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PBSZ ie a 1arge, morphologidally complex, traneducing phege . .‘
active on Becinue eubtilie. , It was’ ieolated by aeh;L (1) -‘asiga; g

clear plaque mutant of phage PBSl These tuo phagee '_ \_
nl eerologically related and morpholog:l.cally 1ndiet:!.n,guiehab1e. In ]iquid
culture, at 370, PBS2 had a 1atent period of 37 mdnutes, a riee period
or 18 uﬂ.nutee and a buret eize of 24. -_ meer]_'l.ng (2) undertook a etudy
. of the etructure of- PBS]. Hie reeults ehowed that PBSI. ie indeed very
large, hav:l.ng an icoeahedral head with a diameter of 120 nm and an _
eetim&ted volume of 5 x. 10 A3 and a 200 nm long complex contractile o
tail ‘with a- etriated eheath having a 33 A band period. He observed
| ‘a differentiated region at the baee of some uncontracted tai_le and .8 :11: .
- number oi" unique thin fibree which project outward from the base of |
_ | ¢ontracted eheathe,a which, he termed contraction ﬁ.bere. As’ uell long
k_ helical tail fibers (usually 3 per particle) were found to be atteched
: Ty _ , .

to the baee p]:ate. g

Joye (3) showed thet PBAL- could not form pleq:.es on or edeorb

to non—motilejmutante of B. subtilie wh‘l.ch lacked ﬂagella. However, _ |
eponteneoue ﬂage:llate revertante which were motile regained aueceptdbility

to the phage. Frankel and Joys (h) later found that PBS]. hae an edeorption
‘ speciﬁcity for, active ﬂ.agella. . Raemondo et al. (5) found that |

phye.tce.'l_'l.y deﬂagellated celle lose the abil'l.ty to adeorb PBSl, it regain
it whu! thv m:gena are e:llowed to regenerate. }_breover, .- _they foend thet



. PBSl can ’adeorb to non—motile protoplasts, paralyzed mutants and celle
N rendered non-motile with cyanide, although productive ini‘ection doas not

.._"occur in theee cases. Their experimente with cyanide suggested that

"-'.-adeorption is a two-etep procese. Primary adsorption is resistant to N

. is irreversible and aeneitfve tg cyanide. -. Their eleotron micrographs
clearly show that the helicu tail tibers of PBSL are qapable of '
-wrapping themeelvee around the host ﬂagella. _ Salm0ne11a typhimurium

phage chi as well as two other Bacillus phages, PBPJ. and SPlS were alao :
" ahowu to require flage:l_‘l.a for adsorption (6, 7,8) | |
o FBSL was at first thought to form etable lysogens in culture (9)
It was later found ) that lyeoganic culturee of either PBSl or PBS2
were. unatable and reverted to the eensitive etate when\grown in the B
preaence of phage antiserum. Takahashi (10) ahowed that phage m.q in

spores carrying PBSl was. not attached phyeically to the hoet chrom?some.

—~N

PBSL’ and PBS2 do not, therefore, exhibit claesical lysogeny, R N

s
--exempuﬁed by phage 1ambda (11), but they can i.tﬂ.tiate a carrier s\t/ate,
_ eometimea rei'erred to as peeudolyaogeny (11 12) Bott and Strauae (13)
: ehcrwed that SF10, another generalized traneducing phage for B. subtilie,
:; can-exist in an unstable can'ier state, eimila.r to ‘that -of PBS2 Kawalcand.
"~ and TLendaman- (14) were sble to enhance the stability of SPlO—-can'ying
) cells enough to study certain featurea oi‘ the carrier atate. Under theee

e

conditione they found that the immunity of phage—carrying cells to
Je

euperini‘ection varied with the phase of growth of the m:lture and that
. 'Imore than 90% of carrier celle do not contain mature phage pa.rticlea.

R

- B ‘cyanide and ie reversible by chloroform treatment while the aecond etep :



They heve euggested two possible models for t.his phenomenon._ In ‘or.xe-

. -"model, phage and host. mA replicat.ion uotﬂ.d occur within the seme cell, .

L al’t.hough at. ‘unty enced retes, resulting in the observed segregation of

: -sensitive cells. _ 'In the other scheme, original carrier cel'l.s, containing

'Imore thari one phage genome, HO\.'Ild begin to divide, resulting in
| l,'_eventual segregation or sensitive cells. In this csse, no phage DNA o |
N synthesis would occur in the carrier cells, mfferences in chemic&l o
7."composition betwem phage and host INA :Ln the case of SPlO and PBS2 would
""'seem to dictate against t.he former model, however, this has not been
 definitely. est.abliehed. | - | | | |
“The thermal denaturation temperat.ure (Tm) of INA and its
- buoyant. deneity in a. cesium chloride gredienﬁ ere 1:l.nesr1y dependent. -
_upon the guanine plus cytosine content of the DNA. This has been shown
‘ "o be t.he caee for a 1arge number of INA samples from various organisms,'
l Tall or uhich contain the ‘four normal bases in the INA (15) akaheshi
and Maronr (16) report.ed. a ;'rm of 75.6o for PBES2 mn, which would
correspond to 17.5% guenine plus cytoeina Its Bupyant density wag
K found to be 1.722 g/ce, indicst.ing 624 guanine plus cytosine, Further
investigation by t.hese authors resolved thie discrepancy by revealing -
" the presence of uracil and the ebsence or thynﬂhe in PBSZ INA. The
guanine plus cytosine con!:em‘.. of the INA was c.hesﬂ.callly est.ablished as ‘3
284, while’ that of the host was 1.33%. Prior to thie :lnvestigation, uracii
_had been round only in RNA.. I.ang:d.dge and Marmmr (17) took advantage
of this unique propert.y by doin,g x—raqr diffrsct@cn st.udies with PBS:Z INA
fribera ‘Their results ‘showed dirfraction pattems consistent w:l.th INA



in tha B conﬂguration, leading them- to conclude that the 2'-hydronrl -

. .group is responsible for the dii‘ference between double stranded RNA

det.emination of the molecular weight of PBS1 INA based on the _

Jand A S S

The molecular weight. of PBS2 l‘.NA was reported by Hunter et e_lg._.

' (13) to be 1.9 x 108. This was detemined by Zone centxd.rugation in’ o

sugrose and compar.Lson with the INA of Escherichia coli phage 2 which o

had been report.ed to have a molecular weight of 1.3 x 10° (19). The

' ‘molecular welght of T2 I'NA hae since been reviged downward (20),

thus that of FBS 2 should be comespondingly leBs, - An independent; )

-

aediment.ation coefi‘icient. was made by Tyeryar et al, (8) who found it |
8

- to be l.?- ," 107, §. eubtilis.phage SFlS INA,- by ccmparison, had a

molecular welght of 2.5 X 10%, The molecular welght of the B. subtilis
chromoeome has been eetiﬁ:ated to be 3—1.. x 10° (21) The chromosome of

PBSl and therefore PBS2, is extremely large for a vi.rus and 18’

(22), from his. alkaline denaturat.ion studiee £ INA, concluded that

{n S
theoretica]ly capable of coding Tor a very 1?2‘955 of genea. Yemegieh’i

- DNA ieolated i‘rom PBSl part.iclee contains an everage of two interruptions

in each etrand. His. reeult.e alBo indicated tha% sea]_in,g and :subsequent

re—introduction of these interruptions occurs after infection. The slzes

. qnoi' the* fragment.s produced by alkaline dene;buration were’eheterogeneoue e
' indicating that the interrup'bione are not as specii'ic ag thoee of the

E.. coli phage T5 (23)... AT SR _' o Q
' mmam (21,,) reported that the frequency of :]oint transrer of

eloee].y mnced B.. eubtilia markera ie"‘botrb the Bame, whe’c.her tranaformation .

.ow . _' ' s I

L
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o or PBSl—mediated traneduction ie ueed :Ln the t.ranefer. However, when :

- more 1ooeely 1inked markers were u.eed, it wee found thet the i‘requenciee .’

of Joi.rrt transrer by PBSl treneduction were nruch higher then thoee T

: obt.eined by traneformat.ion. From thie reeult Takeheehi concluded that

the size of donor mm incorporated into traneducing pert.iclee mey be

, larger than fragments of trmsforming INA. Tomite and Teke.heehi (25)

- ehowed that extensive degradation oi‘ ‘host INA in PBSl—ini‘ect.ed cells ie

- in beee composition between PBS2 and its host should rule out e mode of

) i
A
""M".\-__.P .
' B c .

R T

: probably abeent eince the co-trenefer index was round to be t.he same for -

+ INA from infected cells ee thet i‘mm unini'eﬁted cells, Similar reeulte '

have been obbe:lned wlth enother B. eubt,d.]_'le trenedu e, SPlO 13
AMES ci.ng rhage, (13).

and with SPO1 (26), a v.i;rulent phage for t.hie host. Phage 'I‘h, on the _
other’ hend, is known te degrede the INA of ite hoet, E. coli exteneively,
. Bhortly ei‘ter ini‘ectd.on end to ut.ilize the reeulting nucleot.ides for :Lte -

own DNA eynthesie (27 )e Hehler et al.. (28) reasoried that the differences

traneduction involvj.ng integration or recom‘bd.nat.ion of the phage genome
that of the host.. They did not, however, observe» treneducing parbiclee '
: ceming only one INA type characteristic of the host, in ceeium chloride . |
bend:l.ng experiments. They concluded that particles of Peszfare

het.erogeneoue, banding at dii‘f rent positions in CsGl denait,y grediente

" and that thoee cepablw br _,duction corxt.ain i‘ragmente of hoet Im.

either maeeociated or 1ooee1y eesocieted wit.h t.he ph.age genome._

- !emegiehi and Tekeheehi (29) undert.ook the eeperetion of treneducing

ha

: _pe.rticlee from plaque-foming particlee in PBS]. lysatee. This was .
e ett.emptcd :Ln order t.o cherecteriee the lﬂh from treneducing part.iclee.

. . M f. - [
=7 o T ° . & .



Ue:Lng & double 1abelling technique, t.hey found t.hat all radioactivity

el

| '. correeponding to newly eyntheeized INA from inf;ected cells bended with
plaque—foming pe.rbicles at 1 hhS g/cc in CaCl, while the pre—&abelled

hoet INA banded with treneducing particles at 1.l|.33 g/cc. In t.he:l.zu

'experdmente, the deneity of treneduci.ng perticlee fluct.uat.ed, bub was .
4" coneietently 0.010 g/ ee 1ower than that. of pla.que—foming parbi.clee. -
The reeulte of earlier experirnmts by Iozeron and. Szybalsld. (30), uhich
indicated that the volume fraction of TNA in PBS2 particles is 0. 5, taken |
| with the difference in densit.y of 0.0189 g/ ce bert.ween phage and hoet INA,
led the former authore to conclude that only hoe'b Im\ is contained in |
traneducing part.iclee. When large quanﬁities of pnage were centz'j.i\1ged
in a CsCL gradient, they found a band which varied in density i‘rom 1.A58
| to 1.483 g/cc.  This.band had 1o plaque—foming or treneducing ectivity Qo
. and elect.ron nﬂ.crosco;:-ic exmninetion revée.led that. it. conteined phage - g
heada Dur:\.n,g the course of their experiments. :i.t was found that phage |
’ particles can Lose thelr tails aid shift to this band when cmtrifuged
after etorege at’ 50._ The INA extracted from traneducin,g partd.clee was
found to heve a density identical to that of the ‘host INA. Its distrlhut.ion /\f
in a sucrose gradient. was broad :Lndiceting het.erogeneity in eize. Baeed
on an assumed molecule:c weight of 1.3 x- 103 for T2 INA, t.hey calculated
the molecular Heighte ‘of INA from traneducing perticles t.o range from - .
L x 106 to 1.3 x 108. ‘The generelized traneducing phage i or E. coli
uoe also :t‘ound to contain only hoet r.m in traneducing pa:;ticlee, t.he
moleculqr weiglrb of uhich was simllar to that of the INA in plaq.le-forudng

particles (31_) . Okubo et. al. (32) found thab traneducing parbiclea in

Ce . L
R . ! : . : . . . co : . . -
'A ' ' ) o . ] l E— P - :; o . " -- DR '..



' 1ysates of Be aub‘bilis phage S0 cont&‘!.nod INA witkch vas charaoheristic U

- _‘ ‘of the .ho"st". 'Aa 1n the caae of PBS]. ‘and PBsz, no physic&l. aaaociation
| of phage and host mA waa detected. I i o -

S - mbn&u et ale (33) used PBSL transduction, among other

taclmiquea, to const.ruct. a genetic map of B. aubtilia. : They found

' that. met.l& and ura26 were the moat. w:l.dely Beparated markers to 'be ; _
3 oo—d;ranaduced by PBSI. According to t.heir map, the distance betwoe:n these

- markera comprises about 8 percont of’ the host. genome, - aunrlng ‘an appu-oximata.

_molecular weight of h x 109

for the B. subt.ilia chromoaome, they '

concluded that PBSl transducing particles cou'l.d. cont&'l.n INA with a tot.al

molecular welght of st least 2.0 x 103. e o

Bact.eriophage infec'bion result.a in the ut.ilizati.on of oope host

| cell. componant.s in the procesa of progeny pha'é'a/production. This- can'b'ep

,accompliahed in a variety of- ways and the number of ge.ne Mctions L a

_ involved depends on the particular phage and the nature of its interaction -

' -tﬂ.th tha host. For example, BNA phages i‘or E. coli require only three -

~ genes (31;) and a viable host to assure ‘thelr reproduct.ion. 'I'emperate

 phages SP02 and ¢105 for B.' bbilis (35,36) contain chromosomes: w!.th |

molecular weights of about Zh x 106 and have been estimated to code for
ght.een to forty genes. Virulent- B. subtilia phage $29. has at least

thi.rbeen and perhaps as many as twmt.y genea (37 38), wit.h a chromosome;

mlectﬂ.ar weight of 11 x 106. The FBS2 chromosome, on tho other ha.nd,

has a molecular wed.ght. of 1.6-1.9 x. 10 ‘and may therei‘ore he expectad to

code for more than 200 genes, ‘provided ita INA is not largely redwmdant. e

Sf.nce PBSZ INA contains \n'acil, one can hypot.heaize tha.t major



ST .o Dal
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| :_'cha.ngee in pyrim:l.dine met.abo]iem m'ust occur ;I.n order ror dUTP to become
- --a.n available precu;\eor for phage INA ey-nthesie. If the eyntheeia of
L '_‘thyudne—conte:lning a.nd uracil—centaining INA are mutumy exclueive, .
" ona- might aleo expect. some erfect of, t.he phage on thynﬂ.ne nucleotides

cells which are not’ found in uninfected cells, One of theee is dUHP '
- "ld.n&ee, whi.ch phosphoryla‘a duMp and is premably involved in dUTP
. production. It might also be. looked upon as being responsible for the -

removal of dUHP, t.he euhetrate for t.he enzyme ATMP eynt.hetaae (39).

.t.he case of B. eubt.ilie phage fe, uh:!.ch cont.e:l.ne hydmmethylurecil in
. place of thymine in :l.te Iﬂh, tbmtd.dylate eynthetaae is known to be

. inhibited" (z,o), ‘Thowever, Rima (unpu‘blished data) and ‘Tondta (\mpubliahed

e date) have evidence that t.hie does not. occur in PB62 ini‘ection. _Kahan
- (39) aleo found a PBSZ—induced d'l‘MPaae activ:tty which. may ei‘rect the

remova}. of the eubet.rate for dTTP eynthesis. Thie enzyme hae been
further cheract.erized by Price and Fogt (l.l) who showed that. it ail.eo

~-has dUMPaee act.ivity. This dUMPaee act.ivity however, hae 8 much higher
_ Km/he.n the TTPase activlty. Tomlta and Takehaehi (12) reportaed a novel

dézyme, dCTP deam:!.neee, induced after PBS]. infec‘bion. They did not f:!.nd

any dCMP deaminase activity in uninfected or infected celle. The dorp

deeminase was found to be non—competively inhibited by d'l'I'P. The

| related hydromatlmmcu-contmmg phagee SPB, SP82,. and ¢e induce

l d‘ITPaee upon infection (10) and PBSl does the same (l;3). The dCTP

: demminase in PBS2-d.nrect.ed ceJJ.e was m-t.her characterlzed by Price (i4).

‘l'he enzyme hﬂa an appererrt melecular we:tght of 125,000 and exhibd.ta

- |

AT

dn’ the ce]J.. Kahan (39) described two enzyme activities in PBSZMected .'.'



. dTTP a.nd other thymid.’me nucleotides as. welll as. by' dUTP. | In the case . _'

oetabliehins ‘this etete. However, as eynt.heeie of phege INA and =hoat INA

1_.59_.'"," NI

3eigmoidﬂ. eubetra’c.e eeturetien ld.net.ice. He obeerved inhibition by

of dUTP, inhibit.ion was obeerved et eu'bstratel concmtrations 1ower t.hen

mn F‘urthemore, Rl.ma (unpubliehed det.e) hae found that. dCTP deam:lnase
 is not ‘the. only meane of dUTP production in PBSJ.-inrected celle._ Hs )
. _ resulte euggeet t.hree me;]or contri\mting pethme | The other two pathﬁaye.f.\
" are dCTP -.-) QuDP vla a novel host enzyme, dcIP deemineee and u'r? —-=; cm'rp
o via ribonucleotide reductsse. In a- variety of etreine, 50% of the dIITP in

) '\—-_.w—

'phage INA hae been ehoun to result rrom UTP reduct.ion. ‘ “’_

Tomd.ta and Te.ke.haehi (25 1.5) have onducted a study of INase

_ect.iv:ttiee :l.n B. eubt.ﬂ.is and discovered an endonucle&se which ie specific.
' ror netive urac:l.l—cont.aining INA. A heet—steble protein, :eribitor of the

enme was y‘;mmd. to be induced upon PBSl infection. It uae also i'ound

that spores cen'yin,g the PBSl genome e.leo conta:!.n the. inhibitor. This - .

would indicate ‘that the maintmance of phage INA in the carrier state may - \

' oquire t.hie inhibitor end thus active pert.:!.cipetion or the phege in

o

are normeJJ.y' incompatible in the-eame cell, a compl gulatory echeme '_

‘ :\.nvolving the phage and/or the hoet. is most lilcely res neible for the-

' ‘_‘eet.ebl:l.ehment and maintenenee of the cerrier states Hovcha end Hamer (lﬂ)

. "

:found that Be coli DA~y

eraee I can eyntheeize and &egrede, :

.

| aﬁomleolybica].‘l.y, ureoil-contein:l.ng ma. 'I'hed.r remﬂ.te ahowed t.het.

" the nucleaee activity m greater with m:-aci.l-conmmng INA then with

mmine-conteinina lm\. Deet.ruction of the 5' -) 3' nucleaee porbion of the
IHA polmnereee I reeul’oed 1n the leee o:!' both t.he ebilif,y to :!.ncorporate .




\ . - . . . 7' o

dUTP into mA and the macil-specii‘ic endonucleolybic sctivity. In the S
csse of B. subtilis, the urac:il—speciﬁ.c nuclease ectivity is’ probably

: not sssocisted uith INA polymeraee I- eince no nuclease ectivity hss been

o detected with this engyme’ (u4): e resson for the existenCe of these
nrecil-speciric nuclease activities is mlmoun. It may be that t.hey L ReE -
serve to exd.ee dUHP from bacterial INA should it be erroneously - - e \
incorporated (h.?). th this uould be necessary is uncertain, s_ince uraci_'l. -
should not affect subsequent. replicetions adversely. ' |

Both E coli and B, subtﬂ_is are known to contsin three distinct _'k.a
snd somewhat snalagous INA polymerising enzymes (I.B). It has recently
been shown that TNA polymerase III is essential for replication in each
case (h.9,50) A variety o:t‘ other functions a.re also essentisl for o
replicetion (h?) ‘The other polymerases may &l80 play a sigrd.ficant role o
in the process (51, 52) Aposhisn and Kornberg (53) observed a nm .“ e
polymarase sctivity induced by T2 infection of E. coli. Warner snd Bernes
(Sh) snd Do Waard ot al. (55) showed’ that gene h3 of the reZLated phage 'm "
| is the structurel gene for.the phage-d.nduced mk polymersse. This then, -
S wes the first INA polymerass identii‘ied nhich ia eseential for the ? |
replicetion of the chromosome oi‘ an organism. : '1‘hs enzyme has since been
] iR Wt characterlsed and is known to contain a single polypept.ide chain, and
L emrmcleolytic activity as, well ( 56) There is considersble emount of
: evidence ths.t some mutations of ‘this ens;yme result in enhanced mutsgenicity

S end some may effect recombination frequencies as well (57,58) This

ev:!.dencecand the e:d.stence of conditional lethal mutations in this enzyme o
. support. the notion that‘it_is the. replicative ensyme pf the phsge. Oey et
o aa.. (59) identiﬁ.ed snd mrpom

erase induced by phage '1'? of .

v
IS

. AR . v B



o .'As 4n the case of Tz,, mutations which :!nactivate thie enzyme are 1ethal

. E. coli. A They ‘were aleo eble to identify the etructurel gene for the enzyme. -

"
PIRE*

-for the phage. | They ascerte:med that the T7 INA polymeraee :i.s aleo a
| ein,gle polspeptide cha:Ln conteining eome exorrucleolytic activity. Iehle and -
"‘ ‘Geneeon (26) idecntiﬁ.ed ‘a new INA polymerase induced by the hyﬂrozﬁmethyl—
-,;'urad.l—conta:l.rﬁ.ng Be eubti]:le phage SPOl.l Thia INA polymeraee h :

| Mhu been characterj.zed (60) Rutberg and Amentrout (61) Bho
'_that temperate B. eubt:L'L'le phe.ge SP02 aleo inducee a} INA polymeraae - |
“activity and that-thie epzyme 10 essential for chage INA eynthesia. ‘ Since )

PBS2 contains- uracil ih‘*ite INA, Price and. Cook (62) investiga_ & the. | '

) poesibd.‘l.ity that it, too, induces a new nm polymerase in in.t‘ected ceZL'Ls. - :T‘.'

. They did observe a-new INA polymerizing activity which, in’ crude extracts, :

.. incorporated dUTP end dTTP equally well. This activity was- found :Ln

mrected cells of a nuhe.nt hoet deficient in INA po]ymerese I.. Induction

o.f the activ.'t.ty required protein aynthesis, 'tg.lt was resietant to rifenvc:’m a

&'ug knolm to inhibd.t RNA synthesis of the host (63). It was therefore ~ g

' "eoncluded that PBS?.-directed rnRNA eynthesie 15 reeponsible for the :

" induction of the e.ni.wme. It was. not poseible for them to determ:‘lne

-whether thie INA polymerze ie eesential for phage via‘tﬁ.]ity. '

| "  The dmg &(p—hyﬂromhenylazo) kalm!.l(hpm-a) has been shom '

| by Brown (61,,,65) to Belectively inhibit eemi—conserv‘ative mm replica.tion

. 3
in §. subtilie and’ other g;ram-poeitive gacte:d.a. Gass gt al. (66) ehowed :

L thlt reduced hpUre. speciﬁ.ce]ly end reversibly inhi'ndte mA po’.lamerase jass

" ore.M “Tds mmemttm&:lm;ﬂicatedtobeimolvedin .
. chromosomé rep]ioetion. eozzarelli and Low. (50) later showed that. mm .




