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" INTRODUCTION

A. STATEMENT OF PROBLEM

It is now well established‘that manj'mammalian cellular and viral
-'mRNAs terminate 1n polyadenyllc ac1d [poly(A)] 50-250 nucleotldes long.
Cellular mRNAs have been shown to. acqulre poly(A) sequences by post— "
transcrlptlonal addltlon., Slmllarly, the mRNAs of viruses which repllcate
in the-nucleusend;ofatleastone vlrusjwhlch repllcates in the cytoplasm
also acquire polY(A)‘sequences by,post—transcriptional mechanisms. However,
the mechanism by which the mRNA of many other cytoplasmic viruses becomes
polyadenylateo_is notAwell understood. .

It has been.shown-that the a&enoSine»analog cordycepin inhibits . the
replication of some yiruses.but not others. In view of evideﬁce that
cordycepin preferentially inhibits nontrehscrlptve poly(A) synthesis. in
animsl oells it has been suggestedlthat resistance of virsl replication

~ to cordycepin mey indicate a‘transcriptive mode of polyadenylation of

. viral mRNAs.

The gehomelRNAs ofoicornaviruses; which also serve as mRNA in the
host cell, have been sﬁoWn.to oontain polY(A). Of the picornaviruses,
'human rhinofirus\type.l4 (HRV—14)LRNA wesbshoﬁnlto have a poly(Ab'oontent‘
apparently higher tﬁan-othervpioornaviruses. HRV—l4lreplicstion had

: _ , .
also ‘beeh shown to be'inhibited bylcordycepin'while poliovirus ‘replication
had ‘been reported to be resistant or only moderately sensitive to

cordycepin., Additional evidence indlcated that nearly 50% of HRV-14 poly(A)
. , L



'isequences mlght be syntheslzed earlrer than the remalnlng v1ral RNA
sequences, suggesting that preformed polv(A) sequences mlght be llgated
-to the v1ral RNA In contrastA however, there‘was evidence that poly(A)
.-sequences on poliovirus. RNA were transcrlbed from a compllmentary poly(U)
.sequence. Therefore, there was a 81gn1f1cant pOSSiblllty that HRV-14 and
poliovirus mRNAs were polyadenylated by dlfferent mechanlsms.v.

Th}s study was undertaken to.f;rst more'fully character;ze the/'
Poly(A). sequences ot HRV—l& RNA, second.to confirmvthe differential effeCt'
'of’cordycepin on the replication of HRV—14 end poliovirusg‘third‘to ,
determine the~mechansin'by which-cordycepin inhibited HRV-14 reﬁlication;
and flnally, to determlne 1f the genomes of both rh1nov1rus and poliovirus

are polyadenylated by similar mechanloms.'

B, 'REVIEW OF THE RELATED LITERATURE:'

In 1960 Edmonds and Abrams first discribed’an enéyme:fron calf thymus
nuclei'that catalyzed the‘addition of?AMP residues to the 3' end of a
varlety of RNAs and ollgonucleotldes (23) Little‘significance wes
attached to that flndlng s1nce polyadenyllc‘ac1d [poly(A)] sequences in
RNA were unknown. In 1966 Hadjlsvass1llou and Brawerman reported an:
adenylate rich polynucleotlde assoc1ated with RNA released from rat liver

polysomes (38). However, no connection_wes established'between the o
aden&late rich polynucleotide and mRNA. Edmonds and Cermela in 1969 (24)
showed by selection .on poly(dT):cellulose thatAheterogeneous‘nuclear RNA
(hnRﬁA) from-Erlich ascites cells contained a significant portion~of
.kpoly(A). They concluded however that the poly(A) was confined mainly
to the nucleus (24) About the same tlme.le and Lanellakls demonstrated

an AMP rich sequernce on 95 globin‘meSSenger~RNA (mRNA) reieased,from,

s



rabbit reticulocyte polysoﬁes (54).
. The biological impqrtence of poly(A).was unknown until Kates -

and Beeson found that vaccinia virus cores which can transcribe '

 viral DNA into RNA were capable of pfomoﬁing synthesis of viral mRNA with.v

poly(A)'sequences.attachedu(46), They also.found,that vaccinia RNA in -

infected cells contained polY(A).end subsequently found pbly(A) attaehed

- to un1nfected cell mRNA (45) These studles flnally led to experlments

A'whlch eventually establlshed that poly(A) is covalently attached ‘to- the

3t end of both hnRNA and mRNA (19 25 51)
‘Since 1971, it has been well establlshed that many mammallan .RNAs

contain poly(A) sequences 50—250 nucleotldes long (53, 109) Poly(A)

‘has also been found in mRNAs from plants 37, yeast (39) and bacteria

(102). 'MessengerlRNAs of practically all mammalian viruses also contain

poly(A) (3 4,33,44,46,67) w1th the exceptlon of ‘reovirus (108)

Considering the large variety of systems in whlch to study poly(A) and
the great amount of.research that'has.been carxled out on the various
aspectquf pdly(A)'synthesis and function, it is surprising that the

mechanisms by which poly(A) is synthesized is still poorly understood and

- --its biological function remains unknown.

Once the study of poly(A) began in depth, it was quickly shown that

- the mRNA of mammalian~cells and viruses naturing in the nucléus appear

Aeto acquire poly(A) in the nucleus via a non—transcrlptlve mechanlsm

(4,19,107). Darnell et al showed that act1nomyc1n D (act—D) 1nh1b1ted
DNA—dependant_RNA synthe31s within a few minutes after addition to a
cell culture but had no effect on poly(A) synthesisbduring the following

two minutes (25). It was also shown that adenovirus mRNA synthesized in



the—nucleus of infectedlcells:contained:poly(A)'.howeyet}the‘adenovirns
genome DNA was shown to contaln no poly(dA dT) Whlch.mlght code . for
poly(A) (77,107)- Addltlonal studles u31ng the aden031ne analog |
~ cordycepin (3'deoxyadenosine) have glven.further:proof that poly(A) is"‘
added onto hnRNA and mRNA by a non—transcrlptlve mechanlsm. Cordycepin
1nh1b1ted nucleolar synthesls of rRNA by actlng as a chaln terminator but
had no effect on the nucleoplasmlc synthe31s of hnRNA(74) Although
cordycepln falled to 1nh1bit hnRNA synthes1s, 1t has been shown to
,1nh1b1t the synthe31s of poly(A) (18, 63), and prevent newly made mRNA
from,appearlng 1n the‘cytoplasnr(Z). These;ohservat1ons all 1nd1cate_
that poly(A) is syntheslzed.post-transcriotionally.byﬂa mechanism
.separate from the‘ttanscrlption of hnRNAhand_mRNA. The n:iginal :
observation that poly(A) nolymerase (tefninaloadEnylate.transfefases)_
enist in mammalina cells (23):a1so.supports the theory of post- |
transcriptional addltlon of poly(A); however . no evidence- has yet been
~presented Wthh dlrectly llnks any of the known poly(A) polymerases with
‘ poly(A) synthe51s 1n ‘vivo, o .
Polyadenyletion of.mRNA hasielso been shown‘to occur in the cytoplasn _
(21,95).‘ fre—exiSting mRNAs of sea urchin emhryos have heen shown'to'hg,
: polyadenylated‘nfter fertilizetion~(955-,.Iniaddition there appear tovbe
enayme(s) 1nsens1t1ve to cordycepin whlch are capable of elongatlng
prev1ously synthe31zed poly(A) in the nucleus and cytoplasm (21).
'WMmmallan v1ruses whlch repllcate in the cytoplaom also synthe31ze
-nRNAs whxch'contaln poly(A) sequences. Vac01nla v1rus_m¢NA,,as already
menticned, containsvpoly(A) (46) .- The poly(A)dis apparently’synthesized

post-transcriptionally'by a virionlenzyme distinct from the viral |



ttanecriptase (66;90). fhe mRNAs,of.otoer cytopiasmicvfiroses:also'
aretsynthesized by virally-specifie&'enzymes'(88);"HoweVer,.there ie
‘no solid ev1dence that polyadenylatlon of these v1ra1 RNAs occur solely :
. by post-transcrlptlonal addltlon.; Post transcrlptlonal addltlon of
poly(A) to the mRNA- of cytoplasmic RNA viruses was first postulated by
Marshall and Glllesple since they were unable to detect any poly(U) tracts -
in the genome of severai of these vlrusee (61). This may not‘hold true
for all cytoplasmlc viruses. 1Poly(A),synthesis by vesicular stometitie
~ virus (VSV) infected L-cell eétracts;was.shown to be_coupled-to viral'RNA _
transcription (31). vysv is a sing}e—Stranded'RNA’vitus‘which conteins |
a,oirion.associated'transcriptases(ii) | Thielttanscriptase can Be
actlvated in X}EEE by detergent treatment of isoiated #irionS‘end io
the prescnce of all four nucle051de trlphosphates synthe51zes mRNA which
contains covelently bound poly(A) However, poly(A),ls:not sﬁnthe31zed_'
unless all four nucle031de trlphosphates are present suggesting that VSV
poly(A) synthes;s is coupled to transcr1pt10n(29) . Even_though this
"evidence suggests a ttanscrlptlye mode of VSV polyadeoyletion, leck of
detectable poly(U)  sequences io"the genome RNA (27;61) ﬁiéht indicate that
the,need for concomitant RNA/synthesiS>oﬁly'reflects a need for an -
eppropriate.primer.l H

