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ÀBSTRACïT

Twenty-five temperaËure-sensiEive muEants have been isolated

from a heat-resistant rvild type clone of Ëhe Indiana strain of veslcu-

lar stomaEiÈis virus by treaEment vrith eËhylmeEhane sulfonate' níÈrous

acid, 5-fluorouracil- or proflavine hydrochloride. Three complementa-

tion groups harre been identified. However fourteen mueants remain rm-

classified. No recombination could be demonsÈrated betvreen muEanÈs.

The group I muËants were able to synthesize RNA aE 3Bo but in an

amoufit considerably less Ëhan that at 30o. Furthermore, the amor¡nË of

R\A synthesized at 3Bo was not affected by Ëhe presence of puromycin.

These observations together wiLh Èhe fact that mutants of grouP I com-

plemented those of group III suggest the possibiliËy that Ehe group I

mutants may be defective in a polymerase which is required for the re-

plication of viral INÀ.

The group II mutants \"Iere found to synthesize virus-specific

RiriA at 38o in an amount comparable to Ëhat at 3Oo although no virus

multiplication r.¡as observed aÈ 3Bo, indicaÈÍng that the defect of the

group II mutant,s occurs after Rì{A synthesis r perhaps in some furction

involved in v:irion assembly or maturation'

The group III rnutants failed Èo synthesize RNA aL

uridine uptake at 3Bo r¡as observed in infected cells in

3go. No I4C-

the presence

of puromycin with a high input multiplícity of virus. Furthermore'

effect of üemperature-shifË frorn 30o to 3Bo on l4ç-,rridine upÈake wiËh

a high input rnultiplicity of tsll showed that in the absence of puro-

rnycin 14c-uridi""7$ååu8userved whereas in its presence Èhere Ítas no



uptake. These observations suggest that t,he group III nuËant,s are

defective in the structural polyrnerase r,¡hích is required for Ëhe tran-

scription of viral RNA. In a complementation betrueen a group I and a

group III mutant, progeny of both parents ruere obtained tvhich suggests

that the defect in the structural polymerase could be cÍrcumvented by

a sroup I muËanL,
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INTRODUCTION

The biochemical events which occur during the infection of

animal celLs by RNA wiruses have noE been completely defined. our

knowledge regarding these events may be advanced by means of modern

biochemical techníques. However, investigaËion in this field would

be greatly facilitated if a range of mutants each r.¡ith a single mutated

gene \¡rere available. By comparing a given characterisÉic of the mutânt

(e.g. abiliÈy Èo synËhesize RNA) ruith that of the unaltered parenr

(r¡ild type) t¡nder similar conditíons, iË woul"d be possible Ëo obtain

information relating to the function of t,he affect,ed gene. For a long

t,ime it was thought that the essenËial- steps in virus replication would

escaPe geneËic analysis because t.he muËants defectÍve in such fwrctions

r¿ould be lethal. llor,rever, the discovery of conditional-lethal mutants

compl-etely changed thls attitude, because ín conditional-lethaI mutant,s

the conditions rnder r.¡hich Èhe muËat.ion is expressed can be cont,rolled

by Ehe experimenter.

Two types of conditional-lethal- mutants are knor,¡n: the

t,emperature-sensitive (ts) muËants and the suppressor-sensitive mutanËs.

Temperature-sensiËíve mutants are muÈants wíth an aLtered gene product

which is formed and functional at a lor+er (perrnissive) temperature but

at, a higher (non-permissive) ternperature Ëhe product is made but cannot

assume or maíntain a ft¡rcËional configuration (I,iiÈtman and l,tritÈrnan-

Liebol"d, 1966). Suppressor-sensitive mutancs are hosË dependenË and

have been recognized so far only in bacËeríophages. ConsequenLJ_y all

-1-
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sËudies wiËh conditional-leÈhal- mutants ín animal viruses have been

carried out, rvith ts mutanLs.

There are several advantages in using t,s muËant,s for studyíng

the events that occur r+hen viruses infecË animal cells:

i) Ts mut,ants are easy to isolate (given the appropriaËe

permissive and non-permissíve conditions) because ít ís noË necessary

Èo knot"¡ r¡hich functíon is alËered; any essenËial gene fwrction may be

involved. A set of Ës mut,ants may therefore be expecËed t,o include

some with altered viral proteins, some wiLh altered essential enzymes

and some wíÈh changed regulatory ft¡ncEions. By finding out, Ëhe st,age

at v¡hích the viral development of each mutanË is arrested under non-

permíssíve conditions, the sequence of evenËs thaË occur during repli-

cation may be obËained.

ii) idith ts mutants, it is possible to alternate betrueen

permissive and non-permissive condiËions during a single groroth cycle

vrhich makes Ès mut,ants parEicularly val-uabl-e for the analysís of the

durat,ion and sequence of event.s occurÍng Ín viral- repl"ÍcatÍon.

iii) Ts mutants provide the besË availabLe method for ex-

pJ-oring the entire genome of an animal virus ålthough there may be

cisËrons in rvhich ts muËations cannot be ísoLat,ed. Trvo approaches are

available for genetic analysis:

a) Mixed infection; of a suitable host cell by Èwo different

mutants,each defective in a different gene, permit,s viral growth by

complement.ation rurder non-permissive conditíons. If comptr-ementation

occurs, it can be used for definíng the viral genome ínËo functional
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unirs. This ís done by sorting mut.ant.s into complemenËaËion groups

such Ehat mut¿mt,s ruithin a complementaËion group do noË, comprement

one another but do cornplemenË all muËants in other compl-ementaËion

groups. Each complemenÈaÈion group then represenEs a defect. ín a

particular cist.ron. If a large enough series of muÈants is avaÍlable,

the total ntrnber of funcËional units of Ëhe víral genome rnay thus be

estab lished.

b) If recomblnants arise durlng mixed infection of an anirnal

cell with Èr¡o dif ferent mutants, by breakage and rer¡rion of t,he muËant

genomes, a recombinatíon frequency may be determined. The recombfnat-

Í-on frequencies of many paírs of mutants could be used for Ë.he con-

sËruction of a genetic map.

The preparaËory step of isolating temperature-sensitíve

mutânts of vesicular stomatitis virus (vsv) and preliminary charac-

t,erÍzation of the mutants has been ¡¡rderËaken (tdong, L96g). The

PresenÈ study is an atternpt to elucidate the bíochenÍcal event,s r.rhich

occur during the ínfect,íon of L cells by vsv of the rndíana seroËype

using t.emperaËure-sensit,ive muÈant,s. VSV has been select.ed as a

model for the sËudy of Èhe replication of the RhabdovÍruses, a large

fanily of single-stranded RNA enveloped víruses, because it is conven-

ient, to work rvith (I^long , L969) and it is reLat,iveJ"y non-pathogenic Ëo

humans.
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LITERATURE REVIEI{

REPLTCATION OF VESICULAR. STOMATITTS !TRU19 (VSV)

The replÍcaËíon of Rr\À viruses was for a long time an enigma

because iË was argued thâÈ if cellular RirIA ruas synthesized from a DÌrlA

temÞlate ít seemed ínconceivable that viral RNA could be'made in any

other vray. However, during Ëhe lasL few years Ehree different viral

geneËic systems have been discovered among ti:e single-stranded RNA

viruses each uníque in Ëhe characËeristics of its replicaËion (Baltimore,

I97L). These three systems may be represenËecl by poliowirus, Rr\A tumor

viruses and vesicular stomatítis virus (vsv). There is also the possi-

bility that Ëhe influenza viruses may represenË a fourEh viral genetic

sysËem because these viruses are sensiÈive to inhibition by actinomycin

D during the first ttro hc¡urs immediaËely follorving infectíon and before

Rr\A synthesis has begun (f lair and Duesberg, Lg70).

The pur-pose of this revier,¡ is to present recent advances ín

our understanding of Ëhe mode of replication of VSV since VSV has been

sel-ected as a model for the st,udy of the replication of the Rhabdovir

ruses in thís investiaation.

The molecular weight of the single st,rand of R\A in VSV is

estimaEed to be about 3 to 4 x 106 daltons (Nakai and Howat,son, 196g:

Huang and l{agner, L966). The RNA stra¡rd ís packed very tightly r¡ith

a large amourit of pi:otein to form a- helical nucleocaÞsid. This ín-

Ëernar componenL of the virion ís surrounded by a lipooroËein mem-

brane r+ith spike-like surface projecËions (Horuat,son and LrÏþi¡more.

-4-
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L962i Nakai and Howatson, 1968; CarËwright et al., 1969). lt¡e virus

population consisËs of infectious bullet-shaped B parËicles and short-

er, non-infect,ious T particles (HackeËt et aL.,1967; Huang eË al.,

L966). Two forms of T particles have been described: T parÈicles which

are one-third Ëhe length of the B parÈic1es, containing an RNA genome

of approximately one-Èhird the weighÉ of the B parËicle genome (Huang

and tr^Iagner" L966; Nakai and HowaËson, 1968); and another form of T

particle, only produced by a heaË-resístant (llR) strain of VSV of the'

ïndiana serotype, is approximat,el-y one-half the I-ength of the B parti-

cles and contains an RNA genome one-half the weight of the B particle

genome. These Ëtro forns of T parEicl-es have been designaËed "shorE T"

and "1ong T" particles by Petric and Prevec (1970). Bot,h the "short T"

and "long T'r particLes are similar to the B particle ín general morpho-

logy, ant,igenicÍty and protein const,ituents (Huang eË gl. , L966;

I,Iagner eË al., L969; Kang and Prevec, L969; Peüríc and Prevec, 1-970)

and may interfere v¡ith the growth of the infectious B particles (Huang

and trIagner, 1966a; HackeËt et al. , 1967; Prevec and Kang , J.97O).

The study of the process of viral replication requires an

understanding of the chemical nature of the viral component.s, the

manner in which these componenÈs are synËhesÍzed and the principles

governing their interaction Ín the process of assembly inËo maËure

virus parÈicles.

In recenË years some advances have been made in undersÈand-

ing Ëhe nature of VS viral components but much l-ess is knor^¡n about the

mechanisms Ínvolved in Ëhe svnËhesis of Ëhese component,s and the
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príneiples governing Ëheír i.nËeracLion in Èhe process of assembly

inËo maLure virions"

In order Ëo urdersÈand the synËhesl-s ariei assembly processes

of VS viral componenLs e a possible apprc¡ach ËhaË can be adopLed is Ëhe

isolaEion ancl eharaeËerizaËion of Ëhe varlous srrceessive intermediate

sËâges as the rriru.s componenLs are made and assembled int,o vírus

parËicles" However Èhj-s meËhod of, sËudy is noÈ alruays feasíble

beeause cel-ls contain virus partícles at all sÈages of replíeaËí.on"

Occasionally some of Ëhe íntermediaËe stages are suf;fíeienËly sËable

Ëo permlË Ëheír isolaËÍon and detailed study, truË Ëhís is usually noË

Ëhe case" There are Ë!üo lvays of overcomi-ng Etiis díffÍculÈy" FírsË,,

Ëhe use of lnhil¡ítors capable of arresting neplicaËion aË specifie

lnËermediâte sËages: hor¿ever, suiËable ínhíbiËors for specifÍ.e

inËermedíaËe steps are not always avaílable" A seeond a-pproach makes

use of suíLable mrrÈanËs. In animal virusese rerrperâËure-sensiEive

(ts) eondít,ional-lethal mugants are available for sueh sEudies.

The r.¡se of Ës mutants Ëo ínvest.igaEe t,he evenËs occunring during

VSV replicaËion in animal cells has already begun. Several sets of

Ès muÈanÈs of VSV have been isolated (Príngle, 1970; Flamand, L969,

L970; HolJ-or,ray eË al., 1970). Among Ëhe Ës mucancs isolated by

Pringle (1970) and Fl-amand (1969; L97O) a ÉErgal of fíve comptrementat,ion

groups have been identlfied (Flarnand and Pringle, L97L) " PreJ-ím-ínary

characLerizaÈíon of Ëhe seneÈic defecËs of, some of clrese
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fs mutants has been attempte<l (Lafay, 1969; Lafay and Berkaloff, L969;

Holloruay et al. , L97O; Cormack et al-. , L97l; Pringle and Duncur, L97L;

PrínLz and Wagner, I97L). From these studies ít appears Ëhat Ës

mutants may serve as polerful and íncisive probes in elucídating Ëhe

event.s that occur when VSV ínfect anirnal cells.

The following is a review of the current stat,e of knor,rledge

of the mode of repLícaËion of VSV:

I. VS \NRAL FNA SYNTITESIS

1. Virus-specífíc Rr\A fot¡nd in_infected ce1ls

Duríng replication of VSV in animal cells several species of

v:iral-specific RItrA have been detected ín celI ext,racËs by various

groups of r,rorkers (Table I) . Soure differences in result.s are noted

r¿hich perhaps reflect differences in cell l-ines, vÍrus strains and

experimentaL techniques used by the different groups of ¡¿orkers. Never-

theless, it may be concluded frorn the results shor¿n in Table I that

replication of VSV in animal cells Ínvolves a large number of distincf

species of viral-specific RNA r+hich may be cLassified into i) viral

RNA, ii) messenger Rr\A, Íi) double-stranded forms and iv) parËially

doub le-st randed forms .

i) Viral RNA 38S, 40S , 425 and 43S RNA species are most

likely B type vírion RNA because of the sirnil"arity of

sedimentation coefficienË Èo that of RNA exLracted from

B parÈicles (Huang et aI., 1970; Schincariol and

Howatson, 1970). 19S and 26S RNA species are most llkely
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the T type virion RNA. The I9S RNÄ iras been isolaced from

cc1ls infcctecì '..rish a high input mul-tioliciry of wild type

VSV (Stampfer et al.,1969) and tìre 265 R'\A isolaËed frorn

a heaE-resistant clone of VSV (Schincariol and Horuacson,

1970). Tirese 19S and 265 R''{A species probably belong to

the "sÌrorEt' ancl "long" T o;;;Ícles respect,ively.

ii) Ifessenser Rì{A (mP.}üA) 13S to 15S and 2BS RNA species are
I

believed Eo be mPu\A because Ehey have the following proper-

Eies :

a) tÌreir association r¡ith polyribosomes (IIuang et al. , L9701;

Schincariol and Howatson, 1970),

their removal from Ëhe polyribosome.l region of sucrose

gradients by EDTA treatment, (Huang eË al., 1970; )fudd

and Sr:nners , 1970) ,

their sensitivity to ribonuclease (Schincariol and

Iìor¡atsorr , 1970; Mudd and Summers, 1970) ,

d) t.heir predominance over other viral-specific R.\A species

during Ehe infectious cycle aÈ each of the time inter-

vals examined (Stampfer et a1., 1969; Huang et al., L970;

Schincariol arrd Hor¿atson, 1970),

their much small-er size chan the viral R\A and compLe-

mentariËy co viral R\A (Huang et aI., 1970; Iludci and

Summers " I97O; Schaffer eE aI., 196B) and

o:t
t,heir heterogenþus sizes rvhich are appropriate to code

b)

c)

e)

f)

* See footnot,e on p. I (Tal¡le I)
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for the polypeptldes for¡nd

Sumrners , L970; SchlncarioL

er al. , 1970).

ili) Double-stranded RNA forms These are the compleÈely

double-stranded, RNase-resfstant forms of RNA whose

sediment,ation coefficlenËs were for¡rd Èo be 75 to ils
(Newman and Bror,¡n , L969), I3S (Starnpfer et al. , Lg6g)

and 13S to l5S, 19S to 20S (Schincarlol and Howatson,

1970). According t,o Schincariol and Howatson, the

sedimentaËion coefficients of the l3S to 15S and l9S

Lo 20S RNA are consistent with their being replicatÍve

forms of the T and B parLicles respectively. The fact

thaC Stampfer et al" ísolated 13S onJ_y when more T

than B part,icles rvere being produced in cells superin-

fected r¿iÈh T partLcles is in agreement with the above

concl-usion. Since at least tr¿o dffferent sizes of T

part,icles have been reported (PetrÍc and Prevec, L970)

it is conceivable that the 75 to llS Rr\A reported by

Nernrman and Bro¡.¡n are also replicative forms of T

parË,1c1es 
"

iv) Partially double-stranded forms These are the I3S to

50S RNA, het"rog"rfius, parËially RN¡se-resisLanÊ RNA

complexes consist,ing of the replf.caLlve form and nascent

single strands (Schincariol and Howatson, 1970). Accord-

íng to SchincarÍol and Howatson, these polydisperse R^\A

in infected cel1s (Mudd and

and Howatson, 1970; Huang
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molecuLes probably contain replicative intermediat.es for

boËh B and T parEicles because their evidence indicates

that both L3S Eo 15S and 19S Ëo 20S double-sËranded RNase-

resistanË RNA's are present.

2. Transcription of messenger RbTA (nRNA)

The non-infecËious nature of VS vlral RNA (Huang et al-,,

L966) and the lack of assocíatíon of viral RNA with polyribosomes led

to the discovery of a structural poLymerase in the virion of VSV

(Baltimore et aL. , 1970). It was shoryn frorn lq vltro studíes thaË

this virion-bourd RNA pol-ymerase makes use of Ëhe viral RNA as template

for the synthesis of PNA product which is smaller in size t,han, but

cornplementary to, the viraL RNA (Baltimore eÈ _Al. , L970: Huang eL al.,

l97I; Bishop and Roy " L97L). This virion-bound RNA polymerase activi-

Èy has also been demonsEraËed ín vivo (Marcus eË aI. , I97L; Cormack et

aL, , 1971). Marcus eL al. further showed that at leasÈ 55Z' of. tlne

virus-specific RNA made in VSV infected chÍck ernbryo cells tnder in-

hibítion of protein synËhesis by cyclohexímide is complementary to

viral RNA.

In wÍtro experiments by Bishop and Roy (1971) suggested

that the viral- RNA rernaíns r:ndegraded during product RI{A synthesis

because of the linear rate of incoroorat.ion of 32, ír¡"o acid insolu-

ble RNA and the conservat,ion of 3H 1"b.1 during Rr\A synthesis in a

ïeacËion mixlure luith 32p-iIIP and purífied 3H-uridine labelled wirus

parËÍcles for Ëhe enzyme preparation" Huang et al-. (L97L) arrived

at the same concl-usion that. Êhe templaËe is not degraded during
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transcripËion by sucrose gradient analysis of Ê,he RNA product of VSV

polymerase reaction mixtures. In witro annealing experiments r¿ith

3n-1ab"11ed 
RNA templ-ate *d 32p-labelled 

RNA product, shor,red that

at l-easË 94% of the ËernplaËe polynucleotíde is transcribed ín Ëhe

reaction (Bishop , I97I>. ThÍs r¡/as assumed to indicate complete tran-

scríption since it r,¡as difficult Eo deternine vrhether the residual 62

was trånscribed but not detected or not. transcribed at all.

Bishop and Roy (1971) showed that, in a reaction mixture
7? 't

conËaining --P-lilP and -H-uridine labelIed VSV particles for Ëhe en-

zyme preparatíon, the lnitial product is synthesized in an associat,ion

with Lhe viral P.NA in the high molecular weíght region deËe::rrúned by

electromobilíËy on polyacrylamide ge1. Subsequently the product RNA

accurulates in the lorv molecular welght region of ehe polyacrylamide

ge1. A pulse-chase experíment showed that the RNA producË synÈhesízed

in associaÈion with VSV RNA is subsequentlV displ-aced and appears in

the low molecular weight region of the polyacrylamide gel as free RNA

species af.2 x 105 to I x 106 dalÈons. The association of RNA producË

and viraL RNÀ tempLate r,ras further confírmed by resolwing the Ëenplate

and RNA producË complexes inËo free template and free product (Bíshop

and Roy, L97I).

