Bliochem.Biophys.Res,Commun. 333
129-135.

Fangman,W.L., and A, ,Novick.1966., Mutant bacteria
showing efficieunt utilisation of thymidine.
J.Bactoriol. 91: 2390-2394,

Fink, R.M., and X.Fink.1961., Biosynthesis of radio-
active RNA and DNA pyrimidines from thymidine-Z-luC.
Biochem.Biophys,Res.Commun, 6: 7-10.

Flakﬂ’ JoGog and S.S. cohen01959o Virus induced
acquicition of metabolic function,I,Enzymatic
formation of S5/hydroxymethyl-deoxycytidylate.
J.Biol.Chem. by 1501-1506,

Flaks,J.G.,J.LAchtenstein, and S.S.Cohen.1959., Virus
induced acqgyisition of metaboiic function.IX.
Studies on the origins of the deoxycytidylate
hydroxymethylase of bacteriophage infected Escheri-
chia coli. J.Biol.Chem. 234: 1507-1511.

Frankel,R.W., and T,M.Joys.1966. Adsorption specifi-
city of bacteriophage PBS 1. J.Bacteriol. 92:

Friedkin, M., and A.Kornberg.1957. The enzymatic
conversion of deoxyuridylic acid to thymidylic acid
and the participation of tetraohydrofolic acid.
p.609-.613. In W.D.McElroy and B.Glass (ed.) A
symposium on the chemical basis of heredity. Johns
Hopkins Press.Boltimore.

I

Fuchs, J.A,,H.O0 ,Karlstrom, H.R.Harner, and P.Reichard.l1972,

Defective gene product in dnaF mutant of Escherichia
coli, Nature New Biol. 238; 69-71,

Fuchs,J.A,, and J.Neuhard,1973, A mutant of Escheri-
chia coli defeoctive in ribonucleoside diphosphate
roductase., FEur.,J.Biochem. 32: 451-457-462.

Goiduschek, E.P., and J.P. Sklar.1969. Role of host
RNA polyrerase in phage dovelopmont, Nature 221:
833-836,

Goulian,M., and W.S.Bock.1966. Purification and
propertios of a cobamide dopondent ribonucleotide
roductase from Lactobacillus leoeichmoannii. J.Biol.,
Chem. 2il: 4233 L2z,

X .
TR




156.

Ly, Grass,K.B., and N.R.Cozzarelli.1973., Further genectic
and enzymological characterisation of the three
Bacillus pubtilis deoxyribonucleic acid polymerases.
J.Biol.Chem. 248: 7688-7700.

45, Greenberg,G.R.1966, Now dUTPase and dUDPase activities
after infection of Escherichia coli by T2 bacterio-
phage. Proc.Natl.Acad.Sci,U.S. 56: 1226-1232,

46, Greenberg.G.R., and R.Somerville.1963, Deoxyuridylate
kinase activity and deoxyuridine triphosphatase in
Escherichia coli. Proc.Natl.Acad.Sci.U.S. 48:
247.257.

47, Grenson,M.1969, The utilisation of exogenous pyrimi-
dines and the recycling of uridine-5'-phosphate
dorivatives in ‘Saccharomyces cerovisiao, as studied
( eans of mutants affected in pyrimidine uptake
and tabolism. Eur.J.Biochem., 11: 249-260.

h8.(\ﬂall,D.H.1967. Mutants of bacteriophage T4 unable to
induce dihydrofelate reductase activity. Proc.Natl,
cad,Sci. U,S, 58: 58%4-591.

L9, Haselkorn,R.,M.Vogel, and R.D.Brown.1969. Conservation
of the rifamycin sensitivity of transcription during
T4 developmont. Nature 221: 836-838. .

50, Haslam,E.A., D.H.Roscoe, and R.G.Tucker.1967. Inhibi-
tion of thymidylate synthotase in bacteriophage
infected Bacillus subtilis. Biochim,.Biophys.Acta
134: 312-326.

51.. Homphil,H.E.,H.R.Whiteley,L.R.Brown, and R.H.Dei.1969,
The effect of rifampin on the production of 3-22 phage
by Bacillus subtilis, Biochem.Biophys.Res,Coraun. 37:
559-566.

52. Horrington,M.B.1973. Ph.D.Thesis McMaster University.
Tomperature-sensitive mutants of bacteriophage PBS 2,

53. Herrington,M.B., and I.,Takehashi.l1973. Mutagensis of
bacteriophage PBS 2, Mutation Res. 203 275-278.

5l4, Hiraga,S.,K.Igarashi, and T.Yura.1967. A deoxythy-
midine kinase mutant of Escherichia coli.I.Isolation
end somo proporties. Biochim,Biophys,Acta 145:
bi-51.