Efidence.forre ttanscriptive.mode of poly(A)‘synthesis has been
presented for poliovirus and Semliki Forest.vifus (83;116), Poiioﬁiros.
~genome RNA also serves as mRNAf(plus sttand,RNA) in host cells and |
contains e~poiy(A)§seouence COvelentlj attached to its 3' end conSisting
ofcapproﬁimately 90 adenylic acid reéidueé (3,114), Yogoaand.Wimmer‘

first presented evidence thetApoliovitus,pOIY(A)imight.be transcribed:



when they showed that poliovirus:double-straﬁded replicatiye form (RF)
RNA contains a poly(U) sequence (115,117)._ They first reported that it
was located at the 3' end of the complimentary RNA strand'(minus—strgnd) 
(115) but later showed it was at the 5' end and therefore available to
-; Serve'as a témplate for poly(A) transcription (117). Subsequently it
was reported that poly(U) sequences were also present on minus-strand
of the replicative iﬁtermidate (RI) RNAs (99,116). Spector and
‘Baltimore have shown that viral RNA synthesized‘iE iiE£é by crude viral
polymerase comﬁlexes also contains ﬁoly(A) (98) and Dorsthﬁslef‘EElgl
showed that polioﬁirus polymerase éomplex purified away from cellular
terminal adenylate transferase activity still synthesizes poliovirus
RNA containing poly(A) (22). Therefore they proposed that biosynthesis
of poliovifus poly(A) occurs by transcription. ARecently poly(U)
sequences were alsc isolated ffom the minus~strand éomponent of semliki
forest virus RI RNA species (83). Semliki forest virus genome RNA also

functions as mRNA in host cells and contains 3' terminal poly(A) segment

_—

,mr/ 7)

/ a2

non-transcriptive poly(A) synthesis in mammalian cells (18,63).

which may be transcribed from the poly(U) strand on the-various RI
e .
As méntioned before cordycepin preferentially inhibits de novo

Résistgnce or sensitivity of virus replication and poly(A)isynthesis to
" cordycepin was suggested as evidence for a transcriptional or non-
transcriptional mechanism of polyadenylation. Thére was some l;mited
evidence to support this proposal. VSV repllcatlon and poly{A)
synthesis had been shown to be resistant to cordycepin’(27) which

corresponds to the evidence suggesting transcriptioh of VSV poly(A)



(29 31); lcohverSelyﬁeordyeepin inhibits,the replicatloﬁ ofiﬁeweastle‘ i

’»dioease v1rus Senda: v1rus, RNA tumor v1ruses and vacc1n1a v1rus whlchv?
appear to acqulre poly(A) sequences non—transcriptlvely (44, 60 81)

. Recent ev1dence however, 1nd1cates that re31stance or sens1tiv1ty to ;
cordyeepln may not be a’valld,lndlcat;onfot transer;ptlve or noﬁ- _
transcriptive-polyadenyletlon. Maale‘et althave'shown that coroyeepin"
trlphosphate (3' dATP) 1nh1b1ts cellular RNA polymerase II.as well as

“Qf oli{ B lymerase (56) Cordycepln also 1nh1b1ts vaccinla RNA
polymerase and vacc1n1a poly(A) polymerase (72)

Therefore, 1t appears that whlle most tellular RNA becomes
4polyadenylated by post-tranocrlptlonal mechanlsms, the mechanlsms by
v-nhlch messengers of cytoplasmlo viruses. are polyadenylated are varied

and not cempletely'understood. They doA however prov1de'excellent
‘systems for'tohtinued investlgatlon into the relatlonshlp_between RNA»h
. synthesis 4nd poly(A) synthesis in
| Although some progress has been made in eluc1dat1ng the mechanlsm

of polyadenylatlon of RNAs,‘no deflnltlve functlon for the polyadenylatlon

of RNA has been dlscovered A translatlonal funct1on of . poly(A) can be

"

l,//"jf'ruled aut 51nce poly1y31ne is not found 1n protelns whose mRNAs contain
‘ poly(A) Poly(A) was orlglnally thouOht to play an 1mportant role in Ai
the tramscrlptlon, proce531ng and transport of mRNA since 1nh1b1t10n of
oly(Aj synthe31s also 1nh1b1ted those functlons (2 18 63 77) However,“‘-
it was socon. found that hlstone mRNA does not contaln poly(A) yet 1s
syntheslzed and transported as effectlvely as mRNAs: w1th poly(A) (1,75).
More;reeent:stud;esihaye shown_thst.almost,BOA‘ofvhela‘cell-mRNAs lack |

L]

poly(A) (65};‘.A similar,observation;has been_made'in sés;urchinwembryosr



(71) These observatlons aiong w1th the extstence of the large‘
number of viral mRNAs which are synthe31zed in the cytoplasm and
contain poly(A) (88) argue agalnst processing and transport as the sole
functlons of poly(A) ’

The existence of a large fractlon of nRNA lacklng poly(A) also
argues against poly(A) being requlred for translatlon. In vitro
'translatlon studles of deadenylated mRNA 1nd1cates that in XEEEQ; at
least, mRNAs without poly(A) are.translated‘almost equally as well as
mRNAs w1th poly(A) (12 68, 111). Howener, one translationvstudy,of

| deadenylated mRan ‘showed that in Xenopus oocytes the eff1c1ency of
translatlon of rabblt globln mRNA which had the poly(A) removed declrne
f much more rapldly than mRNA with poly(A) (42) However, another study
‘ showed that in developlng sea urchln embryos 1nh1b1tlon of polyadeny— '
iatlon of maternal mRNAs in v1vo does,not prevent their translatlon (64)
| Another obv1ous role for the presence of poly(A) is one of. stablllzlng
" mRNA. Lim- and Canellakls‘noted a correlatlon between the -size of poly(A)
. and of the messengers Wh:ch carrled it and suggested.that poly(A) size
”,d,///,;E}ghLMP?ffézz/;;; age of mRNA(54) 7 Shelness and Darnell demonstrated
' that the poly(A) of Hela cell cytoplasmlc mRNA becomes shorter w1th age‘
(89). Studies with mouse L cell mRNAs suggest however the half- llfe of
messenger RNA is not dependant on the length of 1ts poly(A) chaJn i_e
mRNAs with short and.. long poly(A) sequences have the same probablllty of
belng degraded (75) St111 other ev1dence 1nd1cate that in some
systems poly(A) may serve a protettlve‘purpooe._ Herpes virus mRNA
» contadnlng poly(A) appearsrtozhe more;stah;e~than mRNA wdthout poly(A).>

(94) .. There have also been reports showing‘that poly(A).stahilizes RNA



‘_agaxnst 3t termlnal RNase actlvity (40)
| - A few other 1nterest1ng observatlons concernlng poly(A) have been ‘
‘made._ Kwan and Brawerman have reported a partlcle, probably proteln; ‘
which spec1flcally b1nds to poly(A) in mRNA 1solated from- polysomes (50);'
' Jeffery and Brawerman have . shown poly(A) sequences to he assoc1ated w1th
other nucleotide. sequences of 1ts adJacent mRNA . when 1solated from
polysomes (43). Both f1nd1ngs suggest partlclpatlon of poly(A) in
determ1n1ng secondary structure of mRNA. B ] -

All of the above f1nd1ngs 1nd1cate that poly(A) ‘may be 1nvolved in

»the maturatlon transport, stablllzatlon and translatlon of some .
ﬁN;‘;messenger RNAs. Poly(A) does not, however, appear to be essent1al for
any of these functlons and no one- essent1a1 functlon for poly(A) in all -
polyadenylated RNAs ‘has yet been found. | -

As mentloned prev1ously'cytoplasm1c’v1ruses orov1de a Wlde varlety
of systems in which to study the. relatlonshlp of RNA synthe31s to :
poly(A) synthe31s in vivo and " 1n XlEEQ' The 51mplest of these v1ral
systems to study is that of the p1cornav1ruses, Among olcornav1ruses
poly(A) has been - found in the genomes of pollov1rus (3 114), rh1n0v1rusy
(58 70), mengov1rus (100), encephalomyocardltls virus (EMC) (35), and
Columb:a S K virus (44) The p1cornav1ruses prOV1de an excellent
System for’studying the»polyadenylatlon of cytoplasmlc'mRNA for‘

_;”/-/_§eyeral reasons,'(a) the repllcatlon cycle of these v1ruses has been
thoroughly studled (see appendlx) (b) only one mRNA is synthes1zed
(c) the v1ral genome also serves as the- v1ral mRNA and is therefore
-infectious and,'(d)fthe’variety of;subgroups.within the'nicornaviruses '

may provide a source of variation'in'poly(A).content;‘mechanisms'of
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acquiring poly(A) sequenCes;.and_functlons of poly(A) on cytoplasmic

mRNAs.

