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INTRODUCTION

General Introduction - _ - L S

The discovery of TMV by Iwanowsky (1855), of
Rous. Sarcoma virus {Ellermann andeang,‘IQOB{ Rous, 19515.
of foot and mouth disease v1rus (Loeffler and Erosch LBQB)
and bacterlophagewbv Twort and d Hérelle (1917) laid dowﬁ
the foundatlonffor moleculag,V1:ology. From q Hérelle;s
desggiption of the bacteriophage iﬁ 1925 asl?iéving‘being,f.f
an inffa;isible parasite of bacteria” remarkable advances

3

had been made in molecular biclogy. A major qsgtribution

to our present ideas‘on the transmission of genetic

,

information and'on virus replication has stermmed from the-

work done with the bacterxophaaes.

All viruses have unxque common oronertles which

_—

clearly distinguishes them ‘from other forms of llfe. A%

defined by Lwoff (1957) ‘viruses contain-only cne type of

uclelc acxd DNA or RNA. they multxply as V1ra1 nuclexc ac;drﬂ;, S
. Qfﬁ”é%\#ot possess enzymes of energy metabolism makzng then_
pa as;tes. Recently, however, it was found that TS, a DNA
contxxning virus, contaxns some RNA (Rosenkranz, 1973) .

- Also Rous Sarcoma v1rus,‘a_RNA tunor virus,:contains small

amounts of ' DNA (Levinson et al., 1972}). 1In view of these

o




idiscéyeries alteration of the élassiéal,dqfinition of
r;viruéés'might be required. 1In addition to nueléic acids,
fiall viruses also .contain proieinsl The more cpmplex

ﬁ virions may als§ possess lipids, polysaccharldes and | | VJ
: several other mlnor componéhts.

| ~To daté, about 600 anlmal viruses are known

' contalnlng from flve to several hundred genes and repllcatlng ‘
and qﬁturlng at-different sites w1th1n the cellﬁ Among

V

theseé are DNA vinuSes which contain eithen‘sihgle or dduble-”

-stranded DNA -which repllcates and functlons like cellular
DNA. Other. v1ruses contaln 51ngle or double—stranded’RNA . >
as their genetlc.materlal. These RNA viruses. provxde

unique systems for examinatlon of gene express;on.and protein

. . synthesis. v : .
£ . . - - - . }

The Study. of-the replication. 6? mammalian.viruses

provxdes 1mportant systems for elucxdatxng ‘the synthesxs,_
°functlon and regula*lon of macromolecules in mammal;an cells.
‘Also since many of these_vlruses are pathog@ns.their study

is of medical importance.

RNA Viruses o | '_ . .

In the repllcaticn of RNA viruses the genetic
: % -
material—~-RNA must functxonrboth to direct protein” synthesis
‘and to generate adﬁitionglﬁcopies identical to virion

RNA. The best studied system is that used by the RNA
: _ o 3 NG | : ,




. , . ' lﬂ J-i”'“
i R :

o = | | .;f
j'7-bacterii:)phage‘and the piedrnavifuses>bf mammals. In the
f;course of this thesis the nomenclature proposed by _ T
J'Baltlmore'(197l) w111<;e used when referrlng to RNA
] specieg? Accordingly;‘the RNA meleculés with ﬁessenger
functibn.are tetmed positive and their compleﬁenf%ry strands
,'are"termedinegative; | d// S - ‘“'t; . Yj
From in vitro studies ef the replication of the
RNAZQf'the bacteriophage, Q3, by Weismann EE él. (196?),
Augﬁst-et 51; (1968) and Spiegelman et al. (1968) the'following
mechanlsn of repllcatlon has been formulated After'iﬁvading,
its host, the RNA of Q3 phage serves first as messenger for
virus spec1f1c protein synthesxs and subsequently as template
for its own repllcatlon. One of the synthesxzed proteins, the
RNA polynerase (repllcase) attaches to the parental RNA
and synthesxzes a strand conplementary to 1t. Thls-negatiVe

strand in turn acts as template for the synthesis of DOSlthe

strands or 1nfectlous virion RNA. Completely or partially

§ . . s
double-stranded RNA 1ntermedlates con51st1ng of vxral RNA -
and its ce\Plenent ‘called repllcatlve form and reollcatlve_

) intermedlates have been 1mpllcated in thls repllcatlon. Like

the RNA bacterlophage the reolicatlon o‘fpollovxrus (a

pxcornavxrus) RNA 1nvolves the formatlon of double-stranded

~and rep11cat1ve 1ntermed1ate RRA (Baltinore, 1969) . Polio
‘viral RMA appears to have a sxngle ribosomal initiation site

and hen the entire genome is translated into a single latge

A

L~




fpolypeptlde which is later cleaved into smaller funct1ona1
;protelns (Jacobson and Baltlmore, 1968)._- C -

Since v1ral RNA and mRNA, in these two systems, i °
i"arc ihdlstinguishable, transcription and replicatlon.are .

} the same process for these viruses. . .
‘ In. the more complex enveloped viruses (myxovxru eS,
f_paramyxoVLruses, RNA tumor v1ruses, and rhabdov1ruses) the
process of't:anscription ana‘repiication-are separate evonts.
Q,Thé ﬁixiOn RNA is non iﬁfectious and'transcription of the
virol RNA into a complcmentary positive ctrcna which serves -
as-messengérnRNA is initiafed in the infec;ed ceil by a
‘virioo associated polymerase; a transcriptase. Enzyme molecules
of this typ .have been\{dentlfled in the: ribonucleoproteln I
core of Influenza (myxov1rus), Newcastle dzsease virus (NDV)
and Sendai (paramyxovxruses} Ve51cu1ar Stomatltxs vxrus {VSV)
(rhabdovirus) (Chow anad SlmpSOn, 1971  Bishop et al., 1971
. Huang et al., 1971; Hutch;nson and Mahy, 1972; Baltimore

et al., 1970) and thexr utxlizatzon in in EiﬁES stud:es has
shed some lxght on the process of transcrzptlon in these

r

' vxruses .

Although partially and completely double-stranded
RNA intermediates hcveﬂbeen identified in ce;ls infected " .
fwith.influenzo (Ndyak,_lS&S),%NDV-and Sencai (Bratt‘and' o \.foﬁr
Robinson, 1967).o5hﬂbis {Sreevalsan and Alleh:’1968) and

VSV, as well as positivc and negative s;:ahds. vory little is




] i -

?known about -the replfcatibn step of these viruses. Part
ifof the prSBiemﬁhas been the complexity of~tﬁq§e viruses and

rfthe inability to establish satisfactory iﬁ_vitro svstems.

| The complexity of these systems is attributed to some of

2

the charactefiétiqs‘of each group of viruses. . The genome
of’infiyéﬁaa virus is discontinuous énd invelves at least
five separatetsegmbnts (Duesberg, 1968; Pons and Hirst,~1968).
. NDV and Sendai viridné contaiﬁ bothAnggative-and-positivel
strands {Robinson, 1370). The enveloped arbovirus, Sindbis,

like poliovirus contains an RNA genome which is infectious,

yet like the more complex enveloped viruses, RNA strands
cbmplementary to the viral genome are found on polyribosomes .
of sindhis infected cells. The RNA tumor viruses transcribe

their information into DNA, which may then be integrated into -

the host cell DNA and provide a templafe for the synthesis f?;

~
[

of mRNA and a template for synthesié of viral RNA (Temin, - -

1971) . -The RNA dependent DNA pol&merasé carried by the

virion is responsible for the copying of the viral genome'-

v

into DNA, = = ‘

The replicative cycle of VSV in vitro aﬁd\i& vive
has been studied in_c@r labofatory and by_mﬁnyiothe;_workers.
Thig hés been facilitated'by the ability of this virus to k
grqw to high titers in almost any cell line and.by its e

short growth cycle.

.
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Wesicular Stomatitis Virus (VSV)

" Vesicular stomatitis virus, a member of thelrhadeVirus
E}roup infects many épecigs-inciﬁaing man. (Hdwéison, 1970;

i esh et’a%.; 1972i Although the cllnlcal symptoms in

jcattle and horses resemble thoqe of foot and mouth dlsease,
'éaffeqted §n1mals-recover completely. | K

The two bgs£ stﬁdied strains of VSV are the segglogically
;distinct indiana and New Jersey serotypes. Othef hembé¥; 
iof'the.grohﬁ,zthé CocaI (Jonkers et al., 1964), Braull |
':(Andrade etrél.,'1964 c1ted by Cartwrlght and Broﬁn, 1972}

f and Argegtlna {Garc1a- P1razzx et al., 1963) v1rui;s were

‘ also descrlbed. Comnlement fixation ‘and neutrallz tlon test

" showed the Cocal and Argentina strains to be closely re;ated

to each other, afjd all three strains were weakly related to

Indiana “{Federer/ et al., 1967); On this basis it was -

proposed ocal'lnrqbntina'and Brazil‘vikuses should be
c1a551f1ed as subtypes of Indiana serotype (Federer et al.,

E - 1967) . Two other morphologically gsimilar vxruses Piry (Hurphw
_and Shope 1971) and Chandipura (Bhatt and Rodr;ques, 1367)
were’ found xmmunOIngcally related to each other and to

Indiana Strain by Hu'phy and Shope (1971)._ However neither

3 Cartwright and Brown (1972) nor Crick _and Brown {1973) could

~ demonstrate any relationship between these two viruses and -

“the VsV qrbup.

b ot e
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 Structure and Composition of VSV

Examination of VSV with electkon microsoooe‘using
;négative stiéninghand-thin sections of infected oells
i(Howanéon ahd'ﬂhitmoro, 1962; Simpson andﬂHausei,VISGG{;
LiMcCombé et 2}.,i1966;_Bnadish and.Kiﬂdwm, i966; Nakai ona

. Howatson, 1968) have shown the ‘virus to be nullet shaped

f 170 nm long ané 60-70 nm in diameter (Fig. I). The
.infectﬁous‘parniclé, refe;red to as B particlel_oonsists

of an intérnal.helix of nucleoprotein;‘whisn appears inl
electron mic:ographs as transverse striationé,'surroundéd by
an énvolope with projeoting spikes on its outer surface
(FL;. 2). ‘Severai different models of the internal snructure
of the v;rlon have been proposed (Slmpson ‘and Hauser, 1966;°
Klimenko et al., 1966; Bradish and Kirkham, 1966;M8ergold
and Munz, 1967; Nakai and Howatson, 1968). The last outhoro
favour the model in which the nucleoprotein is in a: form of

a single helix of. about 30 coils with fewer coils of diminlshzng

diameter at the round end of the virus._ ‘About 1000 brick like
;Jmsubunxts are attached to ‘the holix which consists of a single
stranded molecule of RNA. o | _

The fxrst evxdence that VSV is a RNR containing virus
'was obtained by Prevec and thtmore (1963). Ruang @nd
Wagnct (1966) determined that virion RNA has sedimentation )
coefficient of 425, and using the_relationship,of Spirin N

(1963) which relates the sedimentation coefficient to the o ¥
o p | , ,

/
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molecular weight estlmated the correspondlng molecular

>3 welght to bepd x 106 Brown et al (1967a) found that virus

b

RNA whlch was ShOWn to be 31ng1e stranded by RNAse dlgestlon,

o

had a sedlmentatlon coefflclent of 36 408. w1th correspondlng

moleculax WElght of 3 x 106 Although different sedlmentatlon

A . a

coeff1c1ent5 foroRNA from the 'infecticus B particle are obtained by

different workers, most of ‘the valyes range betweénf38f425;

An" exception is ‘the’ RNA of sedimentation coefficient of 51§
'"_obtained.from a IOng mutant.of New Jersey serotypé'
(Schaffer et al., 1972).

Lng'-ﬁ The molecular welght of Indiana VSV RNA was also

-

e

determlned from measurerents of the<1engths of nucleoproteln

zstrands derlved from dlsxntegrated VSV partlcles (Nakai and
» T

Howatson, 1968) U51ng these flgures, rolecular welght of

o

;3.5 x 109 was calcﬂlated for the RNA .of B particle.
Chen1ca1 ana1y51s have shown that VS vxrlons contazn
‘o
3% RNA 64% protexn, 13% carbohydrate, and 20% lxpxds

(HcSharry and Wagner, 1971a) )
- B Poh;acrylamxde gel electrophoresxs has reésolved five

‘ 7 o
protelns whxch are present both-in the virion and svnthes;zed ' )

in VsV xnfected cells (hang and Prevec, :1969; ﬂudd and

Smnmners.’.,f 197Qa Wagner et al., 1930) : These protaxns have been
deSLQnated as thc M, “S h G and L protelns with estimated

molecular wemhts &f 29 ooo 45 oco sn ooo 59 000 ana

190,000 rebpectxvely {Wagner at al.. 1972) ' o .

w a

% i k] . .
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‘The M and G proteins are compohents of the viral

envelope. The G protein is a glycopMotein which contains |

.carboh¥Qrate-ch§ins (McSharry and Wagndy, 1971b) and appears
|~ £0 comprise the viral spikes (Cartwright gt al., 1970). |
This glycoprotein is also the major antigenic determinant

of ‘tHe virus, and its removal results in loss of infectivity

(Cartwright g&ﬁg&., 13?0; Kelley et ﬁl.,m1972).- The N
E ‘oroteih is the structural npcleoprotein boond tightly to | _)
: "virion RNA (Kang and Preveo;_1969;‘Wagner gﬁ?é&.,.1969).
' The function of NS and L.proteins_is unknown,, but'oné or
both of theﬁ have been im;iicated‘as components of the virion !\
fssociated tfénscriptase (Emerson and Wagner, 1972).
' The llpid bllayer Whlch constltutes the viral envelope

] .
as well as the carbohydrate attached to v1ra1 glycoprotexn

ang glycollpld appear to be derived from, oBg/pecifled by,
,the host cell (HcSharry and Wagner, 1971a,- rge and

Huang, 1970).'

Effect on Host Cell

- Infeotion.with vsv cguseo morphological altératioﬁs_
in- the ccll.'-The‘cytopathic=effect'(CPE) coﬁsists of -
membranes of fxbroblastlc cells and cytoplasmic vacuolation
in ep;thelxal cells (Davxd-hest and OSunkoya, 1971)., It

was further, sneculated by the same authors on the bas;s of

bl
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mlcroscoplc e#amlnatlon that Vsv 1nfect10n blocks the cell
cycle in 1ate te10phase or the early stages of G1 phase.

At the macromolecular level, VSV was reported to
1nh1b1t cellular RNA DNA and proteln synthe51s. The rapld
inhibition of host RNA synthe51s occurs even if replication
of the virus is- prevented by prlor uv. 1rradlaL“on (Huang
and Wagner, 1965 Yaoli et al., 1970a) Thls result suggests
that either a structural component of the v1rus or perhaps
a double- -stranded RNA speC1es produced by the wvirion assoc1ated
ﬁtranscrlptase may be responsible fo:.thls inhibition. 'This
latter'hypothesis is based oo the observation thag double-
-stranded replicative intermediates of poliovirus can inhibit
protein synthesis (Ehreofelﬁ and ﬁung,:1971) and the ‘ |
‘observation’by Clavell and 8ratt {(1971) that-UV—irradlation

does not prevent"tbe;syntﬂbq}s of double-stranded transcriptive
\ N \—

o

intermediates by Newcastle Disease Virus.
: Studies on the effect of UV inactlvated VSV on
cellular GNA synthe31s have shown a selective inhxbztlon of
the flow of Gy cells\iﬂﬁf the s phase.t However infection
‘durlng the S phase had no effect on DNA svnthesis and on
subsequent cell divxsxon (Yaoi and Amano, 1970) . -

et

Defective Particles of VSV

Many animal virus preparations contain defective

particles wh1oh interfere with the roplicatgon of their,-i

-.\

TN




related non-defective virué:='Tﬁésérdefective'particleé have
 been proposed to play'a/role in viral infections (Huang
and Baltimore; ;970).I |
VSV system is partlcularly suxted for studylng the
phenomenon of 1nterference since the defective partlcles
‘are readlly separable from the 1nfect10us v1r_ons.‘ T%f_ﬂ
Several undlluted passages of VSV in cell cﬁltufes

glve rise to 1nfectlous B partlcles as well-as .to truncated

nonflnfectlous T particles. One type of deféctlve particle,
or'ST,‘produEed.Byithe Indiana strain was-characterlzed by
Huangleﬁ'al (1966) who found 1t to ‘be 65 nm long (Fig. 1) _
Another type of defectlve particle, or LT, associated Wlth‘

- ‘the heat resistant’ (HR) stra;n of Indzana VsV, is significantly
llarger than the ST paftiéle. 'Thése LT pa;t%cles are

100 hm in;léggth (Fig. I)V(Petfic and Prevec, 19?0}.

.Def;ctiye particléslof intermédiate length (82 nm) were

shown to Se produced by thé‘New Jersef;serotype (Hacket, 1964).
Reichmann et al. (1571) hasréhdwn that different size T =

' pa;tiéies are éésociated‘with some of ;h;’temperature
”séﬁsitiﬁe mutanﬁs of Indiana vsv. | |

Al?hough the T partlcles, except for the overall

~ length, are identxcal to the B part1c1e5 in terms of mornholoqy
antigenici@y,-and p:oteln constituents, they contain only‘

part of the viral genome. LT and ST contain RNA of 1/2 and

1/3 the size of thé B particles.reSpectivéfy. The delet;ons"

]




; 'interfereﬁce is also specific. ST pdrﬁicles interfere_

E .

According to the first authors the flat end of the virion

:f1n the RNA of LT and ST are Sp€lelC and not random

' (Sch1ncar101 and Howatson, 1972- Hallett, 1972)

"The T particles can only replicate in the presence

. of the infectious v1rus, and when present in sufflclent /}5

quantltxes they xnterfere with the repllcatlon of . the

homologous helper B particles, causing a reduction in the

’ ' : . L] -
yield of infectious particles (Huang et al., 1966; Crick

et al., 1966; Petric and Prevec, 1970). This 1nterference

j is not mediated. by 1nterferon (Huang and Wagner, 1966) but

requires the presence of a functional T particle nuelelc

ac1d (Huang and Wagner,-l966; Sreeva;san; 1970). ‘The

‘equally well with the productlon of B partlcles by the Indlana,

3

HR, Argentlna,rBraZLI and Cocal stralns but are lneffectlve

'agaznst the New Jersey,\?x:y and Chandipura viruses (Crick
-and Brown, 1973). In contrast the LT particles are capable

- of 1nterféring with bdth}Indiana and New Jersey serotypes

5\\ig£s?ec and Kang, 1970).

Multiplication of - VSV

a. Adsorption and Maturatxon
) The adsorptxon of virions and their mode of entry into
the host cell have been studied bv electron microscopy by

Hexne and Schnaitman (1969) and Simpson et al, (1969) .
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'attéchee to the cell surface, the viral envelope and cell
| membrane then fuse and'penetration occurs by‘release of the
nucleOprotein into the'cytoplasm. According to. Slmpson et al.

(1969) and Howatson (1970) VSV virions entef the cell by a %

process 51m11ar to phagocyt051s.‘ The virion attaches to the
cell surface membrane and is taken 1nto the cytoplasm bv ,

1nvag1nat10n to form a vé51cle where uncoatlng occurs.

‘Qnce tnsxde.the cell; uncoatimg of V8V occurs effectively
within 30 min of infection, mith the'viral coats accumulating:
.. in the Golgi apparatus (Yabi and Ogata,'1952); Both vifal
~ 'RNA synth331s as measu;ed by autoradmography (Yag} et al.,‘
— 1970b) and v1ra1 protexn synthes;s, detected by ‘luorescent

fantlbody staining occurs in the cytoplasm (Schincariol,; 1971).‘

--q_.-h

RibonucleOproteln complexes containlng both virus  ":¢gi;
speciflc protelns and virus specific- RNA have been 1dentifled
in the cytoplasm of 1nfected cells._ Infectlon with B particles
'alone produces conplexes having sedimentation coefflcientS'
.of 1605 and 140S {Kang, 1971). Complexes with sedzmentatxon
-coé?ficients of 80S and,l4ds are foﬁnd in ceiis-éroaacing‘sT _
particles {Wilé; 1971) while cells produéing LT particles
contain cémplexes with sedimentation'coeffiéients of 100S and
1408 (Petrlc and Prevec, 1970; Schincariol and Howatson, 1970}..
The process of extrusion of the newly synthesized

ribonucleOprotexn cores from the call to form virions ‘occurs

[

by budding throuqh a portion of.iké host plasma membrane which
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;has been modified by the 1nsertlon of the M and G polypeptldes'
;(Cohen et al., 197]); David, 1973 Howatson and Whltmore, 1962)
‘Through thls process, the V1r10ns acqu1re an envelope which
L also contalns some. cellfiar constltuents (Cartwrlght and
f'Pearce, 1968; Hecht and Summers, 1972)

¢

é b. .Reélication'and'Transcription in Infected'Cell

Studles on the multiplication of VSV in a number of
g dlfferent cell 11nes have shown -that a large number of v1ra1
'.spec1f1c RNA 5pec1es are involved.

Schaeffer et al. (1968) observed that under condltlons
of 1nterference, in addltion to the. RNA of B and ST particles,
31ngle—stranded molecules of 158, SS and 315 ‘were present 1n 7
the cytoplasm of lnfectedﬁcells. MosﬂfﬁT these latter specxes

were complementary to virion RNA.

Stempfer-gg al. (1969) characte;?;ed‘the RNA sﬁécﬁés.
‘in VSV infected Chinese hemster ovary ceﬂis"into two groupe.

' Group I included the RNA made when cells were producing maxnly
B particles, and con51sted of single-stranded 405, 285 and

’135~RNA and partially double-stranded 23-355 RNA. Under . -

conditions of 1nterference by ST partlcles a shift from
l‘dgroup I f% group II- occurred., Group 1T consisted of single-
stranded 195 - 65 and partially doub1e~stranded 198 and 158 s
and completﬁly double-stranded 135.

‘Huang gg_gi. (1970} examined the RNA species associated

-
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—'w1th the Dolyrlbosomes in 1nfected cells produc1ng only

i B particles. RNA species. of sedlmentatlon coefflclents of-
¥ 28S and 13S complementary in base sequence to virion RNA

’

were assoc1ated Wlth the VSV specific oolyrlbosomes Acrylamide
gel analy51s of the 13S RNA indicated th;t at least two
dlfferent RNA spe01es were present in this groeup. Mudd and -
Summers (I97Ob)conf1rmed the heterogenelty of this RNA class
1 and in” addition showed lt_to contaln-poly A sequences.

| Detailed anelysis lnvplving the?;eparatlon.and
charecterization_of‘viral‘RNA species.presentlin cells
infected wi_th B and LT particles were done by'schiﬁc"ariol
and Howatson, 1970, 19725. Three hajor size clessee;of RNA
were found by these workers iﬁlﬁhe infectea cell. The most
abundant class of RNA seaiﬁehted“between 108 and 20S and
‘consisted of eight species found oeethe'polyécmesQ ‘All. of
these were coﬁblementary to B and LT‘pavticle RNA. Of the
three most - abundant Spec1es anong tgLse eight only one dld“
not anneal to ST Rh The second class of RNA sedxmentlng
between 20-3ls.cons;sted of speczes sed;mentlng at 21S and
BlS RNA as well as 265 RNA.  This latter soecxes corresponds

to uT partxcle RNA and was shown to contaln both pos;tlve a“d
negatxve strands. *he 315, RNA is associated with Dolyrib050ﬂcs
and is probably equivalent to the 285 RNA descri ed by Huang
et al. (1970). The third class of RhA consxst solely of

RNA of sedimentation coeffxczent equlvalent to that of B

e
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i:particle RNA. This class also contains positive and.negative
‘ strains.