. ";'P°1|49‘rnerase III fro:n a B. subtilis mut.ant reaistant t° hPUra wes

' -"resistant to the dnfg in v:i.tro. _ Their results support. the idea that

' the DIA polyﬂ:erase III ie essential for chromosome rep]ication._ E:q:eriments :

'c&n'ied out ﬂith mrt.ant.s themosensitive for

led Geﬁ-.er et al. (49) and Nusstein et al. (67) o draw “the . same .
_‘".'.'conclusions about j‘.he INA polymerase III of that organism. '

A nmnber of B. eubti]is pb.ages have beem ‘shown tq be reeistant |

-'t.o hpUra. (6L|.,68 69), ‘some of which are lmom to induce new INA _
| "polymerase act.ivities upon infection. Price’ and Fogb (70) i‘ou;nd that.
| PBSZ is also resiaﬁaﬁt to this drug, indicat.ing thatgthe phage does xiot._'
requ:Lre VA polymerase III of the host.” Nelidixic scid, gnother drug
shich inhibits bacterial n\m gynthesis does ot affect. PB52 at '

g concentrations wirlch are stmngly inl'ﬁ.bitory for t.he host: (71) . Similer

, results have been obtained with othar phage-hoet systems whereas certain
) phages are inhibited by the drod

'I‘he rifauxyc:lns are a ciass of

epecific effect %p the TNA dependent RNA

L]

;ii:vmerase of a large number
L of nrlcroorganisma.' The history miad action\of these dru,gs has been
'reviewed in some dethil by Wehrh and Spaehe (71,,75). Rii’anvein

“is known to: specifica]ly “inhibt!.t RNA Bynthesi in B. eubt.ilia with
~ /

“resulting effects on protein eyrrbhesis. Phages t{hich are, l-mown to rely-
on. host. HHA polymerase for transcription have been\shom to 'be aensiti.ve.

i to rifamycm (7a). ‘ 'L'ne developnent ~of phage 1'7 :f.'or E. col:!. was tound '

o become reeiat&nt to ni.famyoin ahortly after infection (76), and this

5 _replication in E. coli '

(72 73) There 15: apparently, no . -

.tibiotn.cs best Imom for their E

L EP
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RNA polymerase ia :i.nduced by '1‘7 (77).' This mzyde wae shown to be t.he ~ 'f' :
e prod'uct oi‘ gene 1 of the phage and ie reeponeible for transcription of ’ ,?T. 3
_1ate phage i‘mctione. T wae 1ater discovered t.hat certain rl:t‘anvcin
f -f. '_ derivatives\gin mme t.he ‘1‘7 enzyme (73). - ' . , |
- Price and Frabott:a (79) and Rima and Takahasbi (eo) ehowed t.het P ;
| "PBSlandPBszare reeistant to r.lfanwcin ‘even uhenthedrugis added
several mimrbee prior to in.fection. PBSZ infecti.on was also reeietant
: to streptovaﬁ.c:m and etrg%olydigin, other ant:l.biotice known to :mﬁtd.t
" ‘the ‘host RNA polymeraee (79) However, ‘phege production was se@rely
:'mhibited by actinomycin D and lucan’c.hone, wh:.ch ai‘fect RNA syn‘l:heeis by
direct. interacti.on w:!.th the lm ‘bemplate (79) Ib_.}ne and Takahash:l. (eo)
- obeerved that r:l.famycin reduced the retes of 3H—Urd J.ncorporation into
RNA“and INA by more than 90% 1n infected ce'lle. Tt was d:l..fﬁ.cult to _
3 reconcile such a d.raet.ic eppa.rent decrease in INA synthesis wdth |
'-_eeamf‘ial_'ly normel ylelds of phage. Incorporation of 3H-dc1yd into INA
in rifa.nwc:l.n—treated ce'.L'Ls using PBSl end mA.—aifected mutants of PBSz
| revealed that. phage INA synthesis wag not. affect.ed by the dr'ug Thie
 means hovever, that 3-urd mcorporation into EYA'and INA under those
: condit.ions is not an eccurate meae-ure of rates of nucleic acid ayni:hesie. 3 P’ :
'Such an effect has been predic‘bed due to altered mebaboliem of nucleotide - '
puols for bacterial eystems in vhich the 'tmlk ef Btab‘le RNA symthesis |
is inhihﬂ.ted (31,82) &y’brldization experlments ehowed that a port:l.on
T of tho palse-i!.abe]led RNA :E‘rom PBSl-:tnfect-.ed celle hyb:d.dized Bpeci.ﬁcmy




T 'Ihese results 5tr0ngly suggest thet Pﬁsz either co des for its'" L
_'own RNA polymerase wi'ﬁ.ch is resist&nt to rii‘amycin, and/or, t.he.t i‘b T

_somehow modifies the hoet enzym\ei'fdeﬁn.g it insensitive to the d.rug /’J

‘ It may be that t.he phage in;ject.e a. protein involved in RNA eyntheeie
- along with i’ce A, or a eecondary RNA polymerizing activity, ei‘fec't.ing
| t et early phage Rl\IA eynthesis me.y exist in the hoet. Recently,

) Loeick et a.'l.. (83) isolated a novel rifamycin insens t.ive FNA polymerase

'. ,from PBS2 :.n.i‘ected B, eubt.ilis ce:us. ‘The purified enzyme was fmmd to
o corrbain fomir po'lypeptidee «hich are 'preeumpﬁive Bubmit.e and distinct h'om‘ SN
| those of the -major host RNA polymerase. The composite molecular weig,ht |
. wae estimated to be 262,000. Their results ehow 'bha.t this emzyme ie _
| dietinct, in a number of waya, from that of t.he host. ‘The question- B
‘letill remeins, however, as *bo why PBS2 is reeietent to rifenqrcin
pre-treatmmt. o _ | " | i

A recent report by Rothmen—-Denes and Schubo (84) describes a _
. eomewhet similar phenomenon in phage Nl.. in.fection of E. coli. ‘L is .
| apparently the only lmown INA—-conte.ining E. co]_i phage 1mh:l.c:h oan induce
‘I?NA ey?lthesis despite pre-treatment with rifamycin Experimmte with Ni
irrvolvin,g rii’aﬁ)ycin end other drugs- ehowed. thet two novel RNA -
'eyntheeizing ecbivitiee are involved. Induction of one requi_r_es protein
'eyrrbhesis a:E‘t.er phage :mfection while the other does not. . Although both. |
activitiee in ____v_g are resietant to pre—treetment with rife.uvcin., at.

least eome lat.e ‘Nh RNA eyntheeie ie eeneitive to the drug On the ot.her B
hikited bys a rifanm:in |

derivabi'\re known to inhibd.t. pb.age 'I'? RNA polymeraee. It

' hnd, both of the new act.ivitiee were. f.’mmd to be

poeeible
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thet one or both oi‘ t.he Nh—induced RNA. polymarase act.ivit:.es represent
| eecondary hoet enzymes. The only rifamycin—ineeneitive B’ coli RNA

- : eynt.heeie thus i‘a.r described is that involv'ed in T.NA replication (85). L

'I’he ear]ieet reporte of phage dry 'y were those of Burnet and
(86) end Grat.ie “87). Iurla (88) deecri.'bed the ieoletion of host-x |
rango mut.ants of a phage ac’c.iir_ on E. coli.. : Theee mu:taxrbs were capable of
forming plaquee on host strains which were resistant to vdld-type phege.
Hershey (89) reported plagque morphology mutenta of phage T2 for E. coli. :
' Theee were termed r urutente, for rapid 1ysis,. thch is. ecbually the 1oeel
T of characteristic 1yeis inhi‘blt:l.on in the i‘omation of plaques. Hershey‘.
[89) found furhher that theee r mu’c.ants could themeelves mubate with L
| reepect to host renge, :Indicating ‘that et 1east. t.wo genetlc deternﬂ.nanbe. SN
. were atttribubable to the phage. Herehey and Rotman (90) showed that

recombination hetween different r mrbants :i.n dtmbly infected celle was

possitle nd that st least two different l'l.nkage groups leading to the r

: enotypa existed. The same suthors (91) et.udied genetic recombin.ation

ebac*be:delcells. _' . "..

) Gollation and interpretation of- the. data from a mnnber of such

- -

sm of reoombd.nation in bacteriophage. 'l‘hed.r model easent.ially

] bacteri.Ophago genomes. It- muet be. nébed thaﬁ the simple but.

~-.

.l\h‘:f"a— '_-.‘ '
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r‘elegant experiments upon which this theory waa constructed were
"coneiderably facilitated by the typee o:E' phage mutente available. In“ .

' croeses involv:ing plaque morphology and hoet ra.nge nn:t.ants, large numbere }_”

of recombo.nan'bs could be counted directly and resulte compared on

| different hoet stx;ains. 'I'hie was favourable for multi-factor crosses

which were vital‘to the theory. Viscontl and Delbruck (92) postulated e

‘ that parental phage infect a cell, becoming vegetative phage wh:!.ch undergo‘_--'.

| nrepJ_-Lcation. As replication proceeds, the, frequency of matings becomes

T aigniiicant. At some point thereai‘ter random mat.uration of phage into

* completed particles begins and proceeds at a constant rate effect:!.vely

end irrevereibly removing, phage from the mating pool. This process

_ cont.inues mrb:.l the t.ime of cell lysis. Thus, in a eingle phage cross,

R - @.ven genome may undergo a number of difi‘erent matn.ng events 80 that

T reciprocal recombinants may not be produced :l.n equal numbers in single

| definition of linlcage of genetic markers in bacteriophage syetems.

cells, ut will be :'Ln a populatlon of doubly infected cells. '

Str.eisingerand Bruce (93 )y offered a clear and valuable operational

) _Using aimple criterfa and three i‘actor crossee, they were able to

'._,.mequivccally establieh linkage of all the then ]monn markers of T2 and

the related phage. Tl;. This meant that all markers could be coneidered to '
e:d:et' in a ainéle chromosome._ Sbreieinger et al. (94) later applied the

-ZL'LnEge test to eppropriate mutante o:I';‘ Th, s:i.nce contemporary t.heord.ee
rega.rding ‘the phyeica.l st.ruct.ure of the INA suggeated a cd.rcnler l:l.tﬂcage

.._‘.
\.‘.-

mp, 'lhe:l.r results were consisten’c. with a. circular genetic map, howmr,

no d.ﬂ:ﬂ.t.e conclusion could be drawn as to the, pbunical conﬁ.ém'at.ion of

g
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| the é}irémésemé. . The most common explanation of result.s of this sort. is 3
' -, ;that the phage pbpulation contains heterogeneous chromosomes which are |
g c:l.rcu.'l.ar permutstions of one another. Before ln.nearity or circularity
. .of a genet.ic map ‘can. be i‘imly estab].‘l.shed, a large amount of markers .

3 ,which are scattered over most of the’ genome must be aveilable (95). &mce S

the chromosome oi‘ phage P22 i‘or Se _mm__m_t_lri____ seefied to be sim:ilar in .
some respeets to that of Tl.|., Grou,gh and. Levine (921 tested t.he genome for

RV

, c:.rcularity. Usi.ng plaque morthJ.Ogy matants and conditional lethal nmt.ants, '

: they obtsjned results which were best explained by a. circular map.

B, subtilis phage ¢29 and. vegetative E. coli phage lambda are- lcnown o

'have linear genetic maps and linear INA molecules, which can- circularize

"‘under certain conditi.ons {37,96,97)« B. subti_'l.is phages SP82 and sp5o also

contain linear maps and linear chromosomes (93 99,100). Phages SP02 end

¢105 are similar in that both lysogenize the B. sub‘l:.ilis host.. Though the

Achromosome of bot.h are l:.near, the SP02 prophage map :i.s circularly pemuted

reletiye to mature phage, ‘while this is not the case for @105 (101).

. The E.- col:. chromosome is knom t.o exist in cimﬂ.ar form and

. recent experiments have shown both physica:l_‘l.y end geneticelly that

the ): N subtilis hromosoms. is e:!.so circular (102, 103). :

{
A copy-choice ‘model would expla:.n recombinat.ion by cozmnéncement of .

&

Interest. centered a.round two possible models for recombination.

/

_ replication along one parenta‘l. tenplate with a subsequent switch to @

of a second parent. A breakage model, on the other hand, predicts

..fragmentation of parental chromosomes and reassociation of these into’ new '
. and complete’ progemf geno 88, Koﬁ.nsld. (101..) using phage Tl;. and a "
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i combinatlon of radioisotOpe and denei‘l:.y 1abelling, obtained evidence

r eemi—conservative replicetion or parental INA. However, t.bis "- S
p&rental phage {NA was fregmented and distribut.ed among t.he progeny

= chromosomes. Sha.hn and Kozineld. (105) in an extenaion of these experlmente, . “ o

owod that at’ moet one INA fregment of parental origin appeared in a

. yi.ven progeny genome. ‘"Theee resulte are consistent with breakage and

(\__\e.x g ) e per rnatirgg event (105)
v S T Heeeleon and weigle (106) foind that the INA of lambda is.8 1
" eingle eend.-oonsemt:.vely rep]icatd.ng sty c‘bure uhich is able to ema:ln

' t.ect.- and mrep]icated when high’ iplicitiee-of ini‘ect.ion a:r:.e ueed. .

paremta:l. INA accounted for the density distributions among recombinant
progeny and thus ‘that. recombination must have occurred by b;eakage and
| reunion, Importent as well, was “the findink that chromosomes need not
’rep]_‘l.cate in order to recombine./ E)q)erimenbs euch as. these have not, ruled; - o

- _ou‘c. copy-choice or other modes of replicet.ion as. nat.ural processea bub

they have provided evidence for the occurfexgce of breakege and reunion of

: .eenti-conservatively rep]icating phage: genomes. _ ' .

. ! The genetic and blochemical study of any orgen:l.em depende,

- to @ great exbent, on the ieoletion of mt‘.mts. 'lhis :Ln t.urn depencie
on some peans of eelection or iderrbificetion oi' variants in nomal
pop\:letions. For this reaeon, mutant-s are comonl!y aouaht uhich exhibit
a pmfictable alteration in phenotype under deﬁned. oonditione. Thie of

_— S Lo

W
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,/ B course, requires knowledge of t.he e:d.stence ofn a given t.rait. In the case" :
- i of 'bacteriophage genetics, the ea.rliest nmtanbs were t.hosa wi'bh \ .

o alt.ered plaque morphology or hdst. ranae. Bpt.h of these were, reaaonable o
candidates for inherit.able change in t.he absmcf&.of significmt ‘
:mromation on, ‘the biochemistry of phage developm “f Such an approach, -'

v
- -
. -l

Al ’however, can at. bast pmvide information about relatively few genet.ic R
| x."-‘ ﬁmctions._ 'I'ne best cou§se to. fonow in the study oi‘ 'bhe organiza'bion
o ~of & particula.r phaga wauld be to obtain a class of mutants which are.
| ‘ easily idmtiﬁ.able, y&t capable of produd.ng dei‘ect.a in a large number
. . - of genes._ On the assmnp’c-ion t.hat t.he nomal ﬁmctioning of ma.ny ‘genes
' uould be essential for successml infection a.nd thus viability of phage, one
L { could attempt to find mut.anta which would be let.hal under cert.ain |
| conditions and ncn—lethal undex others. .‘I‘he theore‘bical assumpbion |
.T: _ ‘behind auch an a:btanpt ar.laea as an ext.ension of ’c,he one gene one enzjme |
| lvpothesis (107,103). : o R .' - L
Campbe]l ( 09) appl‘l.ed ech reaaoning in his efi‘orha t.o isolate _
mntants of pha,ge 1ambd.a ror E. coli.\ He succeeded in isolating mutants -
utﬂ.ch were Bensitive to temperatm'e and others which were sensitive to a
hoat. mxppreaaor. Tunperature—emsitive mutants ware identified by their'
ability to rom plaques: -at one temperature, ‘rm:t. not. at a. higher one.
Suppressomensitive mrbants were viable on host Bt.reﬂis harbouring a .
A :- auppressor a:l.lele, but not on non-suppressing strains He ‘demonsbrated
A the feasibility of recoml:l.nat.ion analysis of these umtants, and devised
complementation tests for the auppreﬂson—-eanaitive mut.an’os. Most:

significant waa the fac:t that. theae nmtants were found to faZ!J. :!.n 18




complemmtatiqfx classes, with mem'bers of the eame class mappd.ng ii theq‘ h
seme reg:'..on of t.he chromosome.‘ These results ahowed that conditional '
lethsl mutants can be isolated which are afi‘ected in a n:l.de vaziety of .- o
: Arphage ﬁmctions. Ftn'bhemore, Campbell (109) waa a'ble to 1de:rbify one .
' complementation claaa as affecting the 1yt.ic enzyme :induced. by lambda
-- ._ and to eatabliah that the ability to lysogenize is a fimction o:f.‘ the
. '.complementation class. _' : _ ' _ 7
R | Edga.r and I.iels.usis (110) reported the isolation o}/ a .1‘arge' |
‘number of, temperature-maitive mutanbs of phage’ The Complemmtation '. y .
testi revesled that at Least 72 different genes wers represented in their . i
.. -nutant couection. It was ahown that these nnrbants were dafective :ln
stages 01‘ growth ‘within the cell. ngar et al. (111) made a compar&tive __
. ‘study. « of temperature-smsitiva mutanta of T4 and a newly discovered clasa .-
- of suppressor—sened.tive mitants of the phage, ca.'l.led amber mutants. R
Oonsiderable inbradstmrﬂ.c complementation was observwed between— some :
pairs of tanperature—eensitive nnrtants, however, ncme was fcnmd wit.h amber
| mrbants.- 'I‘his 1s not surprising since it'. is oW knoun that ambeer mutants
" dre nonsense or polypap‘bide chain—-teminating mrbants ihich can be suppressed
by mztat:lonal alteration in certain t.ransi‘er mm species (112). Epsted.n
et al, (113) first characterized tauperaturq—sensitive and amber rmrtants = |
. 7_of Th. These aut.hors conﬁ.rmed that temperatm'e-eensitiva mxtationa
‘. cause complete, thoughkiiefective prote:lne to be produced uhereaa am’ber
.mut.at:!.ona result in the lack of gross alteration of the a.tfected pmtein. ‘
Formmple, gene 23 mde&ucedtobeimlvadinthatomtionofthe | -
B hn-d o:!‘ Th. Howem, head componen’c.a which were p:reeent .’m ]33&1:35 or gene




23 tempereture—eeneitive urutants were abeent from those of amher-mutante ‘

. in the same. gene.- Thue, the:Lr work eetabliehed that these f atione

- can ai‘fect a variety of ﬁmctione a.nd that ‘some , grouptsig, 4 the genetic e
‘map, of genes with e:l.miler ﬁmction e:d.ets._ Most of the mutants.qar |
'lfound o be involved in A syntheeis of the phage or in. the comlex S
process of morphogeneaie. - E

R Ma.ny ‘of the propertiee of amber mutante can now be accounted
8

. for by their eha:ln-temination pz-operty.' Stretton et al. (112) nave -

.'-reviewed the. evi.dence which hae conclueively denonstreted thet amber
nmtatione reeult :Ln the generetion of the nonsenee triplet UAG in INA

and ‘thus, ultimately in the. premature ternﬁ.netion of polypeptide eyntheeis
l. during traneletion. The pr&duct is therefore a protein fragmemt, the -
relative length of which depends on. the &.stance from the 5' end of mRNA
thet the nonsense. codon - appears. Amher suppreeeore are mtrtations effecting
transi‘er HNA epec:!.es which then ecquire the ehi:lity to recognize the
amber codon and :Lneert an ecceptable amino eeid into the polypeptide
at some frequency, which is not lethal for the cell. It had also been

shown that mutations producing UAA (o e) codone aleo 'resulte":in'

: premature polypeptide chain teruﬂnetion and euppreeeore for such mutente
.‘ . cen also be obtained (112). It would be erroneous to conclude that .
' "".conditiona.l lethal nnrtetione could be found in any gene of a complex -

' becteriophage or virus, however, reeulte ei‘ experimente uith phages oi’ .

| B coli heve ‘shown thet a considerable number of phege functione can be |
'elucidated in this way. DR _ | o

Okubo and Yanag:!.de (llll.) eucceeded in ieolating a euppreseor mutant



“ ; oi‘ §. subtil'le. It was isoleted es a histidine independent revertant of
_ 'a multiple eumtmph in wi'd.ch the his genotype wes shown to persist |

by transfomation experiments. : 'I'hey were then able to obte:in mutants oi‘

.. phage SPOL-which were not capable of growth on the parent but eould grcm
* on the suppresed.ng strain. Georgopoulos (}_15) was able to isolate
suppressor-mutents or B. subtilis by selecting for joint revertmts of

/ \

l tm.ﬂ.tiple au:uotrophs He. elso. roported the :!.eolation of suppressor— R
sensitive mutmxts of phage ¢e which is s:l.nﬂ.;l.ar to SPOl '

Tevethia et al. (116) recently conducted a comparative study of
suppreesor mrtants of Olcubo end Yanagida and o:r Georgopoulos, uhich were.

k designated _B-ql and &3, reepectively ~ These were prestmed to 'be e |
‘-nonsense euppreseors, since both suppress a 1arge number of :lndependently

1solated mutants. In support of this, these authors hoped to detect high

: 'molecular weight i'orms of prote:l.ns from straine carrying these suppressors. _
' . These wquld be presumptive read-through produpte caused by suppression of

| 'normal chain temination. . Such grossly altered proteins ‘have not ‘been
- i'ound in E. coli etre:lns cerrying nonsense suppressors. This may have been‘

due to & relatively 1ow frequency of read-through evente, or- toa complex L

"'post-transcriptional proted.n cleevage mechan:}.sm. In order to assees the B
o arrect.s of these suppressors in B, subti_'lie, the appmﬂte 1sogen:l.c :
: stre:lns were, constructed. By a.nalogy to the E. coli\ systems, ‘the su _2-1
| mutation has beeri te.ntetively cloesiﬁed as ochre and the m—s mutation
\Ilas amber, bnsed on their erfects on powth and petterns of suppreed.on.
"n:o qu m:tation is relatively unstabls, csuses a reduction in yowth

!I'te and canpotmce ror tmsfomat:len, and mrppmesses ell nmtants

j'




suppressed ‘oy &-3 as’ well ae eome that are. not.. The two mutations

/ - .
cen co-exlet. :Ln t.he eame strain end apparently eﬁ‘ect insertion oi‘ e
different amino acids. . Of major irrt.erest. is the evidence ror slouly

mJ]I.grating i'oms or new ieoenzymee of L-leucine dehydmgenaee and

rioeephosplnte 1eomeraee in strain.s carrying the ___B-l or’ m—B mrba:bion < - :

(J.'l.?) Th} new forms of tr'loSephoephato isomerasa wero round to hmre -

; o molec'tﬂ.ar weighta more than tvd.co thoee o:r the \dld-type enzsmo. Although
- several int.erprebat.ions are poeslble, theee reeulte are cone:Letent

vd.t.h t.he hypotheeie t.hat theee are nonsense supprreeeors. : Ultimately,

identiﬁ.cation and characberization of altered & anafer mu species d.m S

the euppreaoing etrd.ns ui].'l. be necessary to resolve he. issue w.!.th :

B Temperatue—eensitive mutante or a number of B. eubtilie phagee '
have been exand.ned and :Ln the last few years, u.dies vd.th conditional

- 1ethal mu‘bants have been extended H:Lth the use of suppreseor—oensitive

mitants. The work thus far has’ centred on t.he small v:i.rulent phage, @29 |

(37 38, 118), . methyluradl—contejmng phagee euch as SP01,~
. and P82 (98,99 119, ), and two' other phagee uhich can 1ysogen:|.ze
B bl ¢105andsro2(3536)- - eV
' Logeron and Szybalald. (30) ehowed that the' dllrd analogue, o
Hluorodeoaqurid:!ne, uhich inhitd.ts th,yuﬂ.dylate syrrbhefbase a.‘nd thuo

_ nu qnthesie in other syotems, can be :!.noorporat.ed into t.he nu of PBS2

- mmmmm(m)thmmmdmnhemmnmmc.-'

for the phage. Usins th:l.a and obher cheud.onl mutageno, Berrﬂ.ngbon (122)
‘ .uolatod a nunbecr ot tunpmtm'o-eeneiti.ve mxbante o.f PBSZ The 1ow and

e e e
R LI KRR




. variable burst size of the uild-t,gpe at the restrictive temperature made

- ‘-..meeningﬁﬂ. complementst.ion tests difricult. A tentative genet.ic msp
contain:lng 10 cist.rons was constructed by compaﬂ.ng the results of t.wo

"_factor genetic crosses \d.t.h those o:t complanentation tesbs..‘ As well,

" a compe‘bence regimen i‘or PBS2 t.rmsformsticn uas developed uhich msde

"transfomation of temperature-smsitive mut.ants uith frag{mtsd Hild-type B

-

. INA pos si Shesred PBSZ INA was centrifuged in mercury—cesim sulphate

o _-gradiemts, which separates fragment.s oi‘ INA or different bese compositions.

‘ In t.his way, cert.ein tsmperature—sensitive mtsnts were shoun t.o bs

'- ,tmsfomed by nm from particular fractions of the gradients.