, Most thoronghly studied of the‘pieotnavirusesris,pollovirus; The -
poliovirus genome contains at its 33 end a‘polyiA) sequenee appronimately‘
90 nucleotides long (114) As discussed. above pollov1rus double-stranded
RF RNA and RIT RNA both contaln a poly(U) sequence at . the 5' end of the
compllmentary (mlnus) strand (99 116 117), Wthh suggests a p0851b1e
transcriptive mode of p0110v1rus poly(A) synthe31s. Further support
of this assumptlon has come from the studies . show1ng that Vlral—spec1f1c
RNAs synthesized by crude polymerase complexes also contaln poly(A)
sequences, 1ndlcat;ng that the repl1catlon,complex-ls the site of wviral
poly(A) synthesie (22;98). - |

Spector and Baltimore nave‘shown'a ctitlcal,biological fnnction

for poliovirus poly(A) (96). Removel'of‘the poly(A)»by digestion with

. ribonuclease H results in a large decrease in the infectivity of the

viral RNA, They have also shown that there is no detectable viral RNA

synthesis in eellsfinfected with‘deadenylated viral RNA. However, there -

appears to be no loss of translation capability in vitro (101), -

indicating‘that poliovirus-poly(A) may play a role in penetration of

:thev1ral RNA into the cell or an 1mportant regulatory role at an early

step in the replication of the RNA.,

lSlmilar observatlonsjconeetning the neceesity of a poly(A) sequence
for,infectivity of'picornavirus RNAs_haVe:been made wlth EMC virus. EﬁC
viral RNAs laeking'ot containing only short‘segments of poly(A) were
isolateo'by their inability to blnd to oligo(dI)—cellulose. These poly(A)

deficient RNAs were found to have a speoific infectivity 200 times less



than EMC RﬁA with full length poly(A)eeeqﬁencee{(35,41).‘
Nair and OwenSjfiretndemonstrated’poiy(A) on humanerhinevirus type
f14 (HRV-14) RNA (70). Subseéueﬂtly, oehers‘studied the‘poly(A)<content,
. .of human;rhino#irus,type 2 (HRV—Z)'RNA (58,59) . ASeverel‘charactefisticsj
of the poly(k) of rhiﬁoﬁirus RNA appear te be different from what‘hesi
been observed for the poly(A) of p0110v1rus RNA. HRV414 RNA eppears
l?to have a poly(A) content s1gn1flcantly hlgher than that of pollov1rus
. RNA and HRV-14 may synthe51ze up to.SOA of its poly(A) sequences |
‘before the rest of the viral RNA (15:':Cerdycepin-has also been shoeﬁ
to 1nh1b1t HRV~14 repllcatlon (1) whlle p0110v1rus has been reported to
be resistant or only moderately sen51t1ve to cordycepln (52 115) The .
,xﬁilnel andtprobabiy the szt=slgqxflcant,dlfference between rh1n0v1rusl
and poliovirus is,an-observatiqn made by{Macnaughtenand‘Dimmock thae

HRV-2 RF and RIARNAS do not contain poiy(U)A(58).



MATERIALS AND METHODS

 A. METHODS

1. Cells and Virus: -

Calf serumiadapted'HeLa.eell line (Flow'Laboratories; Ine.,

catalog no. 0—26346);ﬁas used throeghott the'toerse of this study'except

vfor certain experiments.so noted wﬁere S5~3 Hela cells (Grand Island
Blologycal Co., catalog no. H 3001) were used. ~Cells were'grown in
monolayer culiures at - 37 C 1n Eagle s mlnlmal essential medlum (MEM)
containing 5£'calf‘serum,1100 units penicillin,_loq ug neomycin, and
2.5 pg fungizene per mi '.Humee rhinoviree trpe'14- ‘poliovirus £‘YPe 2
and antiserum pec1f1c for tbese viruses were" obtalned from the Natlona]
Institute of Allergy and Infectlonus queases, Bethesda MD AV1rus
stocks and pur1f1ed v1rus used in dlfferent,experlments,were checked
for vixai eoﬁtaﬁiﬁétioﬁ by neutralization-with.specificfantisera.f

/;////,/’///7 2. Virus grewthvand:?ﬁrificetion:>'

Confluent monolayers of Hela cells were infected with either

: purifi@d virus or harvest fluid from infected cells (see below) by’

allow1mg virus to attach to cells. at room temperature for 0.5 h.

Unadsorbed v1rus was then removed and -the monolayers washed oece with
phosphate buffered‘saline (PBS) withoutﬁCa+ + or Mg+ f. HRV-14 infected.
cells were incubated at 34°C and 1pdlio§ird&_infeeted4cells at 37°C, iﬁ
MEM..'When'infectipn,ﬁas cbmplete,~virusrwas harvested and purified

according.to the procedure described by Nair and.Qwens (70) . Briefly,

12
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virus was released from the cells by three rounds of freezeéthawing

~in MEM, followed by forcing the lysate . through a 26 guage needle. The

lysate was then clarifled by low speed centrlfugatlon. The supernatent,

called harvest fluid (HF) Was either'frozen at -70°C for use as stock

virus for infections or further processed to prepare‘sucrose purified

virus. Purlfication was accompllshed by pelleting the virus from the

HF by centrifugatlon at 90 000 x g at 4°C for 4.h. The pellet was

suspended in 0 02 M Tris-HC1l buffer pH 7.5 and sedlmented through a 5%

to 25% (w/w) sucrose gradlent in the above buffer at 70 000 X g at 4°C

- . for 2 h. The gradients were then fractlonated by punping from the

bottom and 1.0 ml fractions collected. Using radlolabeled virus, peak
virus fractions were determined by counting 10 ul aliquots. Viral

freetiops were then pooled‘and_dieIYZediagainSt the appropriate buffer

' depehding on how the virﬁs was to be used. 1In later experiments gradient

fractions corresponding to the relative location of virus, the peaks were

routinely'pooled without counting eeeh_gradient:fractibn; When high

- titer virus was necessary for infection or for RNA extraction, virus was

concentratedb after dialysis, to the appropriate volume by placing the

dialysis bag in polyethylene glycol 20,000. Virus purified by sucrose

. 'gradient centrifugation was stored at 70°C.

3. Preparation of Labeled'Virue;
HeLe cell monplafere were infected with either HRV-14 or polio<
virus at a multiplieity of infectien (Mo1) of = 10 unless otherwise
noted Cultures were then incubated‘in MEﬁ eontaining 20 ﬁCi/mi of
elther [3H] adenosine’ ([3H]ARL[3H] Urldine ([3H]URLor carrler—free [32P]—.

labeled phosphorlc ac1d unless otherwise stated in the figure legends,
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AIn some exﬁeriments where viral RNA waé laBeled witﬁ [32P]—pﬁbsphoric
acid, cultures were incubated'iﬁ the presence of phosphate free MEM.
Poliovirus. infeéfed cultures were harvested at 9 h post infection (p.i.)
and HRV—l4—infected.culturés at 16 h p.i. Virus was then purified as

described above.

4., Extraction of Viral RNA:

Virus purifigd'by sucrose gradient centrifugation in TNE buffer
(.01 M Tris-HC1 pH 7.2, 0.1 M NaCl and .01 M EDTA) was extracted at
room temperature with an equal volume of a 1:1 (v/v) mixture of phenol
and chlorofofm in the presence of OfS% sodium deodecyl sulfate (SDS) (76)
and Earrier yeast RNA (pnfractibnated: yeast RNA). The aqueous phase
was then reextracted two additiomal times with phenol-chloroform. The
final aqueous phase was made 0.2 M with respect to NaCl and ﬁhe.RNA
ptecipitatéd with two volumes of ethanol at -20°C for at least &4 h. RNA
preparations were routinely stored in alcohol.at ~-20°C until used.

5. Determination of poly(A) Content by Digestion with Pancreatic

plus Tl»RiEonucleases:

Radiolabeled viral RNA samples to be analysed were precipitatgd'
from alcohol and dissolved .in RNase buffer (-0L M Tris-HCL pH 6, 0.2 M KC1).
RNase resistance was determined by incubating the RNA at 37°C in the
presence of 50 units/ml Tl‘RNase and 10 ﬁg/ﬁl pancreatic RNase (1).

- After 0.5 h incubation, acid—insolgble radioactivity was precipitated
with 10% trichloroacetic acid (TCA) at 4°C for 15 min. Precipitates
wefé then coilectedvon nitrocellﬁlose membrane filters (Millipore Coré.
type HA, 0.45 ﬁ) washed with five 2,0 ml aliquots of 5% TCA and dried

at 70°C for 0.5 h. Radioactivity was measured by scintillation counting
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(see below). Total acid’ preclpltable radloactlvlty was measured in

the same way, however w1thout RNase dlgestlon of RNA samples.