These authors also found double-stranded (RF) and
? partially double -stranded RNA species (ﬁI)-whése size, after
b denaturation correéponded.to B and LT particle RNA.t Wild
' (1971) also examined the RI complexes produced in cells

infected with B particles and found that after .denaturation

they yielded RNA which sedimented with S values characteristic
of B particle RNA together with smaller spe01es of RNA
Wlth sedlmentatlon coefficients of 10-19S.  As in the

bacterlophage and plcornav1rus systems, the doﬁble-étrandéd

species present in VSV 1nfected cells may be 1ntermedlates
é.‘ln the rep}teative and transcrlptlve processes. Among the
51pgle-stranded RNA specxes found in the infected cell the
role of the 13-205 and 30S RNA appear to be that of virus
‘specific méssengers. This function is SQggestedsby the
complementarity d} these RNAs to virion RNA, their
‘asSGCiation with the polysome# in-tﬁe infected‘celLJ their
size which is approprxate to code for the v1ra1 protelns,'
and the fact that _they contain poly A sequehces (Sorxa and

Huang, 1973; Ehrenfeld and Summers, 19?2).

™

¢. Transcription in vitro

e

 ,In_1970 Bdltimore'gg'gi. identigiéd_an RHA‘dapendent

transcriptase which is preéent in the viral particles of Vsv.
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i They showed that thls enzyme functions as a transcrlptase
:‘jn vitro, synthesizing product complementary to virion RNA//
| Bishop and Roy (1971a, 1971b) showed that the in vitro
‘ prodnct has‘a-size renge‘of 2-10 x 10° molecﬁjar weight. 7.

They showed further that synthesis occurs in association with

3

virion RNA and that compteted strands are'subsequently liberateo
as free species. Multistrand complexes'are produced during
this processJ |

' The transcriptive process catalyzed by thls enzyme
was shown to be repetitive, that 1s, rmultiple copies of the
same sequence were copxed from one tempiate. By determining

the extent to whlch the in vitro product was able to protect

labelled virion RNA from nuclease digestion after.hybrzdlzatlon
Bishop and Roy (1971b).concluded that only 30% of the template
sequences were transcribed at 37°c. In-contreséithe product

produced at 28°C was complementary“to over 90% of the virion

'genome. At this lower temperature,-the transcriptive proceSsr
was sequential eince free prodﬁct obtained-early in reaction
was - not complonentary to RNA from ST particles, whereas in
late reactxons free product was - complementary to RNA from
ST, partxcles (Bxshop. 1971)'

" The sequcntxnl transcriptxon and. the small size of
the_proéucts synthesized in vitro led Roy and ‘Bishop (1973)

_ to look for characteristzc initlatxon sequences. These

workcr& 'ound that tbere are multiple initiation lequences.
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. two of which were identified as pPPPAPCPGp... and pppGpCp...
' The fact that labelled tetraphosphate was found at the 5°
Z_endlsuggested that direction of synthesis was in the 5' to 3'

direction. The presence of more than one initiation site’

e

.suggests that-the VSV virion transcriptase is able to st#ft .
_RNA synthe51s at more than one 51te along the template.
‘“Whlle thlﬁlls compatlble with the finding of miltiple RNA
species in ElEQ (Huang et al., 1970; Mudd and Summers, 1970b)
and with the other results obseryed'iﬂrzigzg the biological
significance‘of the initiétion sifes ébse:ved reméinsrfd be
‘detérminéd. ) | -

In.contrast to B particles, ST partlcles were shown

not to contain significant enzyme - actlvitv (Roy and BlShOU,

1972) . Huang and Mande:s (1972) also found,that no | o (;‘

L

‘- transcription occurred in the présence'of'cycioheximida“inr
- cells infected with ST parficles alone. This result suggests

‘that during the replication of ST, aithé} the defective

o

particle utllxzes the enzyme cf the helper B particle or that

: transcrlption from the ST partxcle genome is not required

a

From dissociation and reconstitution experiments of the

s¢riptase, conta

roteins L and NS. and the
nuclcocapsid templat ..containing'RNA and N brdtein;rfrom
B and ST it appearsﬂghat ST pérﬁicles.contaih'trinscriptase
which cannot utilichLheLr own.ﬁucleoprotein as téﬁplata

but can transcribe the.ribonucleaprotein derived from B

IS




* partic;es”(Emérson aneraéhef, 1972) .

| Althbug@ go complete_dissociétion of the transcriptase
from its RNA témplate'has been‘feported to date, the proteins
involved in its activity have been'idéﬁtified,&theée are
'L, NS and N (Emerson and Wagher, 1972). Bisﬁop.and Roy
(1972) suggéstedlthe presence of two otﬁqr proteins A and B
in £he.complex. .Nong of these proteins was found, by the
_latter workers, to be réleaéed from the ribbnucléép;gtein'
complex during the process of t#anscription. ;Szylég?iland :
Uryvayev (1973) have also shéwn tha; the RN?_éére obtained -
after disrupﬁion of the virus particles witH'Tritog and CsCi
~contain- the éctive'trahscfiptasdiand all the information |
required to initiate infection..’ | 7

o As ihdicated abpve;‘a great deal of information about
. the t;anscription~pr05ess has been'obtained from'ig:gisgg
studies;"it is not known whether this same enzyme alone,
or perhaps in combination with othé: viral or cellular factors,
might also be responsible for the replicative gggceégiwhefeby
_virar_RNA strands (negatiﬁe stigngs) afe 5yntﬁesized. No '/
informatién'f:om in giggg studies is yet available on thé3

replication system of this virus.

Polvadenvlate Sequences of RNA

7 In view of'thqigrowing amount of literature dealing

with the polyadénylate (poly A) sequences of cellular and

LY
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f viral RNA, and the fact that it could serve as a handle for
| deciphering the processing of mRNA and its translation, it

x:is 6n1y appropriate to review the known informati&h in a’

:se;arate section. Co | _ ; o a \\

| Poly A segﬁents are Dresent in the mRNA and .

; heterogenouc nuclear RNA of eukaryotes kut have not beeh

{ observed in ribosomal RNA or in t-RNA (Hadjirassilious

l and Brawerman, 1966; Edmonds{gg EiL,_lB?l: Lee gi‘gi., 1971;.

Darhell,gE gl,, 1971a:’$eeber ané Busch, 1971). ¢P61y A

. has alsé been found in the mRNAs of vaccinia virus‘(Kaﬁés; \

1970), é%enovirus (Philipson et él" 1971), vsv (ﬁhrenfeldrand 7*?

Summe:s,.1972: Sogia-and Huéhg, 1973), Sindbng(Eatpn gg‘gl.,‘f

1%72), and as part'§f the vi;ion RNA 6fupolio and Eastern"

-'equine encephalitis virus (Armstrong et al.,~1972). RNA - |

tumor virus;; (Gilléspie et al., 1972), Slndﬁs virus (Johnston

-and Bose,. 1972) and in Mengo virus (Miller and Plagcman, 1972} .
Thewpolyaﬂenylate regions appear to be covalentlv

linked to the’ remaznder of the molecule (Darnell et al.,

197lb Edmonds et al., 1971: Lee et al., 1971- Darnell et al.,

1971a) . ' |

In the case of vaccinia virus mXNA (Kates, 1970;

Sheldon et al., 1972) and polio virus RNA-(Yoshiaki and

Wimmer, 1972) the pély A is located at the 3'-OH end of the
-RNA. Most of these poly A tracts are of'the'order of

150-200 nucléotides_long, Regions of this léngth have alsc

=
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{ been reported for heterogenous.nuclear RNA (PnRNA), mRVA
(Darrell et al., 1971b), Vacc1n1a virus mRNA (Kates, 1970)

and RNA tumor v1ruses (Lal and Dusoﬁerg, 1972) ' Po;v A

e .

___._—--—“"’

i segments .less- than 100 nucleotldes long have been reported

for POllO. mengo and sindbls virions (Arnstrong ethal T

e
1972; Nlller and Plageman, 1972; Johnsten and Hose, 1972{."
The mechanism by which poly A~tracts*are formed £o \\

not Enoén; Edmonds and Abrahams have 1solated from the
nuciei of some cells an enzyme ‘which can sequentlally add }'_
adenosine - re51dues to the “3'-0H termxnus of .RNA (1960). |
‘A similar enzyﬂe has‘been reported in rat lzver-mltocoondria
{Jacob and qchzndler, 1972) and in the cytOplasm of mouse

scites: cells (Glron and Hunpert 1972a b) Darnell et al.%
(1971b)\and Phlllpson gg al. (1971} 1nd1cated that poly A is
added .post tranSCriptionaiiy to the nuclear RNA. Whiie tbe
poly A of voccinia mRSA may be copied from poly ar Stfetéhego
of ?accinia DNA (Kates,-lé?O) no poly dT-regions could be
found in-adeoouirus.genome (ﬁhilipso; et al., 1971). In
the cases of‘ﬁNh oontaihino"viruses whose geoomc specifies‘
" a poly A éégwcnt containing mRNA no poiy'U tracts ébﬁld bei

dctoctud in the oorrespondxng v1ra1 RJA (Marshall and

' Glllesplc. 1972y .

The functxcn of the tcrmxnal adenylate rich sequenccs

on RNA & ocules is Lnknown. It has,been suggosted that thosc - .

" sequentes may play a-rolc in processing and transport of mRNA
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ffrom the nucleus to the cytoplasm or may have a cytoplasmlc ’
ifunctlon in translatlon of ‘mRNA (Armstrong et al . 1972;
ﬁDarnell et al.,_197lb) The latter suggestlon seems:
;appeallng in wview of the - flndlngs oE Sheiness and Darnell
i(1972) that the slze of poly A. of mRNA molecules 1n the
écytoplasm of HeLa cells gets shorter with age. ‘The findings -
ithat poly A in the 3' end of both mMRNA and nRNA *has been
;suggested by Molloy et al (1972) and Sheldon et al '(1972i
-‘to 1nd1cate that the nRNA is processed such that the N'
j_fr;gment is ccnserved and destlned ‘to ‘be MmRNA |

“ " A cytoplasmlc functlon for poly A'ls anticipated

? since the‘mNA viruses which replicate in the cytoplasm cpntaxn"

3 ~ Y
3 such sequences.' Poly A could perhaps serve .to allow

dlfferentlatlon between vxral RNAs thh a messenger functlbn

hib i e

from other viral RNAs. ° | RV




l Purpose of Study

/
i

As reviewéd‘above,.theqphysiology of VSV is ﬁo;e
:'complex than the model systems presented for RNA
frbacterlophage and plcornavlrus. In add%E}on -this

; system readlly produced defectlve 1nterferxhg partlcles.

In order to gaxn a better understandlng of the

¥ molecular events a;d regulatlon involved in the repllcatién
and interference of this virus, an in 25552 Studyqu a

3 RNA'pOIYmerase induced in infected L cells wés begﬁn.- An
-Lindic;tion thaﬁ such én eniyme existed in vsv infected
cells came from the preliminary report of Wilson and Bader

3

L2 (1965) . The present studies were initiated to characterize . .

'this enzymatic activity, analyze its products in relation to
viiion and messenger RﬁA, and to determ;ne its correlatlon LT

with the process of interference.

~—




"MATERIALS AND METHODS _ ‘ C

e

MATERIALS

il

"

All- chemlcals used were of reagent grade.
Tetralithium salts of UTP, CTP GTP and disodium salt ‘of
ATP were obtained from-Schyarz/Mann; 2,(3')AMP, 2‘(3i)CMP, L 'L 7
2'(3')UMP, 2'(3')GMP, from General Biochemicals, Inc., |
poly U and poly A from P-L Biocﬁemipals: byruvate kinaée”
and phosPhoenolpyrubﬁte from Bcéﬁringer,cMannheim‘Cérp.:' | -
yeaqt RNA and enzyme grade sucrose from Mann Research |
Laboratorles, 8 mercaptoethanpl, acrylam1de and NN-Methylene
bisacrylamide from éastmanlOrganic Chemicals; dithibthreitbl.
(C;eland's.reagént)‘frbm Calbiochem; cycloheximicde .from |
Upjohn;Company; DNAse I~(bOVine,paﬁcreatic), ribonucleése'h .
and T, ribonuclease from bethington Biochemical Coxp.; m |
Triton. X-100" from Hartman-Leddon Corp.; sddium'deoxycholaté
(DOC) from Si§m; éhemicals; Actinomféin-n‘a;ﬁ the non-ionic
detergent BRIJ-S58 Epolyoxythvlene (20) cetyl ether] were gif
from Merck, Sharp and Dohwe co. of Hontreal, and Atlas -
Chem;cals Industries Inc. respectively.

“ (8- H)ATP {18-20 Cx/mmolel .and | K ]Poly U (7 mCi/mmole)

were obtained fror Schwarz/Hann. {8~ H)GTP (5. 6 Ci/ﬁmole},

o 26 -




¢ (1.54 mci/mg)’ or 3m (25 mCi/mg) labelled amino acid

~J : ~ . .
mixtures and omnifluor from New England Nuclear Corp.;
f [aé32P]GTP (5.3 Ci/mmole) from IntegﬁationQIVChemicals

and Nuclear Corp.

o
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METHODS

1. Growth of Cells
* The cell line used in all experiments is a subline,

_L-éO,fof Earle's mouse L—cells (Earle} 1943)., obta*ned from
Dr. A. F. Howatson, Unlver91ty of Toronto.

The cells were grown at 37°C, in suspehsion culture

in Joklik modlfled mznlmal essentlal medlum (MEM) ,

supplenented with 5% newborn calf serum (NBCS) {(both obtalned

from Grand Island Biological Co.) (Kang, 1971).
The cells were malntalned in log phase growth by |
regular dzlutlon thh fresh medium,

2. Growth of Vvirus

A. Source’ |

The vesicular stomatitié virus used was of Indiana.
Qerotype: Both‘strains,of'ﬁhis virus, Ind-ST and HR-LT, l
were obtained fiom‘nr. A. F;'Héwatsbn. | | _

Ind-ST was identlcal ‘to the virus used in previously
reportcd'work {(Nakai and Howatson, 1968), and HR-LT was
selected by Dr. Nakai from Ind ST stock for its resxstance to
f-‘heat treatment (43°C, 3 hours). The survxvigg virus were *~

regrown and subﬁecfed'to the heat treatment sqveral times.

»




Virus partlcles from a 51ngle plaque (see beloﬁ) were
.used to grow the final- stock

" Both ‘the plaque purlfled Ind-ST and HR-LT stocks
were maintginéd by sucéessive low multiplicity éf infection_
(moi) passes of the'plaqué pu;ifié& virus, with ocgasional
heat treatment for HR-LT‘firus. Stocks yielding defective
particies.("long Th from HRfLT énd'"short f" from Ind&STi

were produced by fSp;lundiluted passes of the above

plague pick.

B. Plague Assay and Plaaue Purlflcatlon

Infectivity of the virus stocx was determlned 1n . _
'terms of Plaque Formlng Units per mlllillter (PFU/ml) A _ ',f&f
volume of 0.1 ml of approorlately dlluted v1rus was placed -kf
on a full L-cell monolayer, 5 x 106 cells, in Falcon petrl {

dish (60 x 15‘mm). Following an adsorptzon period of

45 minutes at 37°C in an atmoéphefe'pf S%ECOZ in air and
% 100% humidity, the ménoléyér~was overlaid with § ml of MEMM
: (Eééle;s%miniﬁﬁm essentiél medium, Grand Island Biological
Co.) containing 5% NBCS and 0.9% of agar (Difco, Ncble).-
Plaques, could be obsérved aftét-20-24:h§q:s of ;hcubation
at 37°C in“ﬁ watc} saturated 5#=C02 gtmosphere,

‘In é&der to obtain virus stocks relatively free of
defective particles, 5'successive~plaqué purifications were |

. done as dcs:ribed by Stampfer et al. (1951). A sterile pasteu; -
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‘ S | : o ‘
fpipetté was used to lift up the agar and cell sheet over a
jwelllisolated visible plaque.  The agar plug was dispersed

f in growth me@}um, retitrated and replated for a second'plaque

| pick. The fourth plaque pick was grown at a moi of 0.0l PFU/celi

i in sugpension cell culture.
Following 6 hqufs incubation (one growth cycle) -
f»the‘lysate was passed at moi of 0.1 PFU/cell and constituted

i
N4

' the "plaque purified” stock. ;

f C. Growth of Virus Stock . o
Cells from a growing culture were collected b
centrifugation at 400 g for 10 minutes, resuspended /jto 107

cells/ml in MEM containing 2% NBCS and infected at{ low m$i

0.01-0,.1 PFU/cell.- After an adsorption pericd pf-3 ~-45 %&nutes
at 37%C, MEM plus 2% NBCS was added to the infected ‘
. 6

to yiel@ a final cell concdntration of 10° cells/ml.

| culture ﬁ's incubated  for 16-18 hours, after which. the
cells weggjbelle d, by centrlfugation as above, and the
éupernatant containing the vxrus wa; ‘aliquoted and sto:edl_
at 60°C.

‘For the‘preparation of uridine labelled vlrions, the e
same procedure as above was’ followed except that at 30 )
minutes post‘respSpens;on 2 ug/ml of Actinomycin Dulhcg.,q)
vas added followed by the addition of JH-uridine (2.5 wCi/ml)

2.5 hours later. : o s -
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. For thelpreparatlon of labelled v1ral protelns,
cells 1nfected at a moi of 100 were collected by
centrlfugatlon at 35 hours post infection and resuspended
in medium contalnlng 1/20 the concentratlon of amino acids
present in Joklik's modlfled m1n1ma1 essent1a1 medium,

3H—am1no acids to an activity of 2 0 uCl/ml wer2 added

and V1rlons harvested some 10- 14 hours later.

) LI

3. Purlflcatlon of B.and T Vlrus Particles

L—cells were - rnfected with the approprlate virus
‘stock to yield predomlnately-B, "long T“, or shprt-T".n
_ particles-as required. The cﬁlture was.harvesﬁed 12~-16 hours

post 1nfectlon, and cells removed by gentrlfugatlo

J

13,000 g for 20 m;nutes at 4°C in Sorvall fixed

rotor. The virus partlcleS'ln the supernatfnt were pelletted

by eentrifugation at 34,000 g for 165 minutes in a $pinco

Type 19 rotor, reeuspended in phosphate buffeged saline

-~

1.46 ™™

(PBS) (138 mM NaCl, 2.7 mM KC1l, 8 mM NBZHPO4
,VKH 904, Dulbecco and Vogt. 1954) and frozen at -60°C. .
10

| When vxrus pellets from the infection of 1-2 x 10 cells
had been accumulatcd, purificatxon on sucrose gradients was
done. |
L;near Qradxents of 5 to 30V suqrose in PBS were L
' prepared in 37 nl volumes in cellulcse ‘itrate tubes of the

>

l :
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- | .
E Spinco SW 27 rotor. A volume of 1-1.5 ml of resuspended

:fyirus was layered on each gradient. 1In the‘case of ST
ﬁ.partic1es,nthe virus suspension was t#eated with 30 ug/ml
;Tof RNase A for 30 minufes at room tempeiature prior to

i layering on the gradients. .Affétcéntrifugation at,Bl,OOO g
; for ﬁstinutes‘at 45C in a Spinco Sﬁ 27 rotor, the wvisible

Lo

; 1lgh£ scatterlng band containing the virus particles was -~
-ct;d ‘from the gradlents with Pasteur pipette, and |
concentrated by centrlfugatlon at 81,000 g for 1 hour.

The final pellet was ;esuspended in 1 ml of PBS and a,

sample taken for interference-”assay and'obsorvation with

- the electron microscope.

A. Interference Assav

6 cells in a 35 x 10 mm

Falcon plastic petri dishes) was added 2 x 166 PFU of plaque

To L-cells monolayers (2 x 10

'purified pafticles of Hﬁ—LT strain in a volume of 0.1 ml. |
I

A 51m11ar volume of approprlate dilutions of purified _

"long T" or "short T partxcles was also added to each plate.

After adsorption at 37°C for 30 minutes, S,ml of Hgn‘plus

5% NBCS was added and plates incubated for 16-20 hours. The

yield of PFU/ml in the lysate ﬁas determined by plaque’ assay

and the interference titre of the defective particles - —— ... -

a

determined from the reduction in infectious virus yield in

its presence (Bellétt and'Cooper. 1959). An example of
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E such an. interference assay for LT particles is illustrated

} in Fig. 3.

i”B. Electron Microscopy

A drop of the pqgified'vi:al suspension was spotted

| on' a parloidim/carbon caated'grid of iOO'x 400 mesh and
}haliowed'tb‘dry. The grid was‘then stained with 13 phdsphotungsfié
| acid {pH 7) and excess étaiﬁ blotted off with filter paper.

T‘The grids were observed and photographed on Philips EM 300
electron microscope. Micrographs were taken ét_a

magnification of 51,000 X.

Xl

4. Extraction of Viral RNA

- The procedure used for extractlon of RNA from virions

. was a modification of the”method of Penman (1966). The

- purified viral suspenslon was dxluted with STE buffer

(0.01 M Tris-HC1 pH 7.2, 0.1 M NaCl, 0.001 M EBTA) and sodium
dodecyl sulphate (SDS) was addedato a concentration of 0.5%.

The vira;,solution was mixed with equal volumes of water-

saturated phenol and chlcrnform cnntaxnlnq By | xsoamyl

' alcohol, and hgated at 60°C for 2 minutes with occasional T
shaking. After cooling on ice, the emulsion was centrifuggd

at 23,000 g for-2 minutes, at 4'¢, and théjupper aqgueous

phase was re-extracted twice more with phenol, chloroform-
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DILUTION OF LT
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FIGURE 3. Interference Assav for LT Particles.

This graph shows the total infectious yieic obtained from

cells infected with a constant titre of infecticus B

particles and the stated dilution of interfering T particlca.
The. detaxls of proccédure are presented in METHODS. .

—




:i$oamy1 éolutidns, fol¥OWed by two extractions with ether.
;fﬁé ether‘laye; was removed with a pasteur piquﬁg.and £races
fdf ether were evaporated by bIQWing air over thé“éamble. |
The RNA was precipitated:from_the solution by
?stdring overnight'at_—zbfc, following the addition of two
Evolumes of 95% ethanol and NaCl to a finél concentration of
éiO.l M. The precipitate was collected by centfifugation, 23,600 g,
i 10 minutes, 4°C, air dried and,xédissolved in 0.01 M-Tris--
f_Hc1 buffer, pd 7.5. | .
2 The concenfration.of RIA was determined from it#
A absorbance at 260 nm, one o;tical density unit‘beipg
equévalent to 40/ug/m1 of RhA (Scherrer, 1969) . |

| w;th the labelled virions the radioactlvxty of the
RNA was assayed by precxpxtat1on with trichloroacetxc ac1d
(TCA). To.0.01 ml of the labelled RNA,-O S ml of 10% TCA
and 0.1 wg of yeast RNA, used as a carrier, weTe added: -
The resultzng precxoltate wWas . collected on a 0.45 u Hillxpore-
filter washed with S ml cold TCA and dried,

_ The filters were counted.in a Beckman séintillatién

counter usihé“omnifiuor (4 g/litdr of ;oldene) as the
scintillation fluid. |

5. Preparaticn of Cytoplasrmic Extracts

About 2 x 1Q9 cells from a growing culture were

infccted‘with'virus at a moi of 20 PFU/cell as described
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Lo i : .
"earlier. Fewer cells were mock infected to yield the ®

iunlnfected controls _
After 5% hours of incubation at 37°C the cells
: wefe pelleted"Ly centrifugation and washed three times by
] succdessive resuspension and, centr1fugat101 in cold PBS.
§ The washed cell pellet was resuspended in 20 ml of 0. 01 ™
Tris buffer and dlsrupted by 10 strokes of a glass Dounce
' homogenizer. | |

_ After removal of nuclei and cell desris'by
centrifugation.for 10 minutes at 4°C and 6000 g, the
7_supernatent was made 0-013 in mercaptoethanol. Glycerol

and Cleland s reagent were also added to a f1na1 ‘concentration

=‘of 5¢ {V/V) and 0.002 M respectively.’ Thls constltuted tha

- crude enzyme fractlon, and was aliquoted in 0.5 and 1 ml

=

volumes and’stéred at 60°C. The frozen preparation was
stable up to: 6 months, R dialyzed exttact wvas prepered usihg

-elther frozen or freshly prepared crude enzvme fraction..