' In order t.o exbend genetic sbuﬂies of PBS2, a rrmnber of suppressor- L

ensitive mutants have been isolated 4n’ the present study These have .
 been assigned to cenrplementation groups which ‘were then screened for. the

' abilit.y to perform cerbain phsge—related i‘tmctions. l-hrl'.ants found ’c.o be
deﬁ.cien'b in phsge-induced INA synthesis wsre further characterizsd and

- _subiected to genetic enalysis. Mutations in twc distinct cistrons were
 shown t0 be una'ble fo induce the PBSZ—related nm polymerase during o

| .‘in.fection of non-suppressin.g cells. A genetic map, including a mmber of
| the complement.etion groups identi_fied in this study, was presented. _

‘f -~
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. 'sm‘ bola a.nd abbreviations: .

Symbols used to designate the genotype of bacteria. ware
as suggested by Demerec et al. (123). o '_ _
| The mits o.f 1eng'bh, weight, 1;'01ume, and time ware abbreviat.ed
las in’ ‘the Joumal of Bacteriology. Abbreviations of micleic acid
N ,_consiatuents were according to the 1970 recomendations of the :
- IUPAG—-IUB Gonmission on Bi.ochem:lcﬂ. Nomenclatm'e (12u) |
Coooud o “ﬂdin"
R cybidine. _'
dUrd *deom:ridiﬁe . _ |
- dCyd . ldeomrcytid:lner “ . ‘. .
. amd  deoxythymidire T
AP sdenosine. txiphosphate L
dATP ,-.'deomdenoaine triphosphate
‘ dCT..‘P '- deomy‘bidine tr.tphos;:hate _
.‘ aa ‘deon‘guaﬂ'aine triphoaphate )
g deoxythynﬂ.d:ine triphosphate S :
dUTP B -deoxytn'idine triphosphate o o A '

AR S—ﬂuorodeoxyur:bdine R s
.‘ Ot.har abbrevlationa rrequmuy used uere:.... ' '__':_ N o
R _“:_..__"_25




A

_ Some of ﬁha -ggﬁotypic

P
R
| PA

" gus

“ts L

.if?l?._'l%;“r.gflg_;la .fgfj i

‘ 'bm.chloracetic acid _
":‘etuylenediaminetetmcetic acid.

B N—methyl—N '-rﬂ.tm—N—nitroaoguanidine

. ;._‘temperatm-e-eenaitive INA mutant in B. subtilts
- mubant req.ﬁ.rlng Cyd (1a.cld.ng CTP synthetase)
. fmutant Tacking cytidine/deoxycytidine deaminase

'.multipncity of infection TS
perchloric a\cid R

'Penassay Broth (m.feo) ) |
'. -.adaorption medium o . '.' L
' .'Tryp'base Blood Agar Ba.ae .

5 “ _.,pomrhs per nd.mrbe

‘ suppreasor-aensitive

temperatm'e-aensitive

symbols wero-

. mutent lacking dCyd Idinase - -t
.';'mubanbdeﬁcientinm.&pohmemaell - -
i mutant ca.rrying a suppressor

R .;non-euppresaing Btr&in .

- _unrhant lacldng a]lcs.line phOBPhataBG N

._2.- Bacteri.ophaﬁe and bacterial stra:ms R

Bacteriophage PBSZ was obtained from a si.ngle plaque isolata

| mrbant., susS or SP01,

: of our 1aboratory stock. Bacteriophage SP01 and a auppressor—sensitive '

were obtained from Dr. S. Olmbo

'l‘he atrains of B. subbilis usad in th:l.s etudy uere liated in

et . LT

26,

L gk
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v UTABIE 1. Iist of bacterialstreins - .

L. -

~ Jeo128

130

" 16320_1}\

- $B202

o Ge(lotype c
SRI9E © - atfr,mﬁp-._ o
E'Erv gﬁr" '22.3135 .
: '.'Q.‘L.a"l.! ‘. pﬂGl,_Cl_Cl'gh, |
ls-5, met-5; AP-2,
‘his-5, met-5, AP, . ' S) Okubo

-.‘_ m: - ..." _‘ . . _ |
. ind”, thy, pold, sup”

© aro-2, trp-2, hisE2,

!

+

+

ILaboratory é'tocl_c.

— . ' , R

tpel, s
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| 3- Media :'t_ o '- ° s .
| (a) mo antibiotic medium 3 (PA) __-' SR }: -
(b) Hinirﬂal medium (MM) was deacribed by Spdzizen (125)
N - (m )25%
 *3,-{%W%a Lo
CELRO, s 6.0
. Sodtum citrate' o 1.0
TS o
Distilled water S 1001

'_’2.0

’ \;The PH vas ad:]usted to 7.0 and afber autoclaving 50 mL of
PR 10% glucose were. added per 1i'l:.re of medium. Min:!.mal agar (HA)
- '7 contained 1Sg of I):Lfco aga.r per litre of” medimn.. #mim .acid‘s;

‘l ,were added at 25—-50 u.g/ml when re@hed. o |

U

(c) mt‘co Tryptase Blood A,gar Base (TBB) | Ny
(d) Adsoxption medium (AD) (29) was used for. &'Ll phage dilution '

“Na(‘,'lr o . kog -
T om0, o 15 g

Syt
1

WeOLTHO . mSEg
rww-m§ e .o

aolution om0 o
100 ma) \‘ T e g

mless otherwise stat.ed.

ec;B solution '{.:"-]7 2.0m
o@esgfroom) o o )
| ‘m!eo Teast Extractf'"j_l Lo g i




TR 7",-m_fco Nutrient Broth
B A HgSOh 7}120 o
) 2
. Difco agar S
"mstmed water_ ey F

_ additions were made. }
. 'J FeSOh Bollrbiﬁl 0-27';)
o )2.1.}]20 solution

(2.3%3

. (r) Vogel and Bonne:r supplemented medium (was) (127). |

1‘1380,+ 7}120

B anl solution (1 9%) '"

O\f,‘. 3

‘2

[

: Git.ric acid (0611807} H20)

HFO,» “‘20 |
. m.fca Gasamino Acids
tryptophan |

.. " Fecl3 6H20

S ‘-"'l_matilledwat.er"-

1Y

- 140
.710.0_'
RN o'_
' 10.0 mg’ )

1100 {ng L

.1-._1

8.0 g

0.25 8

1.0 1

[
e

0.1 1
10.0 ml

0.2 ‘

. 2.0"'.

R

glucou m a.dded per 1itre or medim. R

E ‘4'--~-'-, ) Y

® M| &

" ,e

.(e) Sporulation medium ‘,‘SM) was as described by Schaeffer (126) ‘,. B

~ .

'I‘he pH was ad:]usted to 7‘ 0 and after auboclaving, t.he follou:l.ng

. 'T\.

Sy

o v Ay
CLy, . YU
. PR . r .

o

. i : |
'J.'he pH was adjusted to 7.0 and a;‘j.dr auboclavlng 50 ml of 10% . o

v o



C? = 0 : ‘ : o 7- 30,

(g) Basic Growbh Medium {mu) (122)

e A?t.er autoclaving, the followj.ng were added- "

 glucose (10) 50
e s f'tmptophan (0.5%) PR
R m.fco Yeast Exbract (10%) o 1.0
e _Dii‘co casam.’mo ad.ds (1%) B _."2,:0--

_ ""**3- L
t.yroaine (0-5%) ' ";'.‘, o 1'0

L "phanylalanine (1.0%) o : ,'ai'-.'{"0.5 g _ | .
Just before use, 001 ml of arginine (100 mg/ml) per 10 ml medium “

BRB a-f} a‘j

a'-:

% was added. L v
(h) Com‘petemce medium (GM) (122)
| . minim&lmedimn ST ,100_"' B
¢ . o “The foIL’Lowing were added a.i‘ter autoclaving. _
| | \\\ o -glucose (10%) o ,' S _,5.0 ml
| ’ | ‘tryptophan (0.5%) 0 m
L e .?Ili.fco Yeast Extrac’o (10%) .10 il
' S . lDifco Gasanﬂno ﬁcids (1.0%) 7 1.0 ml.
. t.yrosine (0.5%) - b 0'5“‘1@“ o
nstiatne (LOF). . Oasml el
shil-clmic acid (0.5%) 0.5 m EE
J‘ust- before uae, the :t‘o‘llo;d.né were added'- A R
e .'.'.'0*125"‘““‘2-“*'.' T '\ 2‘5
| '\-i",‘,o.os xs;ma S 1.0 ml

'v"«...
] T o« -

R . : R
R R K . . . . .




o

e Culture conditions R A

' from overnig :

of. reaamable eize (about. 1 m), assaye of suppreesov—sene:.tive mut.ente

: 'hoet. etredns since the resulting plaquee were too 1arge and d:l.fruse..

Maﬁee. The

Strain J’OBlBO wae maintained on m 3ince :!.t was more stable
\

I “'on it than’on TEB agar.. Strain SHI9E. pyrGl, dekl; vas maintained on -
_- _TBB supplemented with 10 ug/ml of Cye‘ Obher stra:l.ne were usually
-.‘-_maintained on TBB agar pla‘bee. Unless othe;mise qtated ]iquid cultures

were rout.in _'

- h=5 he When necessary, growth was i‘ollcmcd by measuring turbida.ty m.th .
A Klett—-Smmlerson colo:d.meter equ:.pped Hith a #59 (green) fJJ,ter. A f;"_f

-

o Fhage techrn.quee e ‘\‘.'

PBSZ end SPOl were aesayed i‘or plaque—-fornﬁng units by the

me‘bhod deacrlbed by Takahashi (l), except AD ‘medium’ was used i’or dillrt:l.ons. 1.

. However, in order to 'obtain good 1awns of Jm130 and clear PBS.’Z plaques

on thia hoet were performed using 0. '7% agar :Lnstead of 1,04 for the TBB

overlay. , The f:mal concentra;tion of agar in the top 1ayer was thcre.fore

| 0.35%, which was still sufficiently solid for Foutine plaque assay and

lysate preparai;ion. ' PBS2 could not be aseayed with 0.7% agar on other

High titre Ay atee were roubinely obbained fmm confluently

l
o

atin.g technique wae a8 above but 105 106 PFU' per

plalce were used to ob onﬂ.uerrt lyais. Ai‘t.er ovemight incuba.tion :

at 370, 5 ml of PA uere add.ed to each pla’c.e and 1e:t‘t at rocm temperature

el -

o

. =

"

preparcd ‘by inoculating PA medium with lesa than 10'7 cclle/ml- o
cultm‘es on TEB agar. Cultures were nomal'l.y grown at _ v"(.“ o
" 376 and ae' ted by sha.ln.ng Gultures reached ~stat:1.onary phase with:m o

-



a infected ;ﬁ.t.h PBS2 at an MJI of about 1. Inmediately after infecticn,
- NG was added to the mﬂ.ture e.t 20 u,g/ml. A The preparation of HG- eolutd.one
’ and detenningtion of NG concexrbrations were done acconding to Tal-mhas}::!.

:o'bt.ainedvariedfrqmleo'? t.02x10 PRU/ml. ?

T Preparﬁion of 5—£lu.orodeo:g?uﬂdine-treated 1ysates

o ‘were clariﬁed by centr:l_fugation for 15 min at. 6500 x g end aaeayed on

Lol L

at 6000 xg or 15 min to remove cell. debris and stored at z,c. m
.centrifugetion etepe reporbed here were at, l+G. Iareatee prepared this way
= .had t.i’c.ree of 17 x 1010 PFU/ml as qpmpared ~to 15 x 109 PFU/mJ. in lysates

o=

'ob'beinedinbroth cult.ure. B R =5 8

e

{

. . . / . : ;o

'.-:E‘or 3-5 h with occaeionaa. a.glta’ca.en. The phage suspension was cem:xd.:hnged g

'6._ Preparation o:t‘ N—me‘bl:gl—ﬂ'-nitro-ﬂ-nitrosoguanidine (NG)—treated lysatee g

Four hour mﬂ.tln-ee of J'HJ].BO (2 3 x 108 celle/ml) in PA were

. and Barnard (128) The treated cultures were shaken fo&- 1.5 h ‘at 37C and
- incubated Jovemight at t.he eame temperature. B Icreat.es were cla.riﬁ.ed by

cmtﬁi\:{ation at 6000 x g for 15 min and. ae‘Jayed on Jeo13o. T.’rytres

L A }
Yo, :

1 S P
)

4 S
F&‘ur hour cult.ures of JOE].30 were dilubed 10 fold ihto VBS

'-'meaium an&’ shaken :t‘or 1hat 37c (to appronmatély 10° celi.e/ml) Cultures

to aaﬁ.nal concem‘.ration of\"S' u.gfml. ’Ihe”culturee were ehaken for an

uidtusnal 1h and :anubated ovemight. vd.thorut qha.ld.ng at 370. Igvaat.ee

| ‘of VES medium and’ infected with PBS2 at»asn ¥OI "of about, 1. Ini’ected | éé,“
cnltnree were then ghaken for 20 m:i.n at which t.ime FcIUrd vas added. W

I




O -

© JBOL30. - Titres obtained wers-from 1.5.x 10 to 2.5x 10° PRO/ml. .

"-8 Isolation e.nd pur:l.i‘icatiomof stmpressor—senaitive (susj_ unrtaxrts< /-

)

Q A mixed indicator technique uhich was “devised ror SPOl and sro1 5~

ould not ‘be. applied to PBS2 due to the variation :i.n plaqo.e size end

clarity of the PB82 plaques on JOE].BO._ tants therei‘ore had to be

-

‘igolated by the nondiscﬂ.nﬂnate picld.ng o plaques. Mutagenized 1ysates

were plated on JH)130 to 51.ve 100-300 plaques per plate. These were then

' plcked iith sterile toothpicks ento pairs of plates, .one seeded Wth

‘ JK)CLBO and the other with JE)128. These wer _)h’en@acubated ovemight at
. 30(3 and scored for 1ysis the fo]lowing day. -Isola.tes. HhiCh produced lysis -
on JB0130 e.nd not on JE)128 were selected for pm'ification. These '

pubative mtante were subjected to at’ least two successive single plaque -

) isolations on JE)130. Igsates were prepai'ed from those which continued

to express conditionel lethality. mtant titres wsre generelly 1- 10
PFU/ml/when obteined from confluently l.ysed pletes. The frequ cy of
revertants deternﬂ.ned by plating on J‘H)128 renged from 10 =5 to 10"9

'y . . - ;-
.. .

' 9 l«h:tent nomenclature

Forty—rﬂ.ne suppreesor—seneitive mutants were isolated from

) twelve NG-treeted lyeates of PES2.. These were given the prefix SNG and
m:mbe:red rrom 1-49 in order of ieolstion. Serventy m:tents obtained rrom '

sleven Fdll‘rd—treated lysates were gi.ven the preﬁx SFU and numbered SR

| 1@0 in. order e:l!' their isolation._ 'Ihe frequency of nm;tants uaa 1.1$ o
. rrou NG-treated lysates and 0.6% from FdUrd-treated lysatss. _ f

T . ot [N - T e e R

10

B



L .

" 10, comnlementation tests R
A spot test for compiementation ;aa de'vised to fac.u_itate B
- .lclasei_fication of these mutants._ Miztent lysates wers. dilubed o 1-1,, x 106:-'7.
E PFU/ml and d.mps of .theee weregmixed peind.ee on plat.es seeded thh
| ._"ceills of JB)128. Pl tes were incubated 6vernigh‘b at 300 and’ scored for o |
-,_lysie the following d

. were mcluded. ' Complement.ing pairs sometimes produced only s].'i.ght lysis

In el'l. expeziments, eingly :Lnfected controls

. L‘\\t or a number of_ eingle plaques. In most caeee, however, res'ulte were quite -
'straightfomard “When difﬁ.cultie& dd eriss, pa:Lrs were retested S ‘
.‘eeveral times, oft.en from dlfi‘erent lyaatee, before being claesiﬁ.ed. Q\j .

r‘ | Quantitative complementation teete were carried out in PA
. . _me‘diu-m.‘ Four hour cultures of JBD128 were dil‘txted lo-fold :i.n fresh PA :
and grown 1 h o 108 ce]le/mi These were dietribu:t.ed to appmpriate ‘
.tubes and infected ‘with paire of mutants, each at an WO of 10, ' After
15 min, mmdsorted phage vere inactivated by treatment with antiserun for |
« 5 min. 'I'he anbieerum used was ob{'.ad.nedfrom I. Tekahaehi andhad a K "_t
| _va:Lue of 1,00 aga’meb PBS2 uhen aeeayed according to. Adame (]29). Cult.u:ree
were then dill.rted 1, (X'X)-fold in freah PA at 370. At 90 min,. totﬂ. phage
' ‘ylelds were estimated with JBo130 as host Single infecﬁione with wlld-type
PBsz and mutante were: included as controls in each exper.l.ment. Relative . .-
hage yields as & measure of complementetion were calculated e5°:

(:rrleld from mixed inféction) - (eum of individual yiE(,l }C 100
wlld—-type yield

| Mutante e&id to complemmt one another gave reletive ylelde of 20% ’
“ b ‘or moxe and indi'v’.i.dual mutants and noncomplement.ing pairs ga.ve relative -

‘ . r



yields of 1% or less. m some experiments, ths sum of individual yields .
of noncomplement.ing mutants exceeded the total yield from mixed infsction. BN

' ]_'I.‘. l.}snsti:c'cro'sses ‘.t‘n ‘ . : _ .
| " Genetic crosses between suppressor—sensitive mtam'.s or bstwssn X,
Nsuppresson—sensitive snd temperature—sensitive mxta:rbs wsre psrromed

in t.he suppresson—carry:lng host, JH).‘LBO. szr hom' cultm'es o:r J’E)lBO were.
diluted 10-fold. :!.n i‘resh PA and grown to 1 x 108 ceus/ml (75 natt units).

: Pairs of. mu'bsnts were diluted togsther :in PA 30 that sach had a t:ltra of
1x 109 PFU/ml 1n'the final dlution tube. | At the desirsit:lms, in:fsction

was begun by diluting ‘the sultxn-es é in PA. containing the

tested. At 15 min after infection, unadsorbed phage were :!.ns ivated wii;h
ant.iserum F.L'\TB mimrt;es after the a.ddition of antisermn, infac '
|  were diluted 1, ooo-.rold in prewamed PA. Ninst.y min after infection "
(1ysis was usxmu.y apparent by this time), the progeny were e:l.ther .
assayed :imediately or stored at AG in the prssence of a few drops .o.f
chloroform. Crosses bet.ween suppressor—smsitivs mu‘bants were. assawed on
JBD128 foné wild-type recombd.nsnts and bn JK)130 for total pmgmy.
Recombination frequency was. calculated as._‘ :

[- T

. wild-type recombinants X 2 x'-' 100 ,
total Progeny T

Thess crosses, un‘l.sss othsrwiss stated were eonducted at 370. Gmsses

*

betwsen suppressoz\-smsitiva oxxd tempar&bure-smsitive lmbsnbs wsre _
ususll;r dona art. 300. Recombd.nat.ion Irmcy was detsmined by plat:l.ng
ﬂie p:rogeny or the cross on JEJIBO &d test:tng the remﬂ.ting p],aquaa .for RS
the am.uty to grow on’ JE0128 a usc. Thoss umch Wm ware

_'/, A L .“'-'rl




s incubated overnight at 300. Putative double nn.tt

36

- ‘_'H:ild—type recombinents end recombination i‘requeney wae calculated ae°

' plag@e whieh m'_o_duced 1&8 at &50 X 2

“total plaques tested x 1°° S

' "for each croee, at leeet 200 plaquee were teeted in thie way. When
'neceeeary, the relative abundance or perental typee wae deterudned, a
. _‘land the appropriate correction a.pplied to the calculation. | '
L 12. Isolation of douhle mltente

o - -

| Double mutante oi‘ the Bue--eue type were isolated from the progeny
of the appropriate genetic crooe. Progeny were’ plated on JBDJ.BO and
quee were tre.nsferred with eterile toothpicks onto each of 3 pletee.
wes eeeded with ce:lls of JB:J130 the second uith cells of JEDJ.28 o
‘and about 1lx :u:>6 of one of the parent nnrtante, and. the third with ceJJ.e |

of JH)128 e.nd about l x :1.06 FFU of the parent ' '_‘ant. -The plates were |

.8 were those which |
_produced lyeie on the plate containing JHJlBO but. on neither of the oth:r

two plates. The J.atter obeervation wae considered an indication that

such ieoletee could not complanent either of the. parmts crogsed. These

. ‘were retested and i.f the double mutant phenotype pereisted, high titre r
1yeetee were prepared a:rter at least one eingle—-plaque ieolation. In .

- some " casee, ganotxpee were teeted with the regular spot. test procedure. : ‘
| Double nnrte.trte of the auo-ts type were aleo isolated from the progeny of
:‘ the eppmpriate two—factor croeees. Plaquee formed on JBDlBO from the progeny

_ were picked onto 3 platee, two of uhich were eeeded with celle ot J‘m130 and.
the third with Jm128 One of the JmlBO—eeeded platee and the Jm128-eeeded

- plate were incubated ovemight at 30¢., The other plate aeeded ud.th JBJ130 wae




- ill-- Preﬁggtion of crude éxtra.cts | P _' s

5 »
.t .

-

. incubated ovemight at b,SG. Put.ative double nm;t.am:.s were those whic.h

produced Zl,vsis only on JH)].BO at. 300. '1'hese isolates mere retea‘.'.ed and

.produced ]ittle or no lyeis on JED].BO at L5C uhen picked rrom single '
| plaques. ‘¥hen neceasary, apot eomplementation t.esta were used to
' _cerbiry nrut.ant genotypes. ‘ A N

13, }"hage transfomation vd.t.h PBS2

_ Tranaformation was c&rrj.ed oub as deacrlbed by Herrj.ngton and
Takahashi (130). Cult.ures of 813202 were groun to the end of log. phase

in BGM and diluted to 10-fold in cu. After an inc'ubation of 90 min a’c.

376 nn.tt,ant. \phage sud INA from wud-type FBS2 vere ddded simultanemmly. o

! At 90 min aft.er in.fection,' cult.ures were assayed ror H:ild-fbype

tranefomants on JB0128.

Cy

Cru.de extracts of PBSZ-.’mfected and miniected cells for

_enzyme assaya were prepared as rollowa.\ h h cult.ures were diluted o .
: '10-fold in PA and grown to about 1 x 108 cella/ml., Theae rere t.hen Q "

Mected and at the appmpriata time a.t‘ter infect.iun ce].'!.s ware hamsted

.by can'rbrimgation at 6, 000 x g for 15 min. Hhen nat. used imedi&bely, _
'pelle‘bs were atored at -150. To obba.in crude .ea:trachb, cea.la were
| ‘-"“muapended in, the appropr:!.ate buffer and pamd tutce hrGugh” a
E -.Prench praasure cell. (lmarlcan Inatrment c:o.)' at 15,000 paunds per square

. double mubants ‘were pur:l.ﬁed through at. least one single—plaque 1solation.
| "This technique had . :lnherent difﬁ.culties aince some or the sus mrbanta alone',-]



" inch Undismpt.ed ce]ls and debris were. removed by centrl:mgation at. L

- :-'_15,000 X g for 30 nﬂ.n and supernatants were used ‘as’ crude exbracta. ‘ 'I!he

j(:011::emn:'a.t:!.csn of prot.eim in crude ext.racts waa estimated by tha method
.'-'ofInwryebal.(ISI)usingboﬂnesemalbmﬁ.nasaatandard
' B early a:q:eﬁmfnes wit.h PBS2-induced NA p01Werase acbivity,

A——

"crude extracts were prepared essmtia].‘l.y as described by Price and Gook
E ‘(62)., Cells were groun a.nd infected an a‘oove. At. the appropriate times, ' | :
) .cells were rapidly cooled and cmtrimged at 6000 x g :t‘or 15 min.  1 L
Pellets were washed once and either a'bored at —150 or reauspended for
. eacbraction in 1/100 volume of 10 mH tris-chlorlde buﬁ’er (pH 7.5)
.con‘bain:Lng 1. 0 mH ED'I'A. The cells were treated wit&h 1ysozyme (200 u.g/ml)
" for 30 min. at 370. Iarsates were cmbﬂ.fuged at 15,000 x g for 30 n:Ln to '.
| .'remove cell debris and dithiothred.t.ol was added to t.he supernatan’c. ‘at 0.1 mH.
. Hhen not. ‘used imediataly, the exbracta were Btored at —3:50 with little
"'loss :in mm polymerase act.iv:l.ty for at 1east one month. . Prior to use,
exbrac‘ba were, dialysed overnight against a buffer conba.:’ming 50 mH .

ftris-&chloride (pH 7.5). 10 oM Hedl, 0.1 BM mm, and 0.1 oM d:[thiothreito}..