‘»6, 107% Polyacrylamlde Gel Electrophore51s of Poly(A) SequenceS'

Isolated from Vlral RNA.{»

[3H]AR labeled p0110v1rus RNA and 32P labeled HRV 14 RNA vere

mixed and dlgested w1th pancreatlc and Tl RNases as descrlbed above.
 After 1ncubat10n the digest: was made 0. 01 M in EDTA and 0.5% in SDS and

reextracted withphenol*éhlbrqform.nThe RNase re51stant RNA was then
'preélpitated withitwo Volunes of alcahol‘indthe presence-ofll'Azsn units
of yeast tRNA. | | | |

Preparatﬁon of acrylamlde gels and electrophoresrs of poly(A& were

by the method of Plnder and Gratzer (78) The prec1p1tate contaln;ng |
poliovirus and HRV-14 poly(A)s‘was_dlssolved in 25 pl of electrophoresis
buffer (0.0SjM Trls?HCl, nH'7.4) and'mined with an equal volume of a
solution contalnlng 0.05% Brom-Phenol Blue and 50% sucrose in
electrophores1s buffer and 1ayered on a 0 5% 5.5 cm cyllndrlcal
'-polyacrylamlde gel contalnlng-1DA‘acrylam1de, 0.1% N'—methyleneblsacry— :
lamide (BIS), 0. l?*ammonium perrulfate,‘and 0.thN,NbN',N'4tetranethyléthy1-
enediamine (1FMED) in electrophore31s buffer. ' |
T Electrophore31s was for 110 min at SmA/gel Imnedlately after
ielectrophore31s, gels were scanned at 254 nm u31ng an ISCO gel scanner
to determlne the p031t10n of the 4S tRNA The gels were then
~fractionated into l-mm slices using ahome.madegel alicerfconsisting of
stacked razor blades. The gel.SIices were placed in sclntillation vials
and solubilized Qith 30%.H20§ f0;25 ml/slice) at 80°C fbr‘S'h;x Ten mls

of counting fluid were added to Eaeh vial and radioactivity measured in



16

a Beckman L5230 Liquid Scintillation Spectrometer using the half Tritum
> 1soset for measuring [3H]—poliovirus poly(A) and the variable_ggoset

set at 300-1000 for measuring [32P])-HRV-14 poly(A) radiocactivity.

7. Determination of the Fraction of Poly(A)-Containing RNA and Poly(A)-

. Lacking RNA by Poly(U)-Sepharose Chromatography:

; Poly(U)—Sephafose 4B columns were prepared according to the
manufacturer's directions. 200 mgs of Poly(U)-Sepharose 4B, equivalent
to-@ i;O ml of swollen gel, ﬁeréswollen'in 5ml of 1.0 M NaCl pH 7.5
g for 5 min. The slurry was-pouréd into‘a pasteur pipet plugged with
I ~ glass wool and wésﬁed with 20 ml of 0.1 M NaCl pH 7.5. It was then
rinsed with 20 ml of distilled water apd finally equilibrated with 20 =l
of NETS buffer (0.01 M Tris-HCL pH 7>.2, 0.1 M NaCl., 0.01 M EDTA and 0.2%
SDS). Binding and elution of viral RNAs were done according to the
method of Eiden and Nichols (30). Viral RNA in 1.0 ml NETS buffer was
applied to the colﬁmn. The COiuﬁn was then washed with 5.0 ml of NETS
buffer to eluté "Unbound" RNA. The column was ne#t washed with 6.0 ml
of glass-distilled water to elute the poly(A)-containing ''Bound" RNA.
Fractions (%.0 ml) were collected and the radioactivify profile
-/"”/lf//ggg;;;;ned. The remaining "Unbound" fractions and "Bound" fractions
were pooled and the RNA precipitéted with two volumﬁs of alcohol,

8. Digestion of RNA with Polynucleotide Phosphorylase:

"HRV-14 viral RNA was digested with polynucleotide phosphorylase
in a reaction mixture containing [3H]AR viral RNA, 100 mg purified
yeast RNA and 500 mg polynucleotide pﬁosphorylase per ml of buffer'
(0.05M Tris-HClpH 8.0, 0.015 M MgCl, and 0.01 M KHZPOq) (91,111).

Incubation was for 2 min or 10 min at 37°C. The control mixture from
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wbich the enzyme was omltted uas also 1hcubated for 10 min.. The
reactlon was stopped Wlth 0 5/ SDS and NaCl was added to a flnal

' ~concentration of 0 l M. ‘The RNA was then extracted with phenol-chloroform.

- and precipltated with alcohol as- described above

9.. Determlnat;on ofxcordyceplh Sens1t1v1ty<of Virus Replicationﬁf

.‘Replicate:mouolayer cultures cohtaihingvapproximately'105
cells/culture in 35 mm.culture dishes-were.infeCted with HRV—14'orl
poliovirus at avMOI Ofys;lo,v After virus adsorotion’for O.S‘h at roOmvz
temperature unadsorbed yirus was removed and each culture washed'with‘

- 4.0 ml of PBS (lml/wash) TO‘ pairs of'cultures l;Oiml of Mmﬂcontalhlngﬁ
yarlous concentratlons of cordycepln ‘was added‘as 1nd1cated in the
frgures, 1egends,‘or a srngle‘concentratlon of cordycepln was added at
varlous'timeslpost\ihfectiOns. HRV-14 1nfected cultures.were 1ncubated
at 34 C for 9 h and pol1ov1rus 1nfected cul ures at 37°C fcr 6 h. After
1ncubation the cultures were frozed at -20 C. Virus was releaSed‘from.‘
ultures by three cycles of free21ng and thaw1ng and by forc1ng the
resultlng lysate through a 26 gauge syrlnge needle Virus yield was. .

‘ ////gg;ermrrcd by plaque assay (see belowO
10. Plaque Assay. ' /

_A modlflcatlon of the procedure>used by Nair and Lonberg—Holm
(69) was used for”determining virus titers. Serial lO—fold dllutloﬂs
,of.yirus»were made ln MEM Dupllcate 0. 4 ml allquots of the approprlate
d]lutlons were added to HeLa cell monolayers in 60 mm culture dlshes
Whlchjwere then-lncubated for O,Sch at room,terperature., Unadsorbed,
\vlrus was removed and.the monolayers Were-theh washed_with 2 ml of 3BS
and overlayed'uith MEM containiugIO.SS%:Iohagar.andhbré% DEAE dextran.




_ HRV-14 1nfected.cultures uere 1ncubated at 34°C for three.to four days;
and pollovirus 1nfected cultures 1ncubated wt 37 C. for ‘two days for plaque
development. 'Plaques were~v1sual1zed by sta1n;ng the monolayers\w1th 17
.crystal violet in 20/ ethanol |

11, Determinationlgf Cordycepin Effect_gE‘Virus;Specific RNASynthesis:'

-

:Replicateﬁcultures_lni75—cm2 plaStic flasks (Corning Glass Works)‘l:)
containing approXimatelyoz X 107'cells/flask‘were infected with purified
HRV—lé orvpoliovlrus ataan‘MOI_of = lOf.lAfter infectioh; cultures were

. incubated with MEM ahd cordycepih‘was aaded_to‘a tlnalfconcentration of
75 ug/mlfat~rarious times after infectioh; Actlnomycin'D'(act¥ﬁ) wasi
added to a final concentratlon of 5 ug/ml to all cultures 1h prlor to.
-labeling w1th [qH]AR in order to 1nh1b1t cellular RNA synthe81s. Pollov1rus
infected cultures were labeled from 3.5 to 4.0 h P. 1._and HRV-14 1nfected
cultures from 8 to 10 h p.i. w1th [3H]AR (20 uCl/ml) After 1abe11ng,
‘the radloactlve medlum was lemoved and the cultures were washed twice

w1th 5 nl of PBS .. The cells were’ 1ysed w1th an acetate-SDS buffer (0 01

M sgdy}m“acetate pH 6. 0 0 1M NaCl 0. ], M EDTA and 0 .5% SDS) and the'

——

lysate was extracted w1th an equal volume of phenol—chlorofoxm three times
as descrlbeu above. The RNA wasvthen prec1p1tated w1th;a1coholttw1ce,

~ dissolved-in DNase buffer'(O Ol‘M Tris~HClka l‘5~ 0.1 M NaCl, aud O'Ol M
MgClz), incubated Wlth ?ﬂase—free DNase—l (lO ug/ml) for 0 5 h at 37° C

and reprec1p1tated w1th alcohol. . Viral RNA species were then analyzed by

'ezﬂyelyaervlamlde—agarose>gel electrophoresis (see below).

12 2/ Polyacrylamlde, 0 54 Agarose Gel" Electrophore31s.