55.

56.

57.

58-

59.

60,

61.

62.

63.

64,

65.

66.

157.

Hunter,B.X.,H.Yamagishi, and I,.,Takahashi.1967.
Molecular weight of bacteriophage PBS 1 deoxyribo-
nucleic acid. J,Virol. 1: 841-8k2, -

Ivanovics.G,, and K,Csiszar.1962. Isolation and some
characterizsation of subtilis phages with transducing
activity. Acta Microbiol.Acad.Seci.Hung. 9: 209-218,

Johnson,J.R., and D,H.Hall,.1973, Isolation and
characterisation of mutants of bacteriophage T4
rosistant to folate analogues. Virology 53: 412-426,

Joys,T.M.1965. Ceorrelation between susceptibility to
bacteriophage PBS 1 and motility in Bacillus
subtilis. J. Bacteriol. 90: 1575-1577.

Kahan, F,M.1963. Novel engymes formed by Bacillus
subtilis infected with bacteriephage. Fed.Proc., 22:
06,

Kahan,¥.,&.Kahan, and B.Riddle.196%4. Nucleotide
métabolinm in extracts of Bacillus subtilis infected
with phagg SP8. Fed.Proc. 23: 318,

A

\

Kalleny,X.,M.Simon, and J.Marmur.1962. The occurrence
of a new base replacing thymine in a bacteriophage
DNA: S5-hydroxymethyluracil. J.Mol.Biol, 5: 248-250.

XKammen,H.0.1967. Thymine metabolizsm in Escherichia
coli.I.Factors involved in utilisation of exogenous
thymine. Biochim.Biophys.Acta. 134: 301-311.

Karlstrom,H.0.1968, Mutante of Encherichia coli
defective in ribonucleoside and deoxyribonuclecoside
catabolism. J,Bacteriol. 95: 1069-1077.

Karlstrgm.H.0.1970. Inability of Escherichia coli B
to incorporate added deoxycytidine, deoxyadenosine
and deoxyguanosine into DNA, Eur.J.Biochem. 17:
68-71.

Xarlstrgm,H,0,, and A.Larsson.1967, Significance of
ribonucleotide reduction in the biosynthesis of
‘deoxyribonucleotides in Escherichia coli. Eur.J.
Biochem. 3: 164-170,

Keck, K.,H.R.Mahlor, 6tnd D,Frasor.1960. Synthesis of
doeoxycytidine-~5'-phosphate deaminase in Escherichia
c9oli infected by T2 bacteriophage. Arch.Biochom.
Biophys. 86: 85-88,

e P bkt & et ams Law S xamTe W

et e A




67.

68.

69.

70.

71,

72.

73.

AR

75.

76.

77.

158,

KellnyR.A., ond R,A.J.Warren.1973. Obligate thymi-
dine auxotrophs of Pseudomonas acidovorans,
J.Bacteriol. 113: 510.511.

Koerner, J.F..M.‘S.Smith, and J.M.Buchan&n.l959. A
deoxycytidine triphosphate splitting enzyme and the
synthesis of deoxyribonucleic acid of T2 bacterio-
phage. J.Am.Chem.Soc. 81: 2594.2595,

KornbergyA.y»S,.B.Zicmernan, S.R.Kornberg, and J.Jozse.
1959, Enzymatic synthesis of deoxyribonucleic acid.
VI. Influence of bacteriophage T2 on the synthetic
pathway in host cells. Proc.Natl.Acad,.Sci.U.S. 45;
772-785.,

Krupinski, A.M.,R.J.Bose, and R.A,J.¥Warren.1973. 5-
(4-aminobutyl aminomethyl)-uracil, an unusual pyri-
midine from the DNA of bacteriophage §>-W-14.
Biochemistry 12: 151-157.

Langridge,R., and J.Marsur,1964., X-ray diffraction
study of a DNA which contains uracil, Science 143;
1450-1451,

Larssony,A,, and P,Reichard.1966. Engymoatic synthesis
of deoxyribonuclecotidos.X.Reduction of purine ribo-
nuclootides; allosteric bohaviour and substrate
spocificity of the enzyme system from Escherichia
coli B. J.Biol.Chem. 24l: 2540-2549,

Larsson,A,, and P.Reichard.1967. Enzymatic reduction
of ribenuclecotides, Progross Nucl.Acid Res, s
303-347.