15. E‘nmeaasa@ S T T
(8)dCTPdeanﬂ.naae L T " -
'l'his acbivit.y was assayed epectrophotome‘bﬁ.cally acpording to

- the method of Neuhard and Thomassen (132). Cells oi‘ .nmzs wers grown

end :Lnfec‘bed as above and h.arvested 30 m:l.n after infection. . Cella ‘were -

| ,,“.-,'resuspended in 25 mM. tris-chloride (pH 7. 5) and Frernch press’ eact-.racts |

| ‘.were prepa.red as descr:!.bed above. °The reaction mixtmres coxrbadned.

-

| 25 mH tris-chlorida (pH 7. 5), 365 pu dG’I’P- 250 pu ugcl2 and B.liqv.ots L "



o 39 :
-,Of cru.de exbract in a ﬁ.na.l vnlume of 0.5 ml 'Ihe m:bcturea were o
:"incubated at 37c and st various time :ertervals the react.ion was. terminated S
B by transferring 0.1 ml samples into 0.9 nﬂ. of 5% PCA in ice water. ‘Afper '
e 30 mi.n on ice, precipitates were: removed b‘y cen‘brii‘ugation. The deam‘lnation |
of dCTP was fouowed by measuring the absorbance of the samples at 290 nm .
m a Beckma.n spect.rophotometer, Miodel DU, assunﬂ.ng E%.'H dGTP %._LH dUTP =

o 10.1 x 103 Therefore, AA290 = 10.1 x 103 x4 [dC‘I'P] Reac’cions were
" "linear for the firet 15-20 min. N activity vas . detectable in’ crude o

| extrecte of uninfected cella or boiled extracts (1ooc for 15 min) of _'
' PBS2-infected cells, = © .. | , )
(b) Deonﬁbonucleaae o S - | _ L |

Tha uracil—eped.ﬁc mase in B. sub’c.ilis caZL‘Ls was aasayed by the |

radioactive method of Tomita and Takahashi (25) Iniected ce]_'l.s of

o Jm128 Here harvested 30 min, after infecbion by coo]in.g on ice: a.nd

: cmtrd.:fuging at’ 6,000 x g for 15 min, Cells wers resuspended-in 1/20
R volume of 25 M tris—chloride (pH 7.5) and crude extracts prepared with a
. French press. Reactlon mixtures oorrbained 1.25 ug of 3H-Urd-1abe:.1ed :
PBSL. INA (9216 CPM/pg), 19 Jlg ‘of unlabelled PBS2 Jm- o.oz m'l. of .
-B-mercaptoethanol Q.4 u), o.oz ml of Ca.(l‘l. (67. 5 mM) ; 0.1- ml of
Itris—chlon‘.l.de burfer (1 M, pH 8. 5), disti_ued water and 0.05 ml of. crude
: -.extracts corresponding to 0.13 - 0.18 mg,prote:ln in a i‘:.nal volume |

L of 0.27 ml. Reacﬁons were carried otk at 370 :f.‘or 30 min and terminated

e ,_-by the addition of 0.2 ml PGA (1.8 M), o.ou ml o:f bov.Lne serum albmxﬂn

' (5 mg/ml) and 0.5 nﬂ. c&'l.f thyurus INA (0.5 mg/ml) These ‘were keprt. on ice |
" for 30 win and cej;tr:rmged for 10-15 mn at 15, 008 X g. Ac:!.d soluble -

i



counts were determined by nd.:d.ng 0. ml o.f.' aupematants with 10 ml of

A.quascint II (Intemational Ghanical and Nucle&r Gorp.) and. comting _ B

.' -in 1 Beckman 15230 sd.ntmation counter. N

’(c) A pOIymeraaa R .

13' aasag's (shown in Table ll) of INA polymerasa activ:i.ty e

I _' -"were done aocording to Pr.l.ce and Godk (62).; Cells of Jm128 were grown .
L ‘aml in.fected as deacribed above. Ay the appropr.l.ate times afte.r :}.nrection,f' |

| 'thq cultm-es were cooled and centrimged for 15, min at 6 000 x g. :

) Crude exbracbs were then prepared with lysozyme as deacribed above N
Resction m:!xbm'es contained: 0.02 ml of Mg, (eo mH), 0.02 ml each of

" dATP (0a4 M), dGTP (o.u mM), dGTP (0 4 mH), .02 ml or. QUTP. (2 uM);

" 100 pg of calf: thymus INA (heated for 15 min at. 1000), 1 pCi of 34-acTP
-f(speciﬁ.c act.rvity, 22.6 Ci/mMole), 6L mM ’c.ria—-chloride bnffer (pH 7.5),
.'and aliqunts of crude extract in a fi.nal vol'ume of 0.25 ml.

. Raactions were terminated at appropriat.e times hy pipetting
0.05 ml cf the: incubat:!.on m:bcbure onto Hhatman #3 ﬁ.’l.ter paper discs
. ‘which were placed iumed:!.ately in cold 10% TCA. The ﬁlter paper dscs

‘ ‘were washed severa.'.l. times with cold 5% TGA, d.r.i.ed under an inf‘ra:—red

1mnp and placed in vials containing Spectra.ﬂuor (Amar'aham/Searle Corp.).

L n later e:q:erimenta, cells ‘svere grown and infected as‘ described |

: ahove, centrj.mged at. approp:iate times and. resuspended in 1/20 'volume '
- of.25 mH t:;ls-chloride (pH 7.5) (}mde. exbracts were prepared uaing a
.'.‘mnch pcme a8 p:revlouﬂ.y deacribed. " Reaction. m.xtm'ea )

L daacﬁ.bed in Flso 10- ‘I'he mixburaa s%re inc'ubated ect. 370 and at approm'la’c-e

-..
ke
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 ' ti.mes O 05 ml samplas were added to 5 ml of cold 10% TCA. After at least

B '_“ ‘ 30 min at OG, precipitates wére waahed onto membrane i‘ilt.ers (Schleicher .‘j . ":-

B and Schuel'l., 'rype '56 Bac—T-Flex, pore aize. 0.a5 um) and washed 39

= Iwith 7 mi- of cold 5% TGA. Filters were dried 'under :I.nfra—fred lamp and

- into INA'wds det.ermined by pipetting la.belled cultures into NeOH (ﬁnal Ty

i 'placed in’ scinti].‘l.ation v:!.als containing Spectmﬂuor and counted :I.n a :
-_VBechnan acintillation count.er Model 1.3230. o ‘

16 Incorporation of radioactive nucleosides into nucleic acids |

| npprop;-iate amounts. of labelled cultures were pd.pet.ted into 5 ul |
:"-of cold 20% TCA,- These were aIL'Lowed to precip:ttate for at least 30 min
.and waahed ont.o manbrane ﬁ.lter diacs. The;r mre washed 3 times with |

' cold 5% TGA, dried under an in.fra—red 1amp a.nd counted in a Beckman -
-sc:lntmation counter, Model IS230 or Iszso. Radipactivity incorporatedu -

concentration 0.3 N) an& mcum& for 16-18 h at 37C (133). To Ba.mples" " - ‘
which were nmrbralized with 1 ¥ Ha, TCA was added to 7% and kept. ondce.
) for at ledst 30 m:Ln Radioactivities were then determineu as above. ‘
'Radioactivity incorporated into. RNA was. eatimated £rom the' difference o
| [hetween counts in the total rrucleic acid fraction and tHos0 in' the INA
Afraction. . '

‘-17-..“9.15.91_'.1&_12. L |
o Coumon. chanicala were obtained fron Fisher Sd.en‘biﬁc ond were
o Reasent grade. N—methyl—N'-nitm—N-nitro&ogtmnidjne and apend.na

-_ were obbained rrom Aldx-ich Cheuﬂ.éal co. Nucleoad.daa and. nuclaotides



= ?‘were from Sigma Chemical Co. Enzymes were from Hort.hington Bi.ochenﬂ.cal
_jco Am:hm acids were obtained :f.'rom Calbd.ochem. Rifa.mwc:'m was & gi_i‘t.

rrom Dr. K.VB. Freeman and 5-f1u.orodeoxyuridine wes 8 gi_ft from

T 'Dr. w. Szybalaki and Dr. Ry 3 Horsley, R

..‘.‘ 5—

o . 'lhe followd.ng 1abelled compounds were obtainad rrom Schw&rz :
h Mannheim BioResearch Gorp../ _ H-Cyd (19 Gi/mHole), 3H-dc:yﬂ (25 Gi/mMole),
BH-GTP (22.6 Gi/mMole), methyl— H-dThd (6 7 Gi./mHole), 35-:111:-:1 (18
| _ci/muole) and. 5—3H-dATP (16 Gi/mHole)
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- ‘ISOLATION AND CHARACTERIZATION OF MUTANTS . .

‘Takahashi (1) ueing the prototmphic strain SHL9E as host. One-etep
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Growth g_Jgegriments o :f e o

| S:ane PA broth weis the 1:l.quid ‘medium employed throughout thie
etudy, the growth of atraine JBOlBO and JH)128 were 1nvestigated in
thie medimn. Tenefold dilutions of N h cultures oi‘ theee strains in

" fresh PA medimn resulted :Ln resumption of exponential growth fo]lowing

a very short 1ag. Under theee conditions, the generation times detemdned. .
' from turbidity a.nd CFU, oi‘ Jm130 and J’BJ128 wers found to be 29 and. 19 min |
; respe\ctively. The i‘requency of spores in streti.n JB0130 ‘t»:as 0.05% and that

in etrain JBO128 was 3 6%. The frequency of eporee ‘was detemined by, . .

p,leting cells wh:l.ch were grown in SM i‘or 2[; h and heated at 850 for
10 min, ST |

The growth of PBSZ has previously been characterized by

out as follows- L h culturee were diluted ten—-fold in fresh PA medimn

. and: grown to 103 cells/ml. , Gella were ini‘ected wlth FBSZ at an MOI of 0.1.
 After 15 min. seri.al dilutions were made in PA and incubated at 370. -

'rubee were aeseyed i‘or plaque-form.ng mita at appropriate :Lntervale and
burot aizes wore calculated 'by dividing the ﬁ.nal y’ield ot phage by the
m:mber o!. origim:u.y :l.nfected cells._ Under theee conditione, the latent’

| -43 s R IR
s L . ' .

,.(\

: growth exper:!.ments of PBS2 with cultures of J'ED130 and JEJ128 were carr:!.ed



o _both cases and. buret. sizee for ‘both ver.ted. from 10 to m. S

R

; '._period of Pesz in etrain JBO130 was. appromeately 50'min and ‘bhet in

"‘-‘.et.raine JB0128 ‘was ebout m m:l.n 'I‘he riee period wae ebout 20 m:i.n in

The effecte of ph.age infection in cul'bm'ee et varloue etagee of
.. grow’oh were deterhﬂ.ned as followe' A )... h cul‘bure or etra:l.n JB.)128 wee
diluted ten-i’old into i’reeh PA and ehe}cen st 37c' A various timee o
| thereafter, 1 ml samples were braneferred to’ eeperate?fleeke, eeeayeci for
colony‘-fomd.ng lm:l.ts and infected with PBS2 a.’c. an IDI ef 10. At 'bhe : _
-"':20th min after infectien, cultures” were di.luted and. plated on TEB aga.i- to_—
'detemine colony—forming unite. , ’I‘he fellow:!.ng day, eurtrlvore were teeted
‘for the abili’c.y to produce phage by transferring celle with e’c.er:Lle .
.‘ :toothpicke ont.o platee eeeded w:l.‘bh Jpolz8 celle. These were 'bhen scored
. for 1ysis aher’ incubstion overnight. at 300, As shown in Table 2 thié :
. f:;-action of cells surviving :Lnfection increaeed with the age of the
' culture. The frect.ion of phage-carry:!ng ce]_'Ls, on the other hand, "'

: decreased vd.th the age of the ctﬂ.ture.

" Complemerrtation

In order to begin eherecberizing a group of mut.ante it. is - | \-‘

. important. to detem:lne the number of independent hmctione or genee that

are’ repreeent_ed .ir} ,‘the, lmxt.ant_ colleetion, '

:’I'hie een ueua]lt ‘b_e done with
ementation. test which wae
1d test, two different phage |
| .'mut.ante co-tin.fect the hoet cells md/\eonditione which ‘would nome]ly

, reetrict the growt.h or either m:tmt a’!.one.' Ir the mut-.ants are affacted.

, .



UOT400TUT 938 UTW Og 98 64UNCO OTABTA,

" uoT30eFUT JO SWEE oYY 98 S4UN0D _oﬁﬁwﬁhn L "

T o

RN T - * : - L - s o

0T X €. 0ST -
QT X 071 02T

X [T
_wOﬁ "N..m.

e TR QoTx s 0T *.2'2 06

1
_—

B H”.w,_._..é_ . g ...‘@S xgeL 01X 6e 09 f L -
. ‘ | .t.s . | | . .. . .qm. . .... | | N.m . | . @O.ﬁ g._ﬂom - N-OH N.ml.m . ., ON . /. ‘ .> ,.Q. .

momwas L ..@. T () Qs_\as D wm)
, : T y T gIOATAING g9unod- 9TqETA gOURL L e _

: . EE, , - . . . o - . B . . . . '
i N .
s "

Sutonpodd-eSeyy . TeATAMS  SIOATANMG

CoT e DL v n Y JUTTT T poouDuT-2oad Uo eXNTTD J0 098 30 Qesd T EIEVL . .. . oY

]
.




‘ 'other, resulting in at least partie.l restdf-ation of phage\ growth. ,

" be termed c:l.strons. m-themore, Bochemical and genetic studiee shich’

single protein. This has been .cal'l.ed intra-cistronic complemetrtation, R
| elthough by the earlier derinition it is a comtradiction in. ‘terms,

. thesis have been used to class:.i‘y' rmrtants into ﬁmdtional units cal‘!.ed

aleo not asaigned to grmzps

¥y "
L .'If .~
e

in di.fferent i‘tmct}ons, then each w:L'L'L ma.lge up for the de:t‘ect :m the }

. e

' chever, if the mutants are defective in the same i‘unction, no %mx:h

.
complementation w:tll oceur and no phage growthé@ be observed. Benzer

| - rfol_'l.owed have shown that complementation can oceur at the l,ev’el of a-

Cistron is therefore an ambd.v&‘l.ent designation, unle}ss the molecular

-‘nature of a g:-..ven i‘mction hes been dei‘lned. Generally however, genet:.c

classifications are made bei'ore the natu.re of a glven runction is - o
K P

: determined. In light of this, the results ‘of complementation tests in this

”

‘ :complementation grcupe, in’ advance of further mfomation. '

‘On the baeis of results from spot c0mplemer1tation tests, the ]_'1.9
euppreesor-eemsit:.ve rgutants‘were esleigned to 39 complementation groups

(Table 3).. As has been oﬁserved in other phase systens (98 109) there™

. was an mequal distribution of nutants between com;&ementation groups.
g
N

Two putative mutants/were :t’ound to be w:L‘Ld—-type durd_ng
piuiﬁcation. Matants SFU7, SFUAS, SNGL7, and SNGL3 produced some lyaie

on control plates and thus could not be assigned to complementation groups

using epot teste. The preparation of high titre lysates uith r:mtants

. SFUR2, SWBB. and SFUBG pmved so.be. di:l.'ﬁ.cult and therefore they. were

e

~

. . .
. : g : T
L f ) ' * * . . R ‘-’

~

Ry

' (131+) suggested that the ﬁmctional uerts of:the ch.romosome, thus revealed, _
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' Complementation groups of PES2 R

| Cdmpiémentlabibn"'
- groups .

- 'SFUL;SNG38

‘

[ P
g A

CSFUL17
SFU5; smso |
- s¥us, 53, lh,zs SNGLL

B A

~. T .' SFUlO,I;l ‘!'7 ’4»81

- '~sm12

1 . —

SF013,3h,SNG32

SFUL9, 19,20,23;26, 28 29,
_30,32,35 39,42,43, z.é 5k,

56,57, 3,64,65.68 SNG2
412,24,36

SFU50; sm'z,zo lnlnlu-‘?
© sRUs8;SNG13,33

e nf'sm59,27.37 snm9,37,39

SFUGO

{

SFUS5(25,31); (SES)

SFUGH;52;SNC8, 27,31

SFUZ;HG35(16)
. SFULL,SW23L

- .

¥, W

. SFU9, 6, 61,62 25,1.1, .
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| TAEIE 3 (copbinued) .

- Complementation’ - - 7 Mgtemts
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» o sem -
35 .SNGAS_
36 - .'_SFU‘36-;
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s swm

Kssigaments in pérentheses are temtative.
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_ prod:vt‘i{e low yielda of phage in mﬂ.ttn'es of t.he noneuppreseing Bbrain

a

In order to establi the reliability or spot complementation -

- teete, quantitative tes liquid medium were carri.ed “?m uith certain
" nnxtant paire This, in ’c.u.rn, required that. individual mutante wculd ' |

Complanentation would then be, indicated by-a signii‘icarrb :'focreaae in '
. pbage yields in- culture irifected with- two: differeut mutants mlative to
L culturee infected with edther of the two. Actual buret eize or

suppreesor-emsitive mutant.s in nonsup;n‘ees:lng cultxres cannot. be N
detemined s:l.nce no asseeement. o:r oxd.gina:lly infected ce].'l.e &s poeeihle.

B .Therefore, result.s are beet expreesed. in relation to wild-type phage

'\'\ - Relative phage yields of serveral mitants were deternd.ned with

- etre:ln JBJ128 as host by the technique deecn'ibed ror quanisitative
_\oomplementation in Maberials a.nd Hethods, except that cultures were
dluted to 2 x 107 cells/ul-prior to infection, ‘Table L gives the

R _reeulte expreesed“ae phage yields in the final atlution tibe. ‘I’he
'yields of all nrutants tested were found to be extremely low relative
to t.het of vdld—&type PBS2. Gomplementetion tests were done with these
.mxtante at the same cell concmtration and the results are recorded in |

" Table 5. Matants’ assigaed to diﬁ'eren‘b groups using spot tests produced
: phage yielde comparable to the wild-type, uhile thoee eseigxed to the

-same group ‘gave.no complementation.

. In order t.o i’aci.'l.itate ‘the characterlzation of the phage

' ':nmctiona ai'rect-ed in t.he mut.anhe ieolated, repreamtttive mt.ants for . |
‘ each orth639groups wereselectedmrrurth sl:udw Theaehmbeen .
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’ Sum of cont.rol yiglds exceed expezd.mental y:l.eld
e:- Not per:tomed ‘ ' '




RS '.:L'lsted :!.n Table 6 together with typical revarsion freqmmcies. . '
N Cha.racterization of xmrbants o R
| ‘ The classification of a large number or oondit.ional lethal
& @_eg_i_g_phage muta.nts can be faci]itated by taww _ggsigned to tesb
ma:]or phage funct.i.onq. "“?mn’synthesia has been shown in
-"varlous syshelna t,o require a va.rlety of pha.ge speciﬁ.c proteins (93,113).
_' '_The induction of cell lysis ia usually e.f.f.'ected by 8 few pb.aae genes _
l- at most'.. Howenrer, in some instances, the abi]ity or phage to lyse cnltln-es .
| of-to carry out 'late' (post-repl‘lcative) hmctions depend.s on’ 'bha nomal
- 'procession of DA replication (135,136). Tt as. there:fora presumed tha.t.
o defects ina mmber of PESZ. i‘mctions might be manifested as anomolous
' INA synthesia and/or cell lysis. | . T |

. -

| Efféct of i’BSZ'oﬁ host IN'A sxn;theais- Since P%2 cont.ains uracil in it.s )
INA in place of thynd.ne, the effect of phage infection on host A .
synthesis may be detemined by fo]louing changes in 3'l-l-d‘l."ud :anorporation
into acid—dnsoluble mat.erial. Tl_:is_ was done in an mﬂ.nf‘ect.ed‘and PBS2 .
':m;ectegi culture of JEOL28 (Fig. 1)» PES2 infection reéintéd'-m a signiticaat
' decrease in the rate of 3H-dmd :!.ncorporation between the 12th -and 15th
- .'mi:.nirtosl of infection, g PBS2 infection slutta off hoat n\m synthes:l.a,
- the’ residual incorporation may be due .to oontdmﬂ.ng mA Byntheaia :I.n t.ho
wndnfécted and phage—carrying cells in the culture. Alternatively, the

. peocess of Lifection nay raduce the ‘rate of uptake of ’B-dm imto the cello.

‘Results of this and other experinents o bs presented'vdl'l. supporl: the-
‘.-"mdud.onthatPWdOBaMOﬂhoatwAsynbhem DA
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TABI.E 6 list of rg_gresentative s_upp_r_essor—sensitive o

mubants of PES2
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.. Complementation - Mubants 07 " Reverslon’
o gewp o .. freqemcy
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. . ‘ v l4 .'

* sFusy- . - 1.3 x 10
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S5 h0x100
SFU9 R ‘7-'5'::10?',7 R
| e
srmz L i.lh'x,]‘.O—sl"'
. .
SFW9 . 9.0x107
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' Complementation - *M-—mr‘__"f - Reveraion
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o szz_-_in:ected cells,

A‘J

IR .'.Mration of 3H—-dThd into TCA—inséluble material in PBSZ- .

) ‘.\
1
infected ca]_'l.s

D

.f—""'

Parallel early e:qaonantial cﬁii;ureé of Jm128 iﬁ'PA {34 x 100 ce:l.le/ml) "

"were continuously labelled with 3H—d'rnd (5 pci/ml) One culture
L vwas ini'ected with PES2 at sn MOT of 510, . Samples (0.1 mJ.) were

withdram at appropu'iate timea and' radioacb:!.v:l.ties :I.n TGA-dnsoluhla ‘

material were determined.'

“Uninfected cells
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B g{ gg of PBSZ on hoet. RA emthesie- Price and Fre.botta (79) reported. -_'
that PBS2 infection result.e in the complete ceeeet.:l.on o:t' net. RNA.

- eyntheeie. Rl.m& and ‘I‘akahaehi (80) foun thet although PBSl production

L "; . wes ineeneitive 'bo rifamycin the tates of *mm and rm -eynthee:l.e, as meaeured
Sy 3H—Urd :lncorporat.ien in the preeence of the drug, were reduced to
‘about 3% of contral values, ,_.‘qu:e:imente vith: 33-40;,—:1 and nm-arrected
_ PBSZ mutant.e :l.eolat.ed in this atudy ehowed that phage ™A synt.heaia weu N
o "."'actuau.y the same in t.reated and mtreated culturee. Theae authors concluded -
o that rifemycin ‘sither Bpecitical'l.y inhibits the uptake of 2p-Urd ¢ rrom the |
medium or that the drug affect-e the eped_fic activity of the 3H—UTP pool
tns some other ey | |
In order t.o examine the ef.fecte of PBS:! on hoet. RNA eyntheaie

t.o st.udy bot.h RNA and INA- syntheeie in rifawcin—treated, infected S

o B ce}il&rporation experiments were carried out with the rmbent. ."

- mz_-(u,dckh as hoetﬂ:ain is mab’.l.e to produce cyt.idine nucleotidee
from the uridine maicleoti prq which ndm&lly occurs thrmxgh

_andnation. \It\aleo lecke a cy'bidine eamw?meuy comrerbe
Cyd and dCyd to Urd\and durd reepec‘bively. Fine]ly mutant lecke

dCyd ld.neee which normally provides for the uptake of !