Gels were prepared essentlally accordlng to the procedure of

Kolias and Dlmmock (48) Gels'contalned.ZA acrylamlde, 0.1% blsacrylamlde;




]ig.‘
'lOZ.élycerol,'.Sﬁlagarose; O;lz‘ammonium persulfate;7andv6.lZ;TEMED in
I;oening-'electrophoresis "t" buff‘er ’-(o'.0'36~u Tris—HCl pH 7.8" 0.03 M |
‘NaH POu and- 0. Oliﬁ EDTA). O. 6 x 8 cm cyllndrlcal gels were prepared.
by mixing all components of the gel except the agarose in 4/5 the total
volume, warming the mixture to 50° c, and adding 1/5 volume of__.S/ agarose '
-which had been melted and cooled to 50°C Gels-were then poured ‘while
st111 warm 1nto tubes which had been sealed by stretching plastic wrap -
over one end. Gelstwere overlajed‘with nater‘and allowed'to polYmerize
' overnight. Prlor to‘use the gels were: 1nverted to give a flat surface
-h on which to‘layer samples.v The bo*tom of the tube was’ covered w1th
ad1a1y51s tublng or a woven paper cloth (Handyw1pe towel) to prevent the .
.gel from sllpping out. ,Gelsiwere~pre—electrophoresed.1n'"E" buffer‘.‘
: containing 0.27% SDS fOr lvh at S‘mA/gel.',Zstul.samplesiot uiral RNAs
in "g" buffer containing 0 2% SDS were mixed w1th 25 ul of 0.05% Brom—
- Phenol Blue, 0 2/ SDS and 50% RNase-free sucrose in "E" buffer and
layered on’ the gels. Gels were Tun at 5 mA/gel for 2. 75 h at room
temperature,.then sliced 1nto l—mm sectlons, and two l-mm SllCeS were
put 1nto each sc1nt111at1on v1al Slices were then solubilized by
/H//»antdtation w1th 30/ H 0 :(0. 4 ml/v1al) for 3 h at . 80 C two drops ot
15% ascorbic ac1d and 5 ml of countlng flUld were added and the

rad10act1v1ty in- the vials counted

l3f' Isolation of Vlral IntermediatexRNa Spe01es flom Infected Cell
{Cytopiasmr'T | | |
L >lHeLa cell cultures grow1ng ln roller bottles (w 1% lO
cells/bottle) or- flasks (m 2 x 107 cell/flask) were 1nfected w1th virus

a-MOI-of = ld;~ 1h prlor to labeling, act-D was added to a final
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concentration of 5 ug/ml. Poliovirus infected cultures were labeled
from 2,5 to 4 h p.i. and HRY-14 infected cultures 4 to 8 h p.i. with
either [3H]JAR (25 uCi/ml), [HIUR (30-50 pCi/ml) or [32P]phosphoric

acid (100-200 pCi/ml). After labeling infected cells were scraped.

" from the containers and pelleted'at.750 x g for 5 minutes then

washed once with 5.0 ml of ice cold PBS and suspended in reticulocyte
standard buffer (RBS) (0.01 M Tris-HCl pH 7.3; 0.01 M NaCl, and 0.0015
M MgCl,) at approkimately 2 %'ld? cglls/ml; ~After 10 min at 0°C the
cells were ruptu;edlﬁith 15 strokes-in a Dounce homogenizer} Nuclei
and pnbroken cells were pelleted atISOle;gfforS min. The cytoplaémic
supernaﬁant was made up, to 0.1 M Naﬁl, 0;01 M-EﬁTA,AO.SZ SDS and RNA
.extracted from‘it by three rounds qf éhenol—chloroform extracﬁion. The
RNA was precipitated with alcohol and treated with DNase as described
before. |

~14. Separation of Viral Intermediate RNA Species:

Baltimore and Girard (69) have shown that it is possible to

separate .the double-stranded RF RNA from single-stranded viral RNA and

the partially single-stranded RI RNA by differential precipitation with

. 2 M LiCl. RF remains soluble while SS and RI are insoluble. ” RI and/or

RF RNA can also be separated from SS RNA by agarose gellfiltration. RI
énd RF are excluded.bécause‘of their siée and double-stranded nature
whilé SS RNA is partially retained’by'the agarose gel (7). These
procédurés wege, therefore, used to separate rhino?irus RNAs as well

as ﬁoliovirus RNAs; Total radiolabeled viral RNA isclated from_infected
ceilé was dissolved in l&w salt buffer (0.01 M Tris-HC1 pH 7.2, 0.01 M

NaCl, 0.01 M EDTA),.made 2 M in LiCl and left at -4°C for 18-24 h. The
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.flocculent.prec1p1tate was removed bv centrlfugatlon at-15 OOO:t‘g for
:20 min, The supernatant contalnlng RF RNA was dlluted 3 fold w1th
' water and the RNA prec1p1tated w1th alcohol in the presence of cerrler B
yeast tRNA - The prec1p1tate of QS RNA and RI RhA was redlssolved in
low salt buffer and reprec1p1tated w1th 2 M LlCl The RF RNA 1n the-p
_supernatant was prec1p1tated with. alcohol and pooled Qith'the NF'from
the first'ronnd The Ss + RI RNA prec1p1tate was’ dlssolved in 2, 0 ml
NETS buffer contalnlng 0. 5/ SDS and applled to 1 5 x 90 cm column of
Sepharose 2B (Pharmac1a) equlllbrated in the same buffer._ RNA_was also
.eluted with the same-bnffer at a floy rate of_6—8 ml/hr .Approximatelypj
Z‘ml fractions were collected and~raddoactivity of QO‘plraliduots |
, connted‘to determine peak'fractions:‘ ‘The excluded peak contalnlng the
RI RNA and the 1ncluded SS RNA peak were pooled and prec1p1tated with

alcohol in the presence of yeast ‘tRNA.

15. Denaturation and RNAse Dlgestlon of RI and RF RNAS.

| To measure. poly(A) content of RI and RF v1ral RNA by RNase :
‘d1gest10n it was necessary to denature the RNA prlor to RNase treatmeﬂt
to avoid. measurlng)double—stranded RNA Thls was. done by dlssolv11g the
RNA in 0.9 ml O. 001 ‘M EDTA pH 7.4 in the presente of lO 20 ug yeast tRNA
and heatlng the RNA solutlon in a 106° C water bath for 2 mln, the
solut1on was rapidly cooled to 0 C -and mlxed with 0.1 ml of O. 1 M Trlse‘r
del”pH"7r4‘and 2'M NaCl (115) lO‘ug pancreatlc RNase and 50 unltsrTl
RNase were added and the RNA 1ncubated for 0.5 h at 37°C... Ac1d |

prec1p1table radlodctlvity was measured ag descrlbed before

16, Preparatlon39§_Poly(A)vbepharose;

Foly(A)~Sepharose was prepared essentially according-to the.



22

procedure;of:ngo.and Wimmer (1l5);1‘5 gaof:Cﬁﬁréactivated;éepharose'4B :
| (Pharmacla) was washed w1th 1 L of 0.001 M HCl and then w1th 1 L of 1ce
'"cold water in a scintered glass funnel The gel waS»then mlxed,ln.a test
" tube with 9 mg poly(A) in'lO ml of‘O 3’M'sodium 2—(Nemorpholino) ethanel
' sulphonate (MES) pH 6, and rotated end over ‘end for 16°h at 4°C. The gel
was then washed with 200 ml of 1ce cold 0 05 M MES, pH 6 to remove
- unbound . poly(A) From the A260 of th1s wash it was estimated that
approcimately‘llo'Azéo unlts of poly(A) were bound,to the.sepharose.
The remalnlng actlve groups on the gel were reacted w1th 40 ml of 1 M |
ethanolamine in O 2 M N-2 —hydroxyethylplpera21ne-N'-2—ethansulfonrc ac1d
(HEPES) pH 7.6 and: rotated in a test tube end over end for 3 h at room
temperature. The gel was. then washed with.2 L of ice cold 0. 3 M NacCl,
0.1 M NaHCO3 pH 7.5 and finally with 20 ml of o.-orM Tris-HC1 (pH 7.2)
containing 0.1 M NaCl, 0.01.M EﬁTA’and‘SOZ.glycerol and stored in the
same buffer-at 4°C 'A | | - | |

17. Poly(A)Sepharose Chromatography of RF and RI RNA

— o Poly(A) Sepharose columns were prepared and RNA eluted as

described by uanCkl and Gomatos (83)‘.,Columns were poured to approximately
4 cm in glass wool plugged pasteur plpets and washed with 10 ml of ,2 M
NETS (0 01 M Trls—HCl IpH 7. 2], O 2 M NaCl '0.01 M EDTA and 0 5% SDS)
100 ug of yeast RNA in 1 ml of .Z'M‘NETS was passed through the column
- followed by 5.0 ml ETS buffer (NETS.minusvﬁaCl);VS ml of'9OZ'formamidev
in ETSAand.finally eduilibrated'again with .2 M NETS. Viral»RNA.
vintermediates were'prepared for chromatography by’first denaturing 0.9
ml of RNA by heatlng to 100 C for 2 minutes as described above in the

presence of 2 ug poly(U) and rapldly cooled to 0° C. RNA was then warmed
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to room temperature and 0.1 ml of lOX 2 M NETS added. RNA waS«d
applied to the columns and washed w1th 10 ml of 2 M NETS to elute _
'hnbound"poly(U)—lacklng RNA and then‘w1th 3 ml of ETS followed‘by

7 ml of 90% formam1de in ETS to elute "bound" RNA containing poly(U)

1 ml fractions were collected and rad10act1v1ty of the entlre fraction
counted.