Laurent,T.C.yE.C.Moorr, and P.Reichard.1964, Enzymatic
synthesis of deoxyribonucleotides.IV.Iselation and
characterisation of thioredoxin, the hydrogen donor
from Escherichia coli B. J.Biel.Chem. 239: 3436-34L4,

Lavi,U.,, and M.Marcus,l1l972., Arrest of host DNA
syntheeis in Bacilluc subtilis infected with phage<P6
Virology 49; 668-67h,

Lederborg.J. and E.M.Loderborg.1952. Replica plating
and indirect selectioen of mutants. J.Bacteriol,

63: 399-406,

Lomax,M4.X.S., and G,R.Groonborg.1967. A now assay of
thymidylate synthotase based on the reloase of
tritium from deoxyuridylato-5-“H, J.Biol.Chem. 242

1090-113. .



78.

79.

80.

81.

82.

83.

8k,

85.

86.

87.

88.

89.

159.

Lovett,P.8.1972, PBP 1. A flagella-specific
bacteriophage mediating transduction in Bacillus :
pumilus. Virology 47: 743-752.

Lowry,0.H,.,N,J.Rosebrough, A.L,Farr, and R.J.Randell.
1951, Protein measurement with the feolin phenel
roagent. J.Biol.Chem. 193: 265-275.

Logzeron,H.A., and W.Szybalski.1967. Incorporation of
5-fluoro-deoxyuridine into the DNA of Bacilluso
subtilis phage PBS 2 and its radiobiolegical conseq-
uences, J.Mol.Biol. 30: 277-290,

Mahlexr,X.1968. Procedures for Bacillus ocubtilis
transformation. p.846, In L.Grossman, and
K.Moldave (Eds.). Methods of Enzymology, XII B.
Academic Press Inc., Now York,

Mahler.Io' M.Cahoon, and J.Marmuro 196’4. B&cilluﬁ
subtilis DNA transfer in PBS 2 transduction,
J.Bacteriol. 87: 1423-.1428,

Maley,F,G.F.Maley, and J.F.McGarrahan.1967. A
simplified enzymatic procodure for the preparation
of nucleozide di- and triphosphates, Anal,Blochem.
19: 265-271,

Marmur.J. et 2l.1972. Unique properties of nucleic
acid from Bacillus subtilis phage SP15, Nature New
Biol. 239: 68-70.

Matthews,C.K.1972., Biochemistry of deoxyribonucleic
acid defective amber mutant of bacteriophage TI.III.
Nucleotide pools, J.Biol.Chem., 247: 7430-7438.

Milanesi,G., and G.Cassani.l972. Transcription after
bacteriophage SPP 1 infectien in Bacillus subtilis.
J.Virol. }_0_3 187-‘1920

Munch-Petorson,A., and M,Schwartz.1972. Inhibition
of the catabolism of deoxyribonucleosides in
Eschorichia coli after infection by T4 phage. Eur.
J.Blochem, 27: LU43-447.

Myers,D.E.,, and A.Landy.1973. The role of host RNA
polymerase in Pl phage development. Virology 51:
521524,

Neubort,S., and J.Marmur.1973. Synthesis of the
unusual DNA of Bacillus subtilis bacteriophage SP1l5.
J.Virol. 12: 1078-1084,




90.
91l.
92.
93.
ok,

95.

96.

97.

980

99.

100.

101,

160.

Neuhard, J,1968. Pyrimidine nucleoside metabolism
and pathways of thymidine triphosphate biosynthesis
in Salmonella typhimurium. J.Bacteriol. 963 1519-1527.

Neuhard, J., and J.Ingraham.1968. Mutants of Salmenella
typhimurium requiring cytidine for growth,
J.Bacteriol. 95: 2u431-2433.

Neuhard, J., and E.Thomassen.1971. Turnover of the
deoxyribonucleoside triphosphates in Escherxrichia
coli 15 T during thymine starvation. Eur.J.Biochem.
203 36-43.

Neuhard,J., and E.Thomasesen.l971. Deoxycytidine
triphosphate deaminase: identification and function
in Salmonella typhimurium. J.Bacteriol. 105: 657-665.

Nierlich,D.P.1967. Radioisotope uptoke as a measure
of synthesis of messenger RNA. Sclience 158:
1186-1188.

Y

Nishihara,M., A.Cramback, and H,V.Apeshian.1967. The
deoxycytidylate deaminase found in Bacillus subtilis
infected with SP82., Biochemistry 6: 1877-1886.