:rrom the me uma\\
\

into deo:qrcybidine nucleotides '.Ln B. eubt.i]ie.l Thepéfore, it requires

. oyd for growth, which 1s me‘babolized via Oyd kinsbe and 80 the dCTP pood |
© . in'this strein 18 t.obally derdved from ribomwleotd.de reduction of the |
o 'eppropriate cybid:!.ne nucleotide precureor. C .:_'; ' | .
7 e :!ncorpora.tion of 3H—Cyd into FVA and mA in qn:inrected and -

o PBSZ-d.nrecbed cells i illuetreted in Fig. 2. Although thera m some



FIGURE2. Incb'mcira'.cion-‘rof JH_Gyd 4nto FNA and INA in PES2-infected cells\,ﬁ
A culture of EEGldckh. was grown to about. 2 x 1o8 cel'.l.s/ml. The o
culture was ini'ec‘bed with PBsz at an MOT of 10 and: 3H-Cyd s added
at. 2.5 pCi/ml.‘ At various times a,fter :l.n.fection, 0.1 ml samples ‘
" were withdrawn to measure incorporation of radioactivity :Lnto RNA

'jandmA._

Panel A: Uninfected cells -~ . .

T ——

Panel.B- PBS2—in.fect.ed cells o e

®: CPM in RNA
(' 0T CPMin'INA® -
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fr

) time of infection,?cells were pre-labelled for 5 -m:i.n with BH-Cyd and. t.hen

LU e L el
. . 7,\-3-‘ R

<

. reduction in net RNA syntheei,s in infected ce]J.s, an- appfeciahle anmunt

*of RNA was synthesized during the i‘irst 30 mimites of infection. -
The results shoun in Fig. 2 suggest. that. the net RNA synthesie in PBSZ—
ini‘ected cultures carmot be accounted for -aole'ly b;\m.r;{ected. and/or ?"
phage—carrying ce.'L'Le. ‘It is possible that PBS2 s shut O

eynt.hesie and :Lnducea neb eynthesi& of phage—epecific RNA. 'Ib tes t.his o "l”
possibility, the . effect of rifamycin on this RNA was etpgied. 'I‘he o

experiment in Fig. 3 was’ similar to the previous .one except t.hat a.fter the L

, exposed to. rifanvcin 'Ihis was done to &vold an effect of rifanwcin
on the specific activities of the cytidine and deoxycytidine nucleotide .

pools. Incorporation of 3H-Cyd into INA was unaffected b:y' r'.i.fanvcin

whereas net RNA synthesis vas completely inhibit.ed by the drug - * -

v

therefore appea.rs that net host FNA synthesis continues in Pm2—imfected

-celle during ’c.he first 30 minutes of Mectionm

)

PBszmAsynthesis B . I . =
o -I"igure L shows that- incorporation of : 3H-dCyd into add ;: .
msé'lublo materisl, when added to the medium after the spperent arrest f
of Host. INA synthesis, wels significantly emaller in phage-—infected cells. (
t.han in the uninfected cOntrol. Since the resulte obtained eary.er show
(Fi:g. 1) that at least 0% .of the incorporation of la'bel into nm :Lnfected
cells may be due to host. nm synthosis, “the identification of PBS2 nmtants. o
dei‘ect.ive in INA synthesis nﬂ.ght prove very dii'rj.cult uging a continuous
labell'!.ng techn.'l.que. The results in" Table 7 were obtained by follovd.ng |

¢ . T . . ' - - ’ . T .
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“ FIGURE 3«4 Effeck of rifamycin oh net &A synthesis in PES2-infectedwells
A culture of pyrGldck A. was grown as d scrj.bed in F:Lg 2 :mfected

] .with FBS2 at ‘an I of’ 10 and SH-Cyd was addod at 2.5 pci/ml 10 rnin

after ini‘ection. RLfanvc:Ln (20 pg/m1) was added to one culture 15 min

a.f."t.er infection. At various times thareai"ber, 0.1 mb sa.mples were :

-

" i:m.thdravm to measure incorporation of 3H-cyd :Lnto ENA and NAS

. .
- <
. o W

Y

Panel A: No rifamyein added ST .

Panel. B: -Rifamycin added . - ' .

o cMinBNA - 1. - ol - o
@: CPM.in DNA

A LT e
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'TCA-insoluble fractiOn. .

-

_ FIGURE h. Continuous :mco;p_gration or H_—_(..y;l into TCA—insoluble material o
into PBS2-:Ln£ect.ed and tmin.t‘ected cellgs IR

s

“An early exponential cultiive (3-4 x 107 ce].'l.s/ml) of JHJ128 was

divided into two ﬂaslcs, one of uhich was infected w:i.th PBSZ at

_an M)I of 10. At ‘bhe lsth min of infection, aach culture was dilu:l;ed

| 2-fold im PA corrba:l.rﬂ.ng 3H-dcyd (5 ]J.C‘J./ml) at various timea the.rea:ter,.
Ouiml samples were wit.hdram to determine radioactivities in the

~~

" U:ﬁ.m‘.‘ected dells
02 PBS2—-infected cells_ o A
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4 - TABIE 7. ncomration of BH-dg_v;d into TCA—insoluble s

material in mtant—i.nfected cells o

. Phage .- | Gomplemmtation o .. Relative.
e group. .~ - - . -incorporation
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R : the continuous incorporation of 3 H-dCy'd irrto _TGA-ﬂnsoluble material f‘rom L -

' \-the 15th to the l..Sth min oi‘ infection. Total incorporation in mutant— _
ini‘ected cells was oompa\rod to that 1n calls infected with wlld-type S

"phago during the seme period. | of 1 mutants tested 5 resulted in the

".moorporaoion of. less than 50% as moh label as uild—type infection.:

| ‘None of these resulto auggest gross deﬁ.ciency :Ln INA syntheais. This B

7 'however may be due to significant residual host—specific incorporation
o in nmt&nt-infected cells. | | |
This problem was overcome by dertemin:!.ng rates of incorporation
" of 3H-dCyd into mm rather than total, incorporation. "It ‘was found that .
,apparmt rates of INA synthesis in phago-infected cells were greater than

in unin.fected cells i‘mm tho 10th to the 30th min, of infection (Fig. 5). .
Tt was therefore possible “to 'o*ost the mutents’ for de.f.‘icienc:l.es in DA
syntheais by comparing the rate of incorpoi'&tion of 3H—cm:,r'd into INA.

from the 20th to the 25t'h min of :Ln.fection to that oi‘ the wild—-type. |

: ‘S:ane under these conditions, wild—type—infected cells incorporate BH—-dCyd

. at more than tvd.ce the rate of mﬂ.nfected cells, contribution of residual
' ,‘host-sped.fic incorporation in inrected cells could be considera‘oly

. _reduced. Ten muta.nts incorporated 3H-dCyd at. 30% or lesa of the xd.'l.d-type |
- rate at tha 20th min of:infection (Table 8), indicating that thooe utants

i may be ai'fected in INA pynthesis. It was - possible that detecta in INA
r. ‘ayxrthosis revealed by thio technique related to tho time afl'.er in!ection L
: choae:n ror the oxpeziment. and nOt necesu:ily to the uhole couree of .
'inr'action'.' ‘ R :
_ I uas :tgund in the courso of this uork, that 3H—d,t‘:ywd. incorporation
'."intomlmmgctedcmucmtimumthewmeotmm |

.

ST . . BN
E R . =



e

S

D FIGURE ,5. | Ratee of incorpora:hion of 3H—dc.vd into INA in PBSZ-infecbed

and uninfected celle , f-.'

An early exponential cul‘i'.ure (H x.107 cells/ml) of Jmlze ws
| '.divmed into two flaske, one of which was infected with Pesz at. o

M‘DI of 10. At. varj.ous times after infection, 0.5 ml Bamplea were

d:L'lut.ed Mold :Ln‘t.o PA containing. 3H-dCyd (2.5 pGi./nﬂ.). m—.er 5 min,i'-- BRI

0.25 ml samples were withdrawn and incorporat.ion of 3H—-dCyd dnto
- .alkali—etable, TGA-dneoluble material was determined. . Pud.nt.s on _
| _the ﬁ.gure represent the etarb of the 5 min p'ulee. L -
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TABLE 8. ncomration of 3H—dg[d :lnto mm in

' mutant—infected cells

Complementat.ion :
: group '

" Relstive .
Ancorporation.

- SFUS

E
SFU9

- aPmo

SFUL3

" srukg
- SFU50

‘sFUss .
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| ."while 'oeing :thibited in uninfected cella. This observation enabled us

| ‘t.o investigete phage—induced INA. eyn't.hesis 1 infected. cu‘l.t.m'es. In
/the presence of rii‘amycin, reaidual hoet INA eyntheeie in inrected

cells should be ndniruized. Ebcperimente were. conducted. in which cells o ‘ﬂ; S

| -were pre—treated with rifanvcin, inrected and cont.inuouely labelled wit.h
| 3H-c,vd i‘rom the 5th min of infection. Figure 6 shows that the INA~
| affected mutante sre deficient :I.n phage ‘INA eyntheeie t.hrougﬁoub the |
~course of infection. " | , . ° o
. - The mA-arfected mut.ant. phenotypee id:entified in pulae label:lj.ng
experimente (Table 8) were not. clearly detectable in contirmoue lebell:l.ng
| e:sperimente (Teble 7 ) However, when in:rect.ed cells were continuouely
" labelled in the preeence or rifamycin (Fig. 6), n\m—affected phe.nobypes
were clearly distinguiaheble. Theee results are coneistant with the
conclueion that productive PBS2 infection result.e in. shut—oﬁ‘ o;t’ hoet mk
eyntheeie. Considerable residual hoe’c.-epecific DA synthesis occure in
} infected cultures, preeume‘bly due to the. preeence ‘of uninfected e.nd/or
'phage-can':,d.ng celle. Ii' thie interpretation ie correct, the results
) :Ln Table 8 indica{-e that. all mh—-affected mutants excdpt perhape
SFUJ. and SFU9 Bhut--oﬁ‘ hoet INA syntheeis. 'I'he fact tha.t t.he DIA
| ,eyntheeis in éml and sm infected. cells 18 resistant to rd.ranwcin
| ) (Fig. 6) eusseste that they are both capable ot ahutting-cﬂ host INA o
eyntheeie and carryins oub eonsiderable phage-cpecii‘ic INA eyntheeie. ‘.

R 'mmw_g To t.eet. the eupweuor-eeneitive mutante
' . for their abd.lity to :Lndnce hoet- cell lyeie, a eimple reprodueihle procedure
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cyT

B EarlYexponentialmﬂtm'esof JBJ128(H x 10729118/1111) wel'e .
treated):l.th rii‘amycina.t 20):5/1111 for 2nri.nprior toinfactio;;, '
I“j.veu 'm‘iriute'_s af'berini‘action,3 H—dc&d‘ wasq‘added to f.ﬁfe .Cﬁtﬁred'
&b .2.5 pti/nl and m;'o'rpératiéns of l_lgbel',.i‘ into a:ucali-sbable, S

feA-insoluble material were determined at sppropriste times..

" Panel A:  @: PBS2-infected cells

'Ot Uninfected cells - . .‘ ST
A: SFUS0d4nfected cells TR
‘Az "SFU9-infected cells

Panel B:' @1’ PBS2-dnfected cells

- O _SFU2<Infected cells. ™
- at SNG5-~infected cells
“ &3 SFUS-infected cells

Panel .C: - @3 PBS2-infected cells . o
o At SFUL9-~infected cells- . : :
At SFUl-dnfected cells -
0¢ uninfected cells

_Panel D:  @: PBS2-infected cells

- 0: SNGl-infected cells . .
- At SNGL7-infected cells = = .

(=3

' FIGURE 6. INA Synthesis in infected, rifamyointrested cells - ="~
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for obsemng this phenomenon in uild—t.ype PBS2-dn£ected cult.ures of
| JEO].28 ‘was established. Figure 7 illustrateS\a typical result. using
this procedurs, compar.mg PBSZ-dni‘ected and minfected cells. ‘Thé enset B
of ‘13’51;@ usuallv’ o'bserved betwaen tha I.Dth-l;Sth min of ini'ection

and was complete by the 60th-70t.h min in u:t.ld.—type sz-dnrected cultm'es. -
This 'bemporal pat‘bern oi‘ lysis 13 consiatent vdth the results of u:i.ngle B '

- step growth experi.ments. B dp\ o
o ._': o I'frhe represmtativa mubants Q;ere tested in this mannef for the
: o ability ta induce lysis :m early exponentd.a.l qu:.ures of .m‘nas
5 As shown in Table 9, aigh'b mut.an’cs which were previously shoun to be _
ai‘fected in INA synt.hesis, were also unable to: lyse hos‘b cells. “The - .
other INA—affected mutants SFU'.I. and SFU9 wera fmmd to be normal td.t.h
- respect to ceﬁ Lysisa Hutants smso and . sugls, ch are awtly
o able to induce IIIA a@thesis were also incapable oi‘ call lysis. S
| BN \:_- 1t yas then co;lsn.dered that eit.her or both of sm&o and smls. o
"_ 3 % o mht be defective aolely in the abi]ity to 1yais and nct. in f
g | the intracellular ‘producbion of phage. To. in t.e tl:d.s possihd.lity, :
) ¥ [ an experiment wasfcan'ied out in uhic.h phage y:’s.e'lds in :l.nchbed cultures
o _were compared to yields ai‘ter t.hegcel‘l.s ware arbiﬁcal‘!.y lyaed. ALh |

T CeZL'ls were: infected with the, ap%pr:tate phage at an ML or 10, a.r% N
/\ ; after 15 min for, adaorpt.ion, cells were collected by cmtrifugation and
Yo ‘ : {ngsuspmaed m 1/10 volmne of prmmed m. Incﬁbation m eonhnued
o .". . ‘_ until lysis occurred in ’oha uilMypanected cultm amlthe conte;

‘. .
P ST L L L T ¥ -

\ .
‘ 4' cplt, \of JBJ128 was dilu't.ed 10-f01d in fresh*ﬂ:,\, g;rown to 10 ce].ls/ml. _

._g?—“




A early exponential culture (3-1; x 107 ce]ls/ml) or%leB in PA

. was d:.vﬂ.dad int.o two flasks, one of which was Meclfed \d.th PBSZ

&t an MOT of ;,9 mcubation vas cont.inued and at various times after ]

| -finrect.ion, turbidity in Kl.ett. units s, deteruﬂ.ned. B L
“ ‘!:' Uninfected cglig )

- O: PBS2—-jnfected cells

Cie

8]
L4
N N

.'- . .Ii’.



: 22 |

. 80
TIMEf AFTER INFECTION (mln)



TABLE 9. Ability of mutants o induce cell 1ysis

"Phég'e Couplementation ~ ~  DNA _Igair 8°
e .. EEOUP o : synthesis e T

\&--u.-\-_r.
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Cswm9 0 100

|
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"lsmis.- | Y -.-.162 B _ U o
| sFUz6 % . 10 - | '

Darta from Table 8 ‘
+=' Igais-*—., No lysis

i

.
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| cultu:res were t‘nen treat.ed uith Mma (250 ,:g/ml) :tor 20 min and

. again assayed. én .nmso., 'I‘ahle 10 shous tha:t the. mn:t.ant snrso, uh:i.ch

--'.13 deﬁc:[ezrhinphage-&.nducedﬂﬂmﬂ.heais and:l.nhost cel'l. :uma

'"the relative phage yield 1n t.he SFUSO—dnfected cultures remined und:snged,

developmeut. ,

' vas ainﬂ.l&rly :'mcapable of phage production. Motaats smeo and sm;j.s |
" were capable of produd.ng aigniﬁca:rb emounts of phage, altho'ugh yiea.ds
were less than 105 that of the uild-type. Follmd.ng 1ysosyme treatment, S

uhareas bot.h t.he sm&o and ms-inracted culhn'ea conta:ined phage titres

courparable to the \dld-type-infected control. : It is therefore

:ln the ].ybic :hmchion and a:re not af.f.ected in intrace]lular phage

| concluded that -bhese two nnxtan{;a cont.a:ln dafecta in pmbedn(a) im'olved a
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One 01' the met.hods for obba:ln:l.ng infonna‘t.ion on condit.ional :
' “1etha1 mu:hants ﬁ.th alt.ered phyaiological phenotypes inv'olves detamin:l.ng

R t.hed.r ahilit.y t.o carry out. speciric rxmctiona uhich may be essential ror

mm:l.ty._ Some mut.antu may act.ually exerh plaitropd.c eﬁ'ects, cauaing
_ A"a mm:ber ‘of' cﬂ.ﬂ'ermt phage ﬁmctiona to 'be afrected. Exmnplea of this o
] | uould be matwation deractive mtrbanta of phage T (113), or N gena mut.ants
:-.oi' phage lambda (137) Mith, these poasib:l.'l.ities m mind, the mtarrta or o
pEs2 uhich were found to be ai‘fected in phage mA aynthesia were mmined
o ror their ab:Llit.y to perfom a number of PBSZ-related ﬁmct.iona 111 the

. mnauppreaaing hosb.

REENS It was earuer ahoun that. PRS2 infecbion results in the: loss of -
"eolom-romi.ng a‘:ﬂ.lity in the ma_‘jor:l.ty of in.fected cells (Table 2).

‘ ._To mmine cell ld_‘L'L'Lng by mutants, fo-ur hom' cultures of JB)128 were
-'-dﬂuted 1o-rom in fresh PA and grown to about 103 cells/ml. The.

rraction of sm'viving cells was obbained by plat.ing ce.‘l.ls on TBB Agar

" ‘-before and 20 min after infection (Table 11) The resnlts ahow clearly -

-    ummmmedcmsmuampamyrormmmm

thst aJJ. of the mk—-nffected mutants a.re capablo of. ld.'l.ling hfect.ed cella. -

E .:dmdeand.naae FEPEES R ) |
Mh and'l‘akahaalﬂ. (I.Z) proposadthat the?BSl.imh:ced dCTP




;'of dUTP, a presumed precursor for phage DNAL If t.his 13 ao, phage '
' mutanta uhich h.ave lost t.ha abilit.y to induce dCTP dearninase might be

o '.'unable t.o ayntheuize INA since d’ITP :Ls presumably depleted :Ln infected.

cella. Crude extract.s of PBsz intected cells of JH)128 were prapared
5 .' at 30 ndn arter :Lni‘eotion and asaayed ror dGTP deand.nase activity.‘

'. ;t,_rFigure 8 ahowa a time course or one such assay at. *3T76e3 No activity

" vas detected in extracts. from uninracted cells vhereas extrac‘ba from ‘5. o
. PBS2-infected cells demninat.ed deTP unearly :Eor 15 min. ‘The aped.fic o
activity for dCTP deanﬂnaae in th:l.s exbract was calculat.ad to be |
50 nmolea/min/mg protein. Using the same t.echnique, sped.fic |
' | ;activitiea or dGTP deaminaae in exbracta of nonauppraasi.ng cella :Ln.fected . .

‘uith variouu mutanta were detemined. All of the INA—afrect.ed mutanta ,

: induced dCTP deaminaae in. nonsuppressing cells‘ (Tabla 11)

.“_Deoqr.l.bonucleasa :I.nhibition T

It. wau round that B. aubt.ilia contadns an mdonucleaae speciﬁ.c |

L for nat.ive, uracﬂ-containing mm (25) Tonﬂ.t.a. and Takahashi (l..5) showed
_"tnat. a heat stable protein. which inhibi’c.s this enzyme is. induced by o
. PBSI at 20 min after 1nfection. T the preaent at.udy it was considered o
3 t.hat 8 phage mutant which is unabla t-o induce this inhibitor nﬂ.ght

'appaar phenctypleally b 4. mA—affected mtent,

| Crude extract.s of rBsz a.nd mutant—d.nfect.ed cella \tare prepa.rod

at. 30 min ai‘ber mfection and aasayed :ror tha nucleaae activit.y. 'I'he

L rel_mlte in Takle 11 are exprmod as percent or the cm 4n BH-Urd labaned.

" N ;pssz Im uhich bacpm add uoluble. It can ba seen fmm t@o data ‘hat PES2




i

. FIGURE 8. SE c&ogmommc-;s@'jar.mmaaéea 4CTP desminase 1. .

.'?:To obtain crude exbra.cta, cells of .raolze wera harvested b 30 min -

. after ini‘ection, resuspended in 1/20 volmne of tris-chloride

-';buffer (25 oM, pH 7 5) and trauted twl.ce vd.th a. h'-ench preua. Aaaaya a
- of dGTP deami.naue were can'ied out with 0.05 ml of cru.da exbract.
'"'n;e extracts of p}aéz-cinfected and min}ectad cells contained 3.4 and
-3 5 mg protein/ml respectively Deand.nation of dCTP m followed by
:'measu:ing the decreaae :Ln absorbance at. 290 nm (A290) -

@1 FBS2-infected cell extrach ‘
0: Uninfected cell extract =~ - . <
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o “Percant su.mr.!.val or infected cella at 20 min a.tter inract.ion. R
o Specific activity expreaaed aa nmoleu/ndn/mg prote:l.n. S i
‘ Percent of CPM BH-Urd-labelled snbstrato rendered TGA aoluble in

e 30min st 37C. e o IR AR

"' . TS v e T

:1‘,"d3peciric actdvity relative 0 PBS2—d.ni’ected cell extract.a. The

n aversige of 2 exper.l.ments vas 15,369 cm/m/mg in PB82-d.nfected extracta.]




; .‘ffrange ot 0.02-0 2 Ingfml in the"

e ot INA polymerae’e in crude &

-."'.and all the INA—affected mutante are capable of. inducing the inhibitor

Df thia nuclease. i E : . -. ."‘ :.‘ ! : - .s T

K

A Eglmeraee T i“ - o ,. ~ , .

PBS2, 1ike eome other B. aubtilie phagee, ia reaietant to

N _-,lﬁ6-(p-hydroxypherqr1azo)-uracil, which inhibite the hoat INA polymerase III, e

" and. inducee i\ new L’NA polymerizing activity in inrected celle (70)

‘thie new’ enzyme i involved in the replication of. FBS2 INA, then a * o
mutation inactivating it wou.‘ld lead to conditional lethality as in the ’
| case. or gene 43 mutante of phage [ (5hy55)s. Figure 9 ahowe the reanlts

of" INA polymeraee aeeaye with crude exbracte of PBsz-d.nfected and " .

uninfected nonauppreseing cella. In thie caae, the epeciric activity of '

: ‘mA polymerase in the unini‘ected cell extract was a‘bout 15% that of ‘the

-‘;-'.infected cell extract. However, under the above conditione, the initial
" .rate of reaction n° PBSZ-infected cell extracta waa not proportional to |

: .protein concentration. ‘ ‘I'herefore, to test the mutante ror the ability to .

.induce INA polymeraee activity, ini‘ected celle were hamated as in

' Fig. 9 and reluepended in 1/20 voluma of 25 mM tria-ohloride (pH 7.5), :

| rather than 1/100 volume, to reduce the protein conoentration. 'I'heae were

§ then extracted and aaeayed as deacribed in Materiale and Hethoda. Protein
;_ conoentratione in extracte prepared in thie way uere uauaJ.'l.y 2-4.. mg/ml.
. The mun veloclty of Teaction with orude extracte, tr wild~type Pasz-
-inf.ected celle was !ound to be proportional Yo protain cnnomtration in. the

racte of mutant-dnteoted celle harveated

e

~

""ouhation mixture. 'l‘he epecdi‘io aetivitiee a



. 4CTP, k miy SH-dCTP (22.6 Ci/mHole), 2.8 pGi/ml; 50 »e or ‘hieat

e z-in.fected ceu extract |
0 Uninfected cell exbract SIS

| (10 mu, BH 7. 5)
"deperibed in Materiala and Me’c.hoda.

LA

PR E

. PBS2--ini'ected and uninfected calla of .n-mze weré harvested at. AD min

IIRE R

' FIGURE 9. -DNA polymerase sctivitles iri PES2-infected and uninfected cells .

after ini'ection and reuuspended 1n 1/100 volum of tria;;moride bun:er L

Lysozyme extract.s were prepared and dialyzed as.

f_denat.ured cali’ 'bhymus INA;r orude exbract. correaponding to 0.63 ‘ng

protein in the caae of infacted cellu and 0 71 mg in t.he uninfact.ed

control, in a rinal volume of 0.29 ml. R

ot
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Lo in unini‘ected celle. In a eeperate :

-

. '\.-'L" ‘ .-\‘

at the hOth min after ini‘eetion were determined (i‘ina:l. pretein coneentratione: L
' i_iwere 0.1-0.2 mg/ml} and’ compared to thoee in PBSZ—d.ni‘ected and. uninfected
: ”;?‘_.:..{?extra\cte of - Jm128 (Table u). Thr,’e oi‘ the mutente, smw, sm'so. and . :

L "'ifsmjé were unableato induce INA po'ymeraee activity above the 1eve1. tound

) rirnent, it was fotmd that 'the

A .."i,i.n.itial rate of reactiori of P832—ini‘ee ed. cell\ extrecta prepared thie way

wee only 50% dependent. on emgeneue IJNA. at being the ceee, it uae ; '* S |

possible that the low INA polymeraee 'a' _vitiee in one or more ei‘ theee

o L
three mxtante rei‘lected a lack of . endogenoue tempIete rather than of enzyme. 3 %
: + :

~ When extracte were prepared from sz—infected ce].le ueing a French preee |

‘ rather *than ly'eozyme, the initiel rate of reaction in the absence oi' exegemous .