= 18, Preparation and'ASSayhof’Crude,Viral Polymerase Complexes:

The. procedure used for the.: preparatlon and assay of crude vlral
polymerase complex was a comblnatlon of those reported by Yin and Knight
(112) and Spector and Baltlmore (98) ' Approx1mately 4 x lO HeLa cells
grow1ng in roller cultures were infected. at a MOI of 15-25 with either
HRV-14 or p0110v1rus and 1ncubated in MEM contalnlng 5 ug/ml of act—D
After incubation for 3.5 h (pollovlrus) or 7.5 h (HRV-14), 1nfected
cells were scraped from :the moncolayers, pelleted at.750 r'g for 5 min;
Washed once with'ice cold PBS'andvsuspended in RSBvat approximately
2,0 x~107'cells/ml} After lO min at 0° C the cells were ruptured w1th
'15 strohes in a:bounce homogenlzer. Glycerol was added to 5% and
allquots frozen at —70°C.

. ‘ .The crude vlral polYmerase:complek washprepared‘from fhawed

cell homo;enates by pelletlng nuclel and cell debrls at 1500 x g forx 5

min, and centr1fu01ng the supernatant at 130,000 x g for 45 min at 4°C

4_~ﬂln?an IEC Ale rotor The pellet der1ved from 10 ‘cells was then

) resuspended in 1 ml of 05 M Trls-HCI pH 8, O, conta1n1ng .01 M NaCl. This
crude polymerase compled was e1ther used. 1mmed1ately or frozen at ~70°C

and used within one-month.

The complete standard‘inpvitro polymerase reaction mixture
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contained in a final volume cf 1.0 ml, 0.5 ml cfude:viralepolymerase;
50 mM Tris~HCli(pH 8,0), 5 mM MgCl 10 Kg act-D, 11.25 mM phosphoenolpy—.~

‘ ruvate, 25 ug pyruvate klnase, 6.5 mM dlthlothreltol 0.2 mM ATP, 0.05.

mM GTP and 25 uCi of [8—3H] GTP (16 - Cl/mM) or 0. 2 M GTP 0.05 mM ATP
and 25 uC1[8—3H] ATP (18 C1/mM) Incubat1on of the reaction mlxtureS'.

was at 34°C for HRV~-14 polymerase and 37 C for poliovirus polymerase.

" Reactions were stopped by mixing duplicate or triblicate 100 ul samples

w1th 0.5 ml of cold 0.15 M sodlum pyrophosphate and 0.5 ml of cold 20/

TCA. After 30 min at 4° c the prec1p1tates were collected on glass flbre

filters (Whatman GF/A) and washed w1th_f1ve 3 ml aliquots of cold 5% TCA

and 2 ml of cold 95%-i$opropyl alcohol. .Filters:were dried at 70°C and

- counted.

19. Sucrose Gradient Analysis of Virsl RNA Synthesized'in vitro:

Complete 2 ml reaction mixture with- [3H] GTP or [3H] ‘ATP as the

laheled precursor was 1ncubated for 45 min and ‘diluted with 4 0 ml of

- .acetate buffer, The product RNA in the.reactlon mlxtures was purlfled

. by two extractions with phenol-chloroform and precipitated with alcohol.

The RNA was dissolved in 2 ml of NETS buffer.and.sedimented through a

' la—JO/ (w/w) sucrose gradlent in the same buffer for 17 h at 20,000 rpm

in a Beckman SW27 rotor, Fractions’ (l ) ml) were collected and.absorbance‘
monltqred at 25% nm. . Ihe positions of 18s and28$ TRNA (present in the
crude virel.polymeraSe comple;) were thus obtained. Radioactivity in
each fraction was determlned by preoipitation of RNA with TCA'end
collecting the preoipitates‘onrglass fibre filters as descrlbed above. .

20. Determination of Protein Concentrations:

Protein concentration was determined by the method of Lowry
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et. al, (55). Samples were diluted to 0.4 ml and 4 ml of reagent d

(50 m1 of 2% Na,CO3 in 0.1 N NaCH plus 1 ml of 0.5% CuSO45H,0 in 1%
sodium potasium tartrate) was added and mixed. After 10 min at room
temperature 0.4 ml of Folin phenol reagent (diluted 1:1 with water) was
addea, iﬁmediately nixed and absorbancebat 600 nm read after 15 min at
room temperature. A standard curve was constructed using bovine serum
albumin as standard.

21. Liquid Scintillation Counting:

All radioactivity either on filters or in aqueous samples was
counted using a 1iqu;d scintillation counting fluid containing 16.5 g '
2,5—diphenyloiazole (PPO) and 0.5 g 2;2'—p—phenylenebis (4-methyl-5-phenyl)
~oxazole (POPOP) im 2 L of tolueme and 1L of triton X-100. Glass
scintillation vials were used and counted in a Beckman LS230 Scintillation

Spectrometer. Where necessary, quenching was determined using the

external standard techinque.

B. MATERIALS
. Eagle's minimal essential medium, calf serum, and antibiotics
_were-sbtained from‘Grand Island Biological Co. Phospha£e—free.minimal
essentialﬂﬁedium was obtained from Pacific Biologicals. Tl RNase,

pancreatic RNase A, RNase free DNase, pyruvate kinase, purified yeast

tRNA (type 1), cordycepin, phosphoenol pyruvate; dithiothreitol, MES,

DEAE deitran, agarose, SDS, Tris, and Triton X-10C were purchased from
Sigma Chemical Co. Adenosine—[8—3H] (18-20 Cci/mM), Uridine—[5~3H}

(Zi Ci/mM), carrier—free_32P—phosphoric'acid, [3Hlpoly(U) (11.5 mCi/mM),
131} poly(a) (18.7-20 mCi/md), ATP-[8-3H] (16~18 Ci/mM), and GTP-[8-3H]

{1216 Ci/mM) were purchased from Schwartz/Mann. The disodium salts of
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ATP, GTf; CIP, and- UTP along With:poly(U) an& RNase—free.sucrose were "

-also purehased from Schwartz/Mann, Acrylamlde, BIS, and TEMED Were

P

obtained from Bio-Rad Laboratorles. Poly(U)-Sepharose 4B, and .CNBr~ .

activated Sepharose 4B were obtalned from Pharmacia F1ne Chemlcals.

(

RNase—free‘MlcrOCOCCus'1ysod1ect1cus-polynucleotlde phosphorylase was
purchased from WorthingtonABiochemical Corp. " PPO and ﬁOPOP Were

purchased from Mallinckrodt'Chemieals. Cordycepln trlphosphate was

r_purchased from Miles Laboratorles, polyethylene glycol 20 ‘000 from the

J. T. Baker Chemical Co., HEPES from Calblochem D Ionagar No. 2 from
Colab, and poly(A) from P. L. Biochemicals. Act1nomyc1n D was a gift
from Merck'and-Co;fAll other.chemicals were obtained from the Fisher‘

Chemical Company. -



RESULTS

A. Poly(A) content of HRV-14 virion RNA:

A Stahdard method for assaying the poly(A) content of various RNAs
is to determine the fréctioﬁaof RNA resistant to pancreatic plus T1
RNases. Nair and Owens (70) first reporte& the presence of poly(A) in
HRV-14 ﬁsing_this method. Their results indicated that the average poly(A)
content of HRV-14 RNA was high and apparently gréater than that of
poliovirus RNA. |

Table 1 shows the'pefcent of [3H]AR labeled HRV-14 and poliovirus
RNA resistant to panc&eatic plus Tl RNases. HRV-14 RNA has approximately
80% more RNase resistant sequences than poliovirus RNA (7.2% &s'4.22).
[3H]UR “labeled HRV-14 RNA was only 0.687 RNase resistant while [31] poly(A)
was iOOZ resistant. From the molecular weights and base composition of
the viral RNAS it is péssible to estimate the average number of nucleotides
in poly(A) per molecule of RNA. Poliovirus RNA.hasva molecular weight of
2.6 x 10% daltons (36), consists of about.7500 nucleotides and contains
29% AMP (84). The RNase resistant fraction of [3H]AR labeled poliovirus
RNA cofresﬁonds to approximately 91 nucleotides in poly(A) per molecule
of RNA which is similar to éublished values for poliovirus poly(A)
determined in the same manner (97). HRV~14 RNA has a'molecular &eighf of
2.4 x 10% daltons (69) which is équivalent to about 6900 nucleotides and
contains aboué 35% AMP (82). 7.2% RNase resistant. [SH]AR labeléd RNA
corresponds to aniaverage poly(A) chain 1engtﬁ of 173 nucleotides per
4molecule of RNA. The data, therefore, indicate that the size of HRV-14

27



TABLE 1

28

Pancreatic plus Tl RNase Resistance of HRV-14 and Poliovirus Virion RNA

Label

Percent
RNase Resistance

RNA Preparation

 HRV-14

HRV-14

Poly(A)

‘Poliovirus

3H Adenosine

34 Uridine

3H Adenosine

7.2 (6.2-8.8)4
0.68 (.38-.89)
100

4.2 (3.8-4.5)

@Numbers in parentheses indicate the range of values from at least

two different RNA preparations.’
of at least triplicate determinatiomns.