That these low mol-ecular weighÈ Rl{A species are mRNA's ís

suggesËed by the associaËion with polyribosomes of several símilar

complementary low molecular weíghË RNA specíes in the cytoplasmic ex-

tracts of VSV infect,ed cells (Mudd and Sr:mmers, 1970; Huang eË al.,

L970; Schincariol and Howatson, L97O; Schaffer et al., 1968). Huang



- 13 -

et â1. (1971) also observed thaË in infeeEed cells Ëhe initial VSV

polymerase products are assocíaËed i,rith the wiral Rr\A. Such parËia1ly

ribonuclease-resisËant RI,IA comÞlexes rvere called transcriptive inter-

medíates because iË r,ras for¡nd bV !! vitro sEudies that Ëhe VSV struct-

ural polymerase does not replicate Ëhe viral genome and it should

therefore be described as a transcriptase rather than a replicase

(Baltinore et al. , I97O; AaslesËad et al., J-97J-).

It has been postulated by lludd and Surnmers (1970) Ëhar, the

nRNA specíes may be derived eíËher by Ëhe transcription of only cer-

Lâin portions of the VSr/ genome or by transcription of the rvhole genomee

and subsequenË cleavage by specific endonuclease to smaller nRNA

species" The presence of partial-1y-RNase-resistant RNA from VSV poly-

merase reaction mixt,ures (Huang et aL. , L97L) and Èhe disproportionate

synthesis of wiral strucÈural proteíns over non-structural proËeins in

infected cells (ltragner et al., L97O; Mudd and Surnmers, 1970) seems to

indÍcaÈe that the former process is the more likely Ëo occur.

The above observations introduce a nrrmber of interesËing

asDects concerning the repl-icaËion of VSV. FírsLly, the finding tl'rat

in VSV the viral RNA is not the nRNA, but instead several species of

small molecular weight RliA transcríbed from the viral RNA serve as nRNA

implies that replication and transcription of the viràl RNA are sepâ-

rate event.s for Ëhis virus, as opposed to the system found in poJ-io-

virus where the rnRNA is a síngle species ÍdenEical to Ëhe virion RNA

(Sunmers and Le¡rintow, 1965) " Among other viruses wíth single-strand-

ed RNA as genome, only Ëhe paramyxoviruses, Sendai (Blair and Robinson,
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l-968) end Ner"eåsEle disease vírus (graet and Robinscnu L967:. Huang et

sL", 1971.) have been repetrted Ëo produce severaX single-stranded compJ-e-

menËâry RNA species whích appear t-o be atËached Lo nolyribosomes and

setrve as nRNA" The recene reporL of rhe presene'e of a Rì{A-dependent

ËranscripEase in Net¡casÈle disease virus analogor.rs 6o Ëhe polymerase

of VSV (Huang et, al. , L97I> indicate a very sirnilar mode of repliaat-

i.on í.n VSV and Ëhe paramvxoviruses.

Seeondlv. the fact Ëhat diffenene sizes of mRNA's a1l small.er

Ëhan Ëhe viratr RNA are transcribed impli"es Ehe exisËenee of an enzvme

ËhaË ean recegnize stop and stê.rË sígnaJ-s on an RNA Èem¡*J^ate, jusË aç

can Ël-le DNA-dependenb RNA pol"ymenase e¡f, ael"ls,

Thirdlv" Ëhe faer thaÈ the l"-i-::al tu\A is nofi ErênÊlaral¡le

neeessitaËes thaË an earl.y evenË Èo crerur afÈer peneÊråËíÕn of Ëhe

virr;s ínfro a host ce]-l is the transfer of i"nformaÈíon to â netrr nucl-ei.c.

acíd raËher Ëhan the dírecË translati.on of, Ëhe viral" Rl{A-

3. Renlication of vfral- RNA

LíÈLLe is kneç¡ as yêt coneesrìíng che replíeaËion of Èhe

víral" RNA ín VSV. Double-stranded I3S (Srarnpfer et, aL", 1969) and 13S

to 15S, 19S to 20S (Schincariol and Hor-ratson, 1970) for¡ns of RNA have

been isolaËed from VSV infectecl cells. ParÈial J-y RNase-resisf"anå

l3S eo 50S forms of RNA have also been implicated as replicaËive

interrnedlaËes by Ëheir preferenÈíal labellíng duríng a shorË pulse
x

røíth -H-urídíne (Schinearj-c¡l- and Howacson, 1970).

In suinmarye Ehe synthe.sís of \¡SV RNA enmponents has Ër+o pårÈs"
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The transcription syst,em eppears to be packaged ínto the virion and

can syntheslze mRNA direcËly frorn viral RNA. The ref¡licatíon system,

on the oËher hand, r.rould appear to require protein synthesis. Addit-

ional- details concerning this system ate not, knoron alÈhough it ís

thought that the double-stranded RNA represent,s a replicatíve form.

Only a low percentage of the tot.al vírus-specifÍc RNA ruould appear to

be synthesized by the replÍcative system (Seampfer et aI., 1969).

II. VS VIRAL PROTEIN SYNTHESIS

J-. Virion proteins and vírus-specífic protein-s in infected celLs

The structuraL proteíns of VSV and VSV-specified proteins ín

infect,ed cells have been studied by various groups of r¡orkers (Table

II). There is general agreement as Ëo the number of strucËuraL pro-

teins in the VS virion but. conclusions as to the locaÈion and funct-

íon of some of these proteins are someËimes at variance. Disparity

in molecular weíghts of Ëhe structural proteÍns identified rnay be at-

Ëributed to the differenÈ molecular rveight standards r¡sed for the

estimations. Burge and l{uang (1970) horvever clairnect that theír esËi-

maËions using poliovirus proteins as molecular weighË, standards gave

more accurate determinaËions.

B and T narticles have been found Ëo conËain Ëhe same Ðro-

teins in essentially the same proporÈions (Kang and Prevec, L969;

Iüagner et al. , 1969a). The viral proteins of the Ner+ Jersey seroËype

differ from LhaÈ of the Indiana seroËype onl-y in one of the eoaË pro-

Ëeins (VP4) in electrornobiLity (Wagner et al. , L969),
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Apart, from Mudd and Summers (L970) all other ¡¿orkers obËain-

ed four sËructuraL proteins in SDS-polyacrylarnide gel el-ectrophoresis

with purified wirions. It has been suggest,ed (Printz and lJagner, 1971)

thaË the ad<liËional component identified by Mudd and Summers míghË be

the structuraL poJ-ymerase reporËed by Baltimore gL. al. (1970). rn ad-

diËion to the structural prot,eins, Ër,ro non-st,ructural proËeíns desig-

nated itlSl and NS2 have been identÍfÍed ln VSV Ínfected cells (I^Iagner

eË al" , 1970). These proteins are presr¡med to be of viral orÍgin be-

cause similar 3n-L"b*l-led protéin peaks could not, be for¡nd in labelled

r¡rinfected cells. NSl was produced in reJ-atívely large amor.ulËs, vrhere-

as NS2 r¡ras PresenË in small amounËs and sometimes could not be detecËed.

NSI appears Ëo remaín free in the cyt,oplasn unassociated wÍth ceLlular

organeLl-es.

There is agreement among the various groups of urorkers thaÈ

VP3 (using the terminology of Kang and Prevec (L969)) is the nucleo-

capsid proËein and vP2 and vP4 are viral coat (envelope) proteíns, vp2

being a glycoprotein (Kang and Prevec, L969, L97O; I^lagner et al. " I97O;

Burge and lÌuang, l-970). This virion-bound VP2 is of a higher moLecular

weight than VP2 isolated from VSV infected cells and VP2a Òf Ëhe 65

antigen reLeased into extraeellular fluid of VSV infected cultures

(Kang and Ptevec, 1970), The origin of VP1 which r{ras present in small

quantities rrras noË deternined. It has been suggesËed that thís nay be

an aggregate of some of Ëhe smaller prot,eins. However, Ín a recent

reporËu Kang and Prevec (l-97L) indÍcated thaË they have evidence that

\.Pl may not be an aggregational arrífacË buË that VP1 is also a distincË
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virus-spe cí fied polypeptide.

There is also some disagreement as to which of the t\"ro coaE

proteíns induces productf.on of neutralfzing antibody in animals.

Accordíng to inlagner et al. (1969) the lor¡er molecular weighË proËein

(VP4) is Èhe surface protein whích is split off when VS virions are

exposed Ëo digitonin. It is the only protein thaË is different in an-

ËÍgenicity in the Nerv Jersey and Indíana seroËypes, Ðd iË is this

proËein that is responsibl-e for blocking the vÍrus neutralizing acti-

wity of the type-specifÍc antÍserum of each serotype. The glycopro-

tefn (\rPz), which is the higher molecular weight coaE proEeÍn, forms

the "shelL" which surrounds the nucleoprotein core. I,Iagner et, al"

(1970) expressed rncertainty as Ëo whether the out,er or the inner layer

of the envelope comprises the spikes.

However, Cartwright et al. (1970) concluded from the compLete

degradation of the glycoprotein after Ëreatment with trypsin togeËher

wiËh the loss of immr¡rizing actfvity of trypsin-treaËed viruses

(CartrorighÈ e_t al., f969) that the glycoprotein is the spike bearing

surface layer r^rhile VP4, the lower mol-ecular weighË protein, forms Ëhe

"skeleton" housing the nucleoprot,eín.

The findings of Kang and Prevec (1970) that Ëhe 65 antígen

(VP2a) , present, in the lysaËes of VSV infected cells, is a glycopro-

Lein immt¡nologically sirnilar Eo Ëhe higher molecul-ar weight coat pro-

eein (W2) , and antigenically distinct in the Nerv Jersey and Indiana

seroLypes seems to supporË Cartr,¡right et al's conclusion. Apparently

from their studies on ËemDerature-sensítive mutants of VSV whích can
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synthesize RNA at Êhe non-permíssive

Printz and l^iagner (1971) also became

(VPz) is the major ,ântígen of VSV.

Lenperature (RNAT Ës mutanÈs),

conwinced thaË Ëhe glycoprotein

2. SynËhesis of virus-specific protein

The kinetics of viral proËein synthesis in ínfecËed cells

have been studíed by l^Iagner eË al. (1970), I,Iudd and Surnmers (1970) and

l(ang and Prevec (1971). Their findings are surnmarízed. ín Èhe following

paragraphs of thís section.

idagner et al. usíng 3H-lu.r"irre and 3H-tyrosine as labe1s,

studied the kinetics of virus proËein synthesis of VSV by three differ-

enË techniques: continuous label-ling of Lhe wirus-specific proÈeins,

pulse-label-ling of the vírus-specific proteins and puLse-chase of the

virus-specific proteins .

Using the first technique to examine the incorporaËion cif

labei- into different virus-specific proteins extract,ed frorn infected

ceLls, ITagner eÈ al. observed ËhaË, by one hour afEer infection, Ëhe

Þredominant protein rvas nucleocapsid protein (VP3), and thaÈ possibJ-y

glycoproËein (VP2) and one of the non-structural proteins (NSl) could

be det,ected. By tvro hours after ínfection alL strucËural proËeins

'(except VPl) and the two non-struct.ural proteins were present..

In the pulse-labelling experiments rvith one hour pulses at

hourly inÈervals after virus adsor-oËion, maximal synthesis of all

wiral proËeins appeared Ëo be between 3 Eo. 4'hours afËer infection al-

though the amor¡nts of each protein synthesized rvas markedly different.

ProËein synËhesis continued for aÊ l-east 5 to 6 hours.
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I'IiEh the Lhird Ëecirnique, the infected cells rvere incubat.ed

in mediun'n¡it.houË leucine and tyrosine for 3.5 hours Ë,hen puJ-sed for

30 mínuLes and the labels chased bv adding t¡nlabelled leueine and ty-
rosine for times varying from 0 to 3 hours. AL the end of the chase

Ëhe virions rTere extracted and theír proteins analysed by acrylamide

gel- electrophoresis. It rrras for¡r¡d that the label rìras presenË in greaE-

est, amount in Ëhe glycoprotein (VP2) after 0 hour chase but iÈ did not

increase wiËh prolonged chase, The label associated ruíth the nucleo-

capsid protein (VP3) and Ëhe coat protein (VP4) r¡ere barely detectable

at 0 hour chase but increased wit,h incre.ased durat,ion of chase. Ëhe

raËe of Íncrease of VP3 being qreaEer than Vp4.

From the above experimenËs, Inlagner eË al. concluded that,

there appeared to be no regulation in the order in r,zhich VS viral pro-

teins are synthesized since all viral protèins r,rere detected by 2 hours

after infectíon. Maximal synthesis of all wiral proteins appeared Ëo

be betr¡een 3 t,o 4 hours after infection alËhough Ehe amou¡rt, of'each

protein synËhesized was different,. T'irey also concluded thaË the nucleo-

capsid protein (VP3) and the coat protein (VP4) accr¡nulared within rhe

cell prior to Èheír incorporation into virions r¡hereas the glyeoprotein

(WZ) rvas rapidly incorporated into rririons immediately after synthesis.

Mudd and Srnuners (1970), by means of acryl_anide ge1 analysis

of polypepÈídes synthesized duríng successive one-hour pulses in vsv

infected celLs, also for¡rd that all viral-specific proteins were synthe-

sized in Èhe same relative proportíons throughouË Ehe infectious cyc1e.

The non-sËructural proteíns hrere present in snal_l- amounts relative to

the st,rucËural proÈeins.
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Kang and Prevec (1971) performeci símilar experiment,s to those

of iniagner eE g!. (l-970) and came to t,he s¿rme conclusions except thaË

Ë,hey found thaÈ \P4 was íncorporaËed in t,he virions soon afËer synühe-

sis r¿hile the incorporatíon of VP2 was delayed. The reason for thís

discrepancy \{as not knor'rn. An additional discrepancv r¡as t,hat, the max-

imal rate of synEhesis of ltlSl occurred during Ëhe firsË Èr,¡o hours after

infection and decreased at laËer Eimes. From this observation the au-

Èhors concluded thâÈ NSI may have an earLy int,racellular function in

replication. They furEher suggested that the reason rvhy lJagner eË al.

fail"ed Ëo observe the above resulË rnight be because the synthesÍs of

NSI ¡'¡as obscured by the large ärounE of cellular proËeín synËhesized

during Ëhe first tr.ro hours afÈer infection ín cells not pret.reaÈed wíth

acÈinomycin D.

Differences in the amornt of VS viraL orotein srmthesized

raise the interesting quesÈion of Èhe mechanísm of control" of proteín

synthesis. hlagner et al. (1970) ¡vere of the opinion ËhaË this was de-

Ëermined aË the translational level. However, recenË findings that

messenger RNA consisËs of a nr¡mber of species, each coding for one poly-

peptide, suggested that proËefn synthesis may be regulated ât the tran-

scríptional leve1 (Mudd and Summers, L970a; Huang et al. , L97L; Bishop

and Roy, L97L). In other rvords, the dísproportionaËe synthesis of the

varío¡:s proteins throughout the growth cycle ís a eonsequence of selecË-

ive Ëranscriptíon of the varÍous monocistronic messages or by alterat-

ion of certain messenger RNAIs so thaË íníËíaËion of translation is

prevented" That viraL FNA synthesís is required for the synÊhesis of
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viral proLeins is demonstraLed in Ehe faílure of ts5, a RNA- Ës mutan¡

of VSV, Ëo synthesize all viral- proEeins at the non-permissive Ëempera-

ture (PrinÈz and Wagner, 1971-).

Several laborat.ories (Burge and Huang, L97O; Kang arnd Prevec,

L970; I{agner et al., L97O) have demonstrated that one of t,he t$ro coat

prot,eins is a glycoproEein but whether Ëhe st.ructure of the viraL car-

bohydrate is specífied by Èhe viral genome or the cell is not known.

A conparison of the envelope glycoproteíns and glycopepÈides of sind-

bis virus and vsv grorün in the same Ëype of cell- (surge and Huang, LgTo)

showed Lhat the glycopepÉídes of the two virions differ principally in

the nr¡nber of siaLic acid residues per glycopeptide. on removal of the

siai-íc acid, Èhe elycopeoËides of the two viral prot.eíns rurere fourd to

be indístinguíshabl-e by exclusion ehromatography" Burge and Huang

argue from this evidence thaË the protein moíety is specifíed by the

virus which ís subseguently modÍfíed by host enzymes (nucleotide sugar

trarisferases) by covalently f-inking the carbohydrate moieLy to the

virus*specified protein subst rate.

The above hypothesís appears to fl-nd support ín the study of
+ts52, a RNA' ts mutant of VSV (Printz and I,Iagner, L97L). These authors

for¡rd thaL ts52 synthesÍzes all the viral proteins. Hor,rever, the gly-

coproËein is replaced by a lower molecular lveight protein. They were

abl-e to show Ëhat, 3n-glrr.o"amine r¿as specÍfically Íncorporat.ed int,o

the viral glycoprotein at Èhe permíssive and non-oermissive tempera-

tures" This suggested Ëo the authors Ehat there is no inhibition of

glycosylation at Ëhe ceLlular levelu but Ëhat faíLure of Ès52 to
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glycosylate at the non-permíssive Eemperature is due to a defecË in

the viral precursor glycoprotein r¿hich fail-s t.o sêrve as a sugar ac-

cept,or, presurnabl-y owlng to conformational- changes at, the non-permis-

sive temperature.

trrlagner eË al. (f970) suggested that, boËh Ëhe coaÈ proteins

of VS virions are synthesized on, and inserted into, cellular membrane

which envelopes a nucleocapsid core to form the virion. Their conclu-

sion rvas based on experimental evidence Ëhat the tr¿o coat proËeíns

r\tere never foturd free in the cytoplasm and apDear to be always asso-

ciated luith ceIl membranes, Ðd the fact, tiraE exposure of infected

cells Ëo the membrane dÍssolv:ing agenË, digitonín, resulËed ín solubi-

lization of most, of the gl-ycoprotein and all of Ëhe other coat protein

but not the nucleoprotein. Recent investigations (McSharry and ldagner,

L97L) which demonstrate Ëhe símíLar lipid composition of purified VSV

to that of Ëhe plasma membrane of their host cell, Ðd preferential

adsorption of the coat proteíns Eo plasma membrane isolaËed frorn t¡n-

infecËed HeLa cells e are consistent r¡tth the above hypothesis. How

the coat proteins become inserted ínËo Ëhe plasma membrane and hoi¿ enve-

lopment of the nucleocapsid core takes place have not yet. been deter-

mined.

The possible events occurring during the replication of VSV

are schematically sunmarized on the follorvíng page"



A
 S

C
H

E
M

A
T

IC
 S

I]M
M

À
R

Y
 O

F
 P

O
S

S
IB

LB
 E

V
E

N
T

S
 O

C
C

U
R

IN
G

 D
U

R
IN

G
 V

S
V

 R
E

P
LI

C
A

T
IO

N

In
hi

bi
tio

n 
of

 h
os

t
pr

ot
di

n 
sy

nt
he

si
s 

by
 b

re
ak

-
do

r'¡
n 

of
 h

os
t 

po
l-y

rí
bo

so
m

es

I I I I I Y

_R
lb

os
om

es
 m

ad
e

av
ai

la
bl

e 
fo

r 
vi

ra
l 

pr
ot

ei
n

sy
nt

he
si

s

Lf
be

ra
Ë

io
n

an
d 

R
N

¿
L

A
ds

or
ot

io
n

.V
ira

l p
ro

te
in

 s
yn

th
es

is
 

I
R

ep
J-

íc
as

e 
I?