Dialysis against SOO -1000 volumes of buffer (0. 01 M Trxs-‘r
HCY pH 7.5, 5% (v/V) glycerol, 0.01 H,mercaptoethanol,
0.002 M Qithiothreitol) was carried outlpvernight at 4°C.

»

A. Detcrmxnatlon of Protein

The protexn concuntration of the cvtoplasmic extract

was estimated using Warburg and Christian's (1941) formula._
o : _ ' VA

The absorbancy at 280 nm (Azaol.and at 260 nn (hzscl‘w?e
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i determined, and used in the following formula:
. 1.54 A580 -'0.76 AﬁGO = protein concentration in mg/ml. ’

. About 8-14 mg of protein per ml were obpainbd from a preparation '
of enzyme stock as described above. A variation ofulbﬂ_

was observed when protein concentration was estimated by . -

the technique by Loﬁry EE‘EE' (1951} .

6. Analysis of RNA Extracted from Reaction Mixtures . - -

A._-Alkali;e Hydrol?ﬁisﬂ

\ RNA from 2. 5 ml reactxon mixtures was extracted by
the SDS, hot phenol- chloroform, 1soamy1 alcohol method as o i
.descrlbed above. TCA to a final concentration of 5% was
addcduto the final aqueous phase and the resulting
precxpxtatc was collected by centrigugation at 12, 000 9 for
10 minutes and washed twlce.wlth 5% TCA, orice with 95%h
cold cthahol:and‘oncevwith-cthér; The pellet was air drled
and dissolved in 0.3 ml of 0.3 MrKOH and hydrolysed for
. 18 hours at 37°C.. Hydrolysxs was/terminﬁted by chxlling and
acidifying to pq 3.5 with HCIO‘. / The precipitate was reroved

by ccntrlfuqatzon at 1100 g- for 10 ‘minutes. Thq_'n

k]

supernatant was analyzed by-paper chromatoggaphyx'

T

B. Paper Chromatograp&x

(_ Descending paper chronatoqraphy was carried outtufinq

o

A T B S

A



X
il

Whatman‘No. 1 fiiter»paéerdas deseriged by'Lane'i1963).

'After deve10p1ng for 17 hours at room temperature the paper

was air dried and nucleosmdes were located under ultravxolet

lamp and 1dent1f1edaby parallel markers of 2'(3“) AMP, GMP,
UMP, CMP, guanosxne and the alkallhe hydrolysate of yeast
RNA (Randerath and Randerath 1965). _The paper was cut into
1 cmApieces, placed in vials containing toluene scintilletion

liquid and the radiocactivity determined.

b : .
3 . -

C. 1Ne5rest'Neighbour Frequency Aﬁalysis o S
32

An in zlgsg‘aesay mixture containing [a- Pi GTP'as
the 1abelled substrate and 1 mg. protein of dialyzed crude

_ extract was incubated at 37°C for 1 ‘hour. Alkallne hydrolySis
and;paper chromatography was carrled out as described above. _
The reIatlve frequcncy with which a given nucle;tlde is |
adjacent to any other nucleotrde 1n the chaln was determined

,{Josse-and Swartz, 1963r. A

ooa ]

7. Centrifugafion on Sucrose Density Gradients

A. Cytoplasnic Extracts

Linear gréaients ef 15-30% sucrose in 0.01 M;Tris-HCl
pH 7.5, 1 mM nagneszum acetate. 1 mM mercaptocthanol, St o !
'(v/v) glycerol and 2 mM’Cleland s reagent were prepared’ 1n 38 ml

volumeX in nitrocellulqse tubes qungla Buchler gradient maker.

L)




!
} About 1 ml of crude cytoplasmic extract was layered on each

] gradlent Centrlfugatlon was carried out ‘at 4°C, 81,000 g
for 5 hours in a Beckman Ls- BSB ultracentrlfuge u51ng a SW27
rotor. After centrlfugatlon‘the gradient fractions were

3 collected in success;ve 1 ml fractions witblcontinuous
monitoring of the opgical density at 254 nm,:ﬁéing an ISCO

analyzer -and fraction collector. A O.K'ml“%ortioﬁ of each

fraction was assayéd for polymerase'activfty.‘ -

B. . RNA Products L

r e

RNA extracted from reaction mlxtures‘labelled thh

-3ﬁ—GTP)and dissolved in STE—SDS buffer, was analyzed by

céntrifubation on a lineaf 5-20% sucrose gradient in STE-0.1%

SDS buffer. Centrifugation was carried out for 120 minutes

at 15°C and 180,000 g in a Beckman SW50 rotor. Successive

15 drops fracfions were ‘collected by puncturing the bottoh'

. of the tube. The radloactlvity in each tube was assayed

‘ by prec1p1tation WIth yeast RNA and 108 TCA. 7
Sucrose gradient analysis of,RNA_labellcd:with 3H-ATP

and dissolved in STE: was carried ouf ﬁs above but without <~

SDS. Centrifugation was for 180 mingtés at 180,000 g and

4°C, fractions of 17 drops were collected and radiocactivity

determined as described before in Section 4.




8. Hybrldlzatlon

Y

- A. -In Vitrof{RNA Product wlth Vlral RNA

Annealing to form RNA-RNA hybrids was carried out”

' as described by Huang et al. (1970). About 5000“cpm of

| thé in vitro RNA product and increasing quaﬁtitié; of viral e
RNA in a total volume of 0.4 ml of Hzo were meltec by lmmersing

in boiling H,0 for 3 m;nutes. After the addztlon of 0.1 ml

of 1;5 M NaCl and 0.1 ml of 0.15 M Na cltrate, the samples
were incubated at 65°C for 150 minutes. Aftgr‘éodling, each
sample was divided into two 0.25 ml portions one of which

was ‘digested with 50 ug/ml ofJEancreatic RNase for

30 minutes at room temperature. All samples were acid!
precipitated in the presence of carrier yeast RNA (0.01 mg)

and assayed for radiocactivity.’

B. 3H-Poly.U with Poly A

Hybridization of 3H~poly U‘ana poly A was done
aéoording to the method déﬁc;ibed bf Cillespie’él al. (}972); L
A standaré 0.05 ml hysridizaiion miiture conSisti?g‘qf
"1 ug (7 mCi/mM) of 3H-poly}U: 10 ug of poly A; S0%
formamide; 0,01 M Tris-HC1l pH 7. 5, was melted in boiling N
water ;or 3 minutes followed by the addition of 3 X SSC
(0.45 M NaCl, 0.045 H Na'cxtrate).' The maxtures were
incubated for 22 hours ‘at” 37°C and cooled to 30‘C for

! hour. A 5 mil solution contalninq 0.01 M Tris pH 7. 5. , ’ \
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: \ _
0.01 M MgCl,, 0.5 M NaCl was added to each sample. Half

of each sample was dlgested with pancreatlc RNAse 20 ng/ml

and Tl nuclease 150 U/ml at 30°C for 30 minutes.. All

. .samples -were TCA precipitated‘in the presence of carrier

yeast RNA and radloact1v1ty determlned.

*

_ The same procedure was followed for hybrxdlzatlon
of 3H ~-U labelled viral RNA to poly A.

P

o
- .
ot J r—-—-r-

9. Analysis of PIOtElnS Associated wlth Enzyme QOmplex

A. Preparation of Radioactively Labelled Cytonlasnlc Extract
s

Cells pre-treated w1th 0. 5 ug/ml of Act. D for

120 hours,rwere infected with VSV at moi of 100. At»3 hours

post resuspension, the cells were centrifuged and

U

resuspended in.medium containing 1/20 the concentrgtion of

amino acids ﬁ;esent in Joklik's hodifieé minimal essential
medium. ‘i4c—éminé-$cids at a concentration of 0.5 uCi/ml
werc added, - . ” A |

| The cells wére harvested 5% hours post infectioen,
washed with PBS, and dxsrupted in RSB® buffer (0.1 M NaCl-

27 0.01 M Tris, pH 7. 5 Prevec, 1965) as

outlined in Section S-above. The nuclei—free supernatant' ' {

©.0.0015 M MgCl

was 1aycrcd on ' 15- 30% lxncar sucrose gradzent dissolved in
. RSB®, and ccntrxfuged for 3% hours at 5°C, Bl, 000 g, in a '

SW27 rotor. The gradients were fractionated into 1 nl
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portions and radioactive peaks located by spotting 0.05 ml
of each fraction on Sartorius glaés fiber pads and

counting in toluene scintillation fluid.

B. Extractions‘of Proteins

‘ X
- Appropriate fractions of the gradients vere pooled

and precipiﬁ%ged in‘2 volumes of 95% ethanol at -20°C
overnight. The pIECIPLtate was collected by centrlfugatlon*
at 23,000 g for 10 minutes, and‘alr drled Both the above
precipitate and the final v1ral pellet labelleé with 3H-amino
acids were resuspended in 0.2-0.5 ml of alkylatlng buffer

(1% SDS- 8 M urea; 0. 005 EDTA; 0.0005% phenol red 2 5 ul/ml
of wcrcaptoethanol, all dxssolved in 0.5 M Tris-HCl pH 8. 6
Reuckert, 1965). The sample was allowed to stand at room
temperature'for one hour and then dialyzed overnight agalnst
1000 volumes of”dl&lysxs buffer (0.0l M NaZHPO4* 0.0028 M

. K!iz

urea; Sﬁmmensﬂ _q_}_-. 1965)

PO, ., pH 7.1, 0.1% SDS 1% {v/v) mercaptoethanol 0.53M

c. Polyac:g}anzde Gel Flectroyhoreszs ' : | {
‘"The method used was that descr;bed by Kang (1971) .

Polyacrylamide gels were prepared in 27 cm x 0.9 cm plastxc

tubes sealed at one end with dialysis tubing. The gel

solutions A [15% (w/v) acrylanmice; 0;3% (w/v) N,N°-methylenec

bisacrylamide made up in running buffer}, B [0.1% (v/v)




N,N,Nf,N'—methyletetraethylenediamine in running"buffer] and
C 10.56% (w/v) ammonium persulphate in running buffer]
were mixed in a ratio of 4:3:1 respectively and urea added

to concentration of 075 M. A volume of 13-15 ml of the

- smixture was poured into the tubes and water was layered on

top qf each‘gei. After 45 miﬁutes at room temperature, the
water was révagd and no more than 0.3 ml of the solubilized
and dialyzed protein éontaining 20% suc;osé was 1aye:ed-on
the gel. fhe_tubes were carefully filled with rﬁﬁning&buffer 

(0.1 M Na,HPO

2

et al., 1965) and mounted in a Buchler vertical.electrophores%s

4 0.028 M KH,PO, pH 7.1-7.3, 0.1% SDS;‘Sumﬁers

apparéﬁgfu “Running buffer was added to thelchambers:ahd'
electropﬂbresiﬁgwaﬁ éarried out at 1 volt/cm of gel'for‘ﬁhe
initial 30 minutes., followed by 4 volts/cm of gel for the
next 20-22 hours. % | |

After clectrophoresis, the gel was'sliced’manually g

.with razor blades inhto discs Qf about 0.15 cm in height. .

' For single label, each slice was placed into scintillation

vial containing 10 ml of tolue o scxntzllatio% fluid with

25% wcthanol "For dual label ( H and 14

C) gel slices were
depolymerized.by incunating_aﬁ 37°C ovgrnight in 0.1 ml of

hydrogen pcroxiae and then counted in 5 ml of Bray's sgintillatEOn

" fluid (8 g omnifluor; 300 ml of methanol- and 60 m1 of

ethylene glycol, in a total volume of 3. 0 liters of dioxanc,

Bray, 1960). - - S




RESULTS

SECTION I. Properties of the RNA Polymerase System

o . . -
K

1. Optimal Condltlons for the RNA Polymerase Act1v1tv-

The enzyne assay used was a slight modxficatlon of
the system descrlbed by Wilson and Bader (1965) A complete;
standard reactlon mixture with concentratlons and amounts
of components is shown in Table:l. Themcon;éntrat;ons of .
the reacéant& wefé derived from the follawinéﬁefperiménts.
o A pH of 7.5-8.0 was chosen fo%'thé assav on'the basis

of the data presented in Table 2. As shown, 1ncorporatlon”*"

was maximal in thls pH range and fell to con51derab1v lower;

. BTN
~ ' : Ty

'values at pH 7.0 or 8.5. ‘ E Tl

The response of the assay to varylng Mg ++ conceqtratﬁons

- is shown in Fig. 4. The optimum for activity was 10 =M.

T

. This was in agreement with wilson and Bader's data (1965).

- The incorpération. £ Xhe label} ed'triph9sphate.

3H GTP was ‘dependent o theé presence of other 3 nucleoside

triphosphates (Table 3) As indicated in thls Table the

_1ncorporatlon of GTP. droppe& to 20% in ‘the abscnce of all

the unlabelled trxphOSpha*cs. Also when each of fhe trtphosphatéa{

was substituted one at 4 time by the corresponding labelled

N

N/




45,
®
- Table 1
Cbmposition of Standard Reaction Mixture
. - [
A 5 ml solution composed of 0.6 M Tris-HC1l _ 7
pH 7.5-8.0;: 0.1 M. magne51un acetate, 0.005 M~ /A\\\ -
mercaptoetnapol B , : 0.05 ml . ///f’
‘A mixture of 0.026 M UTP, CTP and ATP in -
. 0.01 M Tris-HCl pli 7.5 (neutralized with
; sodium bicarbonate) : 0.05 ml
3H-cTP, (1.16 Ci/mmole) 100 uCi/ml ~ S . 0.01m
.Cytoplasmic extract (infected or non infected 0.1 ml
cells) :
: _ . -
0.01 M TrisF;{C?l pH 7.5-8.0 . - 0.29 ml
Total volume of solutions - : o ‘0.50 ml .
Amounts of Comnonents per 0.5 ml
. o |
Tris-HCl pH 7.5-8.0 - 33 u moles
Magnesium ééetate ‘ - | 5 u moles
Mercaptocthanol 1 0.5 u moles
Mercaptocthanol present 1n ) _
cytoplasmic extract A 1.0 u'moles
UT1 CTP, ATP E | o 1300 mu moles
Cytoplas e extr*ct - oL O.Sfl mg protein

The reaction mixture was incubated at 37°C or 28°C for
20 minutes, chilled and 1 =l of cold 10% TCA was added.
The precipitate formed was collcctcd on nitrocellulose
filters, washed 5 times with 10% TCA. The filters were
dried and counted as descrzbcd in METHODS,.

-
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Table 2

_ Effect/of pH on the Assay

Reactipn Systen ' ‘cpm/20 min/mg protein

Complete; pH

- Complete; pl
Comrilete; pH

Y Complete; pH

7.0 © 2,460
7.5 ) | 13,340
8.0 16,860
8.5 . 6,780

The conplcte

reaction mixture contained all the

' components dcs¢ribed in Table 1 with the Tris-HCl

buffers of thé_indicgtéd rH, gdjusged,at roon

temperature.

} D
t[ ~
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FIGURE 4. Effect ofzng++ Ion Concentration on the
‘Incorporaticn o GMP ‘ o
Standard reactions mixtures were made up as described in
Table 1 with the “g** ion concentraticn .charnged to that
recorded above and_incubated at 37°C for 20 min. The
products were then nrecxpltated and radxoactivxty determined.
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Table 3

Triphosphate Requirement for GMP Incorporation

Reaction System ' Expt. I Expt. II
| \*xm, . cpm* ' cpm* 3.
complete . | 2443 100 9046 "100
Minus ATP 579 23 2449 - 27
‘Minus TP . 64 10 2797 . 32
~ Minus UTP 1278 52 . 6103 65

‘Minus ATP, CTP, UTP 495 20 1652 18

fTﬁe complete reaction mixture cbgtained all the
components des;f;bed in Table 1. Tﬁe othervﬁigtures
were identical.excépt for omission of the staﬁéd.. )
phosphates. Incubation was at 37°C for 20 miﬁ.

- Experirments I and'II were performed with different-
ﬁR-LTrcnzymc preparations each éf which Qas dialyzqﬁll

& : ' ‘ L
overnight against 500 volures of dialysis buffer. . L,

*Expressed as cpm/20 nin/mg protein
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nuclecoside trlthSPhate the results presented in Table 4
were obtalned.{ Each of the radloactlve nuc1e031de
tr1phosphateswa$ incorporated by the polymerase into aciad

insoluble produét.

s
\

In order to determine optimum substraté concentrétions,
reaétion mixtures Qeré prepared in which the concentrationg
of each of the;hucleoside ﬁriphosphate was separately varied.
Tﬁe results are shown'iﬁ Fig. 5."Incorporatioh increased to
a saturating ievel Qith increasingféubstraté concentrations.
Concentrations éf 2;5 mM fér UTP, CTP‘and_ATP respectively
were used in all assays, although the saturating concentrations
for UTP cou}qwbe well Below this value. As noted in both
Fig. S and Table 3, consxderable incorporation of GTP
occurred even in the absence of added UTP. Similar results
were obtdined using triphosphates. from ghree different
éommercial sources, Paper chromatography‘of ATP and CTP
from.Schwarz/Mann undcr conditions which,could detect 5%
- eontamination lcvcls falled to revcal any contaminating UT-.
The possibkbility that 1) UTP was gcnerated by deaminatxon o‘
_ CTP, or 2) that a non—urldinenpolymer was synthesized, wore
examined with tﬁe analysis of the n;ture of the synthesized
ﬁ#oduct fSection I1). _

Fig. 6 illustratcs the optimal concentration of ‘the
-laaelled triphosphate 3HGGTP.'plotted both as a !unciion

'mf total counts (A} and pmoles incorporated (B) This

by w‘.':"—l' :?‘})
X

-
. -
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C.PM.incorporated/mgq prbfeih/zomin

<

x 1073

A8 1z 16 20 24 28
Conc.of varied NTP{mM)

° -

. 1Y
T
. - = 3 . .
FICURT 5. Effect of Increasing Concentrations of Untabelled
CSucleosiae Trinnosyaates (LL0: on Incéroporatign of Ve
Reaction mixNtures were Sct un containing ~H-GTF and twd
tnlatelled nusleoside -trivhosphated at™the conceptrations
rresented in Tab:c 1. The caoncentration of the remaining
triphosphate wias varied as indicated in the above Figure and
incubation car:xcc cut at 3?°C for. 20 minutes.
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CMP. incorpordted/o.Smg

0% protein/20min x 107

/03mg Pprotein/20min x

‘picomoles GMP hcorﬁorated

GTP (mm) Conc.

o~ . . .
FICURE 6. FEffect of GTP Concentration on GMP Incormoration

Roactidn mixtures contairing the -carponents descrided in -

Table )} were set up, except that different amournts of R
unlabelled GTP were added. Incubation was for 20 min at : :
37°C. A) The arount of GMP incorperated determined from

the incorporated radjoactivity and the specific activity

B) Incorporation {(cpM) of 3H-GMP, :

EY
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experiment was done using standard reaction mixtures containing

conStant-amountslof the three unlabelled triphosphates and'3H—GTP.

Increasing amounts of unlabelled GTP were added.to'theh

3

respective samples. MTheﬁog;imallvalue‘for GTP was about 0.5 mM.
TP ~10

‘The V-max value for 3H--'GTP_utilization was 19 x 10 moles/mg of.

protein. " For routine aesays‘of the polvmerase, 3H-GTP of high

specific act1v1ty (1.16 Ci/mmole} ahd‘a concentration of 1.7 uM
was used. As shown in Flg. 6A, this_qoncentration of JH-cTP
gave maximum inco;poratiOn of radioactive counts.

When 3HfATP was used as the labelled substrate and

~its incorooratioa was plotted as a function of ATP concentration,

the results presented in Flg. 7 were obtained. The Optlmal
concentration of ATP was 2 mM and the V-max value For 3H ATD
utilization was about the same as for ?H—GTP. Althouéﬁ tﬁLS
maximal number of labelled picomcles incorporated of beth

TP and GTP is the sare, a greater concentratlon of ATP than
GTP is required to-reach such levels. While the reason for
less A“P 1ncornorat10n than GTP at comparable substrate
concentrations could perhaps be attrlbuted to the presence
of an ATDase or some other ATP ecavenging system in the
c*ude cell extract, it seems unllkely since BlShOD et al.
(1971) observed s*mxlar results with the virion associated
transcriptases of st‘aad Influenza virue.

| :The effect of‘enerqy generatiné systems an 3H-GTP

incorporation was examined. Erergy generating systemyg are

»‘AV"

E
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FIGCURE 7. Effect of ATP Concentration on AMP Incorporation
Twelve stancard reaction mixtures containing 1 oCi of
3p-ATP (20 Ci/mmole) as the labelled substrate were set up.
Sufficient unlabelied ATP to bring the final ATP concentration
to the level shown was added to pairs of nmixtures. -After '
incubation for 20 min at 37°C the cduplicate samples were
acidified and radioactivity determined as described in
METHODS. The amount of AMP incorporated was determined’
from the incorporated radioactivity and the specific activity,
and is expressed per 0.5 mg of protein.
|

3
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usually added to ensure that any nucleoéide monophosphates

- and diphosphaﬁes are converted to nucleoside triphosphates..