Each value represents the average
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‘polj(A) is.abeutﬁtnice.the size of poiienirustpoly(A)‘assuming‘that<the
fraction of'pdlyadenyleted:nolecules“is_the sane foriboth'RNAs:(See'
be;owo. | | '

Therdifference-betWeen‘HRV414 ﬁNA an& polievirns RNA in'nely(A)>
content was further demonstrated by determlnlng the RNase r931stant'
fraction of . 32P—labeled v1ral RNAs.- The‘poly(A) content of poliovirus
RNA has been estimated‘to.be51,14% of tne‘totél‘genome RNA (llZ). This
1isin good .agreement nith'the eetimate bfxl{16% ebteined:in thie study
(Table 2). This eetimate isiequivaient to a poly(Aj chain 1ength of 87
nue1eotides; In comparlson, Lhe poly(A) content of purlfled HRV 14 RNA
is 2. 12/ (Table 2), correspondlng to a poly(A) chaln length of 146
nucleotides agaln nearly tw1ce.thatfof p0110v1rus poly(A), corrpborating“

'the.tesults obtained.with [3H]AR laBeled viral.RNAs (91:ns 173 nucieotides).

-Implied in the above results is that HRV;l4 poiy(A)'is.larger in size
than the poly(A) of polipﬁixus.' In keeping with thie, when poly(A) - ‘
sequences wete isolated from HRV-14 RNA'ené poliovitus RNA>end |
eoeelectfophoresed_thrdugh a'10%"polyacrylamide‘gel a EignifiCant
fraction of the HRV-~ 14 poly(A) mlgrated more slow]y through the gel than

did pollovlrus poly(A) (Figure 1).. It w1]1 be noted, however, that over

one-half of HRV-~14 poly(A) conulst of eequences simllar in size to

poliovirus poly(A). THerefore, it appears that the poly(A) sequences

‘ ptesent in“the‘virion,RNA of HRV-14 are more hetetogenepus than(such

sequences contained in the virion RNA of polioVirns. |

B. Fraction of HRV-14 RNA'ineculee nhich eontéinmndlf(Ajz

In determining the average poly(A) content of HRV-14 RNA it was

assumed that the fraction of molecules containing poly(A) was simiiar to
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TABLE 2

32P—Poly(A) Content of HRV~1l4 and Poliovirus Virion RNA

. 32p_1,abeled Viral RNA (cpm/ml)a' 7% RNase
Virus Acid . RNase Resistant
Insoluble Resistant '
HRV-14 211,130 4,480 , 2.12
Poliovirus ‘ 155,160 . - 1,800 1.16

a, - i
The counts-per-minute data represent averages of triplicate determinations.



Polyacrylamide gél electrophoresis of poly(A) sequences
isolated from HRV-14 and poliovirus RNA.

32p_1abeled HRV-14 RNA and [3H]AR poliovirus RNA prepared as

described in Materials and Methods were mixed, digested

.with RNases, extracted with phenol-c¢hloroform~SDS and

precipitated with alcohol in the presence of carrier yeast

. tRNA. The precipitate was dissolved in electrophoresis

buffer and 25 ul analyzed on a cylindrical 10%
polyacrylamide gel, The position of yeast tRNA marker was
obtained by scanning the gel at 254 mm. The gel was sliced
into 1 mm sections, slices were solubilized and counted.
Symbols: (@) 32P-labeled HRV-14 poly(A); (0), [3H]-labeled
poliovirus poly(A). Arrow indicates the position of the
absorbance peak of veast tRNA.
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that of poliovirus and that there was not a large fraction of HRV—lﬁ RNA
molecules which were devoid of poly(A), Spector and Baltimore (97) have
shown that almost all:poliovirus RNA molecules contain poly(A), by (a)
determining: the binding of poliovirus poly(A) to poly(ﬁ)—glass fiber
filters, and (b) comparing the. polyCA) size determined by polyacrylamide
gel electfophpresis with the poly(A) content determined by RNase digestion.
Thé fraction of HRV~14 RNA molecuies'which éontain.poly(A) was

measured by determining the amount of RNA binding to poly(U)-Sepharose
columns. Figure 2 shows a typical elution profile of HRV-14 virion RNA.
All "umbound" RNA is eluted in the,firsf 3.0 ml of NETS buffer. Continued
washing with NETS releases no additional RNA. The remaining "bound'" RNA
comes off immediately in the first few fractions when water is used to
eluté the column. Recovery of RNA from the column was usually 95-1007.
Table 3 shows that on the average 74% of HRV-14 RNA was bound to the
columy, approximately the same percent as of poliovirus RNA. The procedure
was'very specific for poly(A) containing RNA since virtually no 185 + 28S
fRNA was bound while poly(A) was 100% bound (Table 3).

- The "bound" and “unbdﬁﬁd" fractions of HRV-14 were rechromatographed
on poly{U)-Sepharose té determine whether or not all of the '"bound"
RNA would rebind and if the "unbound" contained any poly(A).v Unfractionated
virion RNA was included as a control. The data shown in Table 4 indicates
that on rechromatography about 28% of the "bound" RNA does not rebind,
probably refiecting degradation of the HRV-14 RNA during the various
manipulations, None of the "unbound" RNA rebinds to thé poly(U)—Sephar&se.
However, 1.1% of the "unbound" RNA is resistant to RNase digestion

indicating that those HRV-14 RNA molecules which are not bound do



.FiGURE 2. Poly(VU)-Sepharvse ch;omatography of HRV-14 virion RNA.
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Poly(U)-Sepharose columns were prepared as described in
Materials and Methods. HRV-14 virion RNA was dissolved

~in 1.0 ml NETS buffer, applied to the column:and eluted
with 5.0 ml of NETS buffer followed by 6.0 ml of glass
- distilled water.. 1.0 ml fractions were collected and

counted.
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TABLE 3

34

Poly(U)~Sepharose Chromatography of HRV-14 Virion RNA

Percent :
Preparation Bound Unbound
HRV-14 Virion RNA 74 (61-83) 26 (17-39)
Poliovirus VirionARNA : 80 - 20
Poly(A) iOO 0
185 + 28S rRNA ‘< 1 > 99

Numbers in parentheses represent

range of three separate RNA preparation



TABLE 4
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Poly(U)- Sepharose Chromatography of "Bound" and "Unbound" HRV-14 Vlrlon.

_RNA and RNase Resistance

o : ' "Percent Percent?
RNA : A ' Bound Unbound RNase Resistant
Total HRV-14 Virion RNA 61 39 6.5.
Bound HRV-14 RNA - 72 28. 5.9
Unbound HRV-14 RNA Y 100 1.1

a
Average of triplicate determinations.
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cont‘a,in a smelli frection:of '.poly(A) s nrloha.bly less than‘30.nueleotid‘esv
long and too small to bind”tO*the.poly(Uﬁ—Sepherose under'the:conditlons..
ueed. Therefore, it anpeare that all an;14 RNA moleculee probablyleontéin
poly(A) ranging: from a few molecules w1th very short or no. poly(A) at all
to RNA containing full length poly(A)

C. Evidence for 3'-terminal location of: poly(A) in 'HRV-14 RNA:

Controlled dlgestlon ‘with the enzyme polynucleot:de phosphorylase is
known to remove the 3'fterminal poly(A).from mRNA (91,111). Thls procedure
was used to determine whether‘the poly(A).sequenoes are located'at‘the
3'~term1n1 of HRV—14 RNA. ViraluRNA extracted'from purified‘virions Waé‘
‘digested with M1crococcal polynucleotlde phosphorylase as descrlbed under
. Materials and Methods. Loss of poly(A) was monltored by the 1nab111ty ‘to
bind to poly(U)—Sepharose. The results shown in ‘Table 5 1nd1cate that
digestion with the,enzyne for 10 min significantly reduced»the fraotion
of.RNA ﬁolecules binding to noly(U)#Senharose. Ineubation of viral RNA
in 2 X standard'sellne citretelbuffer for 10 mln wlth.or without poly-
nucleotide phosphorylaSe dld not"appretiebly alter the eXtent ofnhinding
to poly(U)- Sepharose (not shown) In view of these observations; it is
unl1kely that the observed loss of blndlng of viral RNA to poly(U)-Sepharose
upon dlgeotlon with polynucleot1de phosphorylase was unrelated to the .
poly(A)»content of viral RNA or that 1t was due to degradatlon by an.b
endonucleese‘which‘may have,heen‘present‘ln the.enzyme nreparation.
Therefore, the reeults are"interpretedlto}neanvthat HRV-14 RNA\terminates

in poly(A) sequences.



. TABLE 5,

‘Removal of poly(A) from HRV-14 RNA

with polynucleotide phosphorylase

37

. Counts per minute

Length of in- -

cubation ﬁnboundb _ ﬁéundé .BOth/Unbbund' Total bound

with PP@ | R | %
controld . 11,241 ’14_,973  135 57
2min 15,867 12,092 0.76 43
10min 18,678 7,431 -:’0;46 | 29 -

aMicrococcal»polynucl-eotide"phosphyrylase (PP) at 500 ug/100 ug of RNA

per ml. _ v . ‘ :

beounts per minute not retained by Pdly(ﬁ)—Sepharose column.