 
--

--
--

--
--

-Þ
 

R
ep

lic
at

iv
e 

fo
rm

s
{

R
ep

líc
as

e 
II?

 
e 

R
ep

lic
aÈ

ív
e 

in
te

rm
ed

ia
te

s
{

N
uc

le
oc

al
rs

íd
 p

ro
t,e

t"
 .

a-
 

P
ro

ge
ny

 R
N

A

Ë
ru

ct
ur

al
 R

N
A

 p
ol

ym
er

as
e 

- 
ì 

N
uc

le
oå

ap
si

ds

C
oa

t 
pr

oË
ei

ns
 

I

fn
se

rt
ec

l 
on

 h
os

t 
pl

as
m

a 
t

m
em

br
an

e 
.-

-e
 

V
iru

s 
na

rt
ic

le
s

of po
l

I I I I I rip

w
ira

l 
R

N
A

ym
er

as
e

T
ra

ns
er

ip
tio

n 
of

S
Ë

ru
ct

,u
ra

l R
N

A
 p

ol
ym

er
as

e 
- 

- 
- 

-.
Þ

nR
N

A
rs

C
oa

t 
pr

oË
ei

ns
fn

se
rt

ec
l 

on
 h

os
t 

r-
rla

sm
a

In
hi

bi
t

io
n 

of
 h

os
t

sy
nt

he
sl

-s

I I +

ot
id

es
 m

ad
e

ai
la

bl
e

V
ira

l 
R

N
A

N
uc

le av

R
N

A

I N
)

N I



MATERIAIS AI{D MET}IODS



I{ATERTAIS AND }IETHODS

Cells and ì'lediun

Earl's mouse L cells (L60 line), obtained from Dr. G"F,

I,ihitrnore, Ontario Cancer Instítute, vrere cultured in rnedÍr:m CMRL 1066

obtained from Schrvarz BioResearch, Inc. The preparaËion of nediurn

CMRL 1066 used throughouË Ëhis study rüâs âs foll-orus: Ten grams of the

dríed medium nas suspended in 978 ml of triply distilleci \,rat,er. TwenËy-

Ëtuo ml of a L07. sodi¡¡n bicarbonate sol-utíon LTas added and the medium

adjusEed to ÞI{ 7.2 t.o 7.4. The medir¡m was sterilízed by passing iË

through a milJ-ipore filter rvith a porosíLy of O.22St. After steriliza-

Ëion the medium was supplemented wí-Lln 57. foetal calf serum, Penicil-lin

(100 I.U./ml) and SÈrepÈomycín (50¡e/n1),

Cells rnrere first. subcul-Ëured in botÈles and then cransferred

ínto spinner flasks r¡hich rvere kepË in a 37o roraËer bath. The cells

were kept in susoension by meåns of a magnetíc stírrer and were maín-

tained in exponentÍal grolrth phase by diluting Ëhe ce1l suspension

with fresh rnedium as ::equired. The doubling tíme of Ëhe cells is about

18 hours. Clumping of cells r'ras avoided by rapid sLirring and limiting

the concent,ration of cell-s Ëo values belorv 4 x 105 celLs/rnl.

CelL co¡¡rts rnlere carried out by adding 1ml of ce1l suspen-

sion to l-9 ml of phosphate-buffered saline (PBS) and cell nt¡¡nber counË-

ed by means of a GouLter counter (Model A).

Possíble contaminat.íon of cell cultures by aerobic PPLO

(Pleuropneumonia-like organism) r¿as tested severaL Èimes during the

course of Ëhis invesLigation and was fourd to be negaËive on every

occasion.

-25-
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PreparaËion of virus stocks

The Indiana seroËype of vesicular stomatitis virus (VSv) was

obtained from Dr. A.F. Hor¿aËson. Ontario Cancer Inst,ituce. A heat-

resisÈanL (HR) strain r¿as selected by heat t,reatmenË of the rvíld type

VS virion in nediwr at 43o for about 4 hours and. regrowíng the surví-

vors to provide a stock for furt.her heat-treatment at 43o. This heat-

ing cycle hras repeaLed several- t.imes until the heat-resistance of Lhe

virus stock coul-d noË be further improved (Itlong, L969). Atl tempera-

ture-sensítive (ts) mutants described in this thesís lo¡ere derived

from Èhis HR serain,

Stocks of virus r^rere prepared by infecting monolayers of L

cells ín 4 oz Brockrvay boEtles with an input rnultipJ-Ícity (i.rn.) of

about one plaque-forming tmít (PFU) per cell in 0.5 nrl of PBS. After

al1owíng 30 minutes for adsorption aË 38o, 10 ml of fresh medium was

added and the cultures r,rere incubaËed either for 18 hours at 38o or

24 hours at 30o if infected r¿ith HR or for 24 hours at 30o if infecÈed

rn'it,h a ts mutant. After incubaËion, each infecËed culËure r.¡as t,hen

centrifuged for 5 minutes at 5009 and Ehe supernat,ant assayed to deËer-

mine the tiËre of the virus preparation. The virus preparat,ion riras

t,hen stored in sealed ampules of 1 ml- each at -1960 until required.

Very little change in titre was detected upon prolonged storage aË

Èhis Ëemperature.

If a high eoncentration or a large pool of a virus stock was

required, the above rnethod was modified as follorvs: Cells were seeded

ín 16 oz screr,r-capped prescripÈion boÈtles. Following formaLíon of a
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confluent monolayer, Ehe medium was drained and 2 ml- of virus stock

added t,o give an input muttiplicity of 1 PFU/cell. The virus suspen-

síon rvas allorued t,o adsorb for 30 minutes at 38o. Àfter adsorpËiono

40 ml medium ruas added and the cultures incubaÈed. aÊ 30o for 48 hours.

At harvest, Ehe contents of the prescription bottles r,rere shaken and

Þoured into 50-m1 centrifuge t,ubes and centrifuged at 5009 for 10

minutes. After removal- of cells and debris the virus ín the superna-

tant \ùas pelleted by further cenËrifugaË,ion at 30,0009 for I hour.

The supernatant from each t.ube was díscarded and Ëhe pe1-let resuspend-

ed in 1 ml of 0.1 l{ tris-HCl at pH 7"9. If the virus preparation $râs

noÈ requrÍ.red írrunediately iE r¡as assayed and stored as described above.

Assay of virus

The virus r.Jas assayed using Èhe Dulbecco plaque rnethod by

adding 0.1ml of a suLtabl-e VSV dilu¿ion to a monolayer of Z x tO6 i"

cells from r,¡hich the meditrn has been removed. After allowing 30 min-

utes for-virus adsorptíon at 3Bo, the ce1I monolayer ruas overlaid with

3 ml- of medir¡n containing L"L7" agår. rt. r¡as then íncubaEed Ín an êt-

mosphere of 57. CO, and 957. aír at 3Bo for 20 hours or aË 30o for 44

hours. To make Ëhe plaques more readil-y visibl-e, l ml of a J_:5,000

solution of neutral red ruas added at Ëhis t,ime and the monolayers were

incubaËed for a further 4 hours. The resuLt,ing plaques had a diameter

of about 2 m¡q afld r.rere e-asíly.counËed. It, has been found that the

pJ-aque cor;nt r¿iLhin a range of 2O Ëo 170 plaques per dish ruas direcÈl-y

proportional to concent.raLíon of virus preparation. Replicate plaque

assays carried out on the same preparâEion indicaËed reproducibilíty

r+ith a standard deuiation of ! 207".
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The wirions of the parent strain (HR) and each of the muËanÈs

rnrere negaËively st.ained with 1Z phosphoturgstic acid at irH 7.2 and ex-

amined'¡iEh an electron microscope. In Ëhe virus stocks used for the

varíous Ëests mosË of the viríons r{ere normal, bullet-shaped B parti-

cles and L to 20% t¿ere Èhe short, non-infectíous T parEícl-es. No dif-

ference in the proporËion of B and T parËicles '¡ere observed between

Ehe wild type (HR) and t,s mutant stocks.

9q

For the experimenÈs reDort,ed in this thesis on víral growtir,

ËemperaËure-shifË and uridine incorporation, wiruses were grorrn in

small suspensíon cultures as follorusz 25 ml samples of L cells were

rviEhdrar^¡n from a I-litre suspension culËure containíng about 4 x 105

cell-s/ml. Each sample was centrifuged for 5 minutes at 5009 and the

supernatant discarded. The cells r¡rere resuspencled in 1 ml of suitabLy

diluted wirus stock and incubated. at 3Bo for 20 minuËes. The cells

r.rere Ëhen washed wiËh 40 ml of pre-Ìrarmed PBs eo remove r¡nadsorbed

virus, resuspended in 25 ml of rnedium and incubated in a 100 ml bottl-e

with magnetic stirring in a water bath either at (3010.2)o or (3810.2)o,

Inhibitors and radioactive l-abels were added Ëo Ëhe cel-l suspension

as specified in the detailed experimental procedure given in ResulËs,

IV.

Chernicals

AcÈinomycin D r¿as supplied by the courtesy of Merck, SharÞ

and Dohrne. Uridin"-2-I4C with a specífic acËivity of 53.3 mCi/mmole

r¡as obtained from Schr.rarz BioResearch, Inc. Puromycin dihydrochloride
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was obtained from NuËritional Biochemicals Corooration" Cycloheximide

(ACT-DTONE) ruas obtained from Cal-biochem.



R-ESULTS
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RESI]LTS

I. Selection of Ternperature-sensit,ive (Ës)_ Mutants

All mutants descríbed in Èhis thesís r¡ere derived from the

heat-resisÈant (HR) strain of the Indiana serotype of VSV which grew

to approxirnately the same titre at temperatures varyíng from 30o Ëo

38o. In Ëesting the temperature-sensÍtivity of possible muËant,s, 30o

was chosen as the permissive temperat.ure and 3Bo as the non-permíssive

temperature. Ihe met,hods for mutagenizatíon and for the ísolaËion of

temperature-sensítive mutanÈ strains are simÍIar to those used for

other Ri.IA animal viruses, such as poliovirus (Cooper, L964), Sindbis

virus (Burge and Pfefferkorn, 1966), influenza virus (Símpson and

Ilirst, L96B) and reovirus (Fields and Joklik, L969; Ikegarni and Gomatos,

196B).

Mutagenesis

Mutagenization by niLrous acid, ethylmethane sulfonat,e¡ pro-

flavine and 5-fluorouracil rvas carried out, separately, in various ex-

periments as follows: For muËagenízatÍon rviËh niËrous acido approxi-
R

maËely 5 x 10" virus particles, suspended in 5 ml of culture medíum,

\,¡ere exposed to 2.0 M Nal{O? in 0.25 }f phosphaËe buffer (7 ml 0.25 M

NaHPO4 soluËion and 4 ml 0.25 M KH2POO soluËion) aË pH 7 f.or 3 hours

at 27o, This treatment reduced the titre of the vírus by a factor of

approximately 105 (i,Iong , Lg6g). For muËagenizatíon with ethylmethane

sulfonat,e (EMS) , ol'te vohnne of EI4S was added to 150 volumes of PBS

(pH 7) conÊaining about 1 x 108 PFU of VSV per rnl and incubaËed at 3Oo.
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AfÊer Ëreat,ment for an hour Ëhe tiËre of Ëhe wirus population \üas re-

duced by a factor of 10) aporoximately (ilong, 1969) . Mut,agenÍzation

by profl-avine or S-fluorouracil r¿as carríed ouË by treaËing L cell

monolayers with 100 ¡rg/nl of proflavíne or ruiLh I mg/mL 5-fluoroura-

cil aË Ëhe Eirne of ínfection and incubating the infected cultures in

Ëhe presence of the muEagen for 24 hours. At Ëhis tíme the virus
\?yield r+as reduced by factors of 10- and 10- for ÈreatmenË wíËh pro-

flavíne and 5-fluorouracil respectively compared to infected conErol

cultures incubaËed for the same perÍod of time r^riËhout Ehe mut.agen.

I s o I aË i cr_q g{__È r__ mg!_e4!_q_l :gq_ m g! a g en í ? e d vi ra I q.gq cks

The muÊagenized wiral stock r¿as diluted.. plated on monolay-

ers and incubaËed at 3Oo for 24 hours. The dishes were then shifted

to 38o and incubaËed for a further 18 hours. Plaques shorving little

increase in size afÈer temperâture shift-uÞ r¡rere considered possible

ts muËants and were selected for further tesËing. Small, ruell-isolat-

ed plaq.ues rüere picked usíng a Pasteur pipette and individually sus-

pended in 3-rnl volumes of PBS" These þlaque suspensions vrere assayed

at both the permissive (3ûo) and the non-permissive (3So) temperature.

If the assay was approximately Èhe same aË each Ëemperature the sample

r¡as discarded. If the 3Bo assay ¡qas smaller by a factor of 10 or more'

further plaques were picked from the 30o assay plate and reassayed at

both 30o and 38o. If Èhe ratio of these plaque assays (3Bo/3Oo) ,¿as

less Ëhan about 1O-3, the muËanË strain was considered to be sufficient-

ly temperature sensiÈive, A stock of Ëhe muÈanr virus rvas then grol'm
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in a monolayer at 30o as described in Materials and Methods and a num-

ber was assígned to it. The stock r¿as Ëhen sealed in ampules and stored

at -1960.

In addiËion to the B Es mutants reported by t{ong (1969),

17 rs mutants have since been isolated in our laborator-v by treaËmenÈ

with El.lS. nitrous acíd, 5-fluorouracil and proflavíne. I{ith each of

the mutagens used only about L% of. Ëhe plaques picked gave rise to

accepÈable mutant stocks.

Tv¡o properties of ts mutants have Ëo be found satisfaeÊory

j.n order t.hat Ehe mutants may be considered useful for biochemical

and genetic studies. These properties are reversion to v¡íl-d tyne an<l

"leakiness" of the mutant..

"Reversion" is Ëhe term used when the mutant qenome uncier-

goes a further mutation which resulEs in the renewed abílity of the

virus Ëo grornr åt the non-Dermissive temperaLure. Erperimentall.y a

measure of Èhe nurnber of revertanËs in a given stock may be determined

by assaying Lhat stock aË the non-permissive temperature. Plaques sim-

ilar to those produced by wil-d Ëype virus will afise wherever a rever-

tant virus infects a cell on a monolayer. The nunber of such pJ-aques

gives a measure of the nurnber of reverEanÊs in the stock. The rela-

tive incidence of revertants may t.hr¡s be obtained by assaying at boLh

Ëhe permissive Éemperature (to gi"re the Eotal nu¡ber of ínfectious

virions, both revertanË and ts) and at the non-permissive Eemperat,ure

(to give the number of revertants).

The raËÍo of Èhe assay at 38o to ËhaË at 30o will be an
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indication of the incidence of revertanËs

of this are given in Table III for all of

laboraËory.

in a given stock. The values

Ëhe mutanËs isolated in this

In addition Eo Ehe r¿ild type looking plaques LhaË måy occur

on assay plates at the non-permissive Ëemperature, one somet.imes sees

very small plaques. ilhile the forner are clearly due to revertanÈs,

Ëhe latËer plaques are due to Ëhe presence of some residual frxrct.ion

in the muta¡rt protein specified by Ehe muLated gene so that some Ls

virus multiplicatíon may take pl-ace even aË Êhe non-permissive temper-

aÊure. This phenomenon is referred to as "leakiness" of the muËant,.

To assess t,he degree of "leakiness" of a given muËanE, one

grorùs a stock of the mutant virus at permissive and non-permissive

temperature. The groruth of the muEanL aÈ the non-permissive Ë,empera-

üure (corrected for the presence of revertants for¡rd in the progeny

virus) is largely due to "leakiness" of the muEanË, The degree of

"leak" varies from mutant Lo muËant and from experíment to experiment,.

For a given mutanË the variat,ion in "leak" from experiment to experi-

ment may be due to differences ín input rnulËiplicity, temperat,ure

control and condíËion of Èhe cells. Thís variation in the desree of

"leak" r¿as particularly noted for those mutants which produced virus

at, Ëhe non-permissive temperature in number greaËer Ëhan 12 of EhaË

produced at the permissive Ëemperat.ure. Such mutanÈs are tsg5 tsl2,

Ës17, Ès18, ts22, 8s23, ts25 and xs26,
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TABLE III

PLAQUE RATIO OF I'IIJ'IANTS

}ruTANT MIIIAGEN PLAOI]E RATIO
iao/soo

2

3
4
5
6
7

B

9
10
11
12
L4
l5
16g-
L7
18
!.9
20
22
23
24
25
26
2B
29
HR

EMS

EMS

NA
EMS

EMS

NA
EMS

EMS

EMS

E}fS
NA

EMS

Bl'fs
EMS

EMS

EMS

EMS

EMS

PRO
5FU
PRO

PRO
5FU
5FU
Et"fs

10-1
10;
10-I
10-:
10_'"
10:
10:
10_;
10_;
10;
r-0-:
10-1

-¿!10;
-410^

10-:
10-i
10-I
10-:
10-:
IO;

-lJLO_;
10;
10-:
10:;
10

1x
2x
5x
5x
5x
1x
1x
3x
3x
3x
Lx
1x
3x
3x
2x
2x
2x
5x
3x
4x
2x
5x
3x
5x
1x
I

Mut,agens: El,fS = ethylmethane sulfonate
NA = níErous acid

PRO = proflawine,' dihydrochloride
5FU = 5-fluorouracil

* Plaque raËio = SEocks assayed at 3Bo and
3Oo, and ratio of pJ-aque numbers
noËed.

* Â non-leaky varianË derived from ts16'
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II. G_ro!¡p:Lrr]g__qf TemperaËure-sensiËíve Mutqpts of VSV by- Þfeans

of Comple_mentatíon TesËs

According to Edgar et, a1. (L964), the importance of the

complemenËâtion test is ín Èhe definiEion of genes or cisttorr"n."

functíonal rníts in the absence of any information about Ëhe chemical

nat.ure of the frmction. Complementation st,udies have been carried out

on Ëhe 25 ts mutariËs isolaËed ín this laboraËory Èo provide a basis

for characterization of the genet,ic defects of the muËanËs by sortíng

them into complemenËaËion groups r,rith the viev¡ that. each complemenËat.-

íon group v¡il1 correspond Èo a specífic biochemical defect in ÈÌre se-

quence of events l¿hich occur duríng viral replicaËion.

I,ihen appliecl to es mutanËs of viruses, complementation may

be defined as the inEeracËion in mixed infection at non-permissive

temperature beËrueen trro mutanËso r^ríth different defects, rvhich will

give aporeciable production of Ëhe mutant progeny. Cornplementation

may be either inËer- or inËracisLronic (Fincham, L966; Drake , Lg70>.