VA, }rae less than 10% tbet of the reaction mixture conteining 100 _u,g of
cali' thymue INA. The results of ENA polymerase aeeaye with PBS2 nd

7 mthMected cell extracte prepared this way are ehown in Fig. 10.

Panel A shows that extrecte of SFUI;9 and SFUSO—«ini‘ected‘ cells sti.ll

. ‘exhibited very low I‘.NA polymeraee activity. “Panel - B shows that no difi‘usible T
| '. inhibitor was present. in extracta oi‘ SFULS or S’EUS(}-inrected cells ai.nce
mixed extrecte did not affect the :’mitial rate of INA polymerase activ:!.ty

of the PBsz—infect/,e{l extract. Mereever, when added together, the SFUI;9
and Smso-infected lextracts exhibited no eomplementation. Oomplementation

' wonld heve been expected 11‘ theee rmrtante a.ffect different proteine or a
| reaeeociable homo- or hetemmultimeric ensyme, or in raet two physlically -

eeparete~pcreteine which together are reeponeible for INA eyntheeie in vitro.
'I'h mutant SFUB6 was not included in theee experimente eince there uere ‘. .
indicatione that it. might actuel.‘l.y beleng to the eame eomplementetion group
as’ SFUA9.‘



* FIGURE'10:. rm polymerase sstivities in ‘mm._aa:ae@ Gills.
' Inrected cells were harvested at hO min ai‘ter inrection, reauapended
“in, 1/20 volume tris-chloride bui‘fer (25 mH, pH 7 5) and Qxbracted S

: wit.h a French preas. Incubat.ion ud.xt.urea contained.: dGTP. 20).\14;

o dCTP, 20 sM; [dATP, 2,:14; 3H-dm> (16 Ci/mole), 1pc1; dU'l‘P, 1 mH-

‘100 3g of heat denatured calf thyms mA; t.rls-chloride 'bui‘for ] |

(pH 8.5) 61. mM; and- o 02 ml of crudo extract in a final voluﬁ(or ‘ -

’ 0.3 ml. At approPriate tines after the addition of crude 6xtract.,

L 0.05 ml aamples were wr.lthdraun and TGA-d.nsoluble counta on membrane

'ﬁlters ware detemined. : S ; C |

| Panel Ar - ®: PBS2-dnfected cell extract

01. - SFULI~infected cell extract .
X: SFUSO-infected cell extradh .
- Panel B:_- T ey -PBS2—ini’ect.ed cell extract. |
 0: PBS2-infected + SFUl..9-d.nfected cell extract
X: PBS2-infected ﬂmm'ected cell extracjz
At SFUM9-infected + SFUSO-dnfected cell extract |

S
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eriment.e with tolueniaed bell I. X | Coe e
L Moeea and Richardsoa (133) repor't.ed that. tolueni.sed ce:l.le of

e "E. coli mre capeble or syntheeining INA 3.n t.he preeenee 'or the appropriate

- ,_deo:qnucleoeide trlphoephet.ee.- Thia e;mtheeie uas etimulet.ed by ATP

; ,. '-and did not require exosenoua mA. They aleo found. tha.t. a rom of

repair syntheeis, requix:!ng runct.ionui Im\ pqumereee I. could he }v ,
- dist'ing'“ish"d ‘%‘kappﬂrent eemiconeemt.ive replicative e:fnt.heeie.
| .Mateushit.a 9'0 al, (139) later ehowed that. eemiconeemtive eyntheeiel

of biologically act.ive ISNA occurs in t.oluentsed B eubtilie oelle.‘ Thei_r ? -

rlfreeult.s, indicat.ed that. ‘this replicat.ive eyntheeia"requiree A

7 1aw and Marcus (11.0) demone,trated. that. the arreet of
.-'.synthesis which'is normally observed 'in B eubtilis dur].ng '
_-.in.fection, was manifested in toluenized preparations of infected celle..
A'The virulent phage ¢e, which containe hydro:qmethyluracil in :!.t.s INA in.

- place of thymine, ves unable to incorpora.te SH-d‘I‘I'P into phege.INA in

R in.t‘ected toluenized cellsy - However, a mutant capable of arreet.ing host. INA
- _eyntheeie but laclclng the phage—d.nduced enzyme, dTI‘Pgee, was a‘ble{.o do

s0. This mutant had previouely been ahoun to incorporate some thymi.ne _

. e

_intophageINAin__m_:_ . ¢

‘ ~ Recent etud:l.ea u:l.t.h phaga TA showed t.hat replication of phage INA ‘
occurs :Ln tolueniaed preparat.‘].ons of :l.ni‘ected B cold celle (11..1 11.2~1l.3) |
Thi.ev eyntheeia was lacking in. ce:l.le infected \dth INA-aﬁ‘eoted phage mutanta
- of T4 The results of Elliott ot sl (m) indicated that host DNA

| repl.‘!.cat.:l.on which is shut o!‘:l' in vivo, may pmeod in T4 infected toluen:.aed

. calls, M.though 'l‘h INA conteine lwdmmethylcytoeine, dGTP wes. roum:l to(b |

v .
/ oA
v



uy 75% while that in un:!.n.fected t.oluaniaed cells was reduced by 55%.

. _infeet.ed with the mut.ant SFU5 deormod conaiderahly aurlng tho um T

. PR .
~. .n.\‘ H
o
1y

afficiently 1ncorporated :Lnt.o t.oluenixed ems. In :Ligm of theae new ol

. ‘t.echniques for st.uwj.ng INA replication. mrt.her studies uere undartaken
ot exaxrd.ne IINA synt.heais in PES3,end mutmt-infaeted B aubtilie cella. e

It. was: found t.hat. Mection oi‘ eit.her JBJ128 or the INA

" _polymeraae I deficient atmin. 168 p_o__A by P332 stimulated tha L
_'_.incorporat.ion of 3H—dA‘I’P into: acid inaolubla material aeveml i‘old in"
" toluenized celle (m. 1), Although the experlmmta illuatrated m

'Flg. 11 (A and B) were done by tuo slisht]y diﬁ'erent met.hods, sz

t -stimulat.ed incorporatglon aimilarly 1n each caae. INA aynthesia 1n .
= infected cella treated with to]auene me gener&uy 1:Lnaar for 7-15 uﬂ,n. _ ‘ |
: .;The reaction mixtures became clem:' thereafter, indicating eell 1yais. S
" When M‘P was omitted from the - reaction rnixhure, t.he rate of . :lncorporat.ion : o
© o of 3H—dA'I'P into in.fect.ed JH)?LZS calls treat.ed with toluene waa reduced -

If the DNA ayntheaia inJ to].ueniaed infected ce].la was due to.

.’_' ‘/-'_\ .
_ phage replicative ayntheais, ‘some of the mkjni‘fected mutant.a, at 1eaat
- would be" expected to be deficient in this in yitro syatem. Fgure 12

- shows the rates of INA pynthesis in celly of 163 LA stedend &

"ooluenized a¥ varioua times after Mectlon. _ It can be aeen that. the

-‘ rat.e of BH-dATP incorporation in PBS2-d.ni‘ected cel.'l.a increased - .’ -
: appro:d.mately Hold in 30 min wh:l.le that :Ln \min:[‘ectod cella :I.ncreaaed

.2-3 rold over the aame period. Howwer, the rat.e of incorporation :Ln cella

‘..

',‘pers.od. Barlier results present.od 1 m. 6 ahowad that- Sms-d.nteched
. cells troated with rifawcin incorporatad m-y litt.la 3n-dcyd 1nto phage INA

-



| FIGURE 11. DNA synthesis in tolueniged cells = -

A
. .

. . ,_.‘.

. p&ﬁei'm A i‘our hour culture or .nmza was diluted 10-:01:1 in rreah

PA and grown t.o 108

cel.ls/ml. The cult.ure was div.i.ded into tm
flaska, one of which was infected N:L(Vl( PES2 at an !DI of 5-10. Twcnty :
min after ini'ection, the cells were harveated, uaa‘had, and. reauapendec?
in 1,/15 volume of 50 mM- tr:ls—chloride, ao at XL, 5 oM ugm?, oH 7.5, -\ -
conta:l.rﬁ.ng 175 toluene. g Cells wera kept on ice "for. 15 rnin vd.th .

intemittant agitat.ion (11.1+), after which t.hey werc dilubed * in the

reaction mixt.ure. “The react.icn mixture contained the i‘ollowins (ﬁnal

| -concentrat.ion) t.ri ~chloride bui‘i‘er (PH 7-5)r 0 mM' Mg(ﬂ.{‘,fcé '“H’ :

0 t Unini‘epted cells

'6,uM, aure, dGTP, detp, 20 pM each-\;H-dATP,

KGL, 80 tnM, dATP, _
20 nCi/mi; . ATP, 1- mH. Samples correaponding to 3.3 x 107 cclls _' |
(0.05 ml) wcre added to cold 10% TCA at appmpriate intamla, washed
onto membrane i‘ilters and asaayed for TCA-d.naoluble count.a.

PBS2-d.ni‘ected ce]la

.Panel B: »—Cella of 168 m_A were: grown and infected as abov:a a.nd

- harvested ab’ 20 min after. ini‘ection. These were washed and reauapmded : "‘:

in tha same bui‘fer aa above wit.hout toluene (un:l.nfected cella were ’ .
hamsted at 0 min) Toluene was added to 1$ and "cella were ag;l.tatod '

ror 1 min according to the procedure~for I.avi Qnd Hn\i'cus (12.0) Aasaya

wcre as: above excput that the dATP cmcmtr@tion Was 2.3 M and 31-1-dATP .

3 was at: 5 p0i/ml.  Samples __so_n*cspcnding to 2.5 xﬁO? .cells (0,05-m) - . .
o ' . '.‘ ) . ‘ . 'll “"l S -' B . -.._.
LT ) 51‘ g RN 3

- = For s ) v
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el

e after infection

'.Cellfjgi‘ 168&_ were grown andin.fect‘!d asinFig._].‘!.and

‘ 1Rate of DNA smthesis in tbluenized cens at different. timea ;

'f*.harvested a’c. various times a.fter ini'ection. Calls Here t‘.hen s S R

o tolgenized and assayed as in Fig. llB._ -' . . . o

=T PBSZrinfected ce]ls
X: ‘SEUS-infected calls .
0: TUninfected cells , *

"_"\...l .
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as compared to wild—type PBS2-infsct.ed ce.us. It. was found in the '

indicating that. phage—induced ahut—off oi‘ host mA syn',_

»\\\
N
'.-7: s
3
L}

' .,‘present experiment t.hat this defect is expressed in toluenized cells as
: wsll Furthemore, it was observed that the decrsased incorporation

' .".rat.e in SEUS-ini‘ected cells wa.s lsss than t.hat in t.he tminfecbed cozxt.rol, o

is 13 ma.rﬁ.fested. K

- ‘in this system. . It might be argued that the low rate of :Lu rporation :ln
'sms-infected celbsr merely reflects the i‘ack or endogenous phage A
since this mutant :Lnduced very little INA synthesis :in v:l.vn (Fj.g. 6). @ R

v,

| If t'his :Ls 'bhe case, it would mean t.het the sti.mulation of incorporﬁion -

- :ln PBS2—:i_nfected cells rsprssents synthesis requiring phage INA. o R

In order to detemdne whether other INA-effected muttmts are -

‘similarly incapable of INA synthesis, a number of mutants were tested
. with JBD128 and/or 168 pg_ as host. Cells were. grown for L h in PA,
dluted. G.O-fold in. fresh PA and. grown to 108 ceJ_'Ls/rrﬂ.. The cells were

infected, harv'ested at 20 ruin ai‘ter infect.ion (o min- for mmi‘ected cslls),

 washed -and as\eyed as described in Fig 12, s shown in Table 12 smw;

and Sl"USO—infected cells incorporated 3 H-dATP at. lower ratcs than did

' Ium.nfscted cells. However, the rates of :anorporet.lon w:l.th SFUl and SFUQ .

were higher than tmini'ected cs]ls. These two. mutants were shown (Fig. 6)

to be able to incorpcrate 20—30% as much 3H-d(,‘yd into INA as wild-type

PB32 in the presence of zi:f.‘amycin Th:l.s 1:Lmit.ed sbilit.y to synthesize |
. '.-phage INA ey be- reflected in toluenized cells as indicat.ed in'Table 12.

7' Thsre :[s some ev:ldsnce ths'b toluenized cells may bacome psnneable
to at least some proteins (138). Howevsr, attempts to enhance :anorporabion
into m:t.ant.—-infscted toluenized cells by the addition of French press extracts '



| TABLE12

Rate of IJNA smthesis in mnant-ini’ected

i toluenized cells

R

“Complementation -
| group, |

%

B Relative rabe of 3H—dATP

incorporation 0

va.e SE 168 Eg_'

 Uninfected

SFUl

ST

'SFUL9
SFU50

| “_mot S 00

22 .ot dome . |
N5t1'¢91,19'¢ " “ .o 3 . |
" 18 B Nb't-'..' done
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:lncorporation. Cel'!.s of Jm128 were grown and infected as in Fig 11, -

et

'_‘of cells ini‘ected w.lth m.'l.d-type PBS2 produced no positlve results. _ I'tj,' -
’ _’is probable that euch complementation experi.ment.s ,x«:ould require ' 3. .'_ .
‘ ltempereture—emsitive mutants ‘or an in vitro replicatlon system t.o whic.h

’ ‘exogenous INA could be added.

Prelinﬂ.nary experime,n‘bs indicated tha‘b PBS2-infected toluenized

: cel_'l.e incorporated 3 H—d'I"I!P into mA ‘when dTI'P complet.ely Teplaced dUTP

ﬁ the: reaction mixture. An experiment. was then desig,ned to investigat.e

. whether the PB32 replicat.ive apparatus is involved in 3H—d'l'rP - _-' Coo

and harvested for assay at 20?11:111 after infection (0 minﬁ.‘or tmin:t‘ected o

cells). Toluenlzed cells (as in Fig. 11} Panel B) were assayed with the

standard reaction mixture in which the yanP ¢ concentration vas 1.9 poi/ml

Or withf one in which- dUTP was completely replaced by 2 uM dTTP with 3H—d'1"1‘P

(2. 5 ,uCJ./ml) as the radir'-octive precursor. In the latter urixt.ure the

" aATP cont:entra.‘bion vas 20 yM. Rates. of incorporation of BH—dATP and

3H-dTTP inbo INA{ corrected for differences in specific activities are
shown :Ln Table . With the dUTP-—contairﬁng reactlon mixture, PBSZ—

in.fected cells :l.ncorporated label almost 10 times fast.er than uninfected

cells whi.le t.he rat.es in. SFUl;.9 and SFUSO—in.fected cells, were 1ower than

that :Ln uninfected cells. Hhen d’I'I'P replaced dUTP and 3H—-dTTP was the .

] radioect:l.ve precursor, PBsz—infect.ed cells sti].'l. incorporated label ? times " g

| Iaet.er t.han uninfected ceJJ.e and t.he rates in SFUI;9 and SFUSO—infected ?

cells were still lower than that in- minfected cells. These deta suggest

‘that the phage rep‘.licat.ion apparatus is capable o£ incorporeting iiwyid
j, in place of dUTP, prestmably durlng repilication of pha,ge INA. ‘Ihe data

¢
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TARLE: 3. PBS2—iﬁduced BH-dTTP incorporation '

into INA in toluenlzed cells o

Phage ' - .'Rate of incorporation

| -.’(cm/mm/e x 10 cells) B

'-'-_BM_TP L e

620 -
e

_Uninfected = - ."56'- __'9_1;-
PBS2 -

~ . sFl v

" SFUS0

W

Correc’c.ed i‘or the dii‘ference in 3H-‘dA’I.'P‘ and

Byarre specii‘n.c activities



o
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further support the. coﬂclus‘lon t.hat phage-induced shut.-oi‘f of host Im

synthesis i8 manifeated in toluanized cells. o

L
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- GENETICS.

o Coggementgtion tests. R ERRTE - .‘: S :
LT ‘__ mtante «i.n ten: complementation groupe we? :f.‘ound ’co be ai‘fected
2 in phage—induced INA synt.hesie (Table 8). SFUBG SFU1+9, and SFUs0

. were unble to induce a phage-related INA. polymerieing acbiﬂty

' (Tahle 11) Since theee ten mA—efi‘ected mrbante had previeuely been

classii‘ied qua.litatively by, epot teet.s (Table 3) bei‘ore recanhlnetion

' analssie coul be undertaken a more rigorous eeaesement of complemeutation .

o waaf required A ajor interest in this investigation ¥as to eetab]:l.eh

whether the INA polymerase—deﬂcient mutants, SFU36 SFUL;.‘?, and. SHISO
belcmg to different genetic loci, :

| Quentitative complementa.tien tests were ca.rried out for all
pad.r—wise combinations of. t.he ten mutants (Table 1h) Result.s are

- expressed as total phage yielde relative to that in the wild-type PBS2-.- ;

-infected culture with an app_x;op?riate correction for- eingly infected

. controls. . 'I‘hus, in ein.gle infectiona .ef-JOHl28 with mA-aff»ected‘mupante,'-
| phage ylelds were 0.1;-1 l%'oil’ the wild-type. H\owev'er'; in complementlng

| pairwise ini‘ections, correct.ed reletive yielde were 20—71% of the wﬂd—type. ‘7
Go—:i.n.fect.ion with the noncomplementing pa:hg, SFU36 and SI"UA? reaul'bed | .
in a phage y:l.eld only 0.2% of the wild—t.yp& In three: experimente, the"l :
_avemge buret slze in uild—type PBSZ—-d.nrected culturee was I.B. By -

| oupariaon, the culture eo-d.nfected ‘with. SFUB6 and SFULQ produced an

- weerege of Tess than _6.1-_pm1c1a/cen. It can be seen from the data
that, aTt mutants except SFU36 and SFULY.belong to different groups.
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. £ can ba concludad that of 38 complementa‘bion groups identii‘ied in

‘this study, at least, 9 aﬂ’eot. phage- mA replication. Results of the

-jto complement. SFUA‘? and was therefore reaseigned to group 10. Sinoe .‘ |
t.l‘xeee mutants were all i‘ound to 'be affeoted in VA eynthesia (I-‘ig. 6) Lt

"‘ The mutant SFU36 previouely aseigned t.o group 36 (Table 3) was 'u.nable .' e

complementation tests ehowed t.hat SFUl and SFU9 which are phenotypically

i} eimilar yet di-etinot from mutante in 'ot.her groups (Table 9) are themselves

- involved in d.ii‘ferent i‘unctione. ' . o S

'I'wo-faot.or crosses of INA-affect.ed mutante

. ) 18 of particular interest to note tl}at, whereae SFUBG and

. SFUlﬁ were . found to be in t.he same group, both of t.heee mutanta were -
able to oomplement smso. It oould be argued that SFU50 ‘affects the

same prot.ein as SFUB& and SFUA?, but ie capable of etrong int.racietronic
complementation of each of theee. Thie poeeib:l,lity may be explored i‘urther
either by biochemical ana]yeie of the phege—d.nduoed INA polymerase or by

conetmot%e genetic map of PBS2 ) )

S

- Once a co]lection of phege nmtente has been chamaerized o o E

l'-

phenot.ypica]ly and claeeii‘ied according to mnctio‘i ddentity, they

become more amenable to i‘urthex; genetic analyeie. th t.%e appropriate ' _ | ;

TS,

techniquee, mutants ruaqr ‘be mgpped according to their relat 1 positions .

on the genome. _Hhen s haeo been done, m.rfbher‘ exp@imen
t.rane:t‘ormation may enable us to determine the appro:d.mete pmreical
"location of a par'ticular mutation within t.he chromoeome. The ordering of

- phage mut.ente on & gene‘bic map involves the use of t.wo e.nd three~. factor

——t . '

R
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‘ genetic croseee. [ These, combined w.l.th ini‘ometion from complementation

o '-tes 5 woulﬁ r,eauce a potentia.ny enormoue number of exper:l.mente toa .

‘-..'more menageable quantity. '-.The aaeumptione implic:l.t in recombination
analysis of moet pha

‘ ‘DelbruCk (92) to acco %\for .tha menybobservationa mad.e wlth tha mttanta ‘

g are. eeaentially thoee axpaunded by Vieconti“a‘nd

of E. coli phage Th. A number of questione ma,y be anewered at leaat in

part, by conetructing & genetic map. One.of thee%e ie whether or not " _"‘ _
sinﬂ-lar phage f\mctione ere clustered together on the chromosome. . - i

Organization at this. Level has numero\is implicatione for. the regulationf R
- ', of expreesiow of phage :runctione du.ring ini‘ection. ‘Also, rnutente whoae"
genetic identitiee are under queetion may be olaeeified with greater
conridenee once relative poeitione have been established.‘ Finall,v, the";’-
' linearity or circnlarity of the genome may be. eetabliehed and thie may
provide infomation on the processes of replication, recombinaticn or .
phage head fomation. o . | :

A num‘b-er of two—factor crosses of INA-efi‘ected nrutante were
per?ormed as outlined in Materie.‘l.e and Msthods, The reeulte are presented
“in Table 15 as percent recombination. : The euperecripts refer to the '
number of t:!.mea croeeea were perfomed. To glve an indication oi‘ vaxiation

-l in theee croeaee, coefficiente of variation were calculated i‘or a -
_. number: of croeees and lieted in Table 16.. In experimente with rII mutante
| » of phage Th, Edger (MS) obtained valuee for thie perameter of 0.12—0.30. |
In two-tactor croeeee of temperatm'e—eenaitive mutante of PBS2, Herringtoo ;
- "(122) obtained coetficiente very.lng rrom 0.19\ to 0.61.. 'lhe averege
| ror ten oroecee uith te nmtante waa 0.36 whereae the averege for the

nine crosses prceented in Ta‘ble 16 m 0.26. S R
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of ‘the values mey be expla:!.ned, '.Ln by variation as we]J. as by

- ”theoretical cone;deratione to be diecuss 1ater. A number of :Lntereeting

S T T ST I SR - A
The reeulte of theee experimwts prow.de fq; linear arren,gement ; i '

| of the mA-affected nmtanta ae ehown :ﬁ’l Fig. ..Th . tante are )

. "‘arranged eccord:l.n.g tp recombinatio'n freq;ue.n ' roxﬁnately to acale,

'refvea]_'léx.g their posei.ﬁle order on’the phage gen e. The non-edditivity

;.observatione cen be made regard:i.ng this arrangement. _ Firstly, the
._-xgutante SFU‘36 end SFUI4.9 which were found to belong to the same
| complementation group (Table 1&.) appear to be - very cloee together. 'J.‘he
" mutant SFUS0 is digtent from-both [of. & these anid at least one mutant;:a SFU9
lies between the two groups, Should thie order prove to 'be correct it
" would ‘rule out’ the poesibility that, SFU36, SFUL9, and smso, ncme of
_ which induces the ph.age—-related mm polymeraee (Table 1.'!.), a.fft:ct the. :.
) different region of a homomu'l.timexd.c enzyme. In additlon, eaturation‘

_ 'eppeare e 0 ocecur omewhere betwqen 18 and 2.0% recomb:u@etion since

'_ t when dietancee compared a.re 10% or more. Recombanation
frequenciee from crosses invol'ving SNGL and/or §NG5 cannot -be recouciled
"wi‘th the order preeented. Nor does 1t appea.r that any smple arrangement
can be made to accommodate them in a 1:1.near map - compatible w:Lth the other
| ‘data. The best explanation, at the present is that both SNGl and SNGS
Iare ‘not cloeely :L'Lnked to the other mA-ai‘feoted mutants or to each other.
This. propoeel would aleo mean that the eequence in’ Fig. 13, although S by
| -‘eaturated in tems or recomlﬂ.netion i‘req;ency, repreeente only a portion |
p!.the uhole genome. o : o .