The systems usually uééd are phosphoenol pyruvate with pyruvate

kinase and creatine pHosphate with creatine phosphokinase. |
The‘additioﬁ of PEP and pyruvate kinase at concentrations

of 20 mM and 8 pg/ml respectivelvy inhibited the incorvoration
3 A

v

of JH-GTP in the assay (Table 53. The reason for the

inhibition is not known but appears to be due to PEP alone.
In its presence at a concentration of G‘NM,'only 11% of the

~activity w3s retained as conpared to a cqmpleté reaction in
: .
the absence of PEP. When PEP, at a concentration which did

s

‘not gauSé“inhibitién (0.1 mM) , was addea to a compiete
reaction mixture together with pyéuvate kinase, no enhancement
of incorporation was observed. Other generating systems,
éréatine phbsphate with phosphokinase and 3w?wg1yceric aciad,

neither inhibited nor increased incorporation. For these

rcasons an ATP-generating system was not usually included

.y
-

in the standard aésay.
The incorporation of 34-GTP was linearly properticnal
to the amount of added enzyme up to at least 1.0 =g of

protein (Fig. 8). A concentration of 0.5-1.0 mg of protein

was used per assay.
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Table 5

Effect of ATP Generating Sysﬁem on Incorporation

Reaction System ' Relative
Activity
Complete . . _ 100%
plus PEP (20 mM), Pyr. Kin. (8 ug/ml). N 29
plus PEP (iq mM) o ) 22
plus Pyr, Kinase‘(s ug/m})" 104: N
| pius PEP (0.1 mM) _ N 90
(0.2 ) S 83
(1.0 m1) I 71'
(2.0_mM) | 67
- . . ' .
(6 mM) ' 11
plus PEP (0.1 mM), pyr. kinase (8 ug/ml) 83
plus 3-P-glyceric acid (20 mM) 97
: plusrcreatine.phosphate (5 mM), creatine 100

phosphokinase (8 ug/ml)

-

Each recaction mixture contained the components as

described in Table L. Incubation was at 37°C for 20

minutes,




37~

’ [ J
22" ; .
20.-
_ et n .
‘IO .
-; 16l P
= :
E
& | .
o I2r
.2
S o .
g' ‘ .
g & ‘
E & .. -
(& ’ _
gt . ¥
2l J°

0z 04 06 0B 10 12

r’ngyote'in I o

FIGURE 8. GMP Incorporation as a Function of Protein
Concentration

Reaction mixtures were prepared as in Table 1, but

containing different protein concentrations of the in‘ected

cyteplasmic extract. Ircubatlon was at 37°C ‘or 20 min.
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2. Other Conditions Influencip§>Polymerase Activity - °*

++ N

The effect of detergenﬁs, Mn ', and salt on the

assay -and the thermal stablllty of the enzyme were examlneé
In Table 6, the effcct of various factors on the
incorperation %; 3H—GTP by cyt&ylasmic-extracts into acid
insoluble product is presented. Polfmerese activity was
" demonstrated oﬁly-in cytoplasmic extracts of infected'cells.,
Reaction mixpures containing an extract from uninfected
cells gave values wh;ch were ﬁo higherethan the‘amount pf\
radioactivity bound tb filters in the absence of ext?aét. ' ‘ -
’ No actlvlty was detected in. the absence of Mg * ions.
Mn++ 1ons at the same concenﬁratlons as Mg ; either in the-
presence or absence of Mg .1nh1b1ted actxvxty by 90%.
ncorporatlon was unaffected by Act D or DMase. which |
demonstrated ‘the lack of partxcxpatlon of DNA in the enzymatic
. reaction. As'expected, in the presence of RNage, incorporation
was reduced to cbntrolqleveis. - o - i _

Effect of Dectergents

In orcder to observe in vitro po(gmerase actlvxty by

viricn;associated enzymes the Virus must flrst be activated. -
o

Activation of .enveloped vzruses is most easzlv achieved bv
treating wi th non-ionic detergents, which presumably strip
of€ the outer, lipid containing envelope and thus expose

the nuclebprotoin core {Baltirmore et al., 1970:7A351cstad
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et al., 1971; Bishop et él.;51971). With the cellular vsv
complex the addition of non ionic deterggn®s such-as Brij and
Triton X-100 did not affect incorporation at the concentrations

used (Table 7), which suggested that thé enzyme was not enveloped.
. : >
In contrast, the addition of the ioni¢ detergent sodium

deoxycholate gieatly-inhibited the reacticn. This nay aave beer

-

due to the removal of one of the viral proteins (LY from the

ribonucleoprotein complex by DOC (Kang, 1971), or to the

prec1p1tatxon,of Mg2 by thls deterg?nt (hohler et al., 1968).

Effect of Salt

| Slnce the presence of a monovalent ion is requxred

by some enzymes for stabilization of a conformatlon resnonsxblb
- for maximal catalytlc activity the effect of addition of
NaCl‘ana KCl on the reaction was examined. _Concentrations

of either salt up to 0.08 M stimulated_enzymatic_3ctiVit?
while greater concentrations inh;bited incorpqration-fFig. 9).
The cyﬁbplasmic extract used for these experimenis was

dialyzed flrst to remove lntracellular ions.’ Wﬁcn the sare
experiment was reoeateo with undlalyzed extract, 1nh1bxt*on . -
was observed with codccntrations-greater than 0.01 M (Fig. 10}.
It appea*s that thc crude extract does not require additional
salt, and hence salt was not 1ncluded routlnelv in the assav.
The stimulation of incorporation bv thc dxalvzed extract

observed with NaCl and KCl was simllaf“to the results reporte:d

¥
P
H
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N
N
T

. ‘ | KCl

€

c.PM./mg/ 20min X 10
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02 04 06 08 10,12 .14 B .18 .20 .22 .24
MOLARITY |

, o

FIGURL 9. FEffect of k* and Na' on Enzyme Activity of

) a Diclvzed Extract . ‘
Standard rcaction mixturas as described in Table 1 were
prepared with dialyzed c*toplasmic extract. KCl and NaCl
‘were added-to the mixture to the final indicated molarity.
Incubation kxﬁi at 37°C for 20 min.

*y
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&

x10

A A

02 04 06 08 1 12 14 16 18 2
Molarity of NaCl |

CPM. Incorporated/mgq protein/20min

FIGURE 10. The Effcct of Na' on Enzyme Activity of a
~Crude Lxtract - :

Standard reaction mixturcs containing undialyzed cnzvme as

in Table 1 were incubated with various.amounts of NaCl

at 37°C for 20 min, The acid precipitable product was

collected and radioactivity determined.

" 1 - -
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by Aaslestad et al. (1971) for the virion associated
polymerase. -

E'Y

Thermal Stabilitv of the Enzyme

' The activity of the enzyme ﬁreparation wés tested
after incubation in the absence of substratgs.‘for various
periods of time at 28°C énd 37°C. As shown in Fig. ll,l
no loss of enzymatic activity occurred at these two-témperatures
over a period of 3 hours. The enzyme therejore appears to
be reasonably thermostable in this temperature range. Tatle 8
shows the results of stab11lty experiments conducted at =
bothrlower {room temperature) ‘and higher (45°C) temperatures.
Astexptcted from the preceeding result, no loss of;actiyity
was observed after three hours at“fﬁbﬁ temperature, however
80% of the actiﬁity was destroyed_aftér heating for 5 minutes |
at 45°C. 1If the three unlabelled nucleoside triphosphates were
addéd to the enzyme prior to heating then virtually no
act1v1ty was lost under these same conditions. This result'
suggests that- the enzvme substrate conplex may be s1gnif1cant1v

more thermostable than the enzyme itself {(Munyon, 1970).

3. Fractionation of RNA-?olymcrase Activity

- The partial nur;‘xcatron of VSV polymerase by

differential cowtrlfugatzon of cvtoplasvic mater Laé is
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“FIGURE 11. Heat Stability of the Crude Extract
Cyilcpiaemic extrackt was incubated at 37°C.and at 28°C.
“At the indicated times a volume equivalent to 0.5 ma
of protein was withdrawn and assaved for-activity as
described in Table 1. o )
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outlined in Fig. 12. The distributiop (units) of RNA

polymerase activity (pmoles of 3H—GMé§incorporated in

20 nin at 37°C) is also shown. MAbout-BO% of the polymerase
activity.was pélleted at lGd(KM"g for 75 hin (P‘). This
suggests that VSV polynerase, as 1is the case w1th»most
polymcrases of mammalian RNA viruses, is assoc1at;d:3££h-
“large intracellular sfructurés. | |

"To further analyze~th§§e structures, cytoplasmic
extracts of cells, infected dnder éonditions where only
infectious virus was prodhcea wete‘CGntrifuged on a 15-30%
sucrose gradient for 5 hours and. each 1 ml collécted fraction
was éssayed fbr.polymerase ac;1v1ty. The proflle obtalned
is illustratediin fig._lB. The activity gas associated
with two distinct regions, é_iarge complex-lbc$tda in

'fract1ons 7412 and a snaller complex present in fractions

=7

13-20. Scdlmentatlon coeff1c1ents based on the optlcal
'dcn51ty proflle of the rlbosomes could not be a551gned to
these structurqs, since the polysomes.wcre not wel% separated
“underx these experimental conditions. | N _
Since polymerase activity is aSsoéiateq with two
d;stincy complexes it was of iqterest to fOIIOW'tne'biogeneéis
'of;thcse compiexes in order toidetermine if'both-were'prescnt-
throughout the replxcative cycle or whethexr at some stage

only one was detectable. Accordingly the appearance of two

cpmplckes at 2, 4 and S.S hours-pqst,xnfection waSimonitp;ed--

[ i o : : . /
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? | Cell homogenate b/)f'
s M |

2000 g for 10 min

. : 1 By Nuclear fraction

. o o : 7000 g for 15 min

P

o . . . . ’ | ®
) S, (176.6)* 2_M:Ltochc::tn.dra.al fraction’ (17.3)

1 rid

160,000 g for 75 min

4 o )
Sy (3.1)* Py Pellet (159.8)

FIGURE  12. Procedure for Fractionating VSV RNA Polvmerase
' Activity from Infected L- ~Tells bv Sedirentaction

. Infected .cells werc narvested, disrtpted with Dounce Rorogenizer
and nuclei spun out (P31). .The supernatant (Sj) was taken
through 2 centrlfugatlons and actlxlty was assayed at each
step as described in Table 1, F\ :

3

*Total units in pwoles of H- GMP 1ncorporated per 20 min._
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" QD 254 nm

C.PM. incorporated /40 min/04ml x I0°
N F

) Fraction . -

—

P

S

FIGURE 13,  Sucrose Density CGradient Analvsis of Cytoplasaic
Extract fron Ceclls Infected with HR-LT

Cytoplasmic extracts were prepared as described in METHODS,

layered on a 15-30% sucrose gradient in 0.01 M Tris-HCl . ‘
buffer p 7.5, with 1 m{ magrhesium acetate, 1 mM mercqp?oettanol;“_
5% {v/v) glygerol and 2 mM Cleland's reagent, and centrifugec . :
for 5 hours at 24,000/rpm, -for optical density at 254 nm ----- E .
ivity\(e). The bottom of the gradient

and for polyrerase acti
is to the left.

3

(=%
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as described above. As illudtrated in Fig. 14, activity‘was
associated with 1a;ge s;rﬁcturés at the three,times e*amiﬁed.
Two distinct éomplexes”wefe visible ag 1ater'times, while

at two hours, a low leﬁel of polymerase activity (note scale)
was associéted with a single region, While‘this material
seém$.t9 have the se@imentation coe'ficient of the smaller
complex seen at later times the 5.4£

ificance of this

observation remains to be determined.

L}

4. Viral Proteins Associated with the Po;ymerasé Complexes

Since the polymerése complexes ébincide in sucrose
‘-éfadients witﬁ the positipn’bf the ribonuclecprotein comﬁ}exeé7
pfeviously observed iﬁ the infected cell (Kang, 1971), it
was of interest to examine the protein constituents of each —

'comﬁlcx and to try to identify the préteins responsible for

pelvrerase acfiﬁitv.z Accordlnglv cells pre.reated with

Al

" Act D for 12 hours were infected, and split 1nto two equal

14C-anuno acids as

portlons, oneg of whlch was labelled Wlth
dcscrlbcd in METHODi;ﬁ Both sanples were harvested 5.5

‘hours poét,lhfectlon, cytoplasmlc extracts preoared and analvzed
‘on sucrose gradlents. /Fractlons of one gradléht-were assayed
for polynerase actlvxty and’ a profxle sim;lar to Fig. 13

was obtained.‘ 34 the’ other gradlent,,the radiocactive IEQIDHS

I were 1dent1f1ed and found to coincide.with the polymerase

4o
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o

Relative OD. 254nm

Polymerase ocfivify cPM./30min/o4aml (xI07)

. \gj- ; ;30 20 - 10

| Frdcﬁon number

'FIGURE 14.. Sucrose Densitv Analvsis of Cviooldsmic Extract =
from Cells Infected with HR-LL at-2, 4, and 5.5
flotrs Post Infecticn '

About. 5 x” 10F% cells werc infected with HR-LT at a moi of

50 PFU/cell. At 2, 4 and 5.5 hours post infection 1.5 x 108

cells were removed -and extracts.prepared-as described in-

. METHODS. One ml (7.0 mg of protein) of each was lavered on

" the top of 15-30% sucrose gradient and centrifuged for 5 héurs

" .at 24,000 rpm, 5°C in a SW27 rotor.. 1 ml fractions were

collected and monitored for optical density at 254 nm— .

and for polymerase activity (e): The bottom of the gradient

'is to the left. . ' e -
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[F

‘active cdmplexes. The fractions corresp%nding to the two
-complexes in the labelled gradient wéré pooled separately, -
denatured and analyzed on/polyacryiamidé gels as butlined
in METHObS The d;strlbutlon of thc protelns on the gels
is presented in Flg. 15,

Labelled protein present at the top of theﬁsﬁcfdse

gradlcnt where no,polvnerase act1v1ty was detected con51stcd

\

entlrely of NS proteln (Fig. 15A). This is in agreement with’

the” observation of Wagner ‘et at. (1970} and Kang (1971) who
showed that NS is pfcsent in large amounts. in the soluble
fraction of the cytog}asm; Both the small (Fig. 15B} and
the large (Fig. 15C) polymerase éompleXes'céntained the
proteins L, N, and NS, ?These'proteins havé previously beon

identified ‘as those constltutlng the rxbonucleonroteln core
ra

of VSV virion (hang, 1971; Petric, 1970; Wagner et al., 1969:

'Cartwrlght et gl., 1970}. ©On the basis of the above results
it is concluded that viral proteins L, N, and NS are
associated with polymerase é&tivity.r

To further show that ribonucleoﬁroteinAof virqi

o

origin is involved with the polymerase activity, the inhibitory

bffecn.of'anﬁisera; prépared against viral nucleoprotein
rcore‘aﬁa coat proteiﬁ, ;égftested dn'éhé polymérasé aséay.-'
The antisera were obtalned from Kang (1971) . - The.
I/,an%&qgns used to.ellcit these antlsera ‘were prepared frmm
purlfxed vxrus~t:eated wlth DOC and centrifuged through a

-

v

i
i

{
3
1
3
x
3
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FIGURE 15. Dolvacrvlamide Gel Profiles of -iC-Radioactive

Protein Fractions Taken from Lvtoolhsrlc Extracts

of VSV Infectec Cells .
Radxoactlve proteins pooled fronm selected fractlons of . !
sucrose gradients were analvzed on polyacrvlamlde gels.

_ Approximately 100,000 copn of each protein was analyzed. .
Co- electroPhorcsxs of- dH-labelled purified virion proteins - .
0--0 provided the marker. A) ‘Material obtained from the . g
gtop of the gradient. B) Material taken from the low molecular -
weight region of- the gradlent comparable to fractions 13=20 -
in Fig. 13." C) Material-tadken from the high molecular weiuht
reg10230f the gtaalent comparable to fractiqns 7-12/gn
Fig. 13. e | .,

-
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sucrose gradient.’ The nucleoﬁrotein éf the virus containing '
protcims N and NS mqved-down the gradiené, and viral coat
components éontaining proteins G and M remainea_at the top
of tHc gradient. These fwo‘fracﬁions were separately collectqd b
and uscd forrprébaration of the antibody (Kang, 1971{.
o Fig. 16 illustrates the influence of varioué amoun£s
.0of antiserum bn‘tﬂe'RNA polymerase acfivity. Both RNP core
~and coat éntisera inhibited enzyhe activity qs.comparcd to
¥ control. The control uSed was normal rqybit.serﬁh. The
1nh1b1t10n observed with coat antiserum was probably due to
contamlnatlon of this serum w1th core material. Kang (1971)

has obscrved that the coat. proteln fractlon prcpared WIth DOC

- as dcscrlqu‘qbovencontalnea some N proteln in addition to
G and M. : S o B
Although'it-was shbwn in'the previous exoeriﬁcntlthati
protﬂln L was also associated with the actmve polynerase
COTplCX, no assess*ent of its functlon can be drawn from |
thlS experzmcnt.‘ It -is uncertaln whethcr core and/or coat.
antiserum contalncd antlbodxes to protedn L, since neither-

Kang (1971) o: Wagner et al.,(1969) couid-demonstrate B '

'unequxvocally the presence of L in the core fractlﬁn following

S

DocC treatment of vlrlong. .
B -\.’ .
This experxment. therefore, demonstrates “the

-

1nvolvcnent of viral. protexns in the polymerase complex.

Future expé&iments using antxserum made aga;nst individual'
- o . o . . , :

——y . . - T .




CPM. incorporafed /0.5mg protein /20min

10 20 30 40 50
-l of serum added /0.5ml
o reactionn mixture

v
fra

—

]

FIGURE '16, Effect of Different Immune. Se'a on Dolvmcrase
' Activity
Polymerase activity was assaycd by 1ncubat1ng édifferent
amounts of normal uninfected rabbit serum (e), anticore
serun (s), and anticoat serum{o}, with standard assay
mixtures described. in Table 1. Incubation was for 20 rmin
at 37°C; samples were precxpltated with-TCA and- collgcted
on gla&q fiber filters. B

Sy . . Bl
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viLal'protcins might aid in deﬁcrmining the specific role

of cach; protein in the transcriptive complex.
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SECTION II. Analysis of the Product.of the in vitro-Assay

1. Nature of the Product

To determine the nature of the product syntﬁcgizeal.' .
in vitrooand tolget an estimate of its size, nearest
neighbour dnalysis ond the nucleoside to nucleotide ratios
following alkaiine‘h}drolysis were examined. ¥
Nearest neighboor analysis involves incubating-the
cnzyme c#tfact with a_reoctioh mixture io which one of the .

_nucleoside triphosphates is labelled with'm#32P at the

3

's'-position of the ribose. 7Following oolymerization the
P %

product RN\ is hydrolvzed w1th alkali,, which cleaves- the
phOapkOdlc ter llnkages resulslng in the transfer of a*32
phquHatc re51due from a 5'—nucloot1de to the 3'-p051tlon of

its nearcest ncighbour on the left. If the RMNA product is a
heteropolyncr *hen rad1oact1v1ty would be associated thh

cach of the nucleosxdc 3' or 2'-phosphatc, and ‘analysis of the
amount of radloact1v1ty would yleld the frcquency with which: |
-each of the bases occupy the positlon next to the base .
‘originally labelled. | - I

‘When odch an experinent was'done'using (5+32p1 GTP

as the 1abcllc% substrate, and the hydrolyzed bases were
separated oy'chro;atography, radioactivity was found in ali .
four mononucleotides tndicating that each‘of the four

\ ﬁucleotides was present ndkt-to_GM?w and hance the synthesized e
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product was a heteropolymer (Tabler9 Exp. I).

In ordcr to determlne if the 1ncorporated rad10act1v1ty 7
‘“réprcsents synthesis of substantial lengths of RNA rather
than ferminal addition of a few nucleotides to pre;existing oo
RNA, thé'rcaction‘prodﬁct-labelled with either ?ﬁ-GHP or .
14C ~CMP was hydrolvzed w1th KOH. The resﬁlting nucleosides:
and nuclcotldes were separatbd and quantltated by paper
chromatography. : |
1f 1ncorporat10n rcpresents terminal addition of i e \“\\
-only a few nucleotldes to pre-existing chalns, then upon
alkaline hydrolysis of product labelled w1§h GTP or CTP a
high percenta;e of tﬁe'total raéioactivity would bé found in'
thg guagosiﬁ& or cytidine rgg%ﬁn respgétively. The actual
diétribution of radioactivitv'of hyd;olyzed product on paper .
chromatograohy is illustrated in Fig. 17, anq the data is
surmarized in Table 10. Slgnlflcant radloactlvity (>98%)

is found at posmtlons correspondxng toc GMP, fractlons 21-26

PR
e

1n‘onc experlvent, and fractions §3 18 in another 1ndependhnt
experiment (Fig. 18). " The rad10act1v1£y in the nucleos1de
fraction represents less ;han 2% of the_;ct§;. and as indicated
this amount is cnly sligﬁtl;-higher'than the bagkground‘
radiocactive lcéel which represents ab6u£'40 bounﬁé.w_The

G/GMP ratio xndlcates that product fo;ped in the reactlon

was on. an average 60 nucleotxﬁes long. Analysis of

hydrolysate of C -CTP labelled product (Fig. 19 Table 10. . -
o S e T e e

4

v
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Avdrolvsate orf product Lebelled with 2H-Gi2 -

FIGURE 17. P-ner'Chromatoaraphic’Analvsis of the Alkaline.

Reaction mixtures contalning 10 LCLhof 3H-GIP as- the labelled

i ¢ 4 for
substrate were incubated for 1 hr at 37°C and prepared -
paper chromatography as described in METHONS. The brackets

" indicate . the positions . of each of the sunlabelled markers,

J 3 . - - E » d
analyzed on the same piegge of chromatog:gg?y paper an '
determined by scanning tiie paper with bW 7light. The peak

‘at slice numbers 1 and 2 represent material left at the -,

origin.' : T o
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Radioactivity per slice 3H CPM(xi03

. oL o
2 i1 x 1 1 P 1 'l A i i i A i .
4 8 12 16 20 24 28 32 34
- Slice number -~ |
FIGURT 18, Papef Chrqmatogr;%hic Analvsis'of‘the Alkaline A
fivdrolvsate. of Proguct Labelled W1;h‘JH-GTP o |
The procedurcs are identical to those described in : : . :
Figure 17, except that a different enzyme extract was used - f
‘to synthesize the product.
V N
e
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Expt. 1) yields similar results. . Therefore the above .
results 1ndlcate that a heteropolymer con51st1ng of at
-.least 60- nucleotldes was synthe31zed

~ ., Slnce it was observed eerdler that substantlal'

_,ihcorporatlon.of 3H_—GTP‘oc_curred'J.n the absence of UTP;
nearest neighbour ahalyéis was repeated'without thié
trlphosphate to determlne rf the syntheszzed RNA contalned

¥’

UAP The results obtalned were 51m11ar to the nearest

n01?hbour frequency obtalned in the presence .of UTP (Table 9

Expk. II). ' This suggested again that a heteropolymer was
synthesized, and altheugh,exogenous UTP was uot added,'it o

' & - L - » . - .
was present in the reaction mixture and was incorporated

[~

next to GMP.
~

V-

In order to check the possrbllrty that UTP was

enerated by deamlnatlon of CTP, a product synthe51zed in a

standard assay mixture with- 14 -CTP as the labelled substrate -
a_ } v . .
and without added UTP was dlgested wlth KOH and analyzed bv -

paper chromatograohy As seen'ln Fig. 19 and Table 10,
'Ekpt. III in the absence of added UTP the radxoactivxty

in the nucleosxde fractron represented about 4% of ‘the total
11nd1cat1ng that this product was shorter than . the RNA .
synth051zcd in the presence of UTP.; About 3% of the amount
of radzoactxvxty in 'the product nade in the absence of UTP,

and"T“S».ln the RNA synthesizcd in the. presencc of UTP was

found in the U%P regxon.- nlthough these values represent onlg

-
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FIGURE 19. - Paver Chrowatoqrqghlc Analysis of the Alkaline
_ Hvdrolvsa te of Procuct Lapelled with i%C-CTP

Reaction mixtures containinag 1 uCi of I4C-CTP (92 mCJ./rmolc)
" as the labelled substrate with (e ) or without (o-- o) UTP :

were incubated for 1 hr at 37°C and prepared for paper ch*onatograohn
as described in METHODS. The brackets indicate the positLOﬂa ‘
of cach of the unlabelled markers.determined by schanning the
paper with UV light. The position of C was determxncd

- from thc data by Lanc (1963).
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180 codﬁts"above)bécﬁg?ound, ghcy‘are”asscciated with‘
' distincc regidns as depicted in-Fig;-JB.' If these resulcs
ropresent true deamlnatlon, then part.of the .observed
lncorporatlon of 3H ~-GTP-in the absence ‘of UTP (Table 3)
mlght be accounted for by”fhese results.

However approxlmately the saite amount of rad10act1v1ty
was found in the region corrcspondlng to UMP rcgardless:of
whdchcr the‘pfoduct-was Synchesized_in the.presence or .

absénce of added UTP (Table 10)._ It would be expected, if

G

-deamlnatlon of CTP to UTP. does occur, that'the 1hbélled uTP
produced in thls manner would be dlluted to a very hlgh

\_.,-‘-\. ’ * . R A
degree in the presence of unlabelled UTP and hence that much

1
I

‘radioactivity would be‘inccrporated into‘cpe UMP“xggion
in the presence of exogenous UT |

. ‘In view of thlS it would seem i;ielvrchgcmtﬁciimmr
vfadicactlvlty which’ cochronatographs w1th-UﬂP in this experiment

is -not actually present in UHP but in some other unldentlfled

constxtuent.