In inÈercistronic complernentaËÍon, t$to muËant,s defecËive in different

císËrons assist each otherrs multiplicaÈion by providing the gene pro-

duct |ackíng in the other; vrhile in ínËracisËronic complementation,

trùo muEants, mutated at different sites in the same cistron, helo the

replicaCion of each other by forming active hybrid aggregaËes of the

*-Although 
genes r.uhich are defined by means of cis-trans eomplementatíon

tests (Lei¡ís, L951) r^rere called cistrons by Ber.zet (f957), the vrord
cisÈron has since come into common use as a substítuÈe for gene. In
this Ëhesis, gene and cistron are used interchange-âbly. Furthermore,
a cistron i"s assumed to correspond one-Èo-one wíth a specific poly-
peptide.
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gene producËs of Ehe mutaÈed cLstron. trrlittman and I{iËtman-Liebol-d

(1966) shovred Ëhat, ín ËemperaËure-sensitive mutanËs of Ëobacco mosaic

viruses, Ëhe defective proËeín is produced in normal amounËs but can-

not assuÍìe or maintain a functional confíguraÈion at the non-pernissive

temperaËure. Ilybrid aggregates, however, may restore, aË least parEial-

ly, Èhe acEiviËy of the proËein.

InEer- and inËracist,ronic complemenËation nrighe be discriurin-

ated on a quantitative basis since inËercistronÍc complementation is

reported Èo give higher yíelds in nrixed infections than intracist,ronic

complemenEaËion (Fincham, 1966). Hor,rever, Bernstein et_ al. (f965)

shorved Ëhat the producLion of mutanË virus resulting from intercisËron-

ic complementat.ion may noE always be greater Ëhan that resuLËing from

intracistronic complementatíon. Thus inter- and inËracistronic comple*

mentation cannot be r¡nambigously distinguished by complernenË.aËion alone"

CompLementation tesE

ComplemenÈaÈion test,s were performed on cell monolayers pre-

pared by seeding each of a ntnnber of 60 x 15 mm peËri dishes (Falcon

Plastic) with 2.5 x L06 cells. The titre of each virus sËock was ob-

tained wlthin a shorË time before the experiment. On a number of

occasions the sËock r¡ras reassayed aÈ Ëhe time of infection and there

\^ras no significant difference in titre between the Ër¿o assays. For

mixed infections 2"5 x 107 PFU of each of Ëhe two mutanes ruas added
1

whii-e for Ëhe single infections 5 x l0' PFU r¿as added. For both mixed

and single infect,Íons, therefore, the Eotal- input. muJ-Ëiplicity was 20

PFU/cell-, This input mulËiplicity rvas chosen because íË r^ras found
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thaË wlth a totaL inpur multipliciËy of eirher 1.0 or 20 pFU/cell, the

complementation levels calculated as defíned in Ëhe follorving paragraph

!üere approximately Ëhe same (Table rv). The higher input multiplicity
rvas chosen to make sure thaË mixed infectl-on takes place in the cell.
After inoculaËíon the vfrus was allorved to adsorb f.or 25 mínutes at 3Bo

in a volume of 0.5 ml of PBS. Thirty-eighL degrees r+as chosen for the

temperature for adsorption Írrespective of subsequenÈ incubat,ion temp-

erature since no mutanË has been found in this laboraËory rrrhose ts de-

fect was in the adsorpÈion process. The infecËed monolayers trere then

washed with l0 rnl of, PBS, 5 nl of rnedíum was added, and the infected

dishes were incubated at 3Bo for 6.5 hours. The medium v¡as Ëhen re-

moved from each dísh and assayed on L cell monolayers at 30o.

The results of Ëhe cornplementation Ëest,s have been expressed

in this thesis in terms of a comÞl_ementaËion level (C.L.) whích is de-

fined as the raËio of the yield Ín the mixed infect,ion to the greater

of the two single infection yields usíng the same t,otal inpuË nul-tipli-

ciËy. This defínition differs somewhat from that adopÈed by other

workers (Burge and Pfefferkorn, L966; Cooper, L966; Dahlberg, 1968;

Eckhart , 1969; Flanand, L969) v¡ho defíned c"L. or compremenËaËion ín-

dex as the ratio of the yield in the mixed infecËion Ëo the sum of the

yields of the single infecËions, where Ëhe input, mulËiplicíty of Ëhe

single infecËions is half that of Èhe toËal mixed infection.

l,{e have chosen t,he above definition Lo avoid Ehe possibí1-íty

of false positive results because single infection yields at 3Bo (i.e.

'fleak") for several of our muÊanËs r¡as found t,o i.ncrease bv as much as
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TABLE IV

EFFECT OF rNpUT MULTIPLICITY (I.M.) ON
Já

COMPLE}.{ENTATION LEVBL (C. L.)

MUTANT
PAlRS

C.L. TIITH I.M.
OF 20 PFU/CELL

C.L. üIITH I.M.
OF IO PFU/CELL

Ës4 x Ls15

Ës4 x Ës18

Ës15 x Es17

ËsI7 x ts18

ts15 x tslS

ts16 x ts26

u"4

2.6

2.4

L.9

1.3

5r.5

0.6

2.6

1.5

1.8

L.9

50.0

* C.L. see Ëext on p. 37 fox definítion.



-Jt-

a factor of 5 rvhen Ëhe inpuË multiplícity r¡as Coubled (Table V). The

relaLíon of inpuE multiplícíËy to productíon of virus of Ëhree mutanËs

and HR after 6lá hours incubat.ion at 38o is also siror¿n in Fie. 1"

Values of complemenË,ation levels greaEer Ehån 1 were t.aken as

indícation of complementation. Based on the above criËerion, the mutanËs

Idere Eentat,ivelyclas-ified into groups such thaË muËants rsíthin a group

do not complement one another but do complement all muËanEs ín other

groups. MuËanÈs ithich show irregular complemenËaËion behaviour were

tentatively considered trnclassífíed. Ho\r'ever, iË was necessary t.o ask

whether t,he increased yield obtained in the mixed infections where C.L.

is greater than 1 is signifícantly different from the yiel"d of the sin-

gle Ínfection. To tesË the sÊaËístícal signíficance of the posítíve

complementaËion levels a representative from each Broup rn¡as chosen:ts16B

(Group I), ts29 (Group II) and ts4 (Group III). Complementation Ëesrs

were then repeaËed for all muEant pairs involving Ësl6B, ts29 or Ës4

using three replicat,e monolayers for both single and ¡nixed infections.

The resuJ"ts \,üere then analyzed by a Studentsr t ËesË i,sith a digital

computer and the significance of the difference of Ëhe C.L. from 1 was

deÊermined. The results of one experimenÈ are siven in Tabl-e VI"

Results

The results of Èhe complementation test,s of Ehe 25 ts muEanËs

are shor'¡n in Table VII" lfutants eslO and Lsl6B complement all other mu-

tanËs Ëested but do not, complement each other. These results lead Ëo

Ëhe i¡nambíguous separation of Ëhese Ër,ro mutants from the remainder t,o

form a síngLe complementaEion grouo, I. I{ixed infect,ions by other ts
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TABLE V

EFFECT 0F INPUT I"TLTIPLICITY (i.m.) ON THE LEAKINESS 0F

SOI'ÍE TEMPERATURE-SENSITI\¡E MUTANTS OF VSV

\¡IRUS YIELD AFTER 6% IIOURS INCUBATION
AT 3BO (PFU/ML)

MUTANT

i.M. IO PFU/CELL i.M. 20 PFU/CELL í.n. 20 PFU/CELL
í.rn. 1O PFU/CELL

ts4

tsB

ts 15

ts168

tsl 7

tsIS

ts20

ts29

4.4 x 10-5

1.0 x L05

/+.0 x 105

2.5 x 105

9"0 x 105

3.4 x 105

2,5 x 105

1.2 x 105

2"0 x 106

1.6 x 105

1"2 x 106

7"5 x 105

2.4 x L06

1.6 x 106

L2 x 106

1.7 x 105

1. ,6

5

J

a1

r"4
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108

Þ¡t

o
co(n
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H
H
C.'

tl)

H

107
ts4

106

105

104

100

INPUT I4IILTIPLICIIY

Fig. 1 Rel-aËíon of virus production Ëo dífferent,
inpuÈ multiplicit,ies (i.m, ) of a given
sËock of mutant or HR. CelLs infecËed
with different i.m, r,¡ere incubaÊed. at 38o
f.or 64 hours, Virus production rùâs assay-
ed at 30o.
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TABLE \II

DATA OF A CO}æLE}4ENTATION TEST AI{D CALCULATION OF T VALIJE

ASSAY OF VIRUS PRODUCTION
NUMBER OF PLAQUES COUNTED rNPLI DATA

AT VARIOUS DILUTIONS (VIRUS YIELD CALCULATLON

MurANr sAMpLE 1o-3 10-4 10-s iä'iåii":í 
oF c'L'

5.2

4.9

5.4

ts29 l- * 500 50, 55

2 - 500 44, 54

3 * 500 55, 53

tsl4 L L2, 18 l, 0

2 L5, t6 2,0
3 18, 10 1, 1

ts29xts 14 I - 5oo 40, 38 39 
39+46+69

z * 500 34, 58 46 5"2+4.9+5.4

=============]===============:=:::===]i:=i3==========!3========:=:9========

COì'ÍPIIIER PROGRAM:- (Cornputer Department for HealËh Sciences, Faculty of
Mejdicine, University of Manitoba)

ST13 (T[^IO-SA}{PLE T TEST I'IITII LOGARTTHMIC TRÁNSFORMATION OF INPIII DATA:
COMPLEMENTATION Ës14 x ts29 VS xs29)

SAIIPLE ONE SAMPLE Ti^lO

DATA. ".. DATA....

39 46 69 / s,2 4.9 5.41

TRAIISFORMATION 4 HAS BEEN IÍADE ON DATA (Tra¡rsfo¡mat,ion to loge)

SAMPLE ONE SAMPLE Ti^rO

N (Nunber of sampLes) = 3 3

l,fEAN = 3. 909 I"64L
VAR (Variance) = 0,086 0.002

SD (Standard deviation) = A"294 0.049

SDM (Standard deviaËion of rnean) = 0.170 0.028

DIFF (Ilypothetical difference to
be ËesËed) = 0.000

DF (Degree of freedom) = 4

T (CalculaËed T value) - 13.193

dcC.L. for definition see p" 37.
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TABLE VII

LEVELS FOR PAIRS OF TEI'{PERATURE-SEI{SITIVE MIJ'IAIÍTS OF VSV

COMPLEMENTATION

GROI]P

I IÏ rTT I]I{CLAS S IFIE D MUIANTS

MI.]'IANT

I ts 10

Ls 168 0. 710. 3

II ts 12

ts29

J.

97
ù-L

24 10 1.0r0.2

III

ts4
ts 1l
ts 14

ts 15

rs20

ts28

ts
150" s0"

¿&
t4 60

-q -L

880
&

9 L00
ùJ-

l, 1^
lJv

30 LZO

ú
¡ a ¡t¡J y.)
Jç*4LA

¿
0. B 15

\L

??
ru J-

tA t,
ù

0. 3 34.

n (+rl /.voJ¡V.T

0.910.5 0.3
0.410. 2. L ,,ì',.,,ìj

.t. ,t:.:tI frt,
l :::' :r'::ìl0.4. L.0t0-".,7..,:,

Q' 9 :.,'

g,? 
,. . O.Z

t, , .fo;,5t0.1 0.410.3

IINCLASSIFIED

MUTAT{TS

ts2
ts3
ts5
ts6

ts7
ts8
ts9

ts 17

ts 1B

ts 19

ts22

ts23

tsL4

ts25

ts26

ß

T6

4.6
J.

4

6

33

50

5

35
ú

ù
L,7

L.4

40

I

55

30
&

10

13
{-

22

10

3.4
&

I
L2

60
*

23

4.5

6

T2
ú

o

+
1.L 5

¿rL1 1.'
L LL

2 L.2!0,4
+

I. 5 2.5
ù

46
-L .r-

1t,t,
&

1.6 4

1.6 0.2r0.1
ù

ta
*??ô
.L

21,

1-. 3 0. 3r0.2
J.

56
"r1,1L.a !

ù
l, '¿.

J.

1t,Àt

t2
2

a

4
ù

11
*2.5 ,

2.6
J.

la.

ar,
ù

l-.6

2.4

L.0rÛ.3

4

L,'?tÛ¡ 4

2,3

2.7 0. 3 0.9

a.7 0.7 3

0. /T û.2 0.6

0.7 0.s 0.6

L.7 0.4

L.2 0. 7 1.3

1.6 1 1.9

1.5 I 1.9

a.7 0.4
0. 4 2.7
0.7 0.3 l_.9

.4.8 1.1
L,7 L.7
0.8 0.5

:i,,t _

1.9

L,4

1.4

0.6

0.5

0.7

7,4

0.4
2.8

0.6

1

3.5

0.8
0.3

I

L,2

4

0.8

0.6

0.6

0.8

0.8

0.7

0.2

0.9

0.3

1

0"2

L,7

l_

0.7

0.2

1.5

0. B

10

I
0"9

o"7

1 1.3

0.7

0.8
2

0"6

L,2

0.8
0.3

2

0.9

1.5

0"8

0.5

0"7
ù

2

0.7

0.7
)

1,1

L"4

1.8

0,7

1.4

0.6

0,7

o"z

0. B

ôo
1

7

0"7

0.7

L0

L.4

1.3

1.5

0.4

I.2
I
r.4

1"7

L.4

2

0. B

1" i
1

5

1.3

u.o

^)
J

2

') l,

tr.b

I"2
0.5

* p<o 05 l"evel- rt which complemen tatlon (differen ce fro¡r 1),is
lst atisticallv sienificant. 43



TAÊLE VII

COMPLEMENTATIOÌ\ LEVELS FOR PAIRS OF TEMPERATURE-SENSITIVE Mi.ruAi{TS OF VSV

TI trrÏ U{ CLASS IFIE D I'ÍINÆ{TS

:S 168 rs 12 ts29

1.0r0.2

0.5r0.4
0.910.5

0. 4r0.2
I
0.4

ts 1l

û.3

1

û;4

L.0tû.,7

üs 14 Ës 15

0.9

CI:z 0.2

.i, 0.,510. I 0. 410. 3

ts20 ts2 B ts2 ts3 Ës5 ts6 ts7 ts8 ts9 ts 17 rs 1B Es 19 Es22 ts2 3 Es24 ts25 ts26

7

10

50
¿

60

80

00

30

20

55

30

10

13
J.

t.)
&

10

3.4
J.

8

IZ

6A

23

4,5

6

1')

o

rlementatlon (difference from 1) is
Lficant "

0"9

1

7

0.7

0"7

10

1.5

0,8
0.5

o.7

2

0.7

0"7

2

r.1
11,

l-.8

0,7

1.4

0.6

o.7

0"2

0.8

L.4

1.3

1.5

0.4

I.2
1

L"4

L.7

L.4
2

0.8

1" 1

I

5

l-. 3

0.6

0.2

3

2

') l,

0"6

r.2

1

0,2

L,7

1

0" 7

0.2

1.5

0.8

r.9
I
0.9

0"7

I 1.3

0.7

0. B

z

0.6

r.2
0. B

0.3
2

0.9

0.5

0.7 5

I 0.1

ù
J y.5
**410

ú
0.8 15

ù
33

**2"6 2.2
ù

0. 3 3{i.

ú
1.1 5

.L

1 1.'

2 L.2!0.4
ù

1.5 2.5
.L

46
?b*11,t,¡. - -

&
1at,À. V +

1. 6 0.210. 1
.q

)a
LJ

J.

?en
^L?t,

1.3 0.3r0.2
J

56
'rt,1L.a I

&
/, '1.TJ

L4

1.'

1

?

T

t1
¿

J\

2.6
Ì, '1.

3.4
¿

1.6
*,Ã

1. 0r0. 3
+

I"2t0.4

??

2.7

0. 7'

0.4

t,7
1.7

1.2

1".6

L.5

0.7

0.4

0.7

4.8

t:7
0.8

0.9

3

0;6

0.6

1.3

L.g

1.9

0.4

¿c I

1.9

1.1

L,7

0.5

1"9

L.4

1.4

0.6

0.5

0,7
*

7.4

0.4
t9

0.6

1

3.5

0.8

0.3
I

0.5
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muËanÈs '¡it,h ÈslO and ts16B aË Ëhe non-permissive temperat,ure not only

gave high complemenËation levels but al-so Ëotal yields of l0 Eo 50|l

Ëhose of the ruii-d eype virus.

MuEant ts29 cornplemented all mutants tested except, EsL2, ts17,

ts23 and Ës25. Ts12 appeared to complement most of the other mutanÈs

trhich show complemenËation wíÈh ts29 except for a ferv pairrrise crosses.

Ts17, Ës23 and ts25 not only failed to complement ts29 but also fail-ed

to complement mosÈ of Èhe oËher muËants. Moreover, they seemed to com-

plemenË Ës12 and rvere therefore Eentatively excJ-uded fro¡n the same com-

plement,aËion group as Es12 and 8s29, whích have been assígned to group

IÏ.

Arnong the remaíning 21 mutants, 6 mutanÈs, ts4, tsll, ts14,

ts15, ts20 ærd Ës28 shor¡ed no compl-ementation among themselves but

complemented aLl members of groups I and II except for the painrise

crosses between ts12 a'rd ts14 and ts12 and ts28. These mutants have

been assigned to a third group, III"

Most of the crosses of the remaining 15 mutant,s faiLed to

show complemenÈaËion wÍth one another but shor,¡ed complementation with

at least one member of each of the Èhree complemenËation Broups I, II

and III. These muLanËs remain tentaËivelv unclassífied.

InterpretaËion of the complemenËatíon resul-Ès wili- be given

ln the DÍscussion.
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III" An qËEempt to Demonstrate Recombination between ts MuËanËs

of VSV

Having assigned some of the ts mut,ants of vsv inËo com:le-

mentation grouPs' ân attempt irlas made to demonsErate recombinaËion be-

trnreen mutants from each complemenËation group, hoping to deËermine

from the recombinaÊion frequencies the size and arrangement of these

genes in the VS viral senome.

In RNA animal vÍruses, genetic recombínation between Ès mu-

Èants has been demonsErated ruíth influenza viruses (Simpson and Hírst,
196s), poliovírus (cooper, 1968) and reowiruses (Fierds and Jokrik,

1969). Arnong Ëhese viruses recombinaEion by breakage and ret¡nion be-

tlteen tlùo genornes has only been demonsËraËed ¡viËh poliovirus (Coooer,

1968) " RecombínaËion Ín influenza viruses and reoviruses aDpears Ëo

take place by the reassort,ment of genetic fragment,s (shatkín , LgTr) "

Recombination has been lookecl for buË not for.¡nd ín Sindbis virus, Sem*

l-iki Forest virus and Newcastl-e disease virus (Fenner, 1970). pringle

(f970) reported recombinat.ion ín mixed infectíons betr,¡een Ës mutants

from different compl-ementatíon groups of vsv, but the genoËype of the

recombinants r,ras not tested.

In Ëhe search for recombinanÉs,carríed out, in thÍs l-aborago-

rY, it was found that no recombination could be dernnnstrated. There

trrrere, howevere sone plaques in the 3Bo assay plaLes which aË first
sight looked as íf Èhey couLd have been produced by recombinants.

further analysis showed Ëhat these pLaques contained progeny virus

both Ës parental types used for the mixed infect,ion instead of ts*

But

of



-46-

reconbinanËs. The plaques formed at 38o might Ëherefore be due to

the complementation effecÈ brought abouË by clumping of Ëhe vírus

parÈicles or by the format.ion of "het,eropolyoloids". A detailed re-

port, of our recombinaËion studies on ts mutanÊs of vsv has been pub-

lished (I.{ong eË ài-., 1971). A reÞrint of this reporÈ can be for¡nd ín

Ëhe appendix.
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IV" An Attempt. to Characterize Èhe GeneËic Defects of

the. Complementat,ion Groups

an aid in identifying the defect represented by each com-

group, Lhe following properties were Èest.ed:

AbilÍty of the mutants to synt,hesize virus-specific RNA

at the non-permissíve temÞerat,ure.