O'Donovan,G.A.,G.Ed1in, J.A.Fuchs, J,Neuhard, and
E.Thomassen,1971, Deoxycytidine triphosphate
deaminase: characterisation of an Escherichia coli
mutant deficient in the enzyme. J.Bacteriol. 105:
666-672,

0'Donovan,G.A.,and J.Neuhard.1970./ Pyrimidine
motabolism in microorganisms. Bacteriol.Rev. 34:
278-343.

Okazaki,T., and A.Kornberg.l96k. Enzymatic synthesis
of nucleic acid.XV. Purification and properties of
a polymerase from Bacillus subtilis. J.Biol,Chem.
239: 259-268.

Okubo, S., B.Strauss, and M.Stodolsky.1964, The possible
role of recombination in the infection of competent
Bacillus subtilis by bacteriophage deoxyribonucleic
ncid. Virology 24: 552-562.

gvrobo,S., ond K.Kleppe.1973. Pyrimidine metabolism
in Acinetobacter calcoaceticus. J.Bacteriol, 116;:
331-336.

Palacek, E.1965. Fate of Bacillus subtilis DVA after
phage infection., Folia Blologica (Praha) 11l: 89-95.

7

© rn A e o, oS



161,

102, Péne,J.J. and J.Marmur.1964. Infectious DNA from a
“virulent bacteriophage active on transformable
Bacillus subtilis, Fed. Proc.23: 17318,

103. Peterson,R.N.,J.Boniface, and A.L.Koch.1967. Energy
requirements, interactions and distinction in the
mechanism of transport of wvarious nucleosides in
Escherichia coli. Biochim. Biophys. Acte 135:

2104, Price,A.R., and S$.,7,000k,.1972, VNew deoxyribonucleic
acid polymerase induced by Bacillus subtilis
bacteriophage PBS 2. J.Virel. 9: 602-610.

105. Price,A.R,,L.F.,Dunham, and R.L.Walker.1972. Thymidine
triphosphate nucleotidohydrolase and deoxyuridylate
hydroxymethylase induced by putants of Bacillus
subtilis bacteriophage SP82G. J.Virol. 10: 12h0-1241.

106, Price,A.R., and S.M.Fogt.1973. Deoxythymidylate
phosphohydrolase induced by bacteriophage PBS 2
during infection of Bacillus subtilis. J.Biol.
Chem., 248: 1372-1380.

107. Price,A.R., and S,M,Fogt.1973. Resistance of bacterio-
phage PBS 2 infection to 6-(p-hydroxyphenylazo-)-
uracil, an inhibitor of Bacillus subtilis deoxyribo-
nucleic acid synthesis. J.Virol. 11: 338-340.

108. Price,A.R., and S ,M.Fogt.1973. Effect of naladixic
acid on PBS 2 bacteriophage infection of Bacillus
subtilis. J.virei. 12: L05-407.

109. Price,A.R., and M.Frabotta.l1l972. Resistance of
bacteriophage PBS 2 infection to rifampicin, an
inhibitor of Bacillis subtilias RNA synthesis.
Biochem.Biophy®.Res,Commun, L48: 1578-1585.

110. Price,A.R.,R.Hitzeman,J.Frate, and K.Lombardi.l1974.
Rifamycin resistant bacteriophage PBS 2 infection
and RNA polymerase. In preparation,

111. Pritikin,¥.B., and H.Reitor.1969. Abortive infection
of Bacillug subtilis bacteriophnze PBS 1 in the
presonce of actinomycin D, J.Virel. 3: 578-585.

112. Raimondo,L.M.,N.P.Lundh, and R.J.Martinez.1968,
Primary adoorption site of phage PBS 1: the
flogellum of Bacillus subtilis., J,.Viroel. 2: 256-264,

awimtan



113.

114,

115.

116.

117.

118.

119.

120,

121.

122.

123.

162,

Reichard,P.,A.Baldestec, and L.Rutberg.1960. Forma-
tion of deoxycytidine phosphates from cytidine
phosphates in extracts from Escherichia coli.
J.Biol.Chem. 236: 1150-1157.

Rimo, B.K., and B,H,A.van Kleeff,1971. Similarity
of Bacillus subtilis bacteriophages PBS 1, I3NT and
I10. Anth.v.Leeuwenhoek. 37: 265-27h4

Riwma, B.K., and I.Tokchashi.1973. The synthesis of
nucleic acids in Bacillus subtilis infected with
- phage PBS 1. Can.,J.Biochem. 51: 1219-122k.