2. Slze of. the Product

In the. 1nfected ‘cell, it has been shown that the
polyaerase activity is associated with two large dlstlnc*
complexes (Section I). For thxs reason 1t was o‘ intercst to

_analﬁzc ﬁhe size of the RNA prcducts svnthesized by each cownlcx. .




, Accordingly, fractions of a cytoplasmlc gradlent,'
.correspondlng to the p051t10n of the two. complexes were
separately pooled and lncubated with standard’ assay mlxtures.

The H~ CTP labelled RNA product was’ extracted with phenol

and analvzed by rate zonal sedlmentatlon .on sucrose gradlents.

'-Radloactlv1ty was detected in RNA molecules w1th sedlmentatlon

coeffiCientS'ranglng from 5-188 ‘as estimated by-extrapolat;on

from the cytoplasmlc RNA markers.a As‘iilustrated ih'Fig- 20,
‘the size dlstributlon-of the products synthe51zed from the

small complex is s;mllar to that of the products of the larger

polymerase complex.' L - K-

r ot .
L] . v
4

3. Association of Nascent Product with RNA Termlate

. 4
Since the ribonucleopratein complex serves as a

template for the polymerase, it mig;%zbe expected that RNA
being transcrlbed nav be initially a ociatednwith virion
RNA hhlle completed products should ‘be released from the

complex. To examlne thrs possxblllty the synthetic reactlon
fad
. was ternxnated after 5, 10 and. 20 n;n of" 1ncubat10n at 37°¢C

and the products uerecextracted thh ph el and separated

,r,;;
A e

in a sucrose gradxent as seen in Fig. 2;.

20 min of lncubatlon sed;wented between 5 and 185 1n agreement

.

with the result presented above, the shorter incubatxon

T
v >

Q
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FIGURE 20. Sucrose Gradient Analysis of the RNA Product

: of the Ribonuclcoprotein Complexes -
The RNA synthesized for 1 hr, at 37°C By complexes
corresponding to fractions’7-12 (a) and fractions, 13-20 (b)
of rFigure 13}were phenol extracted and analyzed with lac-
" labelled ribosomal RNA (0O) as marker on a 5-20% sucrose
gradient in STE-0.1% SDS buffer as described in METHODS.

The bottom of the gradient tube is towards the left.
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“FIGURE 21. Kinetic Analysis by Sucrose Gradicnt Ccntrifgqation.
of Procduct Synthcsized'by‘PolymeraSc__, o
A 12-fold standard reaction mixture was incinated at 37°C,
and 6x, 4%, and 2x reaction mixtures were remo?cd at”S, ;3:
‘and 20 min respectively after start of incubation. ;Ee A
wias extracted with'coldaghenol—isoamvl_alcqhgl-chloro¢orm
mixture, and centrifuged along with 14C—ur;d1nc labelled )
L-cell ribosomal RNA as marker (o) on a 5-20% sucrose gradisnt
in STE-0.5% SDS buffer, at 15°C and 48,000 rpm for 1.5 houxrs.
The marker recions from the left represcnt'Bos, 185 and_:s .Eu
respectively. Collected fractions were §c;d p;ecxpitg;igpai .
radioactiviiy determined (®). The centrifugation pro-) ¢s feor
'S, 10 and 20 min samples are given in (a), (b) and l;_&
respectively. - .
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¢ periods showed that a eighificant proportion of|labe1led

product was aseeciatea wi;ﬁ laréer‘RNA species.w éhefs-min

productf for example,rshbwed,approkimately 36% of its
‘-radioactivityleedlmentlng_at 40s, the sedimentation EOefficient

ofeB ﬁatticle'RNA;- Tﬁis-result"is consisteht witH tﬁe‘
'hypothesis that newly syntheSLZed or nascent RHA. 19 1 soc1ated ‘
with the virion. RNA template and released after synthe51s from
the complex. More detailed experlments of thls type’ must be
done to determlne the nature'of the. 4OS'RNA complex; the

nature -of the materlal sedlmentlng at 30S and. the rate of o . -

.aynthCSlo and release of RNA strands.

;__;- .- | .: _ ‘ . . - \.\ . 7. d \_‘,__/'"

v : . a

4. “"Kinctics of Product‘Synthesis

The kinetics of syntheSis of product RNA were examlned
At 37 C 1ncor;orat10n of 3H -GTP 1nto ac1d precxpltable
‘naterlal contlnued in a linear fashlon for the first hour.
and reached maximum levels after 60- 90 min (Flgs. 22A 23A 247) .
-Addxtlon of morc enzyme to the reactlon nlxturc after the
naxlﬂal 1eve1 ‘was reached resulted in a further stinulatien
of lncorporatlon at 37°C.- The latter fact suggestcd that "
the plateau ef incerporatan was not duc to dcplctzeneof
triphosphates.  Similar kinetles of-synthesis of-product at ; »

37°C were obscrved with the virjion-associated polyrmerase

(Baltimore et al., 1970).
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FIGURE 22, Kinetic Analysis of GMP Incorporation in Samples
Shifted trom 37°C to 28°C. ’ o

A 10~ fold recaction mixture was prcparcd containing 3u-CTP

{Sp. Act. 0.04 mCi/urole). The mixture was divided into 5

tubecs and one tube was kept at 28°C (e) (A), and one at 37°C

{0) (A), these constituted the controls for continuous

incorporation. Three other tubes were put at 37°C. .

After 90 _ (B}, 120 (C) and 180 (D) min of incubation at

37°C tubes were transferred to 28°C and ingerporation was

deternined at the times indxcated by TCA prccipxtat:on of

50 ul of each Jaﬂnlc. _ s
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FIGURE 23. fxinetic Analysis of GMP Incorporation in
Samoles Shifted strom ZE°C.to 37°C o
A 10-fold reaction mixture was prepared containing ?E-GTP S .
(Sp. Act. 0.1 mCi/urole). The mixture was divicded into .
5 tubes. One portion (1 ml) was incubated at 37fC. and
i tubes at 28°C. After each of 20, 40, and 60 min of
incubation at 28°C one tubke was transferred teo 37°C..
The incorporation of 2H-GMP into RMA were determined in
cach tube by TCA precipitation of 50 ul sarples at
intervals shown. ' ' '
(A) Tncorporation at '28°C (e), at 37°C (o). o
(3) shift to 37°C after 20 rin-at 28°C. K
(C) Shift to ¥°C after 40 min at 28°C.
(D) Shift to 37°C after 60 min at 28°C.
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FIGURE 24. ‘Kinetic ‘Analvsis of GMP Incorporation in Samples .
Shifted from 28°C to 37°C o j
X 10-fold reaction mixture was prepared containing “H-GTP

(Sp. Act. 0.04 mCi/urole} and the experiment was done as

described in Fig. 23, except that-l ml portion was transfcrred e
from 28°C to 37°C water bath. at 90, 120 and 180 min: after _ : e
start of incubation. S SR S L
(A} Tncorporation at 28°C (e), at 37°C (o). -

(B) Shift to 37°C after 90 min at 28°C. o

~(C) shift to 37°C afte¥r 120 min at 28°C.
(D) Shift:to 37°C after 180 min.at 28°C. . .-
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Degradation of Added RNA by a Reaction Mixture
Under Assay Conditlons — T -
f'Foun-éomplete,,scpnrate. reaction mfxtures“each containing
all four unlabelled nucleotide triphosphates were prepared.
" A constant amount of 3H-GMP labdlled RNA synthesized in a
recaction mixture and purified by hot phenol extraction was
ddded .to ecach. To 2 of the mixturts polymerase extract was
2dded, ‘and onc of these tubes was incubated at 28°C (®),
~and the other at 37°C (0). - Sinmilarly one of the tubes 1§cking
the extract was incubated at 28°C (s) and the other at 37°C (o).
At the shown times, 50 ul ©f cach tube was TCA precipitated
. amd radioactivity determined. The two presented experiments
" %¥e similar except that (A) was carricd out for 150 min,

and” (B} for 60 min. ' e ) ‘

" FIGURE 25.

-
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The kinetics of RNA %ynthesisleere repeated at 28°C '
since at this lower temperatureuthe virion associated o
npolymerase act1v1ty proceeds llnearly for several hours

'(Huang et al., 1971; Aaslestad et al., 1971 Blshop, 1971)

The 1ncorporat10n by the ;ntracellular enzyme at 28°C was

linear for 140 mln, after whlch no further net synthe51s'

N

occurred. Although the 1n1t1a1 rate of lncorporatlon was
grcater at 37°C than at 28°C, net RNA synthe51s at 28°C

was up to two fold greater than at 37°C (Flgs. 22A, 23A, 2437).

' On prolonged 1ncubat10n at’ elther temperatures 1t

-

\ P

was observed that a loss 1n radloacthLty occurred whlch

suggested the presence of nucleases. In order to 1nvestlgate'

™~
éhls possibility, the fate of exogenous RNA added to a .
complete unlabelled reactlon mlxture Was followed. The
\

exogenous labelled RNA Was synthe51zed by'the enzyme and ok
extracted with phenol as described in METHODS. . Fig. 25 |
illustrates the degradation of-thxs RNA as measured by loss
of acid- 1nsolub1e mater;al with time of incubation. It is
CVldcnt that] nuClcOI)tlc act1v1ty was present 1n the extract
at both«temperatures. Examlnatzon of the f;nal levels of
residual RNA eitherfat 60 min (Fig.JZSA) or at 2.5 hre‘
(;ig. 25B) indicetc/thet slight?y-gore degradaticn occurred
at 37°C than at 28°C. B

To further investigate the nature ‘of thc different

kinetics of 4ncorooratxon at 28°C and 37‘C. temperaturf ahxft .

5

‘i'
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experiments were done. ﬁbactisn miﬁtures thst were initially
incubated at 37°C and then\transferred to 28°C after

90 and 120 min of incubation showed a rapid increase in- the
rate of fncorporation after ths.shift,.with gradual slowing

~ to 28°C rate_{?ig. 22B,C). Howevérlwﬁeh fhe.samples were

shifted to 28°C after 180 min no further increase in
incorporation was observéd..; : -
ReVerse;expéfimsnts.Qere also done. The incorporatiqn
of rcaction mixtures ihitia;ly incubated at 28°C and fhén; |
transfcrrsd to 37*C at 26. 40 and'70 min reached platesu
‘values by 80 min in a manner 1dent1cal to the sample whlch

had been contznuously 1ncubated at- 37°C (Fig. 23) " on the

.other hand, if the reaction mlxtures were shlfted to

higcher temé;ratu:es at 90, 120 and 180 mlng ‘the acid
preciéitable radioactive product in each sample after the,
shift ?ecreasedfapidly to the level present in the ssmplé
‘maintained céntinudusly at‘37°c‘(Fig.'24ﬁ\c D);‘

In the analysis of the Bifferent L;netlcs it is
clear that we must consider both the synthesis of product

RNA and its dcgradatxon at that terperature. ancé in thesec

s

prerxmcnts the two Drocesses eannot be 1ndependently

identified the apparcnt rates of reactlon and thc fxnal plateau

levels attained may be the net effect of thesc two tcactiOﬁS.
. One of the ways to explaxn the difference between

the incorporation observed at 28°C and 37°C is to agsurme that

2
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the rate of -nuclease degradation is higher at 37°C than at
28°C, but that it is constant at either temperature throtéhout‘
the 1nterva1 examlned Then the t&o~fold increase in
1ncorporat10n after 60 min at 28°C as compared to 37°C can
be attributed to less degradatlon at the lower temnerature.
Slnllarly the loss in. labelled materlol ‘at late tlmes at .
both temperatures.ﬁey be due‘to the action of nuclease with
no concurrent RNA synth681s by the poljherase at these times.
In the same maaper the 1ncreasg/in 1ncorporatlon on shzft
from 37°C to 28°C would be due to dlmlnlshed degradatxog
while activation of nucleases at 37°C‘could accoun for the
decrease in raéioactive,meterial resultlng'ffom the 28°C to
37°C shift | |

Although nucleolytlc act1v1ty was. present in the |
l‘polyrerase extracts . the spec1f1c effect of this actlvity in
-produClng the results observed capnot'be completely assessed,l
' For this reeson ﬁe'canICOﬁsider an-elternative hypothesis -
rcqardlng the increase in amount of product syntheszs at 28°C.
It has been observed by Bishop " (1971) using purified transcriptasc
from virus that the product of 2B°C 1ncubatxon is complerentary '
1o a larger fractxon of ‘tha infectious virus genome than is
the-product made ag 37°c. In the follgwlng excerxnenté we
‘;gttlited'hytrld;;itioh with RNA genomes from both infectious
"iﬁirus and from-eech'bf the defective particles to determine

the relative extent of transcription by the intraccllular




polymerase ét.37°Cﬂand 28°C. ‘ S o
~ ' .
. | . .
[

!

5. Hybridizotion‘of the Product to Virion RNA

The first requireﬁent for this“ihvéstigatioh.was to
-determino to what extent‘the polymerosé product syﬁtheoized
at dlfferent temperatures was complementa"y to the infectious
virion RNA. Standard reactlon mlxtures contalnlng 3H--GTP

{at a Sp. Act. of &

04 mC1/umole) were 1ncubated at 37°C
and 28°C respectrvely. RNA was extracted after 60 and 220
nin of incubation at each temperature.i The 60 mln.product )
was designated as "early” and the 220 min as "late” according
to the kinetic experiments presented in Fig.. 2ZA.

| 'annealing'of both the "ecarly” and 'iéto“ labelled
RNA synthosiied at 2§5C ano 37°C to, excess unlabelled B'RNA
“showed that the RNA product was complotely complementarv g

in base sequence to the 1nfectiou§ RNA. Thus only positiVe
strands were synthesized.ﬁhdér toé above condltions -Conplcto
-hybrxdization of these products required soma 4 ug of vxrion
RNA under the conditions used (Flg. 26, 27). "It might be
notod that annealing of product RNA in thc abscnce of added
excess unlabelled viral RNA domonstrnted 10-15% resistance to
RMASS digestion. This bachground levcl appears ‘not to be'
due to doublc-stran&cd RNA, sxnce neither RNasc treatment

_it:cdiately following mel;ing or aftcr 24 hours of hybridi*atron
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Annealing of GMP-Labelled Product RNA to

——FIGURE 26,

Unlabelled B Particle 'RNA

About 3000 c¢pm (0.08 ug/mi) of th

e in vitro product syntheéi;ed

during the first 60 min (A}, andj 220 min (B) at 37°C was

“annealed to the indicated amounts of B RNA,

hybridization volure was 0.3 ml, and hybridization time was

After annealing, the complete 0.3 ml was
The samples to which unlabelled

dded, were used as control for

5 hours at 65°C.
digested by RNAse A
virion BMNA was. not a
total radioactivity.

The total

A s
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FIGURE 27. Anncaling of 28°C GMP~Labelled Product to

- B Particle RiA : :
About 6000 cpm (approximately 0.08 ug/ml) of the in vitro
product synthesized for 60 m=in (A) and 220 min (8} at -

28°C was annealed to increasing amounts of unlabelled

b RNA, in a 0.6 ml total volume for 2.5 hours.s Digestion

of half of each sample with ribonuclecase was as described

in METHODS. " " - ' :




‘appreciably chéoéed‘this-value.. - o
‘ In order to map, by use of the defective particles, . —
the region of virion RNA which io tranécribed in-giEEQ,'it
was nccesgary to first show that the RNA of these particles
‘is. not. complementary to B RNA FThe addltlon.of lncrea51ng
-_amounts of unlabelledﬂa particle RNA to:a\constant amount
of labelled LT and ST partlcle RNA did not confer added
protection to RNAse digestion which suggests that both the LT
and‘tne ST\{NA are not ooopleméntary to B particlé RNA. Also‘r
no 51gn1flcant sevaanneallng was observed w1th B, LT and ST
partlclevRNA ;ndlcatlng that these viral partlcles do not
“contain plus and minus stradﬁsgof RNA (Tablo il). The - fact
that the LIfand\ST genomes represent specific segments of ‘the
B particle gcnooé\gas shown by Blshop and Roy (1971b).
Schincariol (1972) and Hallett (1972). e
The~hybridization of both oarly'and late RNA made
at 37°C to RVA genomes from LT particles, showed almost
o

complete annealxng, 1nd1cating COmplementary nucleotzde"

sequences between the two RNAs (Flg. 28). Similarly 100% of

fhc "iﬁi; 28°C and 90% of the early‘ 28°C RNA was complementary
to LT (Fig. 29) . Comolete hybridization -of these products |
required half as much LT RNA (2 ug) as B RNA under the

conditions used.- This is the expected result if LT particlc
RPQ_reprcsents a unique half—segment of the B particle gencmﬂ.

In contrast Jo the above results hybridization of

g
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Table 11

Annealing of B Particle .RNA and RNA of the -

Defective Particles LT and ST';

Labelled RNA_

Unlabelled RNA ug -

‘Ribonuclease

5T

particles -

. resistance

. (2)

B particles ° B'particies 1 12 -
B particleé B parﬁicles 3.5 il

'LE_barticles , - | ’15.
LT éartigles' " B particles 1‘ 15
LT particles B partiéles-' 5.5 : ‘17:
. articles - 18
ST particles B particles 1 n,
B pérticles' 4 16

R

V1rzon”RI£

_‘unlabellcd‘particles.

were carrrhd out as described 'in METHODS

as extracted from both labelled and

Each

sample contalned approx;mately 5000 cpm of 3H-RNA.

Each value is the average of twp samples.

L

o

The extractlon and hybrldization

101.
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FIGURE 28. Annealing of Polymerase Product RNA to LT RNA
About 6000 cpm of the in vitro procduct synthesized at 37.°C
for 60 min (A) and 220 min (B) was hybridized to the -
indicated amounts of RNA extracted from LT particles.

' Hybridization conditions and determination of RNAsc .
resistance were done as described in METHODS.
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FIGURE. 29, Complementarity Between in vitro Svnthesized RNA
at 28°C and LT RNA o e
Anncaling of approximate 6000 dom of product RNA-synthesized

for 60 min (A) and 220 min (8) {at 28°C with increasing
amounts of LT RMA was carried odt as described in METHODS.
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1

cither "early" and "late"” 37°C product to increasing amounts

-

~of RNAlfrom the ST particles shoﬁed‘no annealing above
*background igbels (Figl 30),. . However when either "early"
or "late" ?BPC product was'annealed tp ST RNA the_resuit
shown ih.Fib. 31 was obﬁained. 'While considerable'scattep
" was’ observed in the individual points the generai‘result
seems to indicate some annealing of the 28°C product to

ST- RNA. Because of t$e scatter both the shépe of the.
annealing curves and.the final saturation 1eveis'afé '
édifficult to establish. It would appear however that some
10-15%-9f the RNA product made at 28°C by 60 or 220 min

of éynthesis is complementary to the ST particle genome.
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FIGURE .:30; Annealina of Polvrerase Product RNA (37°C)
Egﬁ%z"giﬁ 34-GMP RNA synthesized at 37°C

- Approxinate 66 cpn of *SH-GMP RNA synthesize

fﬁr 60 min (A) and 220 min {B) was annealed to the indicated

amount of RNA extracted from ST particlesg as descr{bcd in )

METHODS . | | | T

N
A
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FIGURE 31. Compleﬂentar}ty Between the in vxtro Synthesized

_ | RNA at 28°C and. ST BNA O

About 6000 cpm of RNA synthosxzec at 28°C for 60 min  (A) and
220 min {B) was annecaleéd to 1ncreasxng amounts of ST RNA

as described in H#THODS. ) Co T
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¢ gEeTION.TII. Poly A Synthesis by Cytoplasmic Extracts

of Infected Cells

3

1. Propertles of ‘the -ATP Labelled Product

T Whlle VSV 5pec1f1c mRNA specmes synthe51zed in vivo
of
‘contain poly A segments (Soria and Huang; 1973; Ehrenfeld

‘rand Summers,:1972), the complementary RNA synthe51zed

-in v1tro by tlie purlfled v1rxon—a35001ated transcrlptase

“does not contaln detectable A-rich sequences (D B. Bxshop _—

personal communlcatlon) L )

, Substltutlng labelled ATP as a precursor for GTP in

A standard roactlon mlxture, we trled to determlne.whether

. \

| fthe RNA products synthesized in our system contain poly A

T - ISt

ncquencos. The test forﬂpoly A sequences 1nvolved dlgestxon

V.

of the produot wlth pancreatlc RNAse and T1 nuclease 1n

2 x SS8C solution. Pancreatxc RNAsc cleaves RXA ncxt ‘to

- .-

pyrlmldlnes, whlie Io nuclease. is spec1fic for Gp-Xp

rcsxdueg:' The seqment resxstant to both these enzymes should .
5 con4t§t almost entlrely of adenylate resxdues. - AS shown ;‘ |
-.ﬁxn Tablcs 12 and 13 “the 3Ihadeny1ate product contained some
183 rabonuclease rcs:stant mater1a1 hhile the product labellcd

Aem

' Wlth.GWP had about 2%, rxbenuclease res;stance. To chcck if

by .G

2 thzs rosxstance was a functlon of thc concentration of nuclcascs,
._BH-A?Pvand 3H GTP l beiled product was - subjected to digeation

‘'with increas xng tcncentratlons o‘ the nucleases. hs
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Table 12 | - o
.Susceptibility of the in giEEQ‘Product to Increasing
| Concentrat%ohslbf*Tl'and‘Péncreatic RNAse
Labelled  total ~ RNAse T, o Nuglease 3
. ".Precursor  Incorporation ug/ml u/ml Resistance .
cpm - . - cpm
-atp 3,640 s. . 37  s3 14
~ u-are 2,590 FU I [ 625 - 24
3y-are a4 20 o . 730 17
Sg-atp 3,300 30 . 225 760 23
u-ATP 2,980 | 4o 300 540 ‘18
H-GTP . " 38,500 5 f“;37 490 1
34-GTP . 3,550 10 ., 75 590 1.6
3u-Gro 37,080 20 150 © 500 1.3
Y-gre 30,070 , 30 226 310 1.0
Sh-ere 31,320 40 300 300 1.0

One mifxeaqtion mixtures'were prepared containing either 6 uCi
of 31-ATP (22.6 ‘Ci/mmole) with 2.5 mM of the 3 unlabelled
triphosphates, or 4 uCi of ¥-6TP (1.15 ci/mnole) with 2.5 mM
of the 3.unlabelled triphosphates. After incubation at 37°C
for 30 min cach of the samples was split intoc two equal
portions, one fraction precipitated with TCA for total
adxoactiv1ty. And the other port1on was made 0.3 M in NaCl
and 0. 03 M in Na citratc, and trcatcd with pancrcntic RNAsc
and T, nuclease at concentratlons indicatéd above for 30 min

1
at 37°C. and radioactxv1ty detnrmined after. TCA p:ccxpitatxpn.

A,

LI Iy



Table 13

Nuclease Susceptibility of the in vitro Product of

o

a Polymerase Extract from VSV Infected Cells

Labelled : Total ~ Nuclease -A" %

Precursor _,‘VInqorporation Resistant -
cpm cpm
3H-ATP 2,780 | s;0 . 18 |
3H-ATP 2,380 460 18
34-cTp 7070 150‘7 - 2.8
311-(;'1*9‘ 4({ | w0 . 2
3y-gTp 4,860 S 192
Su-cre 11,840 213 1

.9

>

L

One ml rea;tion mixtures weréfpregared as desc}ibedj_
for Table 12, except that 2 4Ci of 3H-GrP(1.15 Ci/mmole)
was used for the GTP labelled pr6dﬁct.m After '
incubation at 37°C for 30 min, the 3H--M‘b;samples wefe
split into 9.4 ml portions, while_the-aﬂquP éhmple;
were lelded into 0.4, 0.2 and 0.1 ml. - Each of the
‘portiongwas TCA preclpitated for total radxoactivxby
u;th its corresponding fraction trcated with RNAsc A

(20 ug/ml) and Tl nuclease (150 U/ml) as described

for Table 12. , e
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illustrated in Table 12;‘no decrease in the RNAse resistant
material occurred with increased concentration of Tl and
RiAse A. The resxstance varied from 14 24% for 3H-ATP , .'?

product and from 1 to 1.6% for the 3H GTP labelled product.