Time of ex-Þression of the ËemperaËure-sensit,ive defect.

Heat-labiliËy of the virion.

Virus-specific RNA synthesis índuced by the st,ructural

RNA oolymerase (Baltimore et al., 1"970) in vívo.

1.

r. vi

This exoeriment ruas performed in an attemDt to find out whether

the ËemperaËure-sensiEÍve defect of the mut.ant occurs before, durinÊ or

after wirus-specific RNA synÊhesís by examining Èhe ability of the ts

muËanE to incorporate rac-uridine at both the Ðermíssive and non-per-

missive temperature in infected cells t.reated with acËinomycin D.

Stampfer et al. (1969) and Schincariol and i{owatson (1970) showed that

cytoplasmic extracts prepared from uridíne labelled r.minfected cell

cultures in the presence of actinomycin D had no radioactiwity except

for a negliglble amount of slowly sedimenting 45 RNA rvhich \^ras presum-

ably due to terminal labelling of transfer-RNA (Frankl-ín, 1963) " Hor.+-

ever, in cyLoplasmic extracts prepared from VSV infecÈed cells Ín the

presence of actÍnomycin D, incor,ooration of radíoactive l-abel rvas ob-

servecl. This radioacÈive incorporaLíon r.vas demonstrated Ëo be due to

,

3.

4.
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synLhesis of virus-specific RNA.

HeÈhod

Cells r^rere treated wiËh actinomycin D (2 ¡¡g/nl) f.or 2 hours

before infecËion, as ruell as during and after infectíon. Cells r¿ere

Ëhen infect,ed, rvashed and incubated as described in Materials and Me-

1tLthods. --C-uridine was added 0.5 to 2 hours after infecËion and sam-

ples rvere removed periodicall-y for deËermination of t,he acid-insolubLe

activity as fo1lot¿s: AliquoËs of 1- mlreach containing approximaÈeJ-y

ì
3 x 10- cells.r.'ere removed from the L00-m1 bot,tles and diluted imme-

diaEely rit}r Z volumes of PBS aË 0o containing 100 ;¡g/ml of rurlabelle<l

uriiliue. Tire cells r,¡ere then cotrleired on a membrane fj-lter (Millipore

HAi^iP, pore size 0,45 1ù, washed once rvith cold PBS and treaËed twíce

lviËh 5 ml of Erichloro-acetic acid at 0o. The filter rvâs ...rashed witir

t^¡ater and rvith ethyl alcohol and placed ín a vial containing 10 m1 to-

luene-methanol-POPoP countins fluid. Each vial r.¡as then placed in a

liquid scintillation eounÈer and counted until at least 2,OOO cotrrrts

had: been accumulated. The counËs rüere then correcËed'by'subtracting

Èhe ,background cor¡nt obtained wíth a vial contaíning no radioacËiviËy.

Replicate samples from the same experímenE ÊÌave reproducibílity rtit,h a

sËandard deviation of. !L}%o and the activrity per cell rvas índepenclent

of the ntunber of cells in tire sample wiËhin the range used in these

e:,lperimenËs. Samples rvere also Ëaken from tíme t,o time for plaque as-

say and Lo det,ermine the cell number by means of a Coulter counËer.

Res ul-t.s

Uridine uptake data for the parenË HR strain are given in
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Fig. 2 (a). rn Ëhis experÍment, md in oËhers with HR where urídíne

uptake r,üas meâsured, the cumulative uridíne incorporation at 30o con-

t,inued to rise laËer Ëhan 6 hours afËer infect,ion, whíle aË 38o t,he

cumulative uridine uptalce reached a plateau at 4 to 6 hours after in-
fectíon. A comparison of RNA synthesis of HR at 30o and 38o ruitt¡ two

different, input multipliciries (10 and 100 pFU/cel1) on t,he basis of

the rat.e of uridíne incorporaÈion during a 2 hour period beginning at

half an hour after Ehe addítion of label, shorved tirat the rate of RNA

synthesis of HR at 3Bo !/as approximately equal to that at 30o (Fig. z

(a)). rn 10 separat,e experírnenrs \,/it.h HR the raLio of tire rates of

uridine upÈake had a mean value of 0.98 r'¡iËh a standard deviaÈion of

0 .25,

Tl-re uridine uptake patt.erns for representaLive mutant.s of

the three complementation groups, ts16B, xs29 and tsll are shown in

Fig. 2 (b-f). GrowËh curves obtained at 30o and 3Bo of chese mutanr,s

may be represent,ed by those shown in Fíg. 5, p.63, except thaË r¿it.h a

high input multiplicity (>100 PFU/celt) rhe eclipse period for rhe 30o

cultures v¡as shortened by % to t hour.

For Ës168 (Group I) the uridine uptake rvas investigated r_n-

der three different conditíons. rn Fig. 2 (b) and (c) uridine upÈake

was examined in cells infecEed rvíth the same inpuL mulËiplícity but

radioactive label was added at clífferent times aft,er ÍnfecËion. rn

Fig. 2 (d) the radioactive label was added aË Ëhe same time as ín

Fig. 2 (c) but the cell-s were infected q7íth an input multipilícity 16

times higher Ëhan that in Fig. 2 (c).
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Fig" 2 Incor-noration of l4c-rrtidine by cells infected rviËh HR (a), tsl6g
(¡-d), Ès29 (e) or ts11 (f) in Èhe presence of,acÈinomycin D (fínal-
concentratÍon 2 ¡¡g/ml). Time of addition of raC-urídine (final
concentration 0"03 rrCi/rnl) as índicated by arrotrls.
lfo4, 614 , Infected cells at. 30o and 38' respectívely;
¿-+" ¿r-.4 , Unínfected conÈrols at 30o and 38o respectively;
&'áo O--{ , HR infecËed cells ruith inouË^rnul-Ëiplicity (i.m")

= LOO PFU/celi- at 30o and 3Bt respecLively.
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In Fig. 2 (b) with an inpuË mulLiplicity of 50 PFU/cell ruhen

1abel r¡as added 2 hours afËer infection, the uridine upLake at 3Bo ¡vas

not significanLly higher Ehan in t,he uninfected, actinomycin D treaËed

control. Ilor,uever ín Fig. 2 (c) v¡hen uridine was added half an hour

afÊer infection, Ëhere rras some uridine uptake during the fÍrst hour

following addition of label in the 3Bo cultures when compared to thaË

of the uninfected conËrol , but. t.herewas no further inerease of incor-

poratÍ.on aÌËer Ehís early phase. i{ith an inpuË rnulËipliciLy of 800

PFU/cetl, Fíg. 2 (d), urídine uptake contínued for abouË 2 hours after

addition of lal¡el-. The amount of uridine incorporaÈed ruas also greater

Lhan in Fig" 2 (c) 
"

The uridine uptake paËÈern of Ls29 (Group II) as shov¡n in

Fig. 2 (e) \"ras very símilar to Ehat of HR. The amount of uridine up-

take aË 38o r,ras comparable to that of che 30o culËure. There is no evi-

dence of apparent cessaLion of RNA synthesis after 4 hours incubation

at 3Bo noted r¿ith HR"

In ühe case of tsll (Group III), uríd.ine upË,ake in the 38o

culture vas noL significantJ-y higher than in the uninfecEed conLrol

even though the -label was added relatively early and a high ínpuË mul-

È.iolÍcity r¿as used" Uridine upEake ât 30o was founci to be comparable

to that of HR,

The uridine uptake pattern Lras also examined for other mem-

bers of the three complementation groups. OLher members of groups II

and IÏI shor¿ed urídine uptake patt,ern similar to t,iraL of the represen-

ËaËive mutanË of each group. In Lhe case of fs10, the oËher mut.ant. of
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group I, using hígh input multipliciËyo uridine

at least 4 hours at 38o ínstead of levelling off

addition of label.

uptake cont.ínued for

aË, 2 hours aft.er t.he

Tn order to provide an index for comparíng the uridine irr-

corporation of Ëhe ts mutant,s at Èhe non-permissive temperature with

one anoÈher the folloroing measure,referred Ëo as index of, relaËi.r. 14a-

uridine incor.ooration (Z) ,was used. This index was defined as the ra-

tio of Ëhe relative urídine upÈake of the muÈanË at 38o compared to

30o aivi¿ed by t,he rel-ative uridine uptake for HR, Ehe ratio being ex-

pressed as a percentage. The relative uridi-ne uptake is defined for

mutant (or for HR) as the neË uridine incorporaËion during a 2 hour

period beginning half an hour after addition of l4c-uridine to mutant

(or I{R) infected cells at 3Bo divíded by Ëhe incorporation at, 30o ou-

ring the sarne period.

The values of Ëhe inclex of relati.ru l4c-.rtidíne incorporat-

ion for each mutant assigned to complementaËion groups I' II and 1ÏI

are l-isted in the riqht. hand coh:mn of Table \rIII. For each mutant.

the time of additÍon of label and Ëhe inpuË multinlicitv are also list-

ed in Ehis table.

The follorvíng conclusions may be drawn from the values of

Ëhe index of relati.r" l4C-,rridine incoû¡oratíon for each mutant:

i) For group I mutants, r,rhen label rvas added at. 2 hours afLer

infection, no RNA synËhesís at 38o r¿as observed. Horuever v¡hen label

r.ras added half an hour after infection a small amount of RNA synLhesís

was observed in the 3Bo culture when comlrared to thaË of the RNÀ
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TABLE VIII

INDEX or RELATTv, l4c-unrDrNE 
rNCoRpoRATroN oF MUTAlrrs oF

COMPLEIÆNTATION GROUPS I, II AND TTI

COMPLEMENTATÏON
GROi]P

INPUT
ÞIULTIPLICÏTY

TIME AFTER TNFECT.tuc-uRr¡rNp 
ADDED

(HRs)

INDEX OF

] ¿RELATIVE-.C_IIRIDINE

UPTAKE (Z)

I"fIJ'IANT

ts 10

Ës 168

100

1000

20

4)

75

50

800

I
1

2

2

2

0.5

0.75

10

20

0

0

0

5

L2

1

1

I
1

II

ts 12

ts29

20

50

20

700

40

50

50

60

TII

ts4

ts 11

ts 14

ts 15

ts20

Ès2 B

20

50

30

250

700

2 800

25

70

300

30

30

100

3000

0. 75

I
1

1

0.7s

1

I
1

0.5

1

l_

0. 75

0.5

0

0

0

0

0

0

0

0

0

0

0

0

0

* See Ëexr on p. 52 for definiËion"
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synLhesized at 30o. The amourt of Rl,{A slmt.hesized at 3Bo appeared Eo

The laclc of

of virus par-

not have

depend on but is noË proporEional Eo ínput nultiplicity.

lineariËy uright be due to the possibility thaÈ Ëhe nurnber

Ëicles which Þenetrate into the ce11 during adsorpLion may

been proportÍonaI to Ëhe input multiplicity of infection.

ii) The values of the index for group II muËanËs suggests

that there ís a partial defect in RNA synËhesis at 38o. Hov¡ever it is

noËed Èhat for both Ës12 and ts29, Rr\A synthesis aË 30o is excessívely

high. This high incorporâËion may be responsible for the lov¡ value of

Ëhe index" The amormt of RNA synthesis at 38o relative Eo IIR aDpears

Eo be normal.

iii) For tsll, tsL4, ts20 and Es28 Ehere ís no e'ridence of

RNA synËhesís even though high input multiplicities were used and

label r¿as added earlf in the gror,rth cycle. In the case of ts4 and tsl5,

only low inpuÈ multipl-icities rvere used since it was found that Èhese

muËants \,rere 'rleâky" wiÈh high input multiplicities. Since infect,ious

particles were produced r¡nder such conditions of high inpuÉ multípl-ici-

ties (>L00 PFU/cei-t) at 38o, one could expect that some RNA r¡ould be

synthesized. This '¡as in fact for:nd t,o be Ëhe case and was attributed

Ëo "leakíness" of the ts function, relaËed Ëo RNA synt,hesis, observed

ar 3Bo.

In summary, the resulLs of Ëhe virus-specífic Ri\A synthesis

experiments suggesË thaË the group I mutants are able to synthesize

some Riri,A at 38o during the earlv phase of growth but the amor¡tË of Rr\A

synËhesized is considerably less Ëhan thaË at 30o. This observaËíon
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indicates that Ehe muËants mav be defecË,ive i.n some frxrction involved

in RÌ{A synthesis. The group II muËanËs are able to synËhesize RNA at

38o and in an amount comparable to thaË of iIR at 3Bo, Ëhus índicating

that the defect of Èhe grÒup II mutants is not in RhlA synthesis, but

perhaps in some process involved Ín virion assenbly Òr maturaËion.

The group III mutants failed to synthesize,RNA âË Ehe non-permissíve

ËemperaËure suggesting that they are defective in a ftmct,íon which oc-

curs before or durine RNA svnthesis.

Z. Tíme._g! exÐression of temperaÈure-sensitive funct.Íon

VÍrus product,Í-on followíng tenperature shift frorn 30o to 38o

aË varíous tímes ruas invesËígated for each muËanL of the three compJ-e-

menËat.ion groups in order to find out durirrg whícir parË of the repli-

caËive eycle the temperature-sensítive sËep of the muta¡rt is expressed.

Method

A temperature-shift experiment \^ras carried out as follows:

A number of cell sr¡*spensíon culËures Tlrere infecEed wíËh vÍruç at an

input rnultiplieity of 20 PFU1cell as descríbed ín Materials and Metshods"

These culËures were íniËíally incubaËed aË 30o. AË varíous time inÈer-

va1s, for example, 0 hour (thaË is, at Èhe begínning of the experlmenÊ),

2 hours, 4 hours and so on, one culLure r^ras Ëransferred from the 30o

to the 3Bo bath. At each time of shi-ft a sample was taken from Ëhe cul-

ture for plaque assay of the qrowth curve ruhich is indicated by closed

circles in Fig. 3, At. I hours after infection all- the cultures l¡ere

assayed. The open circles and- the doËted lines in Fig. 3 indicate
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Fis" 3 Vírus producÈion of ts mutants in L cel-ls after transfer
from ¡ôo to 38o at differenË times after infectíon.
(f---& , GrowËh curves aË 30o;
6l---€ , Virus production at 3Bo follolving "shift-up"

at Ëhe times indicaÈed bv the solid circles.
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8-hour virus titre after different initial incubatíon Ëímes at 3Oo, Ðd

Ëhe time of incubation of Ëhe cultures at 3Bo respectively. In these

Ëemperâture-shift experiments one would expect no more than a very low

yield of virus (L7" of. 30o 8-hour titre) ff the cuLture was kepË at 38o

for the t.otal I hours. On the other hando if the culture r.¡as lefË for

the total Ëlrne of B hours at 30o v¡iËh no Ëine aE 38o, one ivould expecc

a normal producËion of virus. The virus producËion obtained frorn the

remaining cultures woul-d depend on the tíme at rvhích t.he defect r,ras

expressed by each of the mutârËs Ë,esÈed. If the defect,ive furction of

â mutant tÀ/as expressecl early ín the growth cycle, for example, before

2 hours, Ëhen a shift from the permissive (30o) to the non-oermissive

temperature (38o) after 2 hours ruould no longer inhibit growth at 38o

because the defect had already been overcome by putting tl-re culture at

30o for 2 hours. Therefore one rvould expect, a near normal yield for

the 8-hour assay after an initial 2 hours at 30o. If the defective

function of the mutant r^/as ex_pressed later than 4 hours in the gro\rth

cycle, a shift to 3Bo at 4 hours would inhibit Ëhe growth of the mutant

and one would expect a lol titre after a further 4 hours incubatíon at 3Bo.

Res u1Ës

Fig" 3 shor¿s the resulEs of the temperâture shift-up experimenEs

performed on representative mutanËs of the three complement,atíon groups:

tsl6B (group I) , ts29 (group II) and ts4 and tsll (group III). The

temperature shift-up for each mutanL \rras repeaÈed at leasË once and

these results confirrned.

i^lith ts16B, a group I mutant (Fig. 3 (a)), the 8-hour assays
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shot^¡ed Ehat some virus rnultíplication had occurred during incubation at

the non-pennissíve temperature buË that the amount of mul-tiplicat.ion

was dependent on Èhe length of the initíal incubation period at the

permissíve temperature (30o). I^lith a 2 hour inítial incubatLon at 30o

and subsequent incubation aÈ 3Bo for 6 hours about 57" of the vÍrus

production of the 30o B-hour cul-Eure was obtained. Nevertheless it.

required about 4 hours initial incubaËion at 30o for the virus yield

of the 8-hour assay to reach 5O% tlnat. of Èhe B-irour culÊure incubated

throughout at 30o. Sirnilar results lvere obtained for ts10 the other

mutänr of group r. These observaÈ,ions suggest that Ëhe ÈemperaËure-

sensiüíve defect is exÞressed for at. least 4 hours from Ëhe beginning

of the growth eycle. rt apÞears Èhat the producËs made during the

initiai- permissive period r¿ere used later for the production of some

rrirus particles under non-permissive condiËions.

I,Jith ts29, a mutant of group II (Fig. 3 (b)), the production

of progeny virus ceased rvhenever t.he infecÈed cel1s rüere Eransferred to

3Bo even after 6 hours iniËial incubation at 30o. This suggests t,hat

the Ëemperature-sensit.ive defecÈ occurs late in the groruËh cycle.

&nong the group III mutants, ts4 ínfecËed cultures maintaíned

at 30o for half an hour then t,ransferred to 38o for the remainder of

t.he 8-hour incubation period showed significant increase in production

of virus over the culture incubated at 3Bo throughout (Fig. 3 (c)).

I'IiËh 2 hours lnitial incubation ac 30o and subsequent íncubatíon at 38o

for 6 hours virus production rd¿rs about 502 that of the culture kept at

30o throughout the B-hour incubat,ion period. rn the case of tsl-l
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(Fig' 3 (d)) ehere Ìr7as no increase ín wiral yíeld in the g-hour assay

when the culËures were shifLed to 3go after a period of up Ëo 2 hours

åt 30o' BuË viral production âs measured by the B-hour assay increased.

considerably ruhen Ëhe shifË to 38o occurred after an initial 3 hour in-
cubation at 30o, and rviËh an inítial 4 hour incubatíon at 30o the B-

hour assay shor,¡ed a virus yield nearly 5oT" tha1- of Ëhe culËure liept at

30o for the entire B-hour incubaEion period. For the resË of the mu-

tants of group III the period of ÍncubaËion aL 30o reguired to enabLe

virus yield to reach 502 that of the culture kepÈ, aÉ 30o ËhroughouË the

B-hour i-ncubation period varied from 2 to 4 hours. rt aopears from

Ëhese observaËions that r¡iÈh the group rrr muËanEs, alËhough Ëhe Eemp-

erature-sensitíve defect seems to be overcome at differenE time period.s

varying from half to four hours afËer infectíon. once Ëhe defect begíns

to be overcome an addi'ional period of about r.5 hours at the permissive

temperature is suffícient to bring Ëhe virus yield to 50.Á that of Ëhe

8-hour 30o culture.