Rinehart,X.V., and J.C.Copeland.1973. Evidence that
thymine i5 not a, normal metabolite in wild type
Bacillus subtilis. Biochim.Biophys.Acta 294: 1-7.

Roscoe,D.H.1969. Thymidine triphosphate nucleotido-
hydrolase: & phage induced enzyme in Bacillus
subtilis, Virology 38: 520-526.

Roscoe,D.H., and R.G.Tucker.1966. The biosynthesis
of 5-hydroxymethyluridylic acid in bacteriophage
jnfected Bacillus subtilis. Virology 29: 157-166.

Sandorson.K.E.leo. Current linkage map of Salmonella
typhimurium. Bacteriol.Rev. 34: 176-193.

Schachtele,C.F.,C.V.deSain, L. A.Hawley, and
D.L.Anderson.1972. Transcription during the develop-
ment of bacteriophage ¢ -29: Production of host-
and @ -29 specific ribonucleic acid. J.Virol. 10:
1170-1178.

Siedler,A.J., and M.T.Roltz.1967. Regulatory mechan-
isms 4in the deoxyribonucleic acid metabolism of
Lactobacillus acidophilus R-26. Deoxycytidylate
decminane motivity. J.Biol.Chem. 238: 697-701.

Sinha,N.K., and D.P.Snustad ,1972. Mechanism of
inhibition of deoxyribonucleic acid synthesis in
Eachorichia coli by hydroxyurea. J.Bacteriol. 112;
1321-1338, é

S j¥berg, B,}.1972, Studies on the structure of T4 thio-
rodoxin:I.Icolation and amino acid sequence of the
poptidoo obtained from a tryptic digeot of the pro-
toin. J.Biol.Chem. 247: 8058-8062.




124,

125,

126,

127.

128,

129.

130.

131.

132.

133-

134,

135.

136.

161,

Sjbberg.B.,M., and A.Holmgren.1972. Studies on the
structure of Th thioredoxin.IT.Amino acid sequence
of the protein and comparison with thioredoxin from
Escherichia coli. J.Biol.Chem. 247: 8063-8068.

Somerville.R.,K.Ebisuzaki, and G.R.Greenberg.195%9.
Hydroxymethyldeoxycytidylate kinase formation after
bacteriophage infection of Eacherichia coli.
Proc.Natl.Acad.Sci.U.S. 45: 12ko-12%5,

Spizizen.J.1958, Tranaformation of biochemically
deficient strains of Bacillus subtilis by deoxyribo-
nucleate. Proc.Natl.Acad.Sci.J.S. Lh: 1072-.1078.

Striniste,G.¥., and ¥.D.Taylor.1972. Development of
bacteriophage &« ,IXI. Dependence on the host RVNA
polymerase. J.Virol. 10: 1031-1036.

Takahashi,I1.1961. Genetic transduction in Bacillus
subtilis. Biochem.Biophys.Res.Commun, 5: 171-175.

Takahashi,I.1963. Transducing phages for Bacillus
subtilis. J.gen.Microbiol. 31: 211-217.

Takahashi, I.1964. Incorporation of bacteriophage
genome by spores of Bacillus subtilis. J.Bacteriol.

87: 1k99-1502.

Takehashi,I.1965. Localisation of spore markers on
the chromosome of Bacillus subtilis. J.Bacteriol.
89s 1065-1067.

Takchashi,I., and J.Marmur.1963. Replacement of .
thymidylic acid by deoxyuridylic acid in the deoxy-
ribonucleic acid of a transducing phage for
Bacillus subtilis. Nature.197: 794.795.

Taylor, A.,L.1970. Current linkage map of Escherichia
coli. Bacteriol. Rev. 34: 155-175.

Taylor,M.J., and C.B.Thorne,1963. Transaduction of
Bacillus licheniformis and Bacilluz subtilis by
oach of two phages. J.Bacteriel. 86: L452-461.

Thelander,L.1973. Physicochomical characterisation
of ribonuclooeside diphosphate reductase from
Bachorichia coli. J.Biol.Chem. 248: 4591-4601,

Thorne,C.B.1962, Transduction in Bacillus subtilis.
JoBactOriolo _@_3_: 106-1110

.

5
/

&



137.

138,

141,

1b2,

1413,

144,

145,

146,

147,

1Lk8.