T
L.

In order to ensure that the relatrvely hlgh precentage of

resistant RNA in the ATP labelled sample was not due 81mp1y

to a hlgh absolute background rale&Cthlty, lesser amounts

"of; ATP and ‘GPP ‘labelled product were compared as shown in

-

‘Table 13. In elther case, the resistance was still about

18% ang 2% for 3H ATP and H—GTP labelled. products respectlvely.
The. time course of ATP rncorporatlon lnto total RNA

and nuclease reszstant product at 28°C and 37°C 15 shown’ " Ii

in Fig. 32. Maximum synthesrs of product was reached after

60 min of incubation at 37°C, whlle at 28°C it continued to

rise. The toégl .amount of RNA'synthesized at 28°C was

two~fold greater than at 37°C, a situation-similar to the

kxnetrcs of 3H GTP labelled product although only about 1/5 3

as much RNA was mace uszng 3H-ATP as substrate as conpared

"y -
"

" to GTP.-The A-rich RNA appeared to be synthesized
Icontlnuously during the flrst 60 and 120 min of incubation .
at 17°C and 28°C resoectxvely. | .
The BH-AMP containing product synthesized after 60 ninﬂ
0‘_1ncubat10n at 3?°C was almost cemoletoly coﬁnlemcntnrv"

to B part;ele RNA, indicating that it was. transcribcd o‘f the

b particle RMA. This labeliod product was also totally -
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FIGURE 32. Kinetics of Incornoration of 34-ATP into Total
Acid Insoluble and Nuclease Resistant RiA
Two one m]l reaction mixtures caclh containing <. - M P, T
ure, GTP, 4 uCi of 3y-ATP (60 nmCi/mmole), and 2 mg of.pr?tcin |
were prepared. One reaction mixture was ‘incubated at 37°C
and the other at 28°C. Two samples of 0.05 nl werc removed
from cach reaction mixturc at. the indicated times; one sarple
was troated with nucleases as described in Table 13 {e)
while the other was directly precipitated with celd TCA (A}

1
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sensitive to alkaline hydrolysis suggesting it was RNA

(Table 14).

2. Size of the 34-ATP Product and of the A-ﬁich'Fragments.

'Since the GTP-labelled transcription products of

this enzyme were shown earlier to have‘sedimentétion D
cocfficients as‘large~as 165 it was of interest to determiné X
‘the size of the RNA contalnlng the A—rlch fragment.
_  The product labelled with ATP for 30 and 120 min of
‘1ntubat1on at 37°C .and for 4 hours at 28°C TQS ‘phenol
oxtracted and examined by sucrose gradlent centrlfugatlon.
The labelled ATP 'was lncorporated into 2 dlstinct product
;pec1es of 16-18S and 4S at both temperatures (Fig. 33a,d;
Fig. 34a). No significant increase in size was observed
as a result of thewlonger labelling period or temperature
dxffercnce. When a portion of each gradient illustrated in
' Plgs. 33a.d, 34a was treated for 30 min at 37°C with
;ancreatic and T nuclcases the results presented in Figs. 33c,f
~and 3dc wcré.obtained. It is evidgnt that A-rich segnents | “ﬁ
lnuclcésc resistant) werxe bresant in regions of the gradients
torrespond;ng to the 16-18S and 4S‘peaks; _

~ To determine the size of the A-rich sequences, tﬁcrr
P:éduct of tté\above incubations was digcstcd_with o

pcncrcatic"dnd‘Ti nutlcase . for 30 min dt'37'c irmediately
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Table 14

Properties of the in vitro Product Labelled with 3H—ATP

i‘ oot Total = Nuclease .
‘ .cpm - Resistant ‘ %
Toa Cpm ’
34-ATP. product self- 1,970 740 . . 37
~ annealed . ' g
34-ATP product annealed 1,877 1,700 - 90
"with B RNA . ’
L KOH
S Resistant
BH—ATP‘ product | 30-;'b00' 175 ‘0.6

Fo* anneallng klth virion RNA, 5000 cpnm of product RNA from
a reaction mixture {(c¢ontaining 2.5 mM of CTP UTP GTP,

10 uCi/m1 of 3

E-ATP, Sp. Act. 50 mCi/mmole, and 2 mg,of 7!
protein) were hybridized with 6 ug of B-RNA as dgscribed in
MTTHODS. Tb deté“mine alkali stability of the ATP containing
product, sonme 30 000 cpm of RNA obtained frcn the experiment
presented in qu. 33d were incubated at 37°C for 18 hours in

0.3 M KOH and the amount of TCA insoluble material (KOH

resistant) determined.
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FIGURE 33. Sucrose Gradient Analysis of the A-Rich

) Fraaments synthesizefli by Cytoplasmic Extracts

at 37°C —

Ten ml of reaction mixture containing 2.5 mM of GTP, CTP, UTP .
and 3H-ATP at 20 uCi/ml (20.5 Ci/mmole) and 2 mg/ml of :
protein were .incubated at.37°C. After 30 minutes and again
‘at 120 minutes, 5 ml aliquots were removed and one-half of
cach aliquot was phenol extracted as described in METHODS .
while the other half was digested in RNAse and T3 in
2 x SSC at 37°C prior to phenol extraction. All four
‘extracted RNA-samples were centrifuged at 4°C and
180,000 g for 3 hours on 5-20% sucrose gradients in STE, ‘
together with l4C-labedled r®NA as marker (o). The fractions
collected from the nuclease pretreated.sarples, 30° (b%nané
120" (e), were TCA precipitatcd dircctly and counted. <¥he,
fractions from the other two gradients were first split
into equal portions, one portion was TCA precipitated
directly to give total counts [30%:(a), 120' (d}} while
the other was trecated with pancreatic and T; nuclease
in 2 x SSC prior to TCA precipitation to give nucleasc .
resistant counts {30*' (c), 120" (f}]. :

s
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FIGURE 34. - Sucrose Gradient Analysis of the A-Rich Fragments

" Svynthesized by Cytoplasmic Extracts at 26°C
Four ml of rcaction mixture as in Fig. 33, were incubated at
28°C. After 4 hours, 2 ml of the mixture was removed and '
RYA extracted. The remaining 2 ml was digested with nucleases
. for additional 30 min at 37°C followed by phenol extraction.
. The extracted RNA® together with 14C—Jabgl1ed rRNA as marker
was centrifuged on 5-20% sucrose gradients as in Fig. 33f'h
The fractions from the gradient containing RNA treated ﬁ;t a _
nuclease prior to centrifugation were a;idxfied with TCediant \
‘counted (b)Y. Each gradient fraction from the other grgdingd
was divided into 2 equal portions. One.portion wgs_:gg i
and the precipitate co%IGCted to determine total “H ;héf;% .
incorporated (e) and: 14c-rRuA marker (o) (a) . - ?hc‘o
portion was digested with nuclease and radioactivity
detormined (c). , ‘ :
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after ineubaﬁion, then extracted with phenol and eentrifuged

along with marker RNA (Cldnribosomal RNA) on sucrose-gradients.

s

As-seen in Figs. 33b e and 34b the nuclease re51stant
A- r1ch fragments had sedimentation coeff1c1ents of
approxrmately»ds. Identical results were obtalned if RNA
was first phenol extracted from the reactlon mixture and
%

then treated w1th‘nuclease prlor to gradlent analy51s. Thus
b ‘

A-rach fragments of sedimentation coeff1c1ents of about
4S are synthe31zed by the polymerase extracts, and these
A-rich fragments exist as both free 4S molecules and 1n
association with large,nucle;se sen51t1ve RNA molecules.
| The‘synthesis of A-rich fragments in association
with larger RNA species is dependent on the presence of all
four ribonucleoside triphosphates. When a reaction_mixfure
contalnlng infected cell extract and only 3H ATP thhout the.
three unlabelléd _triphosphates was 1ncuba€;q the synthesized
product sedlmentcd at 3-7S (Fig. 35C) Of this product
some 27% was nuclease resistant and sedimcntcd at less. than 4s.
(As it is possiblc that the enzyme responsxblc for
poly A synthesis wds dxstinct from the viral polyﬂerase and .
could in fac{ be a cellular enzyme the incorporation of
jﬂ -ATP by cytoplasm;c extract from unznfcctcd cells was
‘cxamxncd. Fig. 35A indicated that a product sedirenting
from 3- 75 was’ synthesized Somé 10% of this product was

nuclease resxstant and had a edimcntation cocfficient

Ry SRR ¥

ALIRLLY § Adiows v
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FIGURE 35. Sucrose Gradient Analvsis of the Product of

E§E?EEE"??E5"UHIE?EEEEE_EETIEfEEH_T?BEfTEYECted

, Cells Minus NTIP ‘ - .

Three 2 ml reaction mixtures were prepared as in Fig. 33 except
that in A) infected extract was substituted by extract from
uninfected cells, in C} reaction mixture lacked the three
unlabelled triphosphates but contained infected cell extract.
The reaction mixture in B was complete with infected cell
extract. The product of A, B, and C was extracted with phenol -
and analyzed on sucrose gradients with l4c-rRNA as marker
‘and cach gradient fraction assayed for total (o) as well as
nuclcase resistant (e} RNA. ‘ '
' The relative incorporation of 3j-AT? under the threc.conditions
was: uninfected extract = 125,000 cpm: infected extract.
with all triphosphates = 420,000 cpm; infected extxactliackiqg
the three snlabelled triphosphates = 40,000 opm The *3C-TRNA
marker is presented as a continuous line. :
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. less than 4S.
In these 1atter two experlments the larger RNA
.Spcc1es was absent. ThlS suggests that 1) association of
A-rlch fragments wmth larger RNA spec1es was catalyzed. only

by extracts of infected cells and 2) thls assocxatlon is

dependent on the synthesis of.heteropolymeriE'RNA. . _ 1

3. Kinetics of Synthesis. of the A-Rich RNA ;.

Since the results 1n the above section demonstrated
that the 4S A-rich segment exlsted ;e;h free and in assoc1ation .
with the larger PNA SpeC1eS'it was poss;ble that‘the A—rleh |
seqment was first synthe51zed as a 4S8 specxes and then linked

to the newly synthe51zed 16-18S RNA. If this hypothesis were

.correct then a brief exposure to_3H ATP (the "pulse™) followcd
by dxlutxon of the 1abe11ed nucleqtlde by adding excess
unlabelled ATP (the "chase") should result in the_radioactive'
A- rxch RNA in the 4S peak movxng into the larger RNA peak.

In order for such a pulse—chase cxperinent to be |
Earried out it was first necessery to establish the proper
dilufien-for thc'radioisotope. ‘From the results prescnted
in Fig. 7 it is seen that the optirum value for ATP is 2 mM,
above which there is no furthcr ‘increasc in incorporatxon o‘
3H-ATP. To ensure that sufficient dilution of tho 1abelled
ATP takes place during the chase experiment a concentration

/
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of 4 mM ofrﬁﬂlébelled ATP was chosen.
For the pulse-chase experiment, the‘completed‘

reaction mixture contalnlng 3H-ATP and 0.4 mM ATP was

i
incubated at 37°C. One half of the sample %és removed for
RNA extractlon after 30 min, and a ten-fold excess of cold o -
ATP (4 mM) was added to the remaining portion and 1ncubat10n
_contaned fo: a further 30 min. " Under these conditions no
further indorporation of ;adioactive‘ATP occurred during
the last 30 min. The sucrose gradient proflles of RNA* © ) ' H 4
extracted after the pulse and the chase are 111ustrated 1n:
ﬁég. 36A and A'. ‘There is no detected movement of 45 A-rich

. . e
scgmcnt(h) into associatxop'thh larger RNA species during -%ﬁh

R LR

-

. .. ) - J 3}
the 30 min chase period (A'). The amount of label in the _ ;
4S A-rich fragﬁent relative to the A-rich RNA in the larger 3
speciAes was the same durlng the pulse and the ‘chase. -Also 3

after both pulsc and chase, the RNA product had A—rich segrents

with sedinentatioﬁ coefficients of 4s {(Fig. 36B, B'), .
The above data suggests that the A-rich segments are

not synthesxzed separately as 48 pieces and thcn attached to

newly synthesized mRNA, since both species are present in the j&

P

‘chase as well as in the pulse experlmcnts. ‘However, ;g.is ' dk’ﬁ__
also poss1ble that the converszon process did not bcéur in

‘the chase period because of the high levels of ATP used

since it was found that the incorporation of GIP by the

Polymerase extract in the presence o‘ 4 oM ATP was 40% ‘lower

: ﬁ_\l 7 A
- i -
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FIGURE 36.. Gradient Analysis of A-Rich RNA after a 30 min .
T " Tabel Followed bv a 30 min Chase .
Eight ml of a reactiop mixture containing 2.5 m4 of GTP, CTP,

. UTP and 20 uCi/ml of SH-ATP (50 mCi/mmole} was incubated at
37°C for 30 min. At this time 2 .ml was removed for digestion
with enzymes before RNA extraction and gradient analysis:(8)
and 2 ml for direct RNA extraction and gradient analysis (A).

To the remaining 4 ml of sample, sufficient unlabelled ATP
in a volume of 0.5 ml was added, to bring the:final concentration -
to 4 mM. Incubation was continued for a further 30 nmin and .
then 2 ml was treated with nuclease prior to gradient a?aIYSIS
(8') or dircctly extracted and‘kpalyzed on gradients-(% ”ce .
Samples C:and C' are identical to A and A’ respectively execs= '
that the RYA was kept at 100°C in STE buffer for onc ménc.‘ao G
cooling and: gradient analysis. In these sarples, C an dient was

-only the amdunt of;nuclease resistant RNA along the gra ia ph
determined. The total RNA in A and A' (o), nuclcase res stant
fractions (e). The 14C-rRNA marker is shown as contiggozi
line. All procedures were identical to those describ 248 min

u?fs-§i except. that centrifugation was 2t 180,000 g for 280 wmif.
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than the -ihgorporation in the éresence of optimum ATP,
o . . . ' "- o E ) T L. _ ] S . a
" concentration of 2 mM.

- Y

'+ If the 4S is not a precursor to.the larger RNA

epccies, tnen.it_coqiéﬁpernaps arise from nucleolytié‘
.clba;aée of Ehis larée'ﬁNA-moiecnle. In either case the’
ﬁfunctlon of the 4S specxes is not known,
To determlne lf the A-rich fragment is hydrogen
bonded tq the larger RNA spec1es, the extracted RNA was placod

at 100° C for 60 sec,’ qulck cooled and analysed on a sucrose

N t

gradient. The dlstributlon of nuclease re51stant RNA along
the grédient (rig. 36C, C') remalned unchanged from that

obqervéd'without‘heeting. Thls suggests that the short

L] v

.poly A fragments are covalently I;nked to the 16- 185

' Ppcc1es ' S oo

" &

. VAN
© 4., The Mechanlsm of Poly A Svnthesxs ¢

<

corpien&htary regi'n (poly U or poly T in the tenplate
'jnuclelc ac1d, or thc poly A~ reglon may *be added post-~

IranSCK&ptlonally by -an” enzyme which adds AMP residues

‘-cquentxally to. one term;nus of a. heteropolymerlc RNA. .

I

- In most Systcms examxned to date‘evidence secenms to supportq

El
¢ »
P

fthc latter mcchanxsn.-

It should be possible to deci de &etweon ?hosc two

-3

o

<

'12'1 .
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mcchaﬁisms in the VSV_systems since' it has been shownﬁiﬁa% r
i thc heterOpolymerlc product is complementary to, and therefore
:\ templated by, virion 'RNA. If virion RNA contalns polyurldyllc
\acld (poly U) sequences as large 'as the synthesized poly A
streches then a direct templating mechanism would be favoﬁrea. -
" Expcriments were thereforeﬁearried ost to deteet"Poly U
sequences in virion RNA. ' R de | |
- The assay used to detect poly U regions in RNA
consistedjof hybridizing virion RNA labelled witth?idine‘
to non-radioactive poly A. Under-the p;eﬁer cqéqitions the’
34-U labelled virion RNA should form double-strands with . jﬁ&*
eolv A'and protect it from RNAse. As a control for the

procedure, labelled polyurldyllc acxd and unlabelled polyadenylic

e W e =

acid were hybridized as described by Glllesplc et al. (1972). .

Table 15 indicates that'93% of the poly U was- converted to

1

T e

rlbonuclease resxstant structures.- USing these conditiens,
.hybrldlzatlon bctween poly A and labelled RNA isolated frow
virus particles failed to. show agy increase in RNAse resxstunce
“above that level obscrved whenj;o poly A was added. Hencc |
it seems unlikely that virion RNA contains polv ‘U tracts
'uhxch serve as templates for poly A synthesis. The-lack of .
Pol» U segnents in the VSV RNA has also been confxrred by

Marshall and Gillespie (1972)1
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Table 15

- Hybridization of >H-Poly U and SH-U Labelled

Virion RNA with Poly A

) . - : -
“ Al

o ]

Anncaled . ~ ‘Total Nuclease 3 ™
. T .cpm Resistant
2 ' S cpm
SH-poly U + poly A -’ 5,135 . 4,815 - 93 ;
34-poly U alone : 4,817 32 0.7 :
34-U VSV RNA + poly A 23,870 449 1l9 o
34-U VSV RUA alone © 21,940 - 440 . 2.0
Dup‘lcate sets containing approxlmately 1l ug , . }

(34, 000 cnn/ug) of v1r10n RNA or 1 ug (7 mCL/mM) of

3y- 1abe11ed polyuridylic acid (Schwarz/Mann) were

|

hybridized with 10 ug of unlabelled poly A as descrlbcd

in METHODS.
R
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_GECTION IV. Enzyme Activity During Viral Replication and

Interference

¥
o

~

1. Kinetics of Appearance of RNA Poiymerasg‘in Infected Cells

The time coufs%fﬁf appearance of polymerase activity
_and PFU productlon in L- -cells infected with elther the
Ind-ST or the HR-LT straln ‘is 1llustrated in Fig. 34. 1In
cells infected at a moi of 20 ?FU/cell, polymerase activity,
as measured by:the standard assay,'becgme'deﬁectable.at 2 hoa;s -
post infection with both strains, and continued,to_incfease' |
in cells infected with HR-LT. (Fig. 37b). Hovever in Ind-ST
infected cells, maxlnal enzymatic activity was observed at
6 hours post 1nfectzon aad decreased at 1ater times (Fig. 37a)

Polyrerase act1v1ty was not detectable in uninfected cells

(Fxg 37b) In accordance thh these time .courses, extract

from infected cells was routinely prepared for polyﬂerase
stocks at 5.5 hours post infection. '

To determ;ne if enzyme yxeld could be 1ncreased by
'1ncreasxng ehe v1rlon concentration, polymcrase activity
was assa}ed in cell eatracts infected with different
rultxpllcxtles of virus. As shcwn in Fig. 38, polynerase
activity . 1ﬁcreased thh 1ncreascd input of virions up*to ' : | i

ult'plxcxty of 20. However increasing the virion conccntra:ion
aboeve 20 PFU/cell did not yield increase in activity.

Similarly, the yield of infcctious ‘virus was not augmented
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FIGURE 37. Kinetics of Appearance of VSV RNA Polymerasec.
B in Infected Cells i '
'~ TElls were infected with infectious particles of cither

" (a) Ind-ST or (b) HR-LT at moi of 20. At shown intervals. -

- 108 cells were collected from the infected culture by 7 -
centrifugation and aliquots of the supernatant were taken

- for PFU assay (m). The cells were disrupted and the _ o
cytoplasmic fractions were assaved for polymerase activity _ :
as described in Table -1 (e). Cytoplasmic extracts from :
tninfected cells were also assayed in the same manner o}, ;

-
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IGURF 38. Infectious Virus PrOduction and RNA Polvmerase
T Activitv in Cells Infecte Incrcasing mol
of Ind-sT -
About 7 x 107 cells .were infected with 1, 5, 10, 20 -and 100
" PFU per cell. At 5.5 hr post infection samplcs were |
collected and assayed for polyrerase activity (w) and
viru( production (e).

]




Qby increasing the multiplicities of. 1nfect10n above -20..»
The reason for this saturation effect is not known but
could be related to the presence of defective v1rus

'partlcles in the stocks used in these experlments

2. Dolynerase Act1v1ty During Homotyplc Interference

The phenomenon of interference by defective particles , -

is well documented in VSV system. Prevec-and Kang (1970)

R

. v

equally well with Ind-ST and HR-LT strains of
serotype. The follewing experlments were (don to;determ;ne o
whether pelymerese prbducfidn was affected |
conditions of homotypic interference.

| Tne preperatibn of defective particleg used in the,
.following.éxperimen‘s-and assay of their inter
aétrvities were described in METHODSJ Cells'treated with
Act D (0.5 ug/ml) for 12 hours before lnfection, were \
scparatcly infected with either purxfxed B partlcles of HR-LT
strain, purified B plus LT partlcles, or with LT partzelcs
alone. At 3, 5 and 7 hours after infection,'sampics were
taken from éach’bulture,-the cells cxtracreé‘aha'aeshyed
for'pelymerasc activity. - . _ _

Ks'shewn in Fig.’39, low leveis of_polymcrasekactivity

were present in cells jnfected with LT particles alene. This
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FIGURE -39. Polvmerase Activity in Lé ells Coinfected with

LT and HR-LT . '
Cells were pretreated with Act D (0.5 ug/ml) 12 hours
prior to 'infection. The cell culture was split dnto 3 and
‘infected as follaows: '
culture 1, B particles of HR-LT at moi of 5 (o).
culture 2. B particles plus sufficient LT particles to

. produce 100-fold decrease in infectious units (@) .

culture 3. LT alone (A).
After 30 min of adsorption, sanpies were 1ncubated at 37° C.ch

nt 3, 5 and 7 hours post infection cells were taken from ¢a
. of the three cultures, washed anyd assayed for polvncrasc_
by the standard procedure @escribed in METEODS.

1
:
i

4
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is in keeping with the observations that deféctive particles
by.ﬁheméelves'are incapable of inducing any significant
synthesis of viral products in infected cells (Stampfer

et al., 1969). _Ce11s infected with B paf icles alone'showédi'
theAexpcéted increase in polymerase‘activify, where;s‘ce1ls
infeétedrwith the samé’number of B paiticles.togethér with

LT defective particles showedrno‘significant polyﬁerase |
synthesis. Thus interference by defective particles affects
the production'of pblymerase activity as well és‘the to£a1
yield of infectious virus particles. :

To check the relétionship'between‘thé)ievei'of
polymerase activi{? and the degree of -interference 'produced
by différent concentrations of defective particles,AL-éells“
ihfected with B particleé of HR-LT were co~infected'wiﬁh'
varying concéntrations of ST particles -in one experiment}:
and with.varyihg concentrations of LT particles in tﬁe
other experiment. .

| After 5 hours of incubation at 37°C éells were
harvested and assayed for bqth pplymeras? activity anf total
viral‘ihfcctiﬁ%ty; As scen in Table 16, both the number of
infgctious~virus produced‘bf this ﬁimc and tﬁc amount of
poelymerase aétivity were reduced in parallel as theinumpcr«“

£ dcfcétiQe particles added was 1ncréa$cd.' When LT
particles were used as tﬁelinterféring defe¢t}§é:“é éiﬁfiaﬁn

result was obtaincd in that both polymerase activity and
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infecctious virus titre decreased with increasing additions
of LT particles (Table 17). It is interesting that in
this case polymerase activity seems to be-somewhat less

sensitive to LT particle interference than is virus yield.