'l'ho taek at thie etege was to attempt to veﬂ.fy the baeic map
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order suggested in hg. 13 by three—i‘actor crosses. SR
. To carry out three-factor crosses, a number of suppressor- -
. sensitive double. mutants were isolated from the progeny of two—factor o

Crosseso ) 'l‘hese were then used in three-f ,ctor crosses with other S

" suppressor—sensitive H\TA—ai‘fected ruutants to test the genetic map

'order suggested in Eig. 13. Three—fact ‘ crosses represent a mejor tool
"--for ordering mutants which are Iinearly related to. one another.’ ‘They
.'are based on the idea that, when a. mutant lies between two other mutants,

the frequency of double recombinants expected is apprcad.mately the

product of the recombdnation frequencies for the two genetic :lntervals.
Comparison of the results from three—i‘actor crosses presented in Table 17 ;
with t‘hose for two-factor crosses (TaBle 15) :.nd.‘i.cates a general | |
' compatibility with the proposed order. Mutants SFUL and SFU3 appear to
" Be the terminal markers oi‘ those tested. -

The results are also cons:.stent m.th the propos:.tion ‘that both
SFU9 and SFUl..9 lie between SF‘U5O and SFU3. Also, the cross SFUBSFU9 x
SFUL.Sv‘ provides further evidence that SFU9 1ies between SFUS0 and SFUI.S.
The interference index i (146) is & paramster which can indicate
correlatibns 'between recombination in two genetic reglions. If
drecornbination in one region enhances the fremlency Df a second event ' ’\\,
~1n another region, nega.tive interference is said to occur. Negative |
7 interi‘erance is characteristic of bacteriophage -crosses (Mé)
magnitudes of the interference index for’ the_grosses in Table 17 are
comparable. to tnose indicating low negative interrfersnce in other phage
mtems (11,7 u.s). The basic order of the lm:rtants pmposed in Fig. 13’



T R R [+ ORI
-« TABLE'17. . Three-factor crosses with INA-affected muténts

R

CParent'l | Paremt2 'su reconbinants (#) Interferenge®:
G ST Coh IR index (1) :

Expected _ Observedb

‘ srmsnB \ o Usme e o 22 12
- smlsma .k sﬁﬁgﬁ o 0.7 . L6 22
 SFULSFU3 - SFUSO . "1.7' o 2 | 16
SFU3SFUSO . SFUS o1 . o8 8o
SFUISFUSG - sR9 . 0.6 Lt a3
SFU3SFU50 '. SS9 . 0.3 ©  1.2b - C o

CSFUSRM9 . sFu9 03 .3t n3

£2

'aRefers to the frequency of double recombihahts éxpected if the‘mutation

. in parent 2 lies between those in parént 1 based oh the-freqpencies .
i
of single recombinants from Table 15.
bRepresenta the observed freqpencies of sus+ recombinants w1th
hs)
' superscripta referring to the number of crosses.
Ca1Cu1ated as: expected frequenqy of sus+ recombinants
' 'obserfed_rrequéncy of sus’ recombinants '
-J ! -y .
— - o T N \ - rh
. % y n P
;. F \
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) 'ie therefore compatible with two and three—factor crose data and may D

f."'i‘x.trth‘er; be examined by the use oi‘ 1inkage t.est.s._ : B

‘:l Iinkage tests | ‘ : = _ ‘ e : » . . o -
Streisinger and Bruce (93) proposed Operational crit.ena for |

’ ‘]_'lnkage of bact.eriophage markers, which are independ‘ent of the mechanism |
of recomb:lnat:.on or mode of mating This is necessary since 1inkage

‘ in the classical sense of non—independent assort.ment of sJ_'l.eles, is not
| | app]:i.cable to bacteriophage, especiallly eince the outcome of a. single
phage cross represen*bs a dynamic populat:.on of mating and recom

HL_ ) {

genomes. Their method basically :anolves measuring the frequency th W

which an allele of an unselect.ed marker appears among single reco;nbinants
_ selected for the other two 1oci. )

: In order to test t.he order proposed in Fig. 13, a marker was
".requ.’t_red, whoee p091t10n reletive to at. least one sus marker was known,
which could act as an unselect.ed mar}cer in the appmpriate crosses. .

Since there were no plaque—-morphology or host—rsnge mutants oi‘ Pssz C
3lated

o ava:llable, a number of temperature—sensi.tive mutants of the phage, is

by Herringbon (122) were exmined for adapt.abﬂ_ity to this t.echnique. Lo
The mutant chosen was THA3L, which grew well m“h. subtilis at 30C
but not a'b usc "In order to minimlze expression of the mutat:.on, .

B _crosses involving this marker\were carried out at, 300. : _ 1
' 4. .

Tuo-—factor crosses between THA3L and a number of the mA-ei'f ed
" matants were performed as described in Materials -and Methods. ‘The

s rolults in Table 18 show that THA31 can best be situated t.o ‘bhe le.f‘l:. of

N Lz

4
L a
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_\' . N TABLE?.S. Crosses fér‘rﬁappiné.'of'T}IAél o

a2

‘Cross’ - Récdmﬁinﬂﬁion f_;‘eiq;uent_:ﬁr (%) .

L.oat30e  ab37C. e

Cmmpaxsm - oo
Cmmmxsms st -
xS o 1zt
emexsrs’ o cwa? 199
| _smsdjxsm:a‘-_ , 823 1?
r : SF'U_50;:c SFUL9 _ 1.8 5

S . ) . \

)

were performéd.

\\ /j _ Superscripts indicate the number of times crosses




. SFUl on the genetic map. Anotner f-ea'.tu..re ‘of ;bneae" croaa'ea .Waa t.he general .
e | reduct.iou of recombinat.ion frequencies when compared to thoee at 370. |
- The baaic order however appeara ‘to be t.he Bame’ and has ‘aeen represented
= in Fige u. . | '
- ‘I'o facilitate experimente to determine linkage, attempts ‘were
made to ieolate ta—aua double mutants. ' The double mutant THABlS‘r"USO L
. was obtained and its genotype wae ascertained by spot ccmplementation
testa. This mu;tant was then uaed in linkage ‘tests by carrying out ‘
,qatandard crosses at 30(‘. with other auppreaeor—eenaitive mutants. ‘ifild—-
type recombd.nanta for the sus loci were aelecbed for by plat.ing t.he . E
progeny of the croasea on. JEJ128 at 300 for - aingle plaq_uea. Theee _
» were then tested for t.amperature eensit.ivity by pic!cing onto plates seeded
i uit.h JB)128 celle which were then :.ncubated OVemight. at LSC. Thesa were
‘, scored for lysia the fo]_lowing mor:ﬁ.ng and -the :t‘requencies of the ts
allele among the aua+ recombinants were calctﬂ.ated. If the order in
" Fige L is correct, the frequencies of tst ‘allele among sus recombinant.s
from croasea involving nnxtanta which 1lie to the right. of SFU50 should be
greater t.han O. 5. Conversely, the frequenciea of the ts allele among .
| sus® recombinanta from crosaee invol'ving mutants which lie between SFU50
_ and THABl ehould be leas than 0 5. The reeult.a of these crosses: are in
| . Table. 19, ' The genot.ypee for the three loci being tested in edch cross
are schematically present.ed, +. referring to v.d.ld-t.ype. according to t.heir
propoaed order. It .can be seen t.hat theae results are conaiatent. nd.th
B '. the order shown in F‘ig. lh, and, also euggeet that the mutant SFU5 liea
/ | - %o the rlght of SFUEO. Thie means - that at - leaat. two complemenbation groups
Vo repreeented by, sms and sm Lie betwaan SFU50 and smzﬁ.

~
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 TABIE 19, Linkage tests

" Gross\_ .. . ' .  Parent2 ' Frequenckof ts'
THA3L SFUSO + 4.+ SFU3 .. 0.80 -

A3l s sFUsO . s SFRL 4T T Q.28

./ THA31 sr»vso + "+ + SFUS. f _ "0_:61_ '
'1'HA31 SFUS0 + ++SRY . 0L

U VR U

THASL SFUSO.+  ++ SFW9 . O.7h

hnmber br tat

°“1‘“'°d ass Total progeny tested

-

One hundred sus recoﬂﬁinants were tested from cross l
and more‘then'230 were pested for-each of the other o

>. crosses
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o 'Additionel ma'p'ping

The genetic map estab]iehed Yy compar:i.eon of results from

: two end three—factor crosses end linkege tests ehould eerv*e as 8 'baeie ) -

i‘or the aeternﬂ.netion of the poeiti.one of the ether complanentation greups. o

Results of additionel croeeee Jieted in Table 20 indicate thet
the 1yeis-dericient m\rtents, SFU60 and SﬂGlS, 1ie cleee together end te

the right of SFU3 on the map pmposed in Figs. 13 and u; e INA-

. ei‘fected mutants, SNGL and SNG5 were ncrt foumi to be close to these |

‘. markers. ‘However, two-factor croeees at 300 wlth THABl euggeet that

SNGB may 1:l.e on the seme eide of the map ae th'!.e temperatme—eeneitive ) o |
unxtent (Fig. 15) ‘ R R

Other two-factor crosees were carried out to determine the 3

| poeitions of mutants WhiCh are net ai‘fected in phege—induced mA synthesis '

(Teble 8) and host cell lysie. Tt may therefore be i.nferred that they

are affected in various ﬁmctions requlred for the normal morphologi.cel
development of the phage. A compoeite genet%.c map based on previoue reeults..
" e.nd theee crosses 15 ehem in Fig. 15, 'me peeitions propoeed in th:f.e

ﬂnal echeme ehou:Ld be ameneble to further anleysie with the teehn:l.quee

~

.”usai herein. ) o L ) ) ) “:1 . ’ -

Further a.nelysie by two—fector crosses r'e that two other.

- . mutents, SFU2L and SFU55 appear to e outeide of fiarkers SFUL and SFU3.
| i Also, the nutant SFUlS hae been found to e beyond the region bounded |

P
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FIGURE 15.
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. Cross.. - .

Recomm.nation

f“q“fmy (%)

SFU60 x SFUi 5
SFU60 x SI-'U50

A\ SFU60xSFU9

SFU60 x SI-'UU;
SFU60 x spu3

Sm5OSFU60 x SFUI
. SFUS0SFU60 x.SHB‘

sméo'x'.gm5 S

~ SFUS0 x SNGl

SWSOSFU&'J x SNGl

.:- SFUSOSFU6O x SNG5 |
- THA31 x SNGl |
: ‘THA31 x SNG5

1'2.36.-_ .

1 10.8°
‘»..-:-1.0.1;2 L
o ea?
”3 |

o3

ol .

X
8.71\
7.8%

9.8

sopt

aPeI‘fOIWed at 303 '

Lo

re

Suparscript.s refer 4o the number of- times

&'Osuea were perfomed. S

Ma i is-defect.ive mut.ants - o : R



P%Z transfomation R - . - _' R RENE

o The technique o' e, er:i.ophage transformetion, adapted by

‘Herrington end Tekaheshi (1 _) to PE2 should provide mrther means i‘or

arrangi.ng the genetic rnap o) the phage and particularly for determi.ning

the relationship betH‘een recombinetion i‘requency and physic&l distance -
| in the PBS2 chromosome.‘ o ﬁ_ ‘ _ 7- e

“mo.

Pre];!minery experiments were done to determine whether trensformation ’

of suppressor—eensitive mutants was poss:l.ble._ The suppreeson—carrying

B host JB3130 was not competent for transfomation, however, subsequent .
: expezi;nents wlth the nonsuppressing host, 53202 were successful. o
, "I‘rensfomet:l.on of . SFUSO was found to be dependent on Im\ concentretion

' 'up to about 3 yg/ml (Fig. 16), Since SFUSO synthesizes 1itt1e or no | '_
‘.’phage INA 1t must Be concluded that i‘regments of wild~type phage of nm
) teken up during transformation are capable of complementing the affected
:t‘unction snd,/or recombining :Ln the absence of mm rep]ication. The '

; -‘ frequencies of transfomentsmf a number of single & double mutants
- were determined snd are shown :Ln Teble ZI.. The ]:NA concentration in

' these- experiments was 0. pg/ml end HOI wae appro:d.mately 21..0. As
expected, at this J:l.miting mk'%oncentration, double mutants were

L transformed at sign:Lficantly 1ower frequencies than s:lngle mutants.

%

- Frequencies of ‘transfomation were much lovrer than thoee obtained for

temperature—eeneitive mrtants (11;9) premzmably because these e:qaerlments
were perfomed in the rgstrictive host. Re]iable quantitation for

phyu:l.cal mapping will probably requ:Lre a suppressor»—cm'ylng host uh:l.ch :

. |'is competent for transrormation and perhnpa the use of mtante cmying

E m unselected marleer. - ‘-{,'w . R - T :"..v! : ‘.“f" .

.
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"‘as host. C

e .

_ Gompetent cells of SB202 were ini‘ected with SFU50 at an !DI o:f.‘

"_1.0 and INA vas added at. t.he time of infect.ion. “The yields ot
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oo




-3 o -

| Transformants/ml x 1075 .
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. TABLE 21." Transfotmation of S‘mpressor—sensitive e

o mutants

: Hutant ’ : . L \t:.ld—type
B transi‘omants (PFU/ml)

s T .'-13 2 x‘ 105"‘
sfU3 _---60x101"

Ld

sy L2105

Cosms . a2axadt

SI-'UlSFUB ST T ‘-1.1,::102*.'
| -smasx_é{_xso; PR § 99 102
SFU3SFU9 flexlo?

o

ST wh

No plaques were obtained when INA was omitted.
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- :Mutggenesis

"z.n PBS2 by this analc)gue, preeumably :Lnﬂa simi_'l.a.r fa.shd.on to 't.hoee 1.

In the present etudy, suppreesor-—sene:.tive mutant.a were induced at a .

. S -
. frequency of 0.6% by FdUrd treatment. o

- thought to induce tmxbatione at the replic&tien fork (152)

-a.mppressor—eensitive mutants were i.nduced at.a freqaency of 1% by NG, - e e

for the ieolat:.on of temperature-eensitive mutante of PBSZ

i

;'. /‘.._‘
f
\

The uridine analogue, FdUrd is }cnown to affect DNA Synthesn.e '
by :mhibiting thymdylate Bynthet.ase (150) ﬁe_teﬁophage PBsz which

contains urac:l.l instead of thymine in ite INA was shoun by Iozeron end -

, Szybalsld (30) to in'corporate FdUrd into mA. ‘Not sprpr:l.sfngly

‘ Herringbon end Takahashi (121) i‘ox{nd that ts mutant.s can bé induced

indirced in other phage systems by the thymi.dine analogue BdUrd (151).

- L]
. ) )
W - 1

' The ‘mutagen } NG is an alkylat.:.ng agent and a carci.nogen, which ‘&s :
In t.his st.udy‘,

These reeults -are comparable to those of Herringt.on and Takahashi’ (1.21)
In order for a\gene to mutate to suppressor seneitivity, it. s ¢
must, ,@e eesential for v.‘i.abili'by under t.he conditions ef selection.

'Iherefore noneeeential phage :runctiqns, which may be’ numerous in' a 1arge '

- tpact.eriophage such as PBSZ, would not. be observed in the mutant collect:!.on.

The frecg.xency of sus nmt.at.iena in eseential functions depends on the
number of euppreeeible amino acid cha.nges poea:lble uhich can eeriouely

o . a.trect the a'ctivity of a given prot.ein. It may elso be viewed 88 & reﬂectio}

. e . . . N 3 ) 0 " . .
o . . . . . . . | - . L mve
. ' . . . . . . -“. o CE e i ) .- . ; . .

T S v - - : : ‘ .



_"of t.he number and t.ype of mut.able s:.tes. Benzer (15!;) has shown that. C
the freqaencies oi‘ muta’c.:l.on within a clstron at. various mut.able s:.tes |
lmay)very draeticaqu,r with t.he mutagen used. | | - | -
 In. the presen‘b study, 1_19 sus nmtant.e of PB82 1solated m.th NG
: ~_-and FdUrd were. found to represent. 39 complementatiOn groups based on spot
) .-t,ests (Table 3) ﬁ\ SFU36 was subsequent.ly :t‘ound to belong to group 10 |
- (Table ). As expected from the above. considera.tiona, the distr.i.btrt.iOn
- of r:rut.ants emong the groups waa not’ urﬂ:form. Group 10 wae the largest oi‘_
the conhalementation groups, conta:lning 28 mutants. Further data on the .
intemal genet.ics of thia region may. prove helpful in asseeeing the : |
" .eign:.ficance of t.his resulte. The large number of mutants obtained in
- this group may reflect ‘the size and/or mtrtebility of the ¢istron it
'represent.s. . This is. of interest since mutants in group 10 do not :mduoe
the phage—related VA polymerase activity ('rable 1my,
 As a matter of perspective it is meaningrul to ooneidert the
portion of the_ coding capacity of PBS2 represented by these 38 groupe.

The molecu.lar weight of the PBS2 chromosome is in the range of 1.6—1 9 x L 8.

© ' This.is enough genetic material . for about 200-300 c:!.strons coding for

E polypepbides of 300—500 amino acids each. Provided that no int.racistronic
[ :
complementation ie found with the sus mutants, the 38 groupa identii‘ied

_herein mey repreeent. approximately 10-20% of the codin,g capaoity of t.he
PRS2 genome. . T

_ Eurther analysis of theee mxt.anta s{xould help to resolve the .
Icmestion of whe‘bher JBD].BO carriee a missense or a nonsense auppareeeor..

If these phage un:t.ants“ are missenee, then intrecistronic complementation

-




{
N

| '-Tne pmperties.of str

-Tevethia et al. (u&) t :

ehould be expected in at :Leaet eome oi‘ the groups (:l.‘Ll). B Tevethia et al.

| 1-‘(116) exandned the: apparently pleitropic ei‘fects oi‘ two euppressors

\
in B. subtil:.s.r ‘l‘hese euppreeeors were axp—l and __3—3, origina:lly

' ‘isolated by Okubo and anegida (1114.) end GeorgOpoulus (115) respectively e

carrying these mrtatioz}e suggested to -
i .
t both are nonsense suppressors. By a.nalogy

. %o the E. -cod. eystem, thertentatively suggested that __B“l and su ___p_—3

” are ochre and amber suppreesors reepectivelyn 'I'he suppressor fcarrying

a strain used in this study, JE)lBO was also obtained from Okubo. Its |
.low eporulatiOn i‘rec[uency and growth rate compared with 1ts parent

" strain JBO128, indicated that it mdy carry the e_upl mutation.

It has been observed in the course of \this work that prote;m o |

synthesis in PBS2-i:nfected celL'l.s can ‘be measured in the presence of

rifsmycin, which totally inhibits incorporation of BH—histidine into . -

uninfected: ce:l.ls witlﬂn 10 min (data not presented) Consequently, :
exclusive radioactive 1abe].'|.:l.ng of PBS2—epecific proteins and. their

identification by chromotography should be possible. App]ication of- '

this to mitent-infected JBOL30 end JEO128 cultures should indicste

‘whether polypeptide fragmente, caused by premature cha:m ternd.nation, -

. a
occur in thesnonsuppressing hoste

N

Host INA and RNA eyntheeis

/_\_,; Since uracil completely replaces thymine in PBS2 INA, any

incorporat:l.on of 3 H—dThd {nto INA in infected cultures should be due
to host-epecii‘ic INA synthesis. Ebcperiments ehowm in Fig. 1 were carried

. . =l
o



o

: ‘out Qo determ:.ne the mcorpo::gt:.on oi‘ 3 H—-dThd into II\IA in PBSZ— S

- apparently arrested hoet IZNA synthesis at 10-12 min after mfect:.on )
| 'a.lthough inccrporatlon at’ a greatly reduced rate continued throughou:t
‘the course of the experiment. The res:.dual mcorpor&tion :m i.nfected. _
'. cells can be explained ae ]ZNA synthesa.s in um.ni‘ected end phage-—carry:ing
':"cel_'!.s in the culture. L - o
‘ Corxtra.ry to the conclusion of Price ‘and Frabotta (79), the

eslts in Fig. 2 do not suggest that PBS2 :.m‘.‘ect:Lon?remJlts in the

-shut-off of net RNA synthesie. It :Ls poselble that net host RNA synthesis

. ceases. and is. replaced ‘t‘:y net PBS2 RNA syntheeis shortly after m.fection. o

This mterpretat:l.on is unfikely in view of the results of the expeziment
:t_llustrated in Fig. 3. In thJ.s expem.ment 1nfected cells of ggGldckh.
were briefly labelled with 3y H-Cyd and then treated w.l.th r:.i‘amycin.

This - resulted &n both RNA and ]I\TA be:.ng labe].led through the

' :mtracel_lular CTP pool and allowed. eqlﬂja.brat:.on of this pool m.th 3 H—-Cyd '

(;m"t{xe med:l.um.. Thn.s equil:Lbrat:.on was necesaary to .overcome the eﬁ‘ect

\ of nfamycin on :anorporat:x.on of labelled nucleoside observed by Rima
4

pa rq— end Takahashi (80) in PBSl—:.ni‘ected cells. Figure wxows that rifamycin
L_/ —~, did not ai'fect the incorporat:l.on of 3H—Cyd into INA but totally inhib:Lted
\its net :.ncorporation :Lnte RNA in PBSZ—-:l.ni‘ected cells. Since PBS2 is

4

resistant to l;l.ranwcin, it eeems JJ.Jcely th.at the net RNA synthesized in

. infected ce]_'l.s is host epeci.\f:i.c,l;;P o \ S 7 | )

16,

-.I-‘.Vinfected a.nd unmi‘ected ce]le of JBOlze. Accord:.ng to-the. data, PBS2T .