164,

Tomita,F.1968. Ph.D.Thesias, McMaster University.
Biochemical Studies on Bacteriophage PBS 1.

Tomita,F., and I.Takehashi.1969. A novel enzyme dJdCTP
deaminase, found in Bacillus subtilis tnfected with
rhage PBS 1. Biochim,Biophys.Acta 179: 18-.27.

Tomita,F., and I.Takahashi.l974. Enzymes coOncerning
the biosynthesis of uracil containing DNA. In ¢
preparation. ~.

TyeryaryF.J.sM.J.Tayloxr,W.D.Lawton, and I.D.Goldberg.
1969. Cotransduction and cotranaformation of
genotic markers in Bacillus subtilis and Bacillus
licheniformis. J.Bacteriol. 100: 1027-1036.

Vanyushin, B.F. et 8l1.1969. Some characteristics of
uracil containing DNA from AR9 phage for Bacillus
subtilis. Molekularjana Biologija 4: 72k.729

Wachsman, J.1973. Doemonstration of a CdR kinase
activity in extracts of Bacillus mogaterium.
Appl.Microbiol. 25: 506-509.

Wang,T.P,, and J,0,.Lampen.1951. The cleavage of
adenosine, cytidine and xzanthosine by Lactobacillus

pentosus. J.Biol.Chem. 192: 339-347,

Warner,H.R., and M.D.Hobbs.1969. Effect of hydroxy-
urea on replication of bacteriophage T4 in
Escherichia coli. J.Virol. 3: 331-336.

Warner,H.R., D.P,.Snustadt, S.E.Jorgensen, 'and
J.F.Koornor.1970. Isolation of bacteriophage Th4
mutoants defective in the ability to degiade host
deoxyribonucleic acid. J,Virol.5: 700-708.

Werner,R,1971. Nature of DNA procursors., Nature
New Biol. 233: 99-103.

WahbayA.J., and M.Friodkin.1962. The¢ onsynatic syn-
thesis of thymidylate.I. Early steps in the
purification of thymidylate synthotase fronm
Escherichta c¢oli. J.Biol.Chem. 237: 3794-3801.

Wickner,¥W., and A.Kornberg.1973, DNA polymerase IIIX
requires ATP to start synthesis on a primoed DNA,.
Proc.Natl.Acad.Sei.U.S. 70: 3679-3683.




1kog,

150,

151.

152.

153.

154,

155.

156,

157.

158.

165.

Wickner,W.,R.Schekman, K.Geider, and A.Kornberg.1973.
A new form of DNA polymerase III znd a copolymerase
replicate a long 8ingle-stranded primer template.
Proc.Natl.Acad.Sci.U.S. 70: 1764-1767.

wilson,M,C,,J,L ,Farmer, and F.Rothman,1966. Thymidy-
late synthesis and aminopterin resistance in
Bacillus subtilis. J.Bacteriol. 92: 186-196.

WovchayM,G.yP.X,Tomlich,C.S.Chiu, and G,R.Greenberg.
1973. Direct participation of dCMP hydroxymethylase
in the synthesis of bacteriophage T4 DNA. Proc,
Natl.Acad.Sci.U.S. 70: 2196-2200.

Wright,B.E,1977., Critical variables in different-
iation.ppl-109. 8-25, Prentice-Hall,Inc.
Englewood Cliffs, New Jersey.

Wu,R., and A,D.Kai®er,1967, Mapping of the 5'-
terminal nucleotides of the DNA of bacteriophage M
and related phages, Proc.Natl.,Acad.Sci.U.S. 57:
170-177. e

Wyatt,G.R., and S.,S.Cohen.1953. The bases of the
nucleic acids of some bacterial and animal viruses:
the occurrence of 5-hydroxymethylcytosine., Biochem,J.

553 77k,

Yamagishi, H.1968., Single strand interruptions in
PBS 1 bacteriophage DNA molecule, J.,Mol,Biol. 35
623-633,

Yamagishi,H., and I.Taekahashi.1968., Transducing
particles of PBS 1. Virology 36: 639-645,

Yeh,Y-C.,E.J.Dubovi, and I.Tes2sman.1969, Control of
pyrimidine biosynthesis by bacteriophage T4, mutants
unable to catnlyze the reduction of cytidine
diphosphate. Virology 37: 615-623,

Yehle,Co., and A.T.Ganeﬂan. Deoxyribonucleic acid
synthoesis in bacteriophage SPOl infected Bacillus
subtilis. J.Virol. 9: 263.272.

rmenan i 4 as e S Tan es Re