3. Polvmerase Activity in Heterotypic Interference

"

In a manner identical tq homotyplc 1nterference,
LT partlcles were also shown'to be capable of heterotypic
1nterference with B partlcles uf New Uersey serotype. ‘However
in this case very .few, if any, LT particles were produced

. as a- result of thlS interference (Prevec and Kana, 1970). - ‘
) When polymerase ;ctiv;ty was examlned‘under thesg g“ - ?/ﬁ_
gogditions it‘was found that, as with homotypic interferehce,
activity decreased with incrga;ing concentrations pf LT o
particles (Table 18).

1t was prevxously shown by Huang and Wagner (1966)
that UV irradxatxon of ST particles abolished their ability
;to irterfere with virus production.‘ To determine if
'iﬁtcrferencc/with polymcrasé activity was also inhibited
LT particles we?e'irradiatcd with UV prior to their addition
to cells infected with New Jersey particles. Tablchla N
illustrates that ncither polyrerase activity nor the yiald

o, lnfcctxous particlcs decreasod ‘under thcse condxtions.

Th15 suggests that 1nhib1txon of both polynerase activity
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. and virus yield require a'fuhctionél LT particle genome.

‘4. Timing the Interference Event

As stated in the INTRODUCTION, it has been. shown

¢

by Huang and". hagner (1966) -and wild (1972) that the

. interference effect of defectlve ST partlcles requ;res that

_thcy be present Wlthln the f;rst two hours of the . 1nfectious
cycle. Addltlon of defectlve partlcles to pre lnfected .
ceLls at latei tlmes resulted in a decreased 1nterference
fcffect, or, if added four hours after infectlon, in no- . .
1nterference.' Thls result euggests that 1nterference acts

at an early stage 1n the v1rus repllcatlon cycle. ﬁ‘ ’

The followlng excerlnents are designed to 1nvestigate
the“tlme post~1nfect10n at which polymerase synthe515 became
refractory to 1nh1b;tlon by defectlve paxtlcles and to |
dctcrnlne thc speed. with which 1nh1b1tion becanc maximal
follow;ng de‘ectxve partxcle additxon. Accordingly, cells ' "

werce in‘ected with'B particlcs and after a 30 min adsorption _

period (t = 0} .an. alxqupt was remo&ed Centnlfuqed and

T R EARIRT SpuL S

supcrxnfectcd thh sT, At hourly intcrvals therca'ter this

P el

; procedure was-rcpcated. All culturcs were harvestcd at

i
P

6 hours post-iﬂfectiog. POI?Eerase activitv in each of

the sanples was deternzncd.

q

Thc results from two such Indcpcndcnt cxneriwents ‘are

i ) . o ©
o
o




:‘j3 hours post infectioncc By 3 hours, T particies had no

'can be reveroed by addxng 1ncréasing“concentrations of 5T

;- 135,

shown in Fig. 40. Both expdriments demdnstraﬁe&that_the

_grcatest degree of inhibition of~infectious'Virus occurred

u

when T partlcles were added at tlme ‘zero or 1.5 hours.

By 3 hours post lnfectlon, .the addltlon of T partn.cles had ‘

11Ltle effect on virus yxeld ) .
Polymerase activxty was also affected by the additlon

of defective particles. In experiment (A) polymerase

activity was inhibited ‘when T particles were added up to

cffect on _subsequent enzyme activity. "In experiment (B)j
howQVer, polymerase actlvity was still affected ‘when T particles
were added at 2.5 and 4 hours. Since these two experiments

[ . -

are dupllcateq no cbvious reason for the discrepancy in

‘result can- be advanced. 1f the result observcd in experinent o

Y w

(deis not simply.due-ﬁb error in assay it 3quests that

polymerase may continue to be synthesized iu;excess over that

§0qUircd for maiimallviyus production. This result’'is in

agreement with the time course of polymerase appearance and.
erhs"yield in"infectcd cells as‘gllestxated in.Fig. 7.

- To determlne if the loss of intorference obaervcd

at 3 hours post in‘cction with B particles in expcr*nent (A)

the followxng cxpcriment was done. Cells verc infoctcd

_a-.,..

with B particles, incubated for 3 fours and then—suporinfectcd

with increasing concentra;;ons of\ST.; Thtce_heurs after thc

' . - " . . :
’ ’ ‘ : : ; |

-tiu
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8 3
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3 8 8
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% of control
>

4, 6 8 B
Time of superinfection (hrs)

~

FIGURE 40. ‘Polymerase Activity and PFU Production after |

Su Infoction by ST _at Different Times curing -

' . the Replication Cvcie or B
about 4.9 x 108 cells were Infected with B particles of
HR-LT at moi of 5. Immediately after adsorption and at
hourly intervals thercafter, samples containing 7 x 10
cells were centrifuged from the culture and superinfected
with ST particles. After 6 hours of jncubation at 37°C .
cells were harvested and assayed for polymerasc activity (o)
and PFU {o). (A) and (B) represent two independent experirments.
The results arc presented as % of control, control being the
result obtained in the absence of added ST particles. The
tines plotted are adjusted by 30 min to allew for manipulation

during superinfection with ST particles. \;

;
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addition of ST, enzyme activity of the extracts, and.PFU-

were determined. The results‘lllustrated in Flg. 41 were
obtained. Although there was a sllght inverse. correlatmon ~
between numbers of T partlcleS»added and both polymerase
activity and PFU, the overall effect was very éﬁall

compared to Slmllar concentrations of ST partlcles added at
time zero. These results suggest that 1nterference occurs

at an early step during VSV mnltipllcatlon.and the ad@itlon

of additional defective pe:ticles et-later-times'has little

or no effect or, either polymerase activity'or PFU production.

e

5. Kinetics of Interference

o "In order to gain further insight into the’ process Bf
poiymorase inhibition the kinetics of intcrference produccd
by T perticles addea at diffefent times in the virus growth
cycle was examined. : |

Cells were-infected.with B part;cles,'and a sarole‘

of these cells was superinfected with ST (at a concentration
Hu.slclewt to producc 100 fold decroase in 1n‘cctzous units) R
" one heour later and incubated for 6 hours.a At 3 hours post
infection, the renalnxng cells were centrifuged and divided
ninto“3 cultu ¢s. Onc portion was suoerxn‘ectcd with the same
concentratibn of ST particles as used in 1 hr, vhile |

cycleheximide (20 ug/ml). was added to another. The third'
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FICURE 41. Polvmerase Activity and PFU Yields After

upcrinfcction by Various oncentrations of

ST at 3 Hours Post Infection :

About 3.5 x 109 cells were infected with B particles
of HR-LT strain at moi of 5. After 2.5 hours cf incubation
the culture was split into 5 portions. One portion received
no further treatment while to the other four were added
interfering ST. particles in relative concentrations of’
1:2:3:8. The. lewest concentration of ST particles used was
capable of reducing the infectiqus yield by 100-fold if adced
at time zero.- At 3 hours post superinfection, that is at
¢ hours post -infcction with B alone, ceclls were harvested
ard polvmerase activity (@) and PFU (o) production were
determined. ) ' . :

g;—‘@‘;‘:

=

o

L L I
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culture was left as control. At'Each hour’samples were
Qithdrawn and polymerase acrivity determined. o

The results are shown in Fig. 42. Polymerase
activity, in samples superinfecfed with ST particles at
3 hrs iocreased identically to the control infected culture.
In the cu1ture to which ST particleslwero added ot one hour -
‘polymorase activit&-continued ro increase, at a somewhat
dlmlnlshed rate from the. control, untii oome five hours
post infection after which a decline’ in activity was
observed.

In contrast to the gradual inhibition'ov ST portioles,
cycloheximide added at 3 hrs produced an—almost lmmediate

-4

block on the increase in polymerase act1v1ty but the 1eve1 o

o

of activity remained constant, indicating stability of the

cnzyrc-tcmplate complex. This result shows that continued
A

: )
protoln sftnthesis is essential for increascd polymerase _
actxvxty. whethcr the ossential protein is new polyrerase
or sone other protexn medxating polymerase-template

association is not known.

B TNV R T

6. Polyrmerase Activity in Ribonucleoprotein Complexes

Produc;dfwt*h.Coﬂt@nuouq Ugdxluted passage of Virus
Erom the previous work of Kang (1971) and as

described carlior, cells infected with purc B particles
’ S

CORE L 2 P A
ST LRSI RN
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FIGURE 42. The Effect ,of ST and C cloheximide, Added at

Intervals ter Infection wi B particles on
L Polymerasc Activity - , T

Approximately 1.2 x 10Y cells were infccgld with B particles

of HR-LT strain at a moi of 5. This was the stock culture (®).

At 1 hr after infection 3.5 x 108 cells were removed, centrifuged

and sugcrinfected’with ST.. At each hour (for 4 hours)

7 x 107 cclls from the stock culture and culturc superinfocted

with ST (o) were withdrawn and assayed for polymerase.’

After 3 hours incubation the stock culture was split.

.into 3 portions. To onec portion ST was added {o), to the other

20 ug/ml of cycloheximide was added (8) .and the third was .

left as control (e). Incubation was carried cut at 37°C.

tach hour, for a duration of 3 hrs, sarples were withdrawn

{rom each lture and assayved for polymeorase activity. The

number of gg particles used in this cxperiment was sufficiont

to cause a 100-fold reduction in the infectious yield 1if

added at the tipe of infoction.
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-
¢

accumulate‘two_RNP complexes with sedimentati¢n coefficients
of apprqximately‘ldos'ané 160S. These structures are DOC
sensitive and can be canvérted by detergent treatment to
particles of reduced sedimeﬁtatibﬁ coefficients with the
concom;tant‘release of L protein_(?eéric} 1970; Kang;;1§7l); s
Cells infecﬁed with_a mixéure of B and LT partiéies acéumulate,
within their cytoplasm, complexes having sedimentéti&n'ﬁ gﬁ” )
coefficients of 1405 and 100S (Pétric, 19?0).'\0n infectiqn
with a mixture of B and ST ﬁarticles the two detéctéble
RNP conplexes in the infected cells sediment at 140sS and
BOS (Wijd, 1971). .- —

As was shown earlxer, both of thc cytoolasmlc Rﬂpi

conplexes in cells infected with pure B particles contain RMA

oolvrcrase activity. To determlne if polymerase activ1ty also :

A

coincides thh the RNP complexes produced under cond§§ﬁons of
1nterfcrence, the folloM1ngtexper1ments were done. First,

plaque purified stocks of HR-LT were prepared as describcd

+

P '
by Kang {1971) and Stampfer et al. (1971). These workers o
have shown that only ter the 3rd _or 4th successive high

maltiplicity passdbe f this purzfxed virus, dc‘ectxvc-

-purt1c1es are proauced. Therefo is plaqne purificd virus

was passed at mu1t1p11c1tv of 100 PFU/cell for four consccutiv
‘tires to yield stdeks containing both in‘ectious and dc'cctive
afticleg.A The yield of infectxous virus at cach of ‘these

?ﬁsaagc' was "oasurcd by plaque assay “and plottcd in Fig. 43.

1

e ———

Y.
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Yield PFU/ml

%}-{\_ to 2 N L - '

.l .\- S ) . ' 2 - 3 4
- Numberof high m.ol passage

FIGURE 43. Effect of Repeated~niqh-Multiplicity Passagaes

on Infcctious virus yield-" o , .
High moi pasSage stocks of HR-LT strain of VSV werc prepared
by successive passage, starting with a plaquc'purificd low
roi stock (zero passage} at 100 PFU/cell. Virus from cach
passage was titrated by plague assay. :
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1

s sgegﬂggntinuous high moi.passa&e resulte in 1oss of
infectivity. | " |

Each of .thege high’ multlpllclty passages were used
to infect cell cuftures, and the RNP complexes produced .; .
were monitored by incorporatlon of 1ebelled amino acids and

polymerase activity.

The infected cell cultures at each high moi passage
ﬁ\
s

e

were Iabelled wi h‘14c anino ac1d mixture between three and
five hours oostdSnfectlon and the cytoplasm extracts then
analyzedlon sucrose gradlents. In extracts of the flISt
three hlgh moi passes - (Flg. 44A,B,C) labelled viral proteins . ) N
.arc present at the top of the gradient and in fractions
..sedlnentlng at: 1605 and 1405. Relatlvely 11tt1e labelled
:matcrlal was present in the 1405 region. A variation in‘
the amount of material at 140S relative to the 1608 region has
./fsaan obscrved hefe and by Kang (1971} on various occasione.
Thcse two complexes are replaced in the 4th and Sth passages
by a 81ngle complex of sedimentation coeffic;ent of about
100S8. chce it seeme that under conditxons of high multiplzcxty
'Lna”sage there is a change in thc_ESEBre of cytoplasmic "
complexes present in the infccted cell. Since this change
in size of RNP complex is observed at the same passage as
productzon of substantial amounts of defective particles tt
would seoen likely that the 1005 RNP comploxca may be

involved in thc synthesis of dcboctive particlcs-

—
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(A) First passage.

*

FIGURE 44. Sucrose Gradient Analysis of 14 Amino Acid

/ Labelled Cytoplasmic Structures Obtained from

Cells Infected with Five Successive High

MOI Passages of HR-LT

About 10° cells were pretredted with 0.5 ug/ml of Act D
for 12 hours. and then lnfected with the approprlate hlgh

moi passage stock of HR-LT (prepared as descrlbed 1n

Fig. 43) at 100 PFU/cell. The cultures ‘were each
14

Cy
v i

labelled with the ‘3c-amino acid mixture between 3 and‘S‘;

" hours post-infection. Cytoplasmlc extracts were prepared-

- —‘"‘\_
from: the harvested cells and layered on 15 30% sucrose

~gradients made in RSB° and centrlfuged for 3.5 hours at

24, 000 rpm at 5°C, in Spinco Sh27 rotor. Succe351ve

—t

1 ml fractions of the gradients were collected w1th

contlnuous nonltorlng for Optlcal den51ty (-—-—)

A volume of 0.05 ml of each fraction was spotted on

glass fiber filters dand radiocactivity determined. TR

‘,\“\, o

(B) éccond paésage.:¢
(C) Thirg pa saac.
(D) Fourth passage. ' N I

(E) Fifth passage.
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Thet slled viral proteins presént/in the soluble
: . - ‘ o ~——

fraction of. ho cytoplasm and the RNP complexes from each of ' '
the_gradients\of toe high moi passages.was examihed by
oolyacrﬁlamide gei electfophoresis The labelled materxal

at thc top of the gradient and in, the two complexes of the

first high moi passage ‘"has already been presented in Fig. 15.
As shown there the top'of the graﬁiént consisted entirely
of the NS protein, while both heavier regioos containedrl
_protelns L, N and some NS. ‘To détermioe if“the same species
of proteins are present in the smaller complexes observed in
higher passages the protelns of the 4th-and Sth"passage were
exaﬁined.p‘Pig. 45 iilustrates thst the samé proﬁeins are

present both in the cytoplasm of the 4th high moi passage

!
a

(R 3) and in the 5th high moi passage (c,D} as in the first
high moi passage. The NS is found at the tOp of the gradlcnts
arﬂ L, N and small amount of NS are prosent in-the 1008

material., These results are in agrecment with Kang's data

" (unpublished xcsults).'
. In oarallel with the abovo labeliing‘cxperimcnts
the same procedures were repcated in the abscnco of labelled
amino acids and each fraction of the grnd;ent was analyscd
for polymerase actxvity. As sccn in Fig. 46, polymoraso
activity was*found from the 1st7to the 3rd passagos in two

structurcs, one at 140S".and the other at 16@5. At 4th or Sth

passage however the activity was found nssociatcd with the

3
-K
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FIGURE 45. Polvacrylamide Gel Profiles of Virus Proteins

in toplasmic Extracts o- Cells Iin ccte

at Différent Bian MOI Passage - -
Radioactive proteins from selocted fractions of the Sucrosg
gradients shown in Fig. 44, were precipitated with 953 ethanol
and analyzed on polyacrylanide gels. The material sbawn-iﬁ
(M) was obtained from the top of.the gradient shown in-

Fig. 44D. The material in (B) was taken from the 100S region

of the same gradient. (C} represents the materfal from the
tcp of the gradient shown in Fig. 44E and (D) reprosents
the material from the 10058 region of tXe sarme- gradient.

Al sarples were co-cleétrophoresed with 3p-viral protein
nmArkers. B .

)
.

e, .
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FIGURE 46. Sucrose Gradient Analysis of Polymerase'

Act1v1ty in Cytoplasmlq Extracts Obtalned

from Cells Infected*WLth Succe951ve High

Mu1t1p11c1ty Passaqes of HR—LT

“About l 5 x LO cells were pretreated with Act D

¢

-fUr 12 hours, and lnfected w1th the appnoprlate high

'm01 passages of HR-LT at 100 PFU/cell as

r',descrlbed in Flg. 44 At 5 hours post 1nfect10n cells

were harvested and cytoplasmlc extracts were 1ayered
on 15~ 30% sucrose gradlents made ln RSB° and
centrlfuged for 3.5 hours at 24 000 rpm at 5°C. .in
SW27 rotor. Succe551ve 1 ml fractlons were collected
and monltored for 0.D. ”A volume pf 0.4 ml of each_

fraction was assayed for polymerase activity at 37°C

e ey

for 30 min.

(A) First passaée. .
(B) Third passagc; .
(C) fqurth passage:- ‘f»

(D) Fifth passage. .
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comple*;sedimenﬁing at lOOS%. It appears then that thel
cytoplashic 100s RNP compléx characteristic of LT RNP

core (Petric, 1970; Kang and frevec, 1969)'ﬁas transcriptase
activity{ Aswshown previously in Fig. 20 the products of
the polymerase of the 1405 and 1605 regions range in size
from 5S to-18S. When the yntheslzed product of the
polymerase reglon in the 5th passage was phenol extracted
and @nalyzed on sucrose gradient the result presented in '
Fig. 47 was obtainéd. - As seen, the product of this complex
is relatively small, scd1vent1ng-w1th S values no larger
than 4S. Although the naturc of thlS RNA is not known itsh

possible significance will be discussed in the DISCUS%IQN.

\

[
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YIGURE 47. Sucrose Gradient Analvsis of the RNA product
; of the KuP Polviorase Cormiox rresont 10 the
FITth liign ol Passage N )
The RNA produccd by -the complcX corresponding to !rﬁ?tiST,itﬁ_&ﬂ
of Fig. 45D was phenol extracted and analyzed by ig;ﬁ:cgha 107
through a 5-20% sucrose grhdient as described in ““.Ekg .
13c-labelled ribosomal RSA_(o--o) was prescnteas ggrne;.4q
“whe marker regions from the left represent 305, 1BR and 8¢
respectively. St




DISCUSSION
The studies described in this thesis are concerned
with the in vitro synthesis‘of viral specific RNA, by an
‘enzyme induced in'L—cells‘following‘vesicularwstomatitis
vifus infccéion.‘ An understanding of the mode of action of
such an enzyme is necessary for elucidating“the replicative
process of virion RNA and its regulation in the infected

cells. As indicated by the‘réSults, the enzyme is fouﬁa to

function as a transcriptase, synthesizing RNA strands

complémentary'to virion RNA.»‘Du:ing the course bf this
work, othgr invéstigatofs (Baléiﬁore EE'El" 1970) fouhd;
that the viribn itsclf carries a transcriptase and have
characterized the reactidn products (Bishop andé Roy, 1971a,
1971b; Bishop, 1971} Roy and Bishop, 1972).

The discussion will consider . the ﬁropertiés of the
céllularléﬁzymg, its iﬁ gi&EQ'produéts, and the effect of
interference on polymcrase activity. An attcmpt-w?ll be
made to rclate these observations to what g&s been shown
by others regarding the mechanisms of viral transcription

and interference,. and to postulate some rmodels concorning

the requlation of transcription.
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Propertics of the Enzyme Activitx

- Upon 1nfect10n of L—cells with either the Indiana-ST : -

ey,

or the HR-LT straxn of VsV, an RNA polymerase activity is P f*

i £
detected. . This act1v1ty is measured in vitro by the ablllty A

of the cytoplasmic extract to catalyze the 1ncorporatlon of

ribonﬁcleoside triphosphates into an acid insoluble product;

Enzyme activity can first be detected at 2 hours post infegtion;

and increases throughout the viral replication cycle. Using \'l

the HR~LT:§train;"activity continues to increase after -

6 hours post infection;-the time at whiéh virion yield‘Shows‘

no further inc;ease; With the'Ind;ST strain however, activity

‘decreaées after 6 hours post infection. The reason for the

difference in‘polymerase synthesis in the two strains is not

known. It appears that in the HR-LT strain enzyme molecules

,arc‘synthcsi;ed in CxceSS of that required for virion .

production, ’ S 1
While the incorpbration_of GTP by ghe cytoplasnic

§olymer5§c is dependent on the.présencc of exogenous ATP

and CTP it is only partxally inhxbitcd by the absencc of C

exogcnous UTP. . Nearest neighbour analysis of the product of

a rcaction wzxtute to which UTP was not added °howed that

.this nucleotide is prescnt next to [3-32PI*GTP with Lho

samc frequency as it is in a complete rcaction mixture,

.suggesting that a heteropolymer, rather than a non-uridine

polymer is éynthcsizcd. This could be duc 1) to production.

)
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of QTP in the reaction mixture by'deaminatioe of CTP,
2) to the,?resence of residual UTP in the dialyzed extract,
or Bl to’contamlnatlon by UTP of the unlabelled trlphosphates.
Alkaline hydrolysxs of product RNA labelled w;th l-“C-CTP
'in the absence of UTP, has shown the presencelef radioectivity,
in the UMP region. While this suggests that deamination of Qx‘.
CTP may occur a positive identification of this material
ae UMP was not done so this result must be regarded with
cautlon. |

The presence of polymerase actxvxty in the absence
of UTP hgs also been observed with Senda1 v1r10n ‘transcriptase
(Stone et al., 1971) whxle the ONISSlon of elther ATP or CTP
had no marked effect on 1ncoroeration of GTP by reov1rus
induced RNA polymerase {Watanabe et al., 1968). , )

The ehzyme.actifity from pyﬁeplasmie extracts is
_ihdependenﬁ of -exogenous template and is associated with
two fibenucleoprotein,complexeSfpresent in cells infected
with B particles only. Bpth the eomplex sedimenting at
1605 and that at 140s ceéZaih the virus specific proteins N, L
and NS together with viral'Rﬁh. These -three proteins were
shown to be required fer the activity of the. virion associated
transcriptasc by Emerson and Wagner (1972), Bishop and Roy~
(19%5) and Szildgyi and Uerayev (1573). '

- Treatrent of_the cytoulaanic complexes with DOC

results in the release of protein L with concemitant tcductioe

%%
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in sedimentation'value.(5396?51971) and loss of §ol§merase

activity. This suggests that these complexes coneist of'yiral

e s DR Lo BT A S AT

proteins associated in DOC sensitive structures, and that
protédin L is required for polynerase actrvxty. Since the

p
two complexes found in the\Lnfected cell are similar to the

cores found in the virien, it is probable that these cellular
RNP represent precursors to completed vlrlon particles’. If
such 1is the case, then it would be expected -that the oo
mofphogenes;s of the v1r10ns in the ~nfected cytoplas&
should involve different size complexes as the RNA combrnes
with increasing nurbers of viral specxfrc prote;ns. The -
presence of these two complexes in excess in the cell
suggests that they. represent Structures just prior to a rate
,llﬂltlng step in the assenbly Droceas.

Slnce the two complexes contaln enzvmc act1v1ty,
viral specific proteins and RNA it seems llkely that these
o structu*es serve as ietracellular transcrxpt1ve c0ﬂplexes.
The assoc1at10n of RNA polyreraee thh 1ntrace11ular RNP ¥h
complcxes is not unique to vsv, but is a common fcaturo o‘_,

many other RN@ viruses xncludzng ln{;uenza (Co“sans and A:; .