The fact that Ëhe temperature-sensitive defect of Èhe group

rII muËants aPpears to be overcome at various times afËer infection sug-

gestsËhat Ëhey may not share t,he same defect. Ho¡¡ever, shíft,*uo experí-
Inents only determine the time ruhen the defect of a gíven mutanE is over-

come buË not the Lime when the defect begins to be expressed during the

grorvth cycle c¡f Èhe mut.ânt. In order t.o test t,he Eime of onset of the

Ëemperature-sensitive defect(s) of the group III rnutants, temperaËure

"shift-dor,¡n" experimenÈs were perforrned for mutants ts4, tsll amd ts14"

IÊ was argued that if a mutant has a üeTnperaËure-sensitive defecË in a
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functíon required shorË,ly after infection, a period of incubat.íon at

38Ù longer t.han Ëhe length of the time required for the expression of

the defect, vrould deray subsequent growth at 30o for a period of time

corresPonding Ëo Ëhe difference betrveen Ëhe length of time of íncubaË-

ion at the non-permissíve t,emperaÈure and Èhe length of the growÈh

cycle up Èc, t,he time of e6rression of the defect..

Temperature "shift-do\ùn" experimenËs v¡ere earried out by

iniËi411]¡ incubaËíng the culËures at 38o for 2 hours, then transferr-

ing them to 30o for the remaining B-hour incubation period.

GrowËh curves of ts4 and ts11 f<lllorvíng temperature "shift-
down" to 30o after 2 hours at 38o, shor.rn in Fig. 4, (result of Ës14

Ís not shov¡n because iÈ is essentíaIly similar to thaË of ts4 and ts11)

indicate that for the group rrr rnuÈant,s test,ed, viral gror,rth was de-

layed abouË 2 hours Ëhus indicating Ëhat, the defecË begins to be ex-

pressed very shortly after infecLion.

From Èhe resuLts of the temperature-shifË experiments it âp-

pears that the defecÈ(s) of the group III mutants is expressed shortly

after infection but the defect(s) ís overcome at varíous times during

the growt,h cycle. There are tr{o possible ex.olanations for the above

observations. FirsÈly, these mutants share Ëhe same defect. i{owever

Ëhe degree of seriousness of the defect is different among them so thaÈ

iË is overcome at dífferenË tfmes during Ëhe growÈh cycle. AlternaËive-

1y, some of these muEants e"g. tsll and tsl4 besides sharíng the same

defect as Ës4 may also be defect,ive in some other fr¡nct,ion whích is

overcome later (abouË 4 hours af.ter infection) in the gror+Eh cycle"
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Another apÐroach in finding ouE tire nat.ure of Ehe defects of
Éhe mutants v¡as by ínvestigating t.he effecÈ of uemperature-srrifË on

virus-specífic RNA synËhesis.

In this experiment, hosE celt RirlA synthesís r\7as suppressed

b¡z adding actinomycin D as described for t.he exoeriments on wirus-speci-
fic RNA synthesís. For each mutant tested, 3 out of 6 cell- su_spension

cultures were infected wíËh the same inpuË mulLiplicity of virus as

described in l!{aterials and }{eËhods rvhile Ëhe other 3 cell suspension

culËures were r¡ninfected cont,rols. one infected and one control cul-
Ëure r'rere placed in Ëhe 3go bath whire the resË v¡ere rcept at 3oo.
1/,'-c-uridifl€ r¡râs added Eo every culture L Eo 2 hours aft,er infectÍon.
An infected and a control culture v¡ere transferred from t,he 30o bath

to the 38o bath aE 2 houts afËer ínfecËion. AË various time inËervals,
samples \rrere removed from each culture for assay of virus yield and

1t,
rate of "*C-uricline incorporaËion. The latter rüas measured as described

for experímenËs on virus-speeific RNA synthesis.

The resulËs of Èhis experiment are shown in Fig. 5 (a-d) and

demonstrate the effect of temperature-shíft on virus-specific RNA syn_

thesis for muranÈs ts16B (FÍg. 5 (a)), ts29 (Fie. 5 (b)), rs4 (FÍg" 5

(c)) and tsll (Fig. 5 (cl)). The refr hand panel (Fig. 5.,) shorss Ëhe
1t,'-C-uridíne incor-ooration at various times by the ínfected an¿ the un-

infected conËrol cultures at 30o and 3go as well as the growth curves

for the muËants at these Ëwo ËernperaËures" The right hand oanel (Fíg.
1t,5r) shows the *-c-urid.ine incorporatíon by the infect,ed ând unínfected

conËro1 cultures incubated initially f.or 2 hours at 30o then at 3go as
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Fig. 5 14C-,rrídíne incoflroratíon and virus replicatíon of-selected Ës
mutanÈs at 30o, 3-8o and after shift from 30o to 38o.
Uridíne íneorporation in ínfected cells:
A-A at 30o,H aE 38o,H afËer shifË from 30o to 38o;
Uridine incorporation in rnlinfecterl controLs :

at 30o,O-O at 3Bo, o€ after shift fron 30o to 38o;
GroruËh curves of ts mutant.s:
A---Aat 30o,O- - -O aÈ 38o,[]---E afrer shifÈ from 30o to 38o.
Arror¿s indícaËe time of addíËion of label and, in the right hand
panels, time of Ëemperature-shift as rvç!l.
Actinornycin D concenËration, 2 ¡4/mL; l4c-uridine, 0.03 ¡rCi/ml.
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vrell as the growËh curves of the mutants r¡nder Ëhe same condi.Ëions.

In Fig. 5 (a), the results indieaËe thaË with ËsI6B? a group
1ttr mut,ant, "*c-urÍ.d.ine incorporation at 38o, uith label added 2 hours

after infectione ¡'ras uraffected by the temperaEure prevaí1ing duríng

the previous 2 lrours. There is, however, a conÈinuation of production

of virus as seen in Fig, 5 (ar),.suggestíng thaË the RNA made prior to

t.emperature shift rvas u.sed in the productíon of virus that occurred

after shifÈ. The time of shift for group I mutants r,ras chosen at Z

hours after ínfecÈion in order to a'¿oid measuring Pu\A synthesized at

3Bo cturing the early phase of the gro$it,h cycle as shorvn ín Fig. 2 (c),

p. 50.

i'liEh the group II mutanEs, represented by ts29 (Fig. 5 (b)),

a large amor-rrt of Rr\A is synthesized after shift from 30o to 3Bo but

there is no virus multíplication. These findings are consisËenË ruit,h

the late expression of the temperature-sensitive defect and the abíi-i-

ty of the group II muËanËs Ëo synËhesize RNA aË Ehe non-permissive

temperature. IÈ seems therefore thaË Ëhe grouD II mut,anÉs may be de-

fectíve ín a process not involving viral fu\A synthesis, but in some

process in vírion assembly or maturatíon.

Among the group III mutanËs, variations in uridine uptake

patterns were observed. These varíatíonsr as shown by ts4 and tsll,

are consisEent wíth the results obtained from the t.empera.ture shift-rrp

experiments memtioned above. rn Ès4 (Fig. 5 (c)) the rate of uridine

upËake increases with t,ime foIlor..ring a shífE Ëo 38o after a 2 hour in-

cubaËíon at 30o and is nearl./ as great as thaE of the corresponding
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culture kept ar 30o. As for rsll (Fig. 5 (d)), althouqh uridine up-

take conËínues for severar hours afËer shifE ro 3Bo follorsíne a 2 hour

iniEial íncubatíon at 30o, the rate of uridíne uptake afËer shífË was

considerably belor'r the uptake in the corresponding culture kept at 30o.

Although there are varÍations in the patËern of uridine uo-

take afËer shift âmong the group rrr muËants. some RNA appears to be

synthesized at the non-permissive temperature follorving a period ulder
permÍssive condiËÍons. These observations also indicaÈe thaË with a

2 hour period tnder nermissive conditions, Ëhe Ëemperature-sensit,ive

defect is almost compJ-etely overcome in the case of ts4 and is at leasË

parLially overcome in the case of tstI. These observaËions are consis*

tenË t^¡iËh the resul-ts of Ëhe virus-specific RNA synËhesis experiment

and the temperature-shíft experiments. Taken togeÊher the resulËs of
these two Ëypes of exÞeriments indicate that Lhe defecË of the gËoup

rrÏ mutants is in a furction which occurs before or d.urÍng virus-speci-
fic RNA synÈhesís and that this defect is expressed for sometirne after
infectíon.

S" Ue*fa¡lfitv pf rhe vi

In an attempt to distinguish between defects in víraL compo*

nenËs and those defect.s in the viral non-structural proteins induced

Ín the infecEed ce1L, a study was made of the rate of heat inacEivat.íon

of the various virus sËocks" A stock of the virus Lo be tested was

suspended in 5 mL of culture medium at a concentratíon of about, 1 x 108

PFU/ml and v¡as placed in a 43o bath and periodically assayecl at 30o
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for surrrivors. The inactívaËion kinet.ics

r,¡ere for¡nd to be approximaËely eqDonential

r+ere fitced wiËh an expression of Ëhe form

survíwing fraction afËer a Èíme t and K is

sËant.

of HR and of all Èhe mutarits

for at least 3 hours and

_S_ exp(-Kt) where S is the

an inactivation raËe con-

The heat-lability tesË r¡¡ã.s repeated at, least once for most

mutants and the results were similar. The Ínactivatíon råËe constant

obtained for each mutant is shown in Table IX and t,he survival curves,

afrer heating at 43o, are shovm in Fig. 6 for HR and rerrresentat.ive

mut.ants "

The resulËs show that the group I mutant.s åre not differenË

ín heat-labllity from HR while murants of group rrr apeear to be signi-

ficantly more heat-labile than HR. since the group rr mut,ants, ts12

a-nd ts29 u could synt,hesize RNA at the non-permissive temperat,ure and

are defective in a late function Ëhey might have been expected to be

defective ín a structural proteín. Hor¡ever, Êhere Ís no evidence of

heat-lability significantly greater than HR in these trüo mutants.

The heat-labílítv of Ës* revert.ânt.s obtained from t.s4 and

tsll, which had rega.ined Ëheír abitity to repi-icaËe at 38o, was also

invesËigated to find out whether the increa-sed thermolability of Ëhe

muËanËs r,¡as due to the same defecE as thaË responsible for the ts be-

haviour of Ehe mutürË. To shoru this, it is necessary Èo demonstrate

that the mutation responsible for the increase in heat-lability is in

the same gene as that responsible for the Es defecË. This can be shown

wiËh reasonable certainËy íf ts+ revertants have al.so revert.ed Ëo t.he
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TABLE ÏX

INASIIVATION CONSTAT{TS (K) OF MUTA}üTS OF

C0MPLEMENTATION GROUPS I, Ir & III

COMPLEMENTATION

GROIJP
MU"IANT

NI}ÍBER OF

EXPERTMENTS
K (H0UR-1)

1BIIR 0,72 ! 0.02

ts l0
ts 168

1

o

0.8
0.75 ! O.O2

II ts 12

ts29

1.0

1.0

III

ts4
tsll
ts 14

ts 15

ts20

Ës2 8

L0

4

3

2

4

I

z.L ! 0"07

1.6 t 0.08

1"5 r 0.4
1.2 r 0.L
2.0 ! 0.2

2"2

ts4 revertanË

reverËant,

ts11 revertant
revertâlrt.

I
2

L

2

2

2

1

I

0.8 t 0.15

0"65 ! 0.05

0.7
0"7

* DaEa fiËted by S = exp (-Kt) where S is the
surviwing fraction afËer a tÍme t and K is an
ínactivation rat.e eonstant.
Confidence limits are sEandard errors of the
mean.
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Trlm oF rNcuBATroN AT 43o (ÏTOURS)

Fig. 6 Surviving fraction of HR sËrain and t,s muËants
of VSV at 43". Virus stock T/¡as susDended in
rnedium and íncubated aÈ 43o, At tiàes indicat,-
ed, 0.1 ml of the virus susÞension v¡as díl-uted
ruíËh cold PBS and assayed "i 

gOo.

@--@ HP., H ts16B,
H Ës4, V-{ tsl1.
The bars indicate 95% canf.idence limits.
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same degree of heat-lability as the ruild type oarent (iIR), as it ís

r.rrlikely that two such independent changes could occur together by

chance. IË should be stressed, hor+ever, that an absenca of such co-

reversion need noË indicate that. t,he oriqinal defects are in differenË

genes.

Results of the investigation on the heat-labil.iEy of tr¿o ts*

revertanÈs of each of the mutanLs ts4 and ts1l indícate Ëhat t,he heaË-

lability of Ëhese revertants is similar Lo Ëhat of ItR (Table IX). It

thus appeârs thaË the defect in Ës4 and tsll ruhích prevents its replí-

caLion at 3Bo is due to âo altered sLrucËural protein.

4. -Virus-speqific RNA s induced bv the strucËural fu\A polymerase

of the virion

Another approach for ínvestigaËing Ëhe Ëemperature-sensitive

defecË of the mutants \4las suggested by the heaË-lability of Ëhe Elroup

TII mutants, together with the fact thaË they appear to have a Eempera*

ture-sensitive defecË r¿hich is expressed early in Ehe growth cycla and

is ínvolved ruith R}IA synthesis. IE seems possible tbat. these muLants

may be defecÈive in Lhe strucËural Rl,lA polymerase reported by BalËimore

ç_Ë -aL" (1970) .

In order to test for strucËural polymerase actíviËy, selected

mutants of groups I, II and III as well as HR \^Iere tesËed as to wheËher

these muË,ants could synthesize Ri{A in celLs in which puromycin had been

added to inhibiÈ the formatíon of new polymerase.

InvesËigaËion of uridine incorporation ín cells infected with
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different inputmultiplieities of HR (Fie. 7) (details of merhod to be

described on page 73) shorus that there ís considerable purourycin-re-

sistant íncorporatíon (thaf is, íncorporat.ion i'¡hen puromycin has been

present throughouË infection) in ínfecLed cells at both 30o and 3Bo

rvhich suggests that Rt\A is being synthesized in the absence of protein

synthesis. Furthennore, aE both temperatures, in Èhe presence of puro-

mycin. there Ís increased rate of uridine incorporation wiLh increase

in input multíplicity of virus. Since it has been demonstraËed by r-n

_vivg. experiments Ëhat the sËruct.ural polymerase acts on Ehe víral RNA

tsemplat,e to synLhesize complemenËary RNA (Marcus g! gl., tg71), these

resulÈs suggest Lhat the RNA synthesized in the presence of puromycin

is due to the activíLy of the strucEural polymerase of the ínfect.ing

virus parEicles. However, the raEe of uridine incorporatÍon in the

absence of puromycín is much greater than in Íts presence ruhích further

suggests tirat, a portion of the RNA synLhesized during a growÈh cycle

requires prior protein synËhesis.

The questíon arises whether t.he uridine incorporation observed

in experiments using verv high inpuË multiplicities rer-)resent,s abnormal

RNA synthesis associaËed v¡ith the production of T particles (Stampfer et

â1., 1969). IE has recently been shovm hor,¡ever (Starnpfer eË aL" , L97L) ,

ËhaË a high multiplíciËy Þassage from a clonally purified VSV sËock does

not give rise Ëo a large amot¡nt of T particles nor to an alEered spec-

trum of RNA species, The sLocks of HR used in t,he experiments reported

here were derived from isolated plaques and conËained only a small per-

cenËage of T oarticles (<57"). Even at inpuL multípliciËies of 3,000
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Fig" 7 Incorporation of l4c-.rtídine (a,b) and r¡:lrus grorvtir curves (c,d) in
L cells infected rqith HR wiËh two different ínpuÈ multiplicities.
lfedium containinC 2 ,tg/nI actínomycin D:
f-O 500 PFU/cell,À--A 1500 PFU/cel]-, F---X trninfected conrrol
Medium conËaining 2 )rg/nù actinomycin D and 60 ¡g/nl puromycin:
H 500 PFU/cell,Ár---å 1500 pFu/cell, þ¡L-.M unínfecr,ed conrrol
Arrov¡s indicate time of addition of tabel"
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PFU/ce11 an 8-hour incubaËion gave rrirus productíon of 100-1,000pFU/

cell wíth no increase in Ehe f:ercentage of T particles. Thus it ap_

pears that the pâËterns of uridine incorporation observed at high in*
nut multiplicities probably reflect RNA synthetic processes invol-ved

ín rriral replication.

Method

The RNA polymerase acË,iviËy of HR and ts mutants \üere tested

as follows: Cel-Is lüere preEreated for 2 hours before infection ruíth 2

Fg/ml of actinomycín D. InfecËion of the cel1s ¡uíth t,s mut,ants r¡/as us-

ually aL hígh ínouË rnultiplícity, the varue of r.¡hich is noted in Fig.

B" Apnroximately the same inpuË mulEiplícíEy of HR as Ëhac of the mu_

tant tested ruas used ín each experíment. l.Ihere cells r,rere ínfect,ed

in the presence of puromycín, Þuromycin ruas added âË a concentration
. ,b lt,of 60 FC/nI at the beeinning of infecrion whí1e '+C-uridine was add-

ed Ëo a final specific activity of 0.02-0"05 ¡rci/ml at rhe rj.mes indi-
cated in Fig' B. Experimenls I^7ere carried ouË in suspension cuLËures

using the meËhods preuiously descríbed in Mat.erials and Methocls, Ðd

the methods used in determining Ëhe amount of. 14c-uridÍne íncorporated

into the acíd-insoluble fracËion are as described for experiments on

virus-specific Rr\A synthesis .

JÁ

It r'¡as for:nd thaÈ in infected cells rvith low eoncentraËions of puro-
m)'cin Ëhe rate of uridine upt.alte decreased r+iLh increased concentra-
tion of ouromycin, buE no further decrease in the rate of urídine up*
take ruas observed by increasine the puromycin concentration from 50
to 100 FE./IL. I,iíth these purom]'cin concenÈraËions no virus producË-
íon r+as observed in ehe B-hour assays" Although cyclohexímide is
frequenÈly used for the suppressíon of protein synthesis, it vras found
that in our exDeriments ruiËh VSV, purom¡lein at concentrations of. 6O pC/
ml gave the same reduction of uridine upËake as concentrations of 300
Fg/nl of cyclohexirníde,
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Fíg. 8 rncorporaËion of l4c-uridine in infecËed L cells at 30o and 38o for
selected mutants. The íncorporation of uridine for HR infected cells
rvas also determÍned rnder the same conditions used for each mutant"
lliedíurn containing 2 Fg/nL actinomycin D:
O-O HR, &-Â Ës mutant, )þ--X uninfected control.
Medium containinB 2 pg/nI actinomycin D and 60 ¡rg/*t puromycín:
H IIR, H ts muËant, M.--*d uninfected conËrol.1l!-'C-uridine added aË times indicated by arrorvs (final concenÊraLion,
0.03 pcilml).
Input rnultiplicities used \Â7ere :

Ës10: 2000 (HR:2500) PFU/ce1-1,
ts29: 1000 (IlR;700) PTU/cell,

Ès168: 800 (HR:400) PFU/ce11,
Es11: 2000 (HR;2800) PFU/ce11"

bl rst6B
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Fig" 8 Continued

TIME AETER INFECTION (HOURS)

0

2.5

Legend on Fig. B, p. 74 applies.
on d3, the culture r+as íncubated
rranãferred to 3Bo,

For the experÍmenË indicated
at 30o for b.8 hours ancl then
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Results

For Ehe group r mutanLs (ts10 and ts16B) aÈ 30o, uridine up-

Èake in the presence of puromycín is considerably less than in its ab-

sence (Fig. I (a-b)). ÄË 3Bo (Fig. 8 (ar-br)), rhe amounr of uridine

uptake in ts10 or ts168 infected cel1s is very similar ín the presence

or absence of puromycin duríng the firsE 2 hours afËer i.nfection, and

in amounËs cornparable with that incorÞorated by HR in the presence of

puromycin iuith about the same ínpuc rnultiFlíciËy of virus. These re-

sults inclicate t.hat the group I muËant,s are not defectíve in the struc-

tural polymerase but are defective in RitIÂ synthesis r+hich requires pro-

Eein synËhesis.