L



_ the 20th min to 'bhe 25‘bh

'PBszumduced A eynthes:.s i T -;‘- o

The rates of n.ncorporatlon of 3H—dCyd :Lnto INA in PBS?.—in.fected ;

and 1.m:|.ni‘ect.ed J'BJ128 cells were determned in pulse labelfling expeg"imente o S

(Fl% 5) UndéC the conditions used phage INA synthesis began at

10-15 m:.n after :Lnfectn.on e.nd reached a ma:d.mmn ?rate et the 20'bh min

In e:um.lar e:qaeriments, m:Snt—ini‘ected cells were, pulse—-labelled from -

of uli‘ection, d.l.u':i.ng which time the rat.e of
A synthesn.s in um.nfected cells is muc.'n less than in cells infect.ed

' with wild-type PBS2. Ten of the mutants tested were found to be affect.ed -
in DNA synthes:.s (Tables 8 and 9) (‘Q'rbinuyuf labelllng in the presence |
- j-of zifamycin wh:l.ch inhibits host INA synthesis, showed that. these mstants )
" are ai‘fected in 'hhe abi.uty to synthes:.ze INA throughout the couse of
_infection (Fj.g. 6). Fm't.herrnore, each of the, ten INA-affected mutants
. was. able to effect. shu'l:.—oi'i‘ oi' host INA syi'rt.hesa.s. Ear]_'l.er experiments

| showed that cont.i.nuous label]ing in mutant-:mfected cells in t.he absence |

of ri;amycln does not. reveal defects An. HIA synt.heeis very clearl;,r (Table 7)o

" These: results can’ be explained by aesum:.ng that uninfected and phage—

carryn.ng-cells in infected cultures produce a ha.gh beckground ‘incorporation
which is host specii‘:.c and which is decreased drastlca]_ly in the presence
of rii‘amycn.n. N 7 _

. “The INA-ei‘fected-'ngants‘ appeer to comprise hhree phenotypi.c
clagses. (Fig. é). - Mutants SFUl'e.nd SFU9 are bcth .capable of considerable
phage—dnduced INA" eynt.hesie and can prodnce host cell ].ym.s as we:L'L

' [{I‘able 9)e Apparent INA synthesis in ce}ls infected uu;h SFU3 and SNG5 .

increases someuhat with- 'bime but is etill much lower then that in cel'l.s

C o



i
.._-ini‘ected with wild—-type phage.‘ !-futants sms, smﬁ, SFUSO, SNGl _ m_;d_ o
‘._SNGL'? are apparently capable of ]_ittle or/ no phage ]',NA synthesls." In

the latter two cases, no, host. lysbs occurs (Table 9)

PBSZ-:mduceL cell ly:us o
| Another characteristic of PBS2-in£ection emenable to simple

observation is host lysis, which allows the release ‘of progemr phage

; into the medium.‘ In the case ofs phage Th. i‘or E. \_c_o]__i', at least two genes -

| are known to be directly involved in the lytic process (135). ln the - )

same phage, visible 1ysa.s does not occur in the absence of phage INA ‘

synthesis although phege-induced lysozyme activity may appear |

intracel'!.ula.rly (151;) Phage SP82 for B. subtilis Has shown to require

7_ at least one host—s'oecii‘ic i‘unction for normal 1ysis to occur (135,158) /_\j

~ In the present study, it was i‘ound that :Ln cells of J'E)128 infected with

PBS2, the: onset of lysis occurs at a‘oout K0 min after infection (Fig. 7)

y Among representative mutsnts tested,- ten were i-‘oundto be _deficient in

. the ability to induce cell lysis (T&ble 9) 'bf these, eight were _

'previously found to be affected in phage INA synthesis. Two mutants,

‘ SFU60 and SNGlS were apparently normal in this respec't but - were ‘unable

‘_‘to induce lys:.s. A subsequent experiment (Table 10) showed that low /-

- but significant yielde of infective phage occu;'red in gH)128 cells inifected'

- ith these latter two mitants in contrast to-,.those .ini?ected_ with the

. non-'-lysing, mA-arert;dﬁtant, SFU50.  When cultures 1nfected with

' ..‘_these mubants were' lysed artifically with lysozyme, titres of infective

‘Vphage in the SFU60 end SNGlS-in.fected cultures increased to levels comparable -



.to the wild—type while the titre in the SFUSO-infected culture was only
".0.01% oi‘ the mld—type control. ‘This was taken as a. clear indica.tion that_;
SFU&O and SNG 15 harbour mutat:.ons affect:l.ng the 1ytic process rather than
some. stages 1n PBS2 developnent. Presumably, the 10w levels of . _

- extracellular phage nomally produced by these nnrtants in nonsuppressi_ng

| Acells are. :Lnsufi‘:.cient to form plequee in the standard assay. ‘ SRR ‘%’
o An interest:.ng preliminary observation was that plaques of sru&o |
" or SNGL5 pdcked onto plates seeded wlth ‘cells of JK)L‘ZB did not |
produce lysis when plates were incubated overnight at 300 l'nxt did when _
incubation was at 45C.. The r:easen for this is unknom but it may involve
.*_-actd.vatmn of altered enzymes at the highe:r temperature or. 1ysis by

defect:.ve enzyme(s) due to a change in relat:we growbh rates of phage
Candhost.

_MA;-effecte& mutants |

A number of new'ﬁnctione have been shown to 'be induced :I.n. '

B. subtllis following ini’ection w.l.th PBSl and PBSZ (25,39,42,43,45,62, 83)
The. INA—-ai‘fected sus. mutants were exanﬂned :t‘or their capacity to
tarry out some oi‘ theé‘e i\mcti.ons in the nonsuppreseﬁmg host. It was
-also monsidered at the outset. that certain mitants nﬁ.ght e:xhibit
- pleitropic effects. _ L o

_ A oi‘ the IIIA-&:E‘i‘ected nnxt&nte were £ound to be able to ld.l:!. |
infected cells (Table 11) despite the fact that seven of them could not
B produce cell lysia (Table 9) In the case 8f phage Th, it is knogm

. that the events which occur at th?cen membrane dur:!.ng the infection



/“

process can have intemal metabohc ramifications in the abeence of

'phage INA injection (155) The i‘act that 21l the mA-affected B2 f S

- ,mutants were i‘ound to carry out phage-epecific f\mctiOns (Table ]J_) _\\: SRR
'-indicates that they are all capable °f adﬂorption to and ind&ction of ! L

- Tomita and Takahashi (b?.) first deecribed a novel enzyme, dGTP _
; deaminese, induced ai‘ter PBSl infection of B, subt:.lis. _ 'ﬂzey suggested
that this enzyme might provide a me;jor Isathway for dUTP synthesis as '
' _a precursor for phage DNA. S:Lmi.‘l.ar activitiee have since been observed
in mﬁnfected E. coli and Sl. _xmz_-_i_ (132 165). If the enzyme is R
essential for duTP eynthesis in PBSl and PBSZ—infected celle, a phage o o
mutant Jlacking the activity would be expected to be lethal. The results ‘
| in Table 11 show that all the rNA—a.tfected ruutants induce dCTP deaminase
after :Infection. Recently, R:una and Takahashi (156) observed that dCTP
deaminase contributes only in part to dUTP synth sie in PBSl—-ini‘ected
» ce].'Ls. They also found’ that 8 novel host enzyme, dCDP deaminase and
i nucleotide reductaee are/-also :anolved in dUTP synthesie. Thus,

mu&t 1ack:1.ng dCTP deaminase ma,y not be lethal unless the enzyme is
othemise involved in ghage development. Ebcperimente with phage Th
| suggest that a phage. induced enzyme df:MP hydromnethylase performs
- a replicetive function other than its- catelytic one (157).

Tomita and Takahaehi (25 h5) discOvered an endonucleolytic :

| I:Nase in uxﬂn.fected f subftilie celle, which is epeciﬁ.c for native

h uracil—containing INA.. _This enzyme ‘may effect PBSL and PESZ INA in vivo

since the. same authore also found that the phage inducee a heat Bteble

b Fl . P



o prortein inhibitor of maae.. It seems 1:Lkely that a pxeage mutant

-"é" vex_ .

| lacldng this inhibitor would appear to be defective An’ nm synthesis. c
,However, all of the mutants teetecL (Table 11) wers able to irmitﬂ.t the

| Mese after infection. It s’ poaeible that th:l.s nucleaee may be partly

T _ ‘responsible for the persieta.nce of unin:[‘ected cells ip PBSl and PBS2

: :Lnfected cmﬂ.tures. It would therefore be usem to o’obain host mutante

| 'affected in this mase as well as phage mutants 1acld.ng the inhibitor
. in order to stu.dy the regulation of the carrier state, ’me maintenancel B
' of this. state probably involvee complex regulation which at present is .
g poorly understood. | o | '. _
| Phege Th :Lnd.ucee a new mA pol,ymeraee specified by gene 43, o
which ia essexrtiel for ph;: IN& replication (5[..,55) A4 number of other’ -
- E. coli and B. eubtilis phages hm}e also been shown to induce new INA
polymarase activities. Price and pook (62) observ‘ed a new I‘.NA polymerase .
 activity in PBSZ—d.nfected B.. subtilia cells. This activity is distinct from =~
.INA polymerase T of the host eince it was also obaerved aiter infection of
a Ro__ 1A mrtent. Crude extracte of JE)lZB cells ini‘ected with, seven of the
mA—-affected mutants were found to contain the phage—induced INA polymerase
o activity (Table 11) Howerver, SFU36 SFULS, and SI"U50—infectad cell extracts
had low INA polymerase act,ivitiee, comparable to thet in tm:l.nrected ce.‘ll -
extracte. - In.a later expeﬂmemt, two of theee, sr-m,9 and SFU36 were found
o belong to the. same complementation group ‘while SFU50 was able to complement =
both of them (Table 14). - e |
One plausible explanat:l.on of theee resulta may be that theae |
o apparent INA polymeraee mtrtente all belong to one cistron which codes for ‘



N |

-\Ir.

".e homomultimeric mzyme. If this were the cese, et 1eaet eome pairs of

| f' not nonsense mutant.e. B Another pOtasibiJity is' that theee mutants ere ; f A
.-.'f,,located :Ln two different cistrone which either produce a heteromﬂ.timeric
i INA polymerase or produce two proteins uhich, although physically
) separat.e, ere both reeponsible for the observed activity. For eaeh oi'
| theee cases, in vitm complementation would be a possibi]ity, bu:t ite
_ absence ad.one would not rule out any of them. JIt can be seen in Fig 10 “

that attempts to observe in vitro complementation or SFUL9 and swso-

. ini‘ected cell extracts were unsucceesm. Moreover, the poasibility that _
either of these mutants produces an inhibitor of the wild-type ackivity |

was exc.luded. There are at, leaet two other simple interpretatn.ons oi‘

| =the results which have: not been eliminated. The first of these is that

3 e.ither or both of SFUL& e.nd SFUSO mey beloné to regulatory cistrons
: normany required for the synthesis of activation of a phage—specific ]'.NA
Polymerase, The second ie that the new INA polymeraee is host-speciﬁ.c and _'
_ is merely activated or modii’ied by phage i‘unctions altered in SFULS.
_ and SFU50." However, since the phage is reeistant to riimmrcin adequate "{l

_lleve.ls of this enzyme would have to exist '.1.n cells at the time of infectiollft.:_' "

' mutants would exhibit mtree:.stronie complemerrt.ation, provided they are S ‘_

The genetic date to be diecussed provide strong support. for '\_,_7__

model which would have the umtatione in SFUL9 and SFU5O 1ocated in d:i.i‘ferenti}

cietrons. It should be noted that the pha37 INA polymerasee puri:t‘ied to .

date are composed of single polypeptide chains (56,59,60) However, INA
‘ polymeraee III of E. colj~ which ie thought to be the replicative enzyme,

is app&rently homomultimerd.c in its active rom (159). In .eddition,‘_the

PN
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. act:we form requires a. non—cetalytic protein co-po-ly;neraae for activity

8 (159) rm polymerase III of, Br subtilis, which'is- also essentiaL’L for’
ST replication, is inhibit.ed by &(p—hydm:qphmylazo)—urad.l (66). _

| :A Phages i‘or B. subbilis wh'lch induce new INA polymerase activit.ies l'are

| .resist.ant to this drug (70) However, the simple conclusion t.hat |

| A. replication of these phages does not require host INA polymerase III is

| .j..not warrant.ed. Recently Lavi e‘b al. (160) observed that the related
‘phages SPOl and ﬁe, _which induce new INA polymerese ac't.ivities, are not
"capable of grow’c.h at. t.he rest.rlctive temperature in a host mutant with a . .‘ ;
"t.emperature sensitive INA polymerase III. Temperatm-e ehift experiments B
: showed tha‘b SPOl and ;ﬁe require active host INA polymerase IIT . |
throughout the replication stage.. These authors suggested that the new S ‘
;1 INA polymerase activlty in SPOY’ and g!e-.mfeet.ed cells is. actually hc:st. .'. -
INA polymerase III which is modii‘ied by a phage—induced protein which |
| confers resistance to 6—(p-hydrowpheny1azo)—urad.l on the enzyme and at the
' 'eame time e:t’fec’c.s the arrest. of hoet mA eynthesis. It would be interest.ing
t.o detem.’me whether _PBS2 also requires host INA polymeraee III in view
of the i‘act that t.he phage contains uracil in place of tlwmine in its INA,
'_whereas SPOl and ¢e have&hydmx;vmethyluracil which is a thynﬂ.ne analogue
in their INA. However, the observation that SFUL9 and SFUS0 are capable
| Lof shutting—oi‘f host INA synthesis would complicate the application of the ;
| ,model of Lavi et sl to t.hese mutants. ’ '_ " R
| o It has recently been obeerved t.hat PBSZ-infected cells coxrbain a
new RNA polymerase reeistant to rifamycin (33). A atudy of conditional o
llethal mutante \for thie enzyme ehould fac:uitate an eanlanation or uhy

PBS2 infection ie reaietm-rt. to riramycin even uhé celle are pre-treat.ed



""with the drug If. t.h:Ls enzyme is responsible for a majcr portion o:t‘

i fphage specii‘:l.c RNA synthes:l.s, ‘a mutant‘ for th:Ls enzyme shoulﬁ_\ai’i‘ect BRI

. many dii‘ferent phage ﬁmctions. Such a pleitropic ei‘fect hae not been

observed for sn:jr of the mutants tested hered.n. -

-

 Toluenized cell experiments
A DNA synthes:.s in toluenised cel_ls of E. coli end B. subtilis
has meny of the properties of normal semi—coneemtive ‘mA repl:!.cation
(139) Recently, replicetive phage INA synthesie has been observed | l
in Tl..—infected toluenized E. coli ceil_'Ls (u,l m 11.3) In the present
'study, it was i‘ound thet PBS2 ini‘ ection stimulates eerveral—-i‘old the '
| synthesis of nm in toluenized B. subtilis L}J:Ls (Fig. 11). The Pssz—' .
induced synthesis of INA in toluenized :.nfected ce]Is was 75% dependent
.’on added ATP. Incorporation into toluenized cells i\:rt.her reﬂected
l'the in vivo situation in that the rm-arfected mutanta were. deficient
in INA synthesis but apperently shut-off host INA syntheeis.
_ . It 1is.known that toluenized B. subtilis cells are permeable to
small prote:.ns (161) Nevertheless, in v:i.tro complementation with this
‘ ..“system may be dii‘i‘:.cult due to a laclc of mdogenous INA :’Ln cells infected -

with H\IA-ai'fected lmxtants. Complementatn.on tests for identificat:\.on and,

o .ptu'ification of proteins in'volved 4in replicati.on require an in vitro

. replication system to which endogenous rm can be. added. One such
: system was dev:’i.sed by Barry (162) for the- rep]ication of phage Tl; INA.
I yas observed that PBSZ—G.n.fection also stimulated the

L :lncorporation of 3¥z-dm= intc INA in toluenized cells.: Trds st:lmulat:lm o

v -
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' Genetics

“""'.was absent in SFUL.? and SFU50—ini‘ected cells (Table 12).__ This suggeets

that the phage rep]icative apparatus is capable of synthesizing B

. thymine—-contaizﬂng INA.: 1t this incorporation 13 into phago mm, J/on
. PBS2 particles conta:ming thymine in their m.ﬂ. may be obtainable. This E “
B obseru-ation also suggeets that the :I.n vivo exclusion of thymine from |
VJ‘PBS2 mA is due to the phage induced dTl'Pase (43) a.nd dTHPase (39) rather
* ‘than some discxd.minat:.on within the replicatlve app&ratus. A mutant oi‘ ’
'l phage fe which hae up to 20% of its normal pyr:lnﬂ.dine, hydroxymethylurac:i.l |
| _replaced by thymine has been isolated (68)

Quent:l.tative complementation tests showed that the ten mutants

' affected in INA synthes:.s are actua]_ly in nine different complementation _
. groups, with swso bqtng reaS‘gned to group 10 (Table 14). - This test

is a poweri‘tﬂ. indicator oi‘ complementation between sus mutante of PBsz :

to a degree unatta.inable with ts mutants of Herr'lngton (122)

" This is attributable to the fact that the burst eize of the mld—type

o in the nonsuppressing host ie generally 30-50 at 370 ‘/shereas Herrington '

(122) found that the burst size of the wild—-type at the restrict:we
temperatu.re ranged from 2.5 to 32 with an" e,verage of only 9.2. Th:l.s

latter condition created di.fricultiee since bu.ret eizee of ts mutants were

eometimes as high as 1.8 and as a result, a eometmat arbd.trary cr.l.terion of

complementation was choeen. This problem vas nort cmcomtered in thie ;

study since phage yields in eingle sus mutent infecbions were. 1% or less

of wild-type ylelds while complementing pairs produced yields 20% or .

..l‘



| ',_Amore of the m.ld-type in the nonsuppreas:l.n.g host. SR .\
' ‘In order to detemine whether the INA-aﬁ‘ected rmtants are -
. _' clustered together on. the PBS2 chromoeome v two—i‘actor genetic cmasee : o
_""were carried out (Table 15) The mutante eere then arranged on a lin,ear

. map which best accounts i'or the recombination data (Fig. 13). - Two nnrtants, o
) :SNGl and SNGS/did not appear to be closely linked to each other or to '
‘the ‘other markere. Seturation or loea of. addit:l.ﬁty apparently became .

_, elgriiﬁth &t recombination frequencies greater than 8%. < f' s “ s
. This tentative map wae i‘urther exenﬁned by three-factor croesee o
| uaing a variety of sus double mutante (Table 17) Deviations from

; calculated double recombination frequencies were indicative of 1ow negative :
..:mterference such as has been obaerved with phages T3 and Tambda (w7, 148)
The results support the baaic order in Fig.-13 in which SFUl and SFU3.

are termina:l. markere with SFUL9 1ying between SFU50 and SFUB. The.

’ .important queetion to be asked in theee experimente is whether or'.not

any complemerrtation groupe lie between SFU[;? -and SFUSO, which are unable

to induce the phage-rdatéd INA polymerase activity. |

The best method of - ordering SFU5, SFUSO, SFU9, and SFUAB, the |

. ‘internal markers, waa the use of’ ]in]cage teeta eimilar, to those devieed -

.by Streiainger and Bruce (93) Ats mutant, THA31, isolated by .

>Herrin,gton (122) vas used as an uneelected marker in theee experimente.

The poeition of THA3L relative to some of the markers was i‘iret _

detenrd.ned by two-factor crosees (Fig. 11;.) ‘ The double Tutant SFUSOTHABl

waa ieolated and croeeed with the appropriate mutante. The reeulte in

; Table 19 are compatible with' the euggeeted poeition of THA.Sl and indicate |

’



that SFUS, SFU‘), end SFUh.9 all lie to the right of SFUSO.. If tha.s is .

the case, the best f:.t for el'l. the foregoing genetic data requiree -._'

that SFUS and SFU9 lie between SFU5O and SFUlﬁ.. Since these nmtants .

L repreeent four di_fferent complementat:!.on groups (Table 17), then ol

o the SFUSO and SFUA9 mutations must ‘.lie in different ci.strons, both of

wh:.ch effect the appeerance of the phage—induced INA polymerase activity.

- If either of these clstrons serves a regulatory role, :Lt may epecif:l.cally e
| :melve the INA polymeraee eince rmtetions in them do no’e affect other
_ phage—-related functions (Table ll). |

Ebcte:ns:.on of the genetic ma.p should fecilit‘ete deterndnation of )

‘]inearity or circularity of the PBS2 genome. One feature of the preeent _
- Jmap is that nrutants affected in post-repl:.cat:.ve :hmctione lie on either ‘
side of mutents affected in IIIA repllcation. ff PBSZ regulates RNA

. tra\nscription ina eequentmal ménner as observed in other phage systemsr

o

. (137 163), then 1ete RNA transcr::.ption would prOCeed in two directions

along the chromosome. o

Further recombination studies ehduid help. reveai the extent to

| .which PBS2 genetiica can be explained by the model of Visconti and.

|

Delbruck’ (92). This model, which is frequently appl:l.ed to phege systeme, (‘L
wae dev.lsed to explein the genetice of phage Th. ‘ Recombinetion in other

phage eystems may differ from that in Tl., as in the ‘case for phage lambda -
(206). Moreover, the size of intracellula.r meting poole as well as the

number of meting eVents poeeible for each chromoeome may. vary for

| different phages.

The difficu]\ty in mappd.ng SNGl end SNGS may mesn. tbet they are,

- i



e actua.l.'l.y distant from }cnown markere. However, mutations :l.n some genes *; L

!

' involved in. H\IA syntheeie in other ey'etems have been shown to ai‘fect
- recombd.nation frequencies (164) and thie poeeib:l.lity should not be

A T

-~

overlooked with mtrtante or PBS2. _ _

- The Tact that transformation of mﬁ-effected mutante was observed ‘
in the nonsuppressing host (Table 21) auggests that either recombination _
can’ occur in the absence of replication or that tranefonﬂng mA :t‘ragmente
are capable of i\mctioning prior to recombination. Resolution oi‘ thie

' question may help to explain the ebeence of tranefection by PBS2, o et
‘-.Trenefomation oi‘ mrtants in a euppreeeor—carrying hoet which ie competent "
- for tranaforma.tion ehould serve to teet the genetic ma.p. If J‘E)lBO

N carrd.es the sup-1 mutation, thcn according to the i‘indings of Tevethia
| et al. (ﬁ%), a m—B hoet lrﬂ.ght be useful for ‘such experiments._ Theee

: authore found that g _}ml-cerrying etrains are not competent for -

‘ ,traneformation whereae ___2—3 apparmtly has no ai‘i‘ect on competence o

development. Mapping by tranefomation hae been ueed w.i.th success

B ... & - @
for phage #105 for B. eubti:lie and could slso help in eetabliehing a
‘relationship between genetic and phgreical distances on the PBSZ

chromosomse,



- sUMMARY
PBS2 infection results in the shut—off of host ]IIA Byntheeie ‘

‘12 to 15 min ai‘ter infection of the noneuppreeeing hoet JH)128 : Some |

residual host-epecific INA syntheeie gccura in infected cultures, _which -

is attributable to uninfected and phage ce.rrying cells. - Phage-—induced

o DNA synthesis begine et about 10 min and reaches.a. ma:d.mxm 20 min ai‘ter

ini‘ection of JEO128. Incorporation of 3H-dcyd into INA in PBSZ—in.fected,

rifamycin—-treated celle continues whereas it ie dnhibited in uninfected ‘

cells treated with the areg. '_ o

| Contrary to the obeervation of Price end Frabotta (79), net -

 RNA does not cease in PBS2—dnfected ce]_le. The e RNA” synthesis in

.mfected cells is probably host-epeci.fic since it is completely inhibited

by rifenwcin. If hae not bsen determined whether host mRNA. eyntheeis

continuee in PBS:!—infected cells. . )
Qpe hundred and nirfeteen sus mubants of PBS?. heve been ieolated

and aeeigned to thirty-eight complementation groupe. Mutants in nine

of. the groups are affected in the ability to eyntheeize phage 'IN‘A... Seven

of these INA—-affected mutan% are elso unable to induce 1yeie in the -

reetrictive ‘host, ._ The II\IA-ei‘fected mutants SFUL and SFU9 which are

capsble of synthesizing some phage INA are. normal with neeuect to lyeie' _

h -,'induction. Hutante of ‘SFUG0 and SNGL5 are uneble to lyse the. restrictive

,hoet although normal levele of infective phage are produced int.recellulerly.

ﬁj.
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All oi‘ the mA-affected mutants are capable of cell lcllling,
o _-shutting off host INA sy-ntheeie a.nd induction of dGTP deam:inase and the
 INase in.hibitor, ai‘ter infection of the restrictive host. Hutfnts srum; and

'SFUSO, uhich have been shown quantitetively to belong to two distinct

o rcompi!.ementation groupa, are both unable to induce the phage-related I:NA

L

polymerase activity in’ thé. restrictive hoet. Crude extracts i‘rom ce'.I_'l.e
infected with these mutants do not complement one another in vitro nor

| do they 1nhihit the w:le type phage INA polymeraee activity.‘ Genetic . |
'dete indicates that smw and smso e in two different cistrons, - o
il.e., ei‘fect two different proteins, aince at leaat two other complementation '. '
groups lie between them on the phage genome. _ '

The genetic data are consietent with a 1:l.near arrangement of the

mutants tested although no conclusion may be drawn regarding the
‘coni‘iguration oi‘ the complete genome. * The INA-affected mitants are
not all clustered together on the genetic mapa Ar humber of mutants tested
are not closely linked to the present genetic mgp or each other, indicating

. { Y
that a conaiderable portion of the phage genome 1s’ sti_'l.l unrep; sented. *

~ Suppreseor—-eensitive mutants are supenor to ts mutants :t‘or genetic
experiments with PBS2 since they provide much more relia.ble compl entation
\géta. Preliminary experiments indicate that transformation of ‘sus mutanta
ia possible. This ehould fecilitate erv effort of relating genetic
i.nformation to the phyaical etructure of the genome.
| Phago-d.nduced lm ayntheeie reqxﬂ.ring ATP occurs-in PBSZ-in.fected
toluenized cells. Hoat INA synthesis is apparently shut-off in infected,
toluenized celle. Mutents ai’rected in phage INA syrrtheeie in vivo are
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"31milarly dei‘lcient. in toluemzed, ini‘ecbed ceZL'Ls of the restrictlve host.

The- phage reph.cation apparatus is capable of uti_l:.zing dTI‘P as a.

'precursor for INA synthes::.s indicating that. elimination of thym:ine from

PBS2 INA in ¥ivo may depend largely on the p};age induced dTTPass

: (1.2) and dTMPase (39)
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