Callgalre. 19:3). polzo (“hrenrcld et al., 1970), EMC

\

(BaScs and Tarrkas, 1969) ., . rabies tPlnterlc et al., 1963),

and roovirus (hatanabc et al., 968)

The fact that no viral Droteins are released during

trhnscrrptrcn-of such co*alcxcs of VSV (3ishop and Rov, 1972}

ey

o bl |
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raises the question of how the virion RNA is copied while

it is complexed to proteiné;, Thg viral prote;n NS, found to
be a phoéphoprotein (Sokol and Clafk, 1973) , was suggested
by ﬁhe same workers to be‘involved'in the regulation of
trénscriptiop perhaps by temporariiy detaching the N protein
from the nucleic acid by e1ectr$static interaction, thus

making the virion RNA accessible to the trahscriptase.

'Product of the Polymerase

As stated in the INTRODUCTION, a number of spec1cs of
~ viral RNA synthesized in the infected cell were identified.
Among these, the two classes of 51ngle—stranded RNA consisting
of the heterogenous class with sedxmentatlon coefficients £fro
13-20S and the relatlvely homogenous species with |
sedlmentatlon coeffic1ents of 308 have characterlstxcs which
suggest that they serve as messcngers for vxral nrote;n
_synthgsis.

In giésQItfanscriDtion by tﬁc virion associated
'en’yne ylclds RNA species comparablc in size to the ClﬂaS'
"of 13-20S RNA found in the infectcd cell.  The products o‘
l-the virion enzyme scdlmcnt at 108 to '21S and arc co"olo"vnuarv
" "to virion RNA (Bishop and Roy, 1971b) . Primary tranﬁcrivtlcﬂ
by the virion associaécd‘énzymc f@llbwing igfccpion of cclls
ih the preséncc of cycloheximiée yiclds both the 13-205

3

RNA and the 305 RNA s;&ecics.

o , o ) ///T ,
! : _ , :
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As shoﬁn in this thesis the printipal prodﬁct
produced after one bour’of in EiEEE SyntheSlS by the
CYtOplasmlC enzyme has sedlmentatlon coeff1c1ents in the
range of 5-18S with the mode around 165 Part of the
heteroaenelty of this materlal ‘may be ‘due to the presence
of contaminating nuc1eases in the enzyme Qrtparatlon.
Durlng shorter lncubatlon perlods (5 to 10 mlnutes) a . &
larger proportlon of the newly 1ncorporated radioactivity i
was a55001ated with RNA. sedlmentlng at the posxtzon of |
whole virion RNA (40S). By 20 minutes, however, almost 95%
of the radioactivity was found in the 5 to 18% spec%es of
RNA.' Other experiments by Prevec (personal comnunlcatlon)
have shown that the amount of 1abe11ed RNA associated w1th/
the RNP complex remained constant after three minutes of
synthesis while the amount of label in the free RNA,p:oduct
increased linéérly with time. These_resqlts éuggést;that
the product RNA is synthesized in association with RNP and-
then rcleased. “ .‘ /

In addltlon to the 5-18S RNA a larger 30S species is

alsoﬁabfervcd durxng a short synthetic pcriod. It could
‘be pos:jg;e that this larger species of RAA is 305 nRhA which
may be transcribed in vitro only during the in1t131 stages o.\'
tﬁe labelled Rﬁﬁ'prcsent

incubation. - Alternatively however,

at 30S may be new preduct which is comvlcxod to virion RMA

- v—; "\. \\
in a partially double-stranded replicatéve ccmplex sedimenting
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at this position. These alternatives deserve more detailed
investigation.

Analysis of the in'vitro product synthesized at

”3§£C shows it to he completely complementary to the RNA

from the B and LT partlclés but not to- +the ST RNA. . The
lack of hybrldlzatlon to ST RNA- lndfiates that. the portlon
of the virion. RNA transcrlbed by the enzyme dxd not contain

sequenccs in common with the ST partlcle. From all

hybridization data 1t appears that a 1im1ted region of B

-partlcle RNA is transcrlbed.

Examlnatlon of the kIHEthS of product gynthesxs
at 28°C aﬁd -37°C shows a two-fold increase in RNA synthe51s
at the lower temperature. Annealing ‘of “the 28°C product
to ST partlcle RNA 1ndicatcs that an addltlonal segrent of

vxrlon RNA is transcribed at 28°C as opposed to 37°C.

However, slncc thc 28°C product present after elthcr 60 aﬂd 220

min of incubatlon hydrldlzes to the same extent with ST RNA,

P

it appears that thc same RNA species arc transcrlbcd dur

both carly and late times at this temperaturc. Thi3~5Q9995t3

,that all the 1nvo’vcd\c%strons were transcribed continuously

rather than in a scquential manner as obscrvcd with the virion

-tran5criptnsc tBisH p, 1971)-

with the virion ass ocxated cnzyﬂc' tc—ne*atu'v also

dffcctcd in x4t:o trmsc'lpt‘OW-' At 31°C the corplctc viral

. goneme was copied'hutfat 37°C Cnly 30% of it was t.unsc'ihcd-

D - I
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Further pkperiments (Royiand Bishop( 19?35 have suggestigi‘
that multiple initiation sites for‘tranécriptionﬂare
present at 31°C. Wﬁether oniy some of the sites are
accessible to the enzyme at 37°C remains to be determlned. | o
The partial transcrlptlon at 37°C is in contrast to the
'51tuatlon observed in !&XE durlng 1nfectlon in the presence
of cyélohcximide by Huang and Manders t1972). Theéé
workers showea that under these conditions the viriog~
associated transcriptase copies the entire viral géﬁome,
The temperature effect on traﬁscription may very'well'ée
an‘ig vitro property of the system. |

Sptimum synﬁhesis‘Of in gi&gg'product at 28°C is'not' ‘
unique to the VSV system., Maximum sjnthesis offgﬁkjat 2B°C~
in vitro have been ;eported_forrinfluenza poiyﬁerase (Bishop
ct al.,‘19?1) and foruthe polymcrase induced in cells infected
wlth qcndal virus (Mahy et al.; 1970; Stone et al., 1971).
The latter 1nvestlgators suggested that increased endogenous -
nuclcasc activity at the highcr temperature was responsiblc
“ for this -ecffect.. Ouraaata ihﬁicatcs that deéradqtipn of
product at 37°C is siightly higher than at 28°C. lHowever .
in the light of the hybrldi”atxon data prescntcd above, it ie
plau;lblc to suggest that scme of the increased synthesis at
'28 C is due to the availab litv of additional. sequences ‘cr

‘transcription at this temperature, The poqsxbxlxty of

_selective nuclease destruction at 37°C of those product
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ey

seguences CdmplemeJhgry to the ST particle seems far 1es§
. : _

plausible.

Syhthesis of Poly A

As stated in the INTRODUCTION,‘sequences of poly—%
have been found in messengef RNA énd'hetérogenous nuclear -
RNA in eukarydtes, in RNA of oncogenic and nonﬂoncogénic RNA
viruses, in mRNA of two DNA Qi;uses, and in general are

considered to be a feature of translatabie, or potentially

translatable RNA. Hence poly A sequenées have not been

‘found in virus RNAs tﬁat do not function direc£1y a$ mRNA such

as influenza, NDV and VSV (Gillespie et al., 1972).

Mudd and Sumncré"(l970b) first renbrted that the RNA

assoc1ated ‘with the polysomal region 1n HeLa cells infected /

with VSV, have a high adenosine content Soria and uuang

(1973) confirmed these results and showed that all the 28S

and 13-15S. messenger. RNA species of VSV contain—ﬂcqucnces

of poly A. The’ comnlementary RNA svnthesxzed in vitro by

the virion associated transcrlptasc does not contain A-rzcﬁ
scguences {(D. Bishop, personal ‘communication). In contrast
to Bishop's results, the work in this thesis shows that tbu_
same éytoplasnmic cxtrac* fron infected cells which synthcsi CcS

a complementary RIA (with 3H GTP as labellcd precursor) also

Asyntﬁcsizcs an A-r;ch scgﬁcnt associated with 165 species.

Kinctics of synthesis of 3p-ire labclled product ahow’




161,

that maximum synthesis is reached after 1 hour of incubation
at 37°C with continuved synthesis for longer times. at 28°C

as with the 3

HQCTP labelled product. .Pdly A synthesis |

is simiiar,to that of total RNA. On a sucrose gradient the
newly synthesized ATP labelléd_Rﬁﬁ sediments with seaimentation
cocfficients from 4 to.lgs wi;h‘definite péaks in the
lfadioactiye distribution ‘at sizes correspbydiné to.lss anq 4S.
Poly A . scgments are présent in both the 165 and 4S species..
With longer labelllng perlods neither the product nor the
~associated poly A seqment increase in 51ze._ The ATP 1abclled

. RNA 15 alkali lablle and is made totally nuclease resistant

'by hybrldlzatlon to excess unlabelled B partxclc RNA Thus_

A

the non-poly A scgments of the product are c0ﬂp1enLntary to o S
virion RNA. o ' ' . ' °

_The presence of poiy A both as 4s segrents and in
ﬂassociatioﬁ with 165 RNA suggests that poly A ma?Ifirst be-
synthesized as a 4s segnent which is then attached to a 165
heteropolymeric RNA. -To check this possxb111ty a pulse- chase
experirment was carried out. . While failure to-obsery
movemnent of l“bel.from the smaller to the ’arcc'_spocics,

]
5U°905t5 that chxs idca was 1ncorruct, thc pOJSlbllltY cxists

that the high leve‘s of ATP employcd du'zng the chaqe period

inhibit the normal conversion proccss. In this regard

&n
o
o

the 1ncorporation of GTP by the polymerase cxtract is

>
vl
2

lower in thc prcuoncc of 4 -% ATP than at the cpt inum
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.

c0ncentrat10n of 2 mM. Alternativeiy“it is possible that

the 45 RNA is the result of nucleolytic cleavage from the

v
pp——

largcr,RNA.

. An estimate of the size of the poly A tracts of
the in EEEEE product determined by nuclease treatment ' : | -
followed by zonal sedlmentatlon W1th TRNA as markers, yields
a sedlmentatlon coeff101ent of. 4S. - From the content of poly A
‘bf thc 3h- adenylate product and the base composxtlon of the
B partxcle RNA (Brown et al., 1967), and based on the
assumption that 16S correspOnds to molecular welght of

4
5-6 x 105 it can bevcalculated that the poly A segment is
about 80-100 nucleotides long.

Although dlrect evidence that the A-rich fragnent :

o synthe51zed in vitro is attached- to the newly synthesized“

RNA molecule has not been obtalned, some credencc‘is lcnt
"to this suggc"tion by the fact that the synthesiS'of poly A
‘.attachcd to a l6S RNA species is deocndcnt on the presence
of the'3 unlabellcd nuclcotxdcs, with very llttlc poly A
synthqglzed dy .the cytoplasnlc extract in their absence.
'Siﬁii;rly extracts from uninfected cclls do not synthcsi:c
the large RNA species. The acid prcEipitablc product from
these extracts ,edincnts in the range from 3-78 and contains

5

about 10% nuclense rcsxstant matcrial.

Poly A sequcnccs in mRNA can cither be syrthesx-c

from complementary sequences in the.gencse ‘as may occur in

5
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vaccinia v1ruq (Kdth, 1970) , or may be added without the
use of tcmplatcs as in adenovxrus mRNA (Phlllpaon et al.,

1971) ., To determine if the poly A °egmcnts in the in-vitro

3
ATP labclled product are transcribcd from poly, ) tracts_

prc ont 1n thc RNA of VSV v1r10ns, hybrldlzatldn exoerlmen&é

. ¥
botween' “H-uridine labelled virion RNA and synthetic commgrcial
‘ ! ' ) ) o b ’ v ¢ ‘ ) e

ppOly A were performed. - No detectable poly U segments were -

found in the VéV RNA. = This result was latcr confirmed by

———

lare Kﬁll and Glllcspie (1972) The aﬁ%ence of a poly u.

template suggests ‘that poly A is attached post'transc;ipfionally._
. .‘4 ‘ _ ' -64 ’ N -
The enzyme catalyzing such a reaction could either be viral

induced or a hormal cellular enzyme., A number o¥ such

poly A syntheta°e° have been found in the mammalian cell

cytoplasm (Giron and Huppertj;1972n, 1972b; Tsiapalis et al.,

ar

1973). nucleus (Ednonds and Abrahans, 1960); and mitochondria’

[

(Jacob and Schlndler, 1972) though to datc ‘no direct

bxolog1ca1 51gniff“ance has bcen attached to these systenms Hf'

»
»

s - . T .
sible Model of In Vitro Transcrxption f’

.- The complcnentar*ty of the synthesizcd oroduct to
virion RNA, its size and the suggestion that it nzght be
associated &ith poly A leads as to believe that this RMA

cquld be similar‘to some’ of the sp¢cies o£ mRNA found in

L3 - o A

the infected cell. lff_ P

RN prom tha information available to date and uith some .
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assumptions it'i; possible to speculatc which mRNA spcciec
'have been transcriﬁednig EiEEE‘ .

The fSV,genome is composed.of at least five geneé.
This statement stems.%rom evidence thaf.five vircs specific
protcins L, G, M, NS ahd:M can be identified either in the
viridh_or Qirﬁs—infectcd cell. Using the molecular weight
of chcse profeins-it cdn be calculatea that they account
for all the coding potential of the B particlc‘genome (Kang
and Pfevec; 1971; A size correlation of each’ of these protein
.spec1cq to a correspondlng mRNA is possible at least 1n part
since the mRNA specxes can be sepfrated into four’ distinct
size classes. The 30S mRNA is of the required size to code
for the L protein, aﬁd there is iﬁfgiig evidcnce.Using
pactamyc1n that this proteln may be a product of the 3OS rRNA
-(qtampfer and Baltimore, 1973) The portlon the
B partlclc genome coding for the 305 mRNA is distinct from
the qenOﬂc of the LT partlcle, since RNA from this defect;uc I
..purticle dees not anneal to the 305 RNA (Hallett, 1972)
S8ince. thF in v;tro produCt anneals conplctely to the LT
virion’ RNA and since 1ts ‘size is considcrably smaller than
305 it scems unlikely that it would contain the infornation
for the L proteln. _
-\' The 13 to 208 mRNA species have sizes which are
'consistent w1th coding function for the proteins G' K, NS and

M. SChlncariol and Howatson (1972) have chaxactﬁficcd the

s ) -
0
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LT and ST pdrticle gcnomcs by hybrldlzatlon with these

mRNA species afterrfractlonatlng on polyacrylamlde gels, lnto

three size classes con51stcnt with the expected sizes of

. T sscngor for proteins G, N.or NS and M respectively. They
obscrved Lhdt ;ST -RNA hybrldlzes prcfcrentlally with the - s
presumcd messcngcrs for G and M while RNA~ of LT particles
hybrldlzcs egually well w1th all three classes of messengcer
RNA. This then suggests that ST is probably 1ack1ng “the

- chment of genome codlnq for N or NS proteln., Since the
in vitro product synth091zcd at 37°C does not anneal to '
ST RNA but does anneal to LT it is possible that this

. synthesized RNA is t;apgcrlbed of £ the segment in the B RNA
coding for the N or NS protéin. If such is the ¢asc then

ﬁhc queqtié; is raised why is there no transcription of

the other ClStrQnS in !iggg’

It has been shown in the infectcd cell that the RNA
I7"'«35(‘!'“3(:1' which corresponds to the N protein is transcribed
more frequently than the-other messengoro (Schlncariol
ani'uowataon, 1972) . This is in agrecncnt with the observatiou
that the N protein. constltutcs about 40% of alk vzral protCXRQ_
synthes 1zed in the xnfected cell (Kang and Prcvec, 1971)

If prcferent;al transcription Of the N ™ csscnger docs OCC“r E

it is p0551b1e that the promotor for this genc is °“511Y = .

accessxble to’ thc enzyme, 'while more complex xequlation could

bé\requircd for transcriptxon of the other ciﬂtrons.
\ |
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While the above specuiationé seem attractive and
p]ausiﬁle, the final solution to this speculation awaits .
the fcsult of cxperlmcnts to translate the synthesized product

sing a cell-frce protein synthesizing, system. 'In/thls
way it is.possible_that the nature of the produdfs%at 37°C
and 28°C can bc.charac£erized.and_further;that the possible
role of poly A éequcnces"in protein synthesis caﬁ be determihcd.
| : _ 7

Polymerase and Interference

. It is demonstrated in thlS thes1s that polymcrase

acthlt? measured in v1tro shows a dlrect correspondancc to

the dcgrce"of 1nterference, as measured by infcctious virus
yield,iin'cells coinfected with defeétivé'particlcsﬂ_“Active
cnzyme is not detected in cells infectgd'with Tﬂparticlcs
alone, and decreases during both hémotypic‘and heterotypic

" interfercnce in parallel with the yield‘of infectious virus. .

Also correlated with interference is a chance in’the

" character of the RNP cdmpiei&é in the infected cell. The -
éwo transcriptive complexes .present in the B particle

infected cells are replaced by a conplcx of loacr sedirentation
coe‘f;cxent (1005) dur;ng LT particle lnterfcrcnce. Thi;

==

new polynerase conplex synthesxzcs in vitro a small RHA

-

'molccule-wlth.a scd&rentation coefficient of 4s. Ihe 4S RUA

PR _‘@-

could‘répréseﬁt a tra\?crzpt of a segrent ‘of the LT genone.

. Even if .this proves to be correct;it is.evident that: the
T ) LN ' ) - . N\ .' ]
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fradmcnts synthesized are cousidcrably smqiler than that
‘requiréd to code for any of tﬂe viral protcins. - fuller
understanding o¥ tﬁe nature of this‘product m;y be of
fundamental importance to our understagding of the
" interference pracess. In‘thisrregard Stampfer et al. (1969)
have also féund that a 6S RNA species is synthesized in

the infcctod céil during intérZZrencc. More recently -

Reiéhmann (personal comnunlcatlon) has found that a 51m11ar

°mall RNAT SpCCleS is synthesxzed by ST and LT partlcle

asscciated transcriptase.

The mechanism or theiétcp of replic#tiqp of B partiélcsi

at thch T particles affeCt polymerase activity is not

known. Two mnodels of lnterferencc have been suggestcd. One

of them propoaes that a, protein mav./be synthesxzcd in an

unregulated faahlon from the T partlcle genowc, thxs protein

then havxng thc capacity to 1ntcrfere with the B particlc

directed synth051s of viral enzymes and RNA (Huang - -and .
Wagner, 1966). This hmdel would 1mp1y that the gcnctic
information in T particlc can bo both transcrlbed ?nd |
translated A large body of evidence is accumulating to

sugges t that defective particles are ‘not transcrlbcd dur;ng

infection. ‘This evxdencc cons;sts of the following

1) Cells infected with ST particles of Indiona and New Jersey

‘scrotypes id the presenco of cvclohexinxde, éo not synthcsiae

gcr RNA.4Huang and Manders, -1972;
‘ <

, any complcmentary messen
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Porraulo and Holland, 1972a), 2) No identifiable Qiral
antigens were found in cells infected with T particlcs‘
alone (Schaffer et gl.; 1969; Huang and Mandefs, 1972),
3) Genetic studies of Reichmann gg‘gl. (1%%1) have shown
that T particies do-nOt oomplcment any oflzﬁe temperature
scnsitive”mutants of QSV. L

In view of the above evidence, Stampfer et al.
(1969) , Prevcc and Kang (1970), Huang and Manders {1972)
and chlault and Holland (1972a), proposed that 1ntcrference
is a result of competltlon for some llmlting viral
protein, such as toe replicasc, synthesxzed as a result of
translation of the mRNA copied from the helper B particle.'
Since tho T particles are unable to synthesize this proteln,
they would compotc'wlth B particle RNA as a template for the
repllcasc. The shorter segmont of nyclcic acid in the
defective partlcles may confer a solcctlve advantagc on these
. Pdrt10109. S0 that when present oarly in infection thc T -
particle genome wultxply at the expense of that of the
-infectious B part;clcs. Thesc condltions would bo ranxfcftcd

3 -

as 1ntcrfercnco. ’ - v . R ﬂ~*2”
our rcsults indicatc that polymerase is either not
producdd or is - inactive in cclls infectpd with T particles
alonc.- In cells coxnfccted thh both partzclcs, the T
| part{cles seem to 1nto;fore wigh polymerase carlv durxng thc :

_repiicativé'oyclc. 1f the'éompetition mooel for rcp}}case



4
or other viral protein is correct then the observed -

inhibition of polymerase activity is a result of inhibition

of B particle replication and hence sccohdary.transcriptibn.L
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SUMMARY

X

A RNA-depehdent RNA polymcraseini::ed in L-cells

infected with vealcular# tomatitio'viruomu ‘“studled

t
anzymc act1v1ty, measurdﬂ by the 1ncorpo tion of 3H -GTP

~into acid-insoluble form, was observed‘only 1? the

cy, op]ésm of infected cellq.'lhctibity first appeared at

g v - » : .o \ » .
after infection and reached its maximum at 6 hrs in

T T

inued to incrcase.‘.Enzyme aétivity increased with‘
increased input of“virus'partitles up to 20 PFU/cell.
Higher multipliéities did*not’augmeht enzyme yié}d or
virus_titers. - ; .
The in vitro properties of the enzyme'hégay were
—cxamin;d'to establish optimél'conditiOns”for synthésis‘of
_itf'produc;. .For activitylto‘bc manifested, M92+, plus

-all four rlbonuc10051de triphosphates ‘were requer- The

pf
rcactlon was 1ndependenu of exogenohs te“plate, and aCth1tb

‘was assoc1ated wxbh two ribonucleoprotexn complcxcs. onc
' Sedlnﬂntlng at 1605 ‘and ‘the otﬁer at 140s. Both co"plcxeé
_contalned v1rus-spec1flc proteins N, L' and NS togcthcr

thh-v;rlon RNA.

c S e
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. The in v1tro product of either the crude cytoplasmlc
extracts or the separatced RNP compleres ynthe51zed a .

single strahded RNA species with sedimentation coefficients

_of 5-185. This synthesized product is a heteropolymer

~as demonstrated by inCorpOrarion of u-labolied.ntcleotidE'

triohosphate‘into ihternal phosphodi%sfer linkages,

'Prcllmlnary results 1ndlcated that the product was 1nltially

‘cxaﬁined Analysis of the ATP- labelled product by sucrose

‘(45) which 1s}covaleng§y linked to a 16S RNA species. Since

ey

synthesized on the template enzyme complex and then released
Hybrldlzatlon of the RNA synthes;zed.after one or
3.S'hrs'of incubation at both 37°C and 28°C showed it to be
owpletely complenentary to RNA extracted from B or LT
particles. Only the RNA synthesized at 28°C hybrldLZed to-
RﬁA from the small defectlve partlcle These results plus
the data from temperature Shlft cxperlments suggestzthat °f5ﬁ7>
transcription at 37°C-is more, limited than transcription.
at 28°C: | S - :

. *The poly-A content of the synth051zed products was

densxty gradient centrrﬁugatxon showed that the RNA products‘

of the polymerase comolexdlnclude a. short polv-A sequoncc

no detectable poay-U scquenc;;f;;}assequ‘ln-the v1rion RNA,

it is _concluded that tﬂﬁkﬁﬁiy-h segment is added post-.

transcriptionalky.‘ é_ I e

The correlatiaﬁ-of enzyme activity with interference BN

'\' Cel e ¥ -
S . .t o

-
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was analyzed. Results indicate that extractable in vitro

activity corresponded with,the extent of homotypic and P

heterotypic interference, | - ‘ '
The above results were discussed with respect to-
the mode of replicaéion, regulation of transcription,.and °

interference of VSV. S _ S
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