For ts29' a group II mutant, resulLs similar Eo those observ-

ed for FIRv¡ere obtaíned (Fíg. B (c)). Ar boÈh 30o and 3go, there is

considerably greater uridine uptake in cells infected v¡it.h t,s29 in the

absence of purornycin than in cells where puromycin has been added.

These observations are consistent r,¡ÍËh the nrevious suggesËion t,hat the

group' rr mutants âre not defecEive in RNA synthesis but probably in

some fr¡ncËion folloruing RNA synthesis 
"

In the case of group III mutants, represented by tsll as

shotrn in Fig. B (d), no uridine upËake $rã.s observed at 3Bo in the pre-

sence or absence of puromycin. Símilar results r,¡ere obtained for the

other grouÞ rrr muÈants t.ested, ts14, Ès20 and Ës28" Hovrever, rrrhen

Ës4 r^¡as tested with an ínput multirrlicitll of 50rl pFU/cell at 3Bo, some

uridine uptake t^rhich is sígníficanËly lower than that obtained in the

30o culture rras observed" The B-hour viral productíon at 3Bo t¡as L4Z
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that of a sÍmil-arly infecËed spinner culLure rnaínË.ainecl at 30o i¡hich

suggesEs Ëhat the 1ov¡ uridine incorporaËíon at 3Bo in the oresence of

puroqvcin r,¡as due to "leakiness" of the mutant. Thus all grourr rrr

mutants so far tested shor,l a defect in structural polymerase acËíwity

at 38o.

Uridine incorporation ín cells infecEed r,¡íth tsIl in the

presence of puromvcin was also measured following a temperat.ure shift.

from 30o to 38o. No detectable puromycín-resístant incorporation after

shift-uo r¿as observed (Fig. B (d3)) supporÈing Lhe belief that the tem-

perature-sensiËive defect. is in the polymerase acËivíty per .se rather

than Ín some Þrecedíng frncËíon (e.g, "tmcoati-ng"). In the absence of

ouromycin hor¡ever, Ëhere is some incorÞoration by ts11 after shíft to

3Bo in contrast to its behaviour rshen the cultures are held aË 3Bo

throughouË the infectíon (Fie. I (dz)). Thus a period rnder permíssive

conditions (30o, ín the absence of puromycin) allows rhe development of

a polymerase activiËy ruhich can cont.inue.to functíon at 38o, unlike tire

activity of the sËructural polymerase. A¡r interoretaËion of thís be-

haviour is that the period of incubation at 30o allows tsll to tran-

scríbe some viral message whích is then translated to form polymerase

molecules differing from those of the sËructural polymerase in Ëheir

ability to fr¡nction at 38o.

Having esËablíshed that the grouÞ III mutants are defective

in Ëheir sLrucËural polvmerase one ruoul<l l.íke Èo find out whether

their defect could be circumvent.ed bv a muLant t+hich is not defective

in the structural polymerase. In order to ansv¡er the above question
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a complementaËion experíment r.ras carried out bet\ùeen tsll-, a muËant

of group III, and ts16B, a mutant of grouo I, which is not, defect,ive

in the structural polymerase. If the tsll genotype r{rere found in

the progeny of such a mixed infecËíon, Ëhen Ëhe defect in the

structural polymerase must have been circumvented.

Such an experíment r{ras carried ouË as follor,rs: Ten r¡eIl

isolated plaques were pícked at random from the 3Oo assay of the

vírus production from a mixed infection with tsll and tsL6B at 38o.

Stocks grorvn from all these plaques sho¡¡ed no groruth at 3Bo but,

growËh aË 30o. Each stock r.ras then mixedly infected rvith eiËher

parent at 3Bo Èo find out r¿hich parental genotype iE possessed" Five

of Ëhese sËocks complemented wiÈh ts11 but did not complemenÈ Ës1-68,

while the oËher 5 fail-ed to complemenË with tsll buË complemented rùith

ts16B, thr:s indicaÈing thât such a mixed infection gave rise to

progeny of both parents. These results suggesÈ that rvhatever ís

defective in the tsll structural polymerase, it is circr.¡rnvented by

a diffuslble material from Ës168" The defect of ts16B is simílar1y

circumvenLed bv tsLl.
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One of Ëhe principal objectives of the present invesËigaEion

of ts mutanÈ.s of VSV is to sort Ëhese mutant,s into complementation

groups wiËh the hope Ëhat each complemenËation group rvill- correspond

to a specifíc bíochemical defecÉ in the sequence of evenÈs v¡hích oe-

cur duríng the infection of L cells by VSV. The subsequenË l-dentifi-

caËion of Ehe funcËion that ís defectíve in each complementation group

by biochemical studies may lead Ëo a more preeise understanding of dis-

creËe events that occur in the replication of VSV.

In the absence of anv informatÍon about Ëhe biochemical na-

Ëure of the defective function of each complementation group o iÈ is

essenËial t,o examine f:he evidence arísing frorn Ëhe results of the com-

plementation experimenËs to ensure ÈhaË each complementation group cor-

responds to a specific viral cistron, If every muËanË tested can be

unambiguously assigned to one and only one complementation group, the

complementation is said to be non-overlapping" That is, mutanËs belong-

ing to a complemenEatíon group rqill- cornplement every mutant outside the

group but not those inside it,. A non-overlapping pat,tern observed with

a sufficiently large number of mutants provides evidence that each com-

plementaLion group corresponds to one cistron.

The result,s of complenent,aËion test,s for the 25 rnutanÈs íso-

lated in Èhis laboratory indicate that mutants ts10 and Ès168 comple-

ment all other mutanEs but do not complement each oËher (Table VII, p.

43). This leads Éo the rnambiguous separation of tsl0 and ts16B from

the remaínder to form a single complementation group, I"

-79-
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Mutant ts29 eomprements all mutants tested except Ës12, ts17,
ts23 and ts25, v¡hich índicates the possibiliËy EhaË these muËanËs may

belong Ëo Ëhe same complernentation group and Ehus have defects in the

same. function. Ts12 appears to complement mosr of the other muËants

tuhich shotu compl-ementation r,¡iÈh Ës29 except for a few pairwise crosses.

Ts17, ts23 and Ès25 not only fail to complemenË with ts29 but also faíl
to complement most of the other mutants. However, Ëhey do seem Eo com_

plement ts12 and are therefore Ëentatively excLuded from the same com-

plementaËion group as ts12 and ts29, r¡hich have been assigned to group

II.

Arnong Ëhe remaining mutants Ls4 complements all mutanEs aparË

from ts11, ts14, ts15, Ës20, ts24, ts2g and possíbry ts26. r.{íxed in-
fections r¡ith ts4 and ts26 give a c.L. of 1.2, a value ruhose uncertain-
ty makes one hesiLate: to exclude ts26 from the ts4 grotrp tnress this
exclusion is shown to be warranted by additional evidence. These mu_

tarxts ts4, tsll, ts14, tsl5, ts20, ts24, Es26 and Ës2B do not show com-

plementation among themselves except for the pair:r,rise crosses bet!üeen

tsIl and ts24, which give rÍse Ëo a c.L. of 4.g and tst5 and t,s24 to a

c'L' of 1.1. Based on the fact that ts24 complements Èsll and possibJ-y

ts15, Ës24 has been excruded from this group. Therefore, iË appears

that ts4, tsLL, tsl4, ts15, ts20, ts28 and possibly ts26 are d.efective

in the same fr.¡rction and may be tentatively assigned to another comple-

menËation €lroup, III

The group rrr mutants complement, al"l the members of group r
and group rr except for tire pair:i,rise crosses of Ês14 and Ësl2 and_,
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ts28 and ts12. A possible explanaËion to accounË for t.his diserenancv

could be Ëhat mutants tsL2 and Ës29 (group II) and mutants ts14 and

ts28 (group III) are defective Ín different polypeptides r¿hích in their

wild type state of conformation, rvould form a subr¡nit of a protein com-

plex required durÍng the maËuration of the virion. Ts12 and ts29 are

muËated differently in Ëhe same cistron so that the defective polypep-

tide of ts29 cannoË combine'.¿íth the defective polypeptide of Ès14 or

ts28 to form a subr¡niË thus l-eaving Ëhe ruild type oolypepEíde of ts29

and tsL4 or ts28 to form the normal subt¡níËs ruhich assemble t,o forrn

the fr¡rcEional protein complex. On Ehe other hand, Ëhe mutat,ed gene

product of t,sl2 could combine with the muËated gene producË of ts14 or

Ës28. but, the subunit.s so formed, when assembled i^rith the wild tyoe sub-

wtits, give rise Ëo a non*functional protein complex.

Another explanaËion could be that Ës12, Ës14 and t,s28 are

doubLe muËants and share a cornmon defect in addition Èo Lhe defect cif

ts29 in the case of Esl2. and ín addiËion Ëo the defect of the rest of

Èhe group III mutants in Èhe case of ts14 ancl ts28. However t,he pos-

sibility Ëhat these are double muËants appears EiaËtractive because re-

version to r¿ild t¡rpe has been demonsÈrated for Ës14, and Ës12 shorn¡s

complementation wiEh most of the muÊanËs tested.

IË tirerefore appears thaÈ we have identified Ehree complemen-

ËaËion groups, each group defectíve ín a differenË cistron.

i^Ihen one considers the remaining 14 Es mutant,s, one finds it

difficuLt t.o sort them ínto any of the three complementation groups

rviEhout ambiguiËy. Horvever Ëhere are tr^ro possibilíties for classify-
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ing these 14 muËanËs:

i) Some of these muEanË,s ma¡¡ belong to oEher as yeË imrecognized com-

plementation group(s). For examÞLe, ts22 complements grouÞ I, group

II and Ë,ç.¡o mutants, ts4 and ts15, of group iII. The failute of. ts22

to complement other members of group III may be attribuËed t,o the same

type of phenomenon as proposed for failure Eo demonstrãte observable

complementatíon between ts12 and ts14 and, ts12 and ts28.

ii) On the other hand, the complementatíon observed betrueen the unclas-

sified mutants and some of the members of group II or group III may be

inEracisËronic rather Lhan intercísËroníc. For example, t,s17, ts23 and

ts25 rnay belong to group II and Ëhe remaining muËants may belong Èo

group III. The facË that aLl Ëhe r:nclassified mutants except Ës24 corn-

plement wiLh Ès4 is not inconsisËenË with the possibíliËy Ëhat inEra-

cistronic complementation occurs between these mutånËs and Ës4 since

this hígh frequency of intracistronic complementaÉion has been shornrn to

occur in gene 37 of ohage T4 (Bernstein eÉ a1., 1965). llor+ever aË pre-

sent, by complementatíon tests alone r¡e have no means of distinguishing

inter- and int,racistronic comolementation. It seens therefore best to

treat the muÈanËs ruith occasional and random comDlemenËation as an un-

classified group únËi1 additional evidence becomes available.

Biochernicâl Ëests on Ëhe mutanEs assíened to the Èhree com-

plementation groups appear t.o sr¡pport the classificatíon based on com-

plementation tests. It appeârsu Lherefore, thaL alÈhough complemenËat.-

ion tests alone cannot unambiguously separate all the Ës mutants of VSV

isol-aEed in this laboratory into complementaËion groups, each group
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defective in a single cisËron, iË has served as a useful tool in Ëhe

preliminary sorting out of some of Ëhese muEanËs into groups r,¡hich

has provided a basis for characterizat,ion of the defect, represented

by eacir group.

Since rve began our studies on complmenËation betrveen ts mu-

Èants of VSV, similar investigaËions have i¡een reported (Flamand, L969;

L970; Príngle, L970; Flanand and Prinsle, 1971).

Flamand (L969, L97O) in her studies on 71 sponË,aneous ts mu-

tants of VSV, Ísolated from the wild type fndiana strainu identified

5 complemenËation groups. The mutents of the "ts5" and "ts100" groups

failed Eo make RNA aË Ëhe non-permissive temperature (ntlAl), whíle the

oËher Ëhree groups represenËed by ts23, Ès45 and ts52 can synthesíze

RNA at t,he non-permissive temperature (RNA+).

Pringle (1970), using the 175 Ës mutanËs of VSV obeaíned by

using mutagens, found four complement,ation groups. Reciprocal comple-

mentaÈion studies wiËh Flaniand revealed four complement,at.ion groups in

coÍmon among the mutant,s isolated from the Ëwo laboraËories (Flamand

and Pringle, 1971). ComplementaÈíon groups I to IV of Pringle's cLas-

sification correspond to Flamand's groups which are represented by

ts4(=¿s5 group), ts52, ts23 and Ls100" ltre group represented by ts45

(FLamand's) belongs Ëo a fifth group not represenËed âmong Pringle's

muËanËs.

I,Ie have identified three complementaÊion groups" The deËer-

mination of correspondence between the three complementaEion groups

identified in this laboratory vith those of Pringle and Flarnand rvi11
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eiËher have to avzaiE reciprocal complementation Eest,s r,¡ith pringi.e,s

or Flamandts muLanËs or identifÍcaËion of the genetic defects of Êhe

complementation groups themselves. Even if all our three groups cor_

respond to Ëhree groups identÍfied by Flarnand and pringle, then accord-
ing to their comrrlementation studies, the VSV genome consists of at
least five cistrons.

Four struc.ural proteins (rr, rrr, rv and v) from purified
virions (Mudd and- surnmers, L970) and Ëwo ïron-sËructurar proteins (NSl

and NS2) from VSV ínfecred celLs (ttagner et al. , L}TO) have been iden_

tifíed with polyacrylamide gel electrophoresÍs (see Literature Rewiewo

Table rr, p. 16). According Ëo prinËz and wagner (L97L) Ëhese six
proteins accor¡nt for only trqo-Ëhirds of the poËenËial genet.ic inform_

aËion of vsv even if one t,akes into accorxrË the l0 to 202 discreparr_

cies i.n molecular weights of Ëhe structural proteins reported by the
different laboratories (see Líterature Revievr). Recently a orotein
kinase has also been found in the virion of vsV (strand and August,

L97r). Presumably there are still undiscovered vs wiral functions.

However, Kang and prevec (1971) indicated thaË they have to,-

published evidence that vpL (= r of Mudd and summer's virion proteÍn

cl-assÍfication) is not an aggregational artifact made up of a number

of smaller virus-specific proteins but thaË vpr, w2, \rp3, vp4 and

NSI constítute rhe full compl-ement of virus-specific proteins of vsv.

Accordíng to these authors, the molecular mass of 3.6 x 106 dalcons of
a single RNA molecule from B particles would jusË be suffícíent to code

for these five proteins using Ëhe moLecular r,leighËs of these proteins
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as deÈermined by Mudd a:rd Su¡runers (1970) ,

An r¡bvíous epproach Ëo rl-nvesti-gaËíng Ëhe number of, císËrons

in the VSV genome ís the fsolatír¡n of more €s mutanÈs if neeessary and

eorrelation rlf the functíon of eaeh comple¡neutaÈíon group r*'iËh a r¡íral
specifíc poJ.ypeptíde ídentifíed by acrylarníde geJ. electrophoresís.

Thís assumes, of eourse, Ëhat there is no cisËron of vsv eoding for
RNA r'¡hi-ch is not subsequencly Èransl-aËed into polypepËide"

There is no',r consíderable evldence (See LiËeraËure Revier+)

Ëhae Ëhe víral- RNA. af vSV aeËs as a tespl-ate for the transcript,íon o,f

messenger RNA, by Ëhe strucÈ¡.!E'â1 polymerase. Recent. r.reirk by Mareus

et al. (f971) showed Êbaf. RNA polynerase actÍviËy çf VSV can L¡e demon-

sËrated.in vivo" They shetrued Ëh,ar a Llnear raEe of synghesís çf víral_

RNA persísËed for 5 Ëer 6 hours aÈ 34o ln i,nfecËed monolayens of cl"ri.ck-

embr-vo cel-ls Ëreated wíÈh eyclohexl¡nJ,qie ancl. acÈ.ínomycín D and vrene

eble Ëo show wíth annealing e:rperimenÈs tt¡aË at leasË 552 of the

Rr\A made i.s complemenËary Ëo the víríon RNA. we have used a simifar
t,echnique to stucly rhe behêví"c¡r of the vsv sËrueËural pol"ymerase in
infected L cel-ls and obtaíned er¡idenee Èhat, our group rrr muËants

are defecËlve in this polymetrâse (see section rv-4) " This fi_ndíng

has been eonflrmed in in vit,z-o e:r-periurenËs ín our laborato¡:y

(Cormack ,eË al" , L97L; Caírns, J. personal_ eommunieaËion), In

addítlon, from ËemperaËure-sh{,fÈ experimenËs vre have for¡nd thaË ehe

s&trueturâl pol]¡rnerase is needed earJ-y ín the grovrËh cyele and possÍbly

funcËions eontinuousty for aË leasË Ëhe firsË four hnurs of Ëhe growth

cycle, I{e have a}so found from the eomplemenËaËíon-nescuÊ e}dperimenÈs
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th,at. r,¡hat,ever i"s defeeEíve ín Ehe strueË¡.¡ral polymerase. of, group ILI

rnutanËs, the defecÈ ean be círeum'¡ented by a díffusi,ble subsËance from

a gToup I mutanf.

Little ls knor.¡n about the replicaLion of Ëhe vír'al RNA aparc

from the demonsËrat,íon Ëhat double-stranded RNA appropri-ate ín size f¡:r

Ëhe replíeaËive forms of t,he B and T partí"eles has been isolat,ed from

vsv ínfecËed cells (schincariol and HoruaËson, 1970)" sinee Ëhe viral

RNA remains undegraded afËer Ëranscriptíon of the messenger RNA (Bfshop

anel Roy, 1971.; Huang eE j1L., 1971), presumabJ-y íË ís agaln used for the

synËhesis of a complemenËary (minus) strand ç¡hich ís then used for the

synthesis of new çrlus strands (viral RNA). There ís as yeÊ no experi-

mental evlden¿:e Ëc¡ eonfirm Ëh.e atrove hypclEhesis. Besídes, ncthing ís

knovær as Ëo rvhet,her a diffenent polymerase oËher than rhe sf:ruetural

po-l-ymerase is requíred for Ëhe synÈhesis of the reptr-i.cat.íve ínterme-

díate and r¿h,eËher the sâme structr¡ral polymerase, a modifie<t form of

ít or a second vírus*índuced replícase is neected for fihe syn¡hesis of

new ¡rlus strands.

Our present stuelies seem t'.o indíeate ËhaË second polymerase

is x'equríred for vs wirar RNA replícaËion. The abílity of ehe group r

muÈants to synËhesize some RNA at 38o duning the early phase of growth

Ëogether with Ëhe fact thaË this RNA sl¡nthesi.zed is noÈ r:educed ín

amÞunt in the presenee af puromycln a-t 3Bo indicate ËhaL the scructur-

al polymerase ís fr.meËional" NeverÈheless, the amour¡8, of vi-rus*speei,fie

FNA synttresized by Ëhe group I muËants aË 38û is eonsid.erably Less than

Ë,hat aË 30o rvhích suElgesËs ËhaÊ Èhe m¡.¡tants are defecËj-r¡e ín some
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fr¡nction involved wiËh RNA synthesis. It seems possible that the group

I mutanÉs are defective in a polymerase (not the structural- polyrnerase)

which replicates viral RirIA using the r:ndegraded vÍral RNA template af-

ter messenger RNA synthesís. That Ëhe RNA made aË 38o ty the group r

mutarits is messenger RNA could be tested by extractíng Ëhe l4a-pbull.d

product and annealing iË to unlabelled virion RNA. Furthermore, one

could test the hypothesis thåt t,he qroup I mutants may be defeetive Ín

a polymerase required for viral RNA replication by examining the spec-

Ërum of virus-specífic RNÀ species after infecËing cells with a high

input rnulÈiplicity of a group I mutant. According to our speculaËion,

if group I mutanËs are not defecÊível in the structural polymerase, mes-

senger RNA synËhesis would not be híndered at 38o, then l3s to l5s Rr\A

species complemenËary Ëo Èhe wiraL Rl{A should be observed ín an amount

conrparable to ËhaË of HR. on the other hand, if group r mutants are

defectíve in the replicase, viral RNA synthesis will be bl.ocked. As

a result, no 40S viral RNA species r¿ou1d be obtained ín the 3Bo cult,ure.

St,udies along this line r¡iIl be carríed out in Ëhis laboraËory"

Flarnand (1970) found three RNA+ cornpLement,aËÍ.on groups. The

geneËic defects of these three groups were recently investígaËed by

Printz and inlagner (1971) usÍng one reprecentatíve from each group, name-

ly, ts52, ts23 and ts45. PrÍntz and l.Iagner demonsËrated using the pro-

tein profile of ts52 that the peah of radioacËiviEy representing the

glycoprotein migraËed. more rapidly on gels then 3H-glycoproËein exËract-

ed from cells infecËed at the permissive ËemDeraËure. Furt,her invest,i-

gaËion showed thaË the primar_v defecË in ts52 aË Ëhe non-permissive
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temperature is failure of the glycoprotein precursor to glycosylate

t+hich led to failure of Ínsertion of the non-glycosylated protein ínto
cel-l memb rane .

Ts23 was for-rrd to produce a smaLl amount of the s protein
(one of the tr,ro coat prot.eins) at 3go than at 30o. printz and wagner

further observed that all- the newly synËhesized strucÊural proteins

were ]-argely found in a sedimentable form and viral anÈigen was readi-

ly detected on the surface of plasma membrane. From these observa-

tions they concruded Ëhat Ëhe deficiency in Ëhe s protein probably re-
sulted in maturation arrest at a stage in virion assembly beyond in-
sertion of Èhe glyconroEein inËo cel-l membrane. ItIe question Èhe vali-
dit¡l of Êhe finding Ehat ts23 acËually produces a smaLler amount of S

proteín at 38o than at 3Oo because iË has been demonstrated by irlitturan

and ltliËtman-Liebold (1966) Lhat ts mutants of tobacco mosaic virus are

"mís-sense" muta:lts in which the defecËive protein is produced in nor-

mal amounts buË cannot assume or maint,ain a functional configuration

at the non-permissive temperature.

The geneiíc defect of Ès45 was noË apparent from Ëheir ínves-

Èigation.

The investigations of printz and I'Iagner (1971) is a first
atÈempt at characterizing the defects of RNA* ts muËants of vsv. rt
apPears that considerable difficulty is involved sínce only the defect

of ts52 has been partially identified. Yet such studies are necessary

ín order to unrâvel some of the complex processes of virion assembly

and maturaËion of VSV" A hosÈ of problens relating to viríon assembly
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and maËuration is already apparent. For example, alËhough Ehere is

evidence that the viral RNA associaËes v¡íth the nucl-eocapsid protein

to forn Ëhe nucleocapsid core (trrlagner et a1.., L970; Huang et aI. , 1.970)

nothing is yet knor^rn as to Ëhe mechanism involved in it,s formation.

From eLecËron microscopical studies, ltrahai and Hortratson (1968) posËu-

lated that the nucleoprotein consists of díscrete subr¡nits r¿hose con-

tinuity is maíntained by Èhe viral RNA. tr^Ihether this is in fact the

case has never been confirmed, Ðd if iË \¡lere so, is Ëhe assembly of

Ëhe subr¡riËs sponÈaneous or is it effecËed by host or vírus-induced

enzymes? FurÈhernôre, although íË has been suggesÊed thaL the Ëvro coat

proteins are inserËed on host plasma membraneo horv this is brought

about and r¿hat triggers the virus Ëo bud from the hosË membrane remain

open questions.

Our group II muËants can synthesize RNA at the non-permissive

temperature, but these mutânts are not heat-labile and their defecf is

expressed very laËe in the grorvth cycle. These characËerist,ics suggest,

that these mutanËs may be defective ín some funcÊion involved in matura-

tion. It shoul-d be a useful- tooi- for probing ínto the processes involv-

ed Ín VSV maturation. The initial step we coulcl take to further invesËi-

gaËe the defect of our group II mutants is to confirm r¿hether these mu-

tanEs have an alLered structural proËein although they are no more heat-

i-abile than HR. This can be done by comparing the protein profile of

our mutants at 30o to Ëhat at 38o or to Ëhat of HR using 3ri-kb"U.d

amino acid.

From the âbove discussíon iÈ seems that, considerable comolexítv
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appGårs Ëo be ínvolved ín the repl-icatíon of t"¡SV" Neverthel-ess* usl"ng

Ês rnutants t'¡e have helped resolve some of Ëh¿ese problerns espeeial-ly ín

Ëhe area of wirtrs-speeifÍc RNA synthesís. I,Ie have f,or Ëhe flrst tlne

isolaËed and charaeEerízed a group of, fs mutanes (group III) defective

in the RNA sËri¡eLural pol¡rmerase. ThaË Ëhese mutant,s are defee.ti.ve ín

Ëhe sËrucËural potrymerase has been aonfirmed try in viÈro Ëests. hre

have also shor.¡n Èhat whatever is defeeti.ve in the strueËural polyme-

trâse, it eould be círcumvenËed by a dLffuslble materíal from a- mugærlt,

not ctefecËíve ín Ëhe sËrucEuraL polymerase. FurËhermotre, r.Je have also

ísol-atecl anotl¡,er groL¡p ôf Ës mutants (group I) defecËíve in Rr\A arrnrha-

si.s r,rhich requires prí-cr prÐeein synthesis" From thÍs finCing we sug-

gest the possibiLíty Etrâe VSV requíres an ade!íÈíonaI. polymerase, erEhetr

th¿n the strueÈural polymerase, for repl-í-cati-ng i.Ës vir:al RNA. Our

inäË€nts v¡hlch a¡:e able Ëo syng¡ssíee PNA aË the non-perrnissi.Je fi.emper-

aÈure (group II) wÍ.11 be useful for elucicl.aCing events i.nvolved ín

rrirlon assembJ-y or maÈurâtínn.
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Twenty-five temperature-sensitive (Ls) mutants have been

isolated from a heat-resistant (HR) parental r¿ild tyoe clone of the

ïndiana sËrain of vesicular stomaËitis wirus (vsv) by treatmenË with

ethylmethane sulfonaËe, nitrous acid, 5-fluorouracil,orr proflavine

hydrochloride.

From the complementation st.udies carried out on these 25 ts

muËants, three comfilementation groups have been identifíed. FourËeen

mutants remain unclassified.

No recombination could be demonstraËed between muËanÈs from

each complemenËation group. Instead, Ëhe sLudíes showed a complemen-

tation effecË brought about by clumping or the formaËion of ,rhetero-

polyo1oids".

The group I muEants r,¡ere able t,o synthesize some RIiIA at 38o

but the amount, of RNA synthesized rvas considerably J-ess than thaË at

30o. Results of temperature-shift experiments showed. that Ëhe defect

occurs duríng the first four hours after ínfection and no RNA svnthe-

sis was observed after shift from 30o to 3Bo afËer 2 hours incubaËion

at 30o. The mutants were not found to be significantly more heaË-

labile than HR, Furthermore, RNA synthesized at 3go ín the presence

of puromycin r,¡as not reduced in amount ruhen compared wiËh that synthe-

sized in the absence of puromycin. These observations together with

the fact that the group I mutants complemented group III ¡nutanËs which

are thought to be defective in the structural polymerase suggest the

possíbility thaË the group r muËants may be defective in a polymerase

-91 -
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which is different from that of the group III rnuËants and is required

for the replicaËion of wiral RNA.

The group II muËants vrere for¡nd to have the follorr'ing pro-

perties: i) Ëhey synthesize wirus-specific RNA at the non-pernrissive

temperaËure Ín an amorrtt cornparable Ëo that of the 30o culture aI-

though no vírus multiplicaÈion r¡as observed aÈ 3go, ií) Ëhey cease to

produce virus whenever the infected cel-ls were transferred to 3go up

to 6 hours after infection, iii) they synthesize RNA after shift from

30o to 3Bo although no virus is prod.uced and iv) in Ehe presence of

puromycín their rate of RNA synËhesis is comparable Eo ËhaÈ of HR.

These observations suggesË that the defect of the group rr mutant,s oc-

curs after Rr\A synËhesís, perhaps in some function involved in virion
assembly or maturaEíon.

The group rrr mutants fail to synthesíze RNA at Ëhe non-per-

missíve temperature. Experirnenüs on the effect of Ëemperature-shifË

on vírus productÍon and on RNA synthesís shoru that the defecË begins

to be expressed shortry after infection and Ëhe duration of expressíon

lasËs for at least four hours after infecEion. Group III rnutants \dere

also found to be more heat-labile than ilR. No l4c-uridine uptake at

38o r+as observed ín infecËed L cerls in lhe presence or absence of

Þuromycin with a hígh ínput rnultíplicity, even up to 3,000 pFU/cell,

of virus. FurLhermore, effect of temperat,ure-shíft from 30o to 3Bo on
11!-'C-uridine uotake wiËh,ia,hi'ghi'input multípliciEy of ts11 shows that

in Èhe absence of puromy"in l4c-,rridíne 
upÈake was observed. whereas in

iÈs presence Èhere TrTas no uptake. These observations suggesË Ëhat the
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group III mutanËs may be defectíve in the strucËural polymerase reporË-

ed by Baltímore et a1" (1970).

In a complementation betr¿een a group I mutanË, tsI6B and a

group ïII muËante ts11, progeny of both parents rvere obLained which

suggests Ëhat rvhatever is defecEive in the ts11 structural polymerase,

it is circumvented by a diffusible material fron Ësl6B" The defecË

of ts168 is similarly circumvented by ts11.
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Prínted in Great Britain

A Search for Recombination between Temperature-Sensitive

Mutants of Vesicular Stomatitis Virus

4',17

(AccePted 20 ALtgltst r97r)

Studies of genetic recombination have been of considerable value in elucidating the

Structure and function of bacterial viruses and have also been of value for certain animal

viruses (e.g. see Fenner, l97o). Pringle (r97o) has reported rec-ombination between fs

mutants of vesicular stomatitis'virus (VSV) when mutants from different complementation

groups were used in mixed infections. We have looked for recombination in our collection

ofVSVmutants(Holloway,Wong&Cormack,I97o),also,andhaveobtainedtlreresults
presented in this PaPer.

L-cell and virus stocks were maintained and assayed using the methods previously

described (Holloway et al. tgTo). For the present experiments, cell monolayers were pre-

pared by seeding each of a nJmber of z oz. Brockway bottles with z'5 x ro6 cells' For mixed

infection ,.5r rã, p.f.u. of each mutant were added in a total volume of o'5 ml, giving a total

m.o.i. of zo. For the single infections m.o.i. of zo was used. The virns was allowed to adsorb

for z5 min. at 38", theionolayer was then washed, 5 ml of medi'm was added and the

infected bottles were incubated for 8.5 hr at 3o" the permissive temperature for virus repli-

cation. The medium was then centrifuged at 5oog for 5 min. to remove floating cells which

might be mixedly infected and able to form a plaqr-re at 38" by complementation.

For convenience in the following discnssion the plaqures observed in the assay plate

incubated at 3o" will be referred to ai 3o'plaques and those observed at 38o as 38" plaques.

Fig. r shows resì-rlts obtained for single and mixed infections using mtttants lsI4 and lsI6s

unã u.. expressed as the n'mber of 38' plaques observed per dish plotted against the nnm-

ber.of 3o" plaques per dish. Mutants lst4 and lst6s have been shown to complement tn

mixed infections at 38" (P.K. Y. Wong, A. F.Holloway & D. V. Cormack, unpr-rblishecl

results). The points in Fii. r (A) are foi ttre medium harvestecl from cells rnixedly i'fected

with ¡s r4 and ts l6 s and i-.nOi"oí" that o'8 /, of the progeny are able to forn-r piaques at 38"'

Results (B) and (c) were obtained from single infections with ¡st4 and lsr6n respectively'

Re-plating of suspensions of these 38" plaques frorr the single infections showed tl-rat the

viruses they contained were ls+, i.e. áUl" to form plaques equally well at 38o and 3o' and are

presr-rmably revertants of the ls parent. The number of 38' plaques is directly proportional

to tlre number of 3o" plaques anà accounts for o'oz /' and o'oor f of the total progeny for

fsr4 and tsl6n respectivåly. In addition to those due to revertants,33'plaques might be

expected in the mixed infection yield by random co-infection of some cells on the assay

ptåte Uy two complementing ls mLltants. To investigate this effect with mutants lst4 ancl

/s l6e, stocks with eqr-ral titr;s were mixed anci various dilutio's were piated at 30' and 38''

The results are shown in Fig. r D. Whereas the data in A, B and C indicate a direct pro-

portionality between 38" plaques and 3o'plaques the data in D are closely fitted by a'two-

hit' curve, i.e. one in which the number of 38" plaques is proportional to the square of the

number of 3O" plac1ues. Such a relation is expected since at least two virus particles are

reqr"rired per cell in order to have complementation. The straight line in D was calculatecl

assuming that there are 3 x to6 cells per assay plate and that every mixedly infected cell

gives rise to a plaqr-re. Thã actual ,-t,,rnb.. of cells per dish is about 2 x 106 cells a'd t1-re dif-
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ference between this and the val¡e of 3 x to6 used in fitting the data in D probably reflects

the fact tl-rat not all mixedly infected cells give rise to observable plaques. A comparison of

cllrves D and A inclicate that only a srnall percentage of the 38' plaques observed in the

oroclucts of mixed infection are due to complementation in cells on the assay plates.

103 10¿ 10s 106

Plaquesidish at 30o

Fig. r . Number of plaqr.res fomed in monolayers incubated at 38' as a ftrnction of the numbel of

pf"î,i"t observed or eipected if the nronolayer wele incubated at 3oo. @-@, Mixed infection

i"i¿*lrre";V-V,infectionwithrsl4;A A,infection;rvithtsr6s; x-x,in vif|omixtttre

of fs r¿ and ¡s l6s made before plating.

Table r. Complen'rentation levels ctncl 38"130" placpe ratios itr ntixecl infections

¡s
mlrtants ,J I o

fJ lo o'ool
lJ 168 o'ool

ls rz o'9

ts 4 o'7
/s 8 o'6
lsrf o'9
ts 14 o'5
fsr8 o'7

b 100

s
.2

o

ttu

fsl6s ÍsÍ2 ts4 fs8

r'o 40 rooo z6
o ool rr roo 3OO

09 O'OOI 5 f'2
I O o'oo2 O'OOI r'3
I'Z o'ol o'oo2 o oo4

r '3 O'OO I O'OO2 O 02

I'O o'ool O OOf o'oot
o 8 o'ol o ool o'o2

20309
4OO roo 20

30'83
o-6 o'5 5
o8 o6 r'7
o'ol o'3 f'z
o'of o oo6 r'o
o ool o oI O'OOI

Ísr4 /s l8
Group

I

II
III

The numbers in bold type are ratios of yields at 38' in mixed infection and single infection. The other

nr,,r-rb".s give the ratios ofnumber of 38" plaques to 3o' plaques in the yield ofa nrixed infection at 3o''

The temperature-sensitivity of the viruses in the 38' plaques from tl.re mixed infection was

then examined. plaques arising from recombination would be expected to consist primarily

of ts+ particles. To our surprise, however, more than 9o \ of the viruses in the plaques

tested (9/9) were unable to froduce plaques when re-plated and incubated at 38'' Further

analysis showed that most of these plaques contained virus of both mutant types, lsI4

and fsr6s. These results show that with these mutants few, if, any, of the 38" plaques are

the result of genetic recombination during the mixed infection. Recombination at a fre-

qnency of o.t I or less might, however, have been undetected. The linear relation between

th" ¡4" and 3o; assays indicate, however, that they can be produced by single infectious
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r-rnits. These r-rnits may be mixed aggregates of virions of the two parental types or 'hetero-
polyploids', i.e. particles in which genomes of both parents are enclosed within one viral
envelope (Fenner, t97o). These aggregates or'heteropolyploids'may be relatecl to the
elongated particles and chains ofparticles observed during budding by Galasso (r967) ancl
by Howatson (t97o). In an attempt to dissociate possible aggregates the medium from the
nrixed infection was subjected to sonication or incubation af 37" for r hr. Tl.rese treatments
failed, however, to produce appreciable changes in either the slope or position of curve A.
It has therefore not been possible to distinguish between aggregates and'heteropolyploids'.

Similar experiments were performed with varions other pairs of ts mutants and tlie
results are shown in Table l. The values below the diagonal give the ratio of 38" plaques to
3oo plaques after correcting for revertants. Con.rplementation data (P. K. Y. Wong, A. F.
Holloway & D. V. Cormack, r,rnpublished results) for these same pairs of mutants are given
above the diagonal, expressed as complementation levels (ratio of the yield at 38' in rnixecl
infection to that in single infection). Mutant lslo and /st6e forn.ì a distinct complementa-
tion group, since they complement all other mutants and do not con.rplement each other.
The remaining mutants show some complementation among thenselves but generally at
a much lower level. The table shows a very similar pattern in the ratios of 38o and 3oo
plaques in the yields of mixed infection at 3o'. Here, also, /.rIo or /sI6n, when combined
with any mutant outside their group give yields with net plaque ratios of about t /,whereas
all other pairs give plaque ratios of o'oz f or less. As in the /sI4 and lsr6s mixed infection,
the 38" plaques from mixed infections with either ls Io or ts r6e were founcl on re-plating to
be made up largely of temperatirre-sensitive virus. There appears, therefore, to be no evi-
dence of genetic recombination within this group of eight mutants representing the three
complementation groups to which we have tentatively assigned our 2r t.r mutanrs of VSV.
The liigh proportion of 38' plaques for mixed infections involving either lsto or tsl6¡ is
probably another manifestation of the complementation behaviour of tl.rese ntutants
brought about by aggregation of virus particles or the presence of heteropolyploids.

We are most grateful to Drs P. D. Cooper and L. Prevec for advice and valuable discus-
sions. The technical assistance of Miss H. Sword and Miss P. Wylie is also much
appreciated. We also thank the National Cancer Institute of Canada f,or a research grant
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