CCounts per minute retained'By Poly(U)?Sepharose column.

dSamples of RNA incubated for 10 min without eﬁzyme.
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D. Cordycepln (3'deoxyaden051ne) sen81v1ty of virus replication"

Replication of HRV—14 was previously shown to be inhibited by thel
adenosine'enalogue cordyeepin (70). Poliovdrus.replicatioﬁ;.on-rhe other_
hand, hes been reperted ro Eé resierantbor.mederately seﬁsitive to
cordycepin inhibition (52,1155.. Cordycepih has beenvsﬁ0wn to‘inﬁibit
mRNA synthesis in eukaryotic'eells (74,77) by‘sﬁecificaliy inhibiring
non-transcriptive eydthesis of poly(A)'(lS,63).“ The inhibition of HRV-14
replication by'cordvcepih‘was coneidered as possible evidedee that the
‘poly(A) of HRV-14 RNA might be’added‘on-nen—transeriptively (70).thle,
poliovirus*pol?(A).might be.tradscribed and,’therefore; be insensitiQe

.'ro cordycepin; | |
A dlrect comparlson of the effect of cordycepln on the replication
of HRV-14 and poliovirus was made to establish the relatlve sens1t1v1t1es
o gf the viruses to the drug in order to test the theory of_avnon—tran3criptive
fs trenscriptive mechanism‘ef pol?adenrlaridh of the rwo virdses. In'
direct contrast to§What hes been reported by others'(§2,115) it wes fpund'
fhat poiiovirus reblication ﬁas nearly as sensirive‘to cordycepinlinbdbition_
as was HRV—l& replicatioh. Figure 3lshows the effect of ﬁarieusdA
concentrations of‘eordycepln on the repllcatlon of HRV- 14 5 '.‘I-“,FJ< " .
[ -and v0110V1rus. Whereas.growth_of HRV-14 was almost completel& inhibired
by cordycepin at 25 ug/ml;'siigﬁtiy'higher eoﬁcentratiOﬁs were required
’:to eomparably'inhibit poliovirus;replicetion; Both viruses were
Vcompietely_inhibited at 50 dg/ml. |
' To determine whethericordyeepin was'iﬁhibitidé eerly'or 1ete viral
_ specificdfunctions, the effect of cordycepin added'et differentftiﬁes

during the viral replication cycie was determined. Cordyéepin at 75 ug/ml



FIGURE 3.

Inhibition of HRV-14 and poliovirus replication by cordycepin:
effect of cordycepin concentration.

Replicate monolayer cultures were infected with HRV-14 or
poliovirus at an MOI = 10. After four washes with PBS

pairs of cultures were incubated with MEM containing the

indicated concentrations of cordycepin for 6 h (poliovirus)

or 10 h (HRV-14). Infected control cultures were similarly
incubated but without cordycepin. Virus yield was determined
by plaque assay. The average virus yield from each cordycepin-
treated pair of cultures is plotted as a percentage of that
from control cultures. Symbols: (0), HRV-14 infected cultures;
(@), poliovirus infected cultures. <



39

[£9 CORDYCEPIN/mI

'FIGURE 3



40 -

was.added to HRV-l4 cr pcliovirus infedted“cultures:at Various‘times s
'after 1nfect10n and virus tlters determined | The-results ofathese
experlments, shown on Table 6, 1nd1cate that maximum 1nh1b1t10n of
replicathn of'elther v1rusAre§uired addition of cordycepln before
lthe,onset of vlral,RNA‘s§nthesis; 4PollcVirus-RNA accumulatesf.
exponentlally between 1 5 and 3.0 h p 1. and precedes the appearance of
f_.1nfect10us virus by, about 0 5 h (10) Repllcat1on of HRV 14 proceeds 7
slower than that of pol1ov1rus and the maJorlty of RNA synthe81s occurs
after 5.0 h_p.1. (32,87). Increa31ng the MOI also. had no effect on
the inhibition'cf“nirus repllcat;on when cqrdycepln was_addedvat:the
start of infectionr(data not shbnn)
. In view of the precedlng results the effect of cordycepin en the
synthes1s of viral-specific RNA was determlned It 1s poss1ble to-
o measure plcornanlrus-speclflc RNA synthe31s in 1nfected cells by
' 1nh1b1t1ng cellular DNA—dependant RNA synthe31s w1th actlnonyc1n D
wh1ch has no effect on viral RNA—dependant RNA synthe51s (85) Flgures
4A and B show the effect of cordycepln (75 ug/ml) on. HRV—lé—spec1f1c
A RNA synthe31s. Addition of cordycepln pr1or to .or during viral RNA
| synthe31s resulted Jin complete inhibition of subsequent synthesls of
»HRV-14 spec1f1c RNAs. Add1t1on of the drug to p0110v1rus 1nfected cells
at O or 2 ‘h P. i. 81m11arly 1nh1b1ted all except’ a small. fraction of
p0110v1rus—spec1f1c RNA synthesis (Figure 5. Futhermore, both
Slngle—stranded and double—stranded RNAs were more or less: equally
inhibited (Figure 5). |
The observation'that a small.fraction (lessvthan,lo%) of .

. poliunirus—specific RNA was synthesized'in the‘presence’of cordycepin



‘TABLE 6

Inhlbltlon of Vlrus Productlon by Cordycepin.at 75 ug/ml at Various

Times after Infection

41

Time of Virus Yieldd
Virus? Cordycepin % of Comntrol
Addition
Confrol 100
0 hop.i. 0.9
b v
HRV-14 3 hp.i. 1.7
5h p.i. 10.6
7 h p.i. 38.8
Control“ 100 -
0 h p.i. .05
Poliovirus® 2 hop.di. 26.8
4 h p.i. 96.3
aMoT =

byrv-14 titers determined at 9 h p.i.

Cpoliovirus titers determined at 6 h p.i.

dValues represent average of duplicate plaque assays on at least

two separate cultures.



.FIGURE 4.

Effect of cordycepin on HRV-14 RNA 'synthesis.

Replicate monolayer cultures were infected with HRV-14 at

a MOI of = 10. Cordycepin (75 ug/ml) was then added at 0,

2,5 and 7 h p.i. Infected and mock infected control ¢ultures
dld not receive any cordycep11 Cultures were labeled between
8 and 10 h p.i. with [3H]AR (20 pCi/ml) in the presence of
act-D. At the end of the labeling period cells were lysed with
an acetate-SDS buffer, total RNA was extracted from each culture
and treated with DNase as described in Materials and Methods.
The RNAs were then dissolved in Loening electrophoresis buffer -
and a constant fraction of each RNA preparation was subjected.
to electrophoresis on 2% polyacrylamide, .5% agarose gels.

The gels were fractionated, solubilized and assayed for

" radioactivity as described in Materials and Methods. (A) RNA:
from HRV-14 infected control culture (0), and mock infected

control culture (8).. (B) RNA from HRV-14 infected, cordycepin-
treated cultures. Symbols: Cordycepin added at 0 h p.i. (8),

. 2hop.i. (0), 5hp.i. (A), and 7 h p.i. ().
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FIGURE 5.

Effect of cordycepln on p0110v1rus RNA synthe31s.u

pllcate monolayera were 1nfec;ed with pollcv1gus at a MOT

of = 10. Cordycepin (75 ug/ml) was then added at O or 2 h

p.i. Infected cultures were labeled between 3.5 and 4.0 h
p.i. with [3H]JAR (20 pCi/ml) in the presence of act-D. At
the end of the labeling period cells were. lysed with an
acetate-SDS buffer, total RNA was extracted from each
culture and treated with DNase.  RNAs were then diSsolved
in‘Loening electrophoresis buffer and a constant fraction
of each RNA preparation was. subjected to electophoresis
on 2% polyacrylamide, 0.5% agarose gels. The gels were
fractionated, solublized and _assayed for radioactivity as

‘described in Materials and Methods. Symbols: RNA from
" .infected control culture (8); Cordycepln added at O h P- i.
' (0), and2hp1. (&) . .
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made it possible to deterﬁine'if poly(A) was still synthesized in the
presence of cordycepin. ’ [3H]AR labeled poliovirus~specific RNAV»
synthesized in the presence or ébsence of cordycepin was sedimented
througﬁ 15—30%-suéro§e gradients and the 35§ SS viral RNA peak fractions
pooied for analysis of poly(A) content (Figdfe 6) .

The polf(A) content of the SS RNAs was then determined by digestion
with pancreatic and Tl RNases. The results are presented in Table 7.
The poly(A) conteﬁt of poliovirus RNA synthesized in the presence or
absence of cordygepin remains the'séme.. Theréfore,'viral poly(A)
synthesis appears to be no more‘sensitive to cordycepin thaﬁ viral RNA
synthesis.

The results presented abovgiindicate that cordycepin inhibits
viral replication apparently by causing an inhibition of viral RNA
synthesis. The oﬁserVati@nB of:Nair énd Owens (70) that adenosine can
re&érse cordycepin inhibitioﬁ>of viral replication also lends support
to this assumption. However, the exact-mechanism‘by<which cordycepin -
inhibited viral RNA synthesis remained unknown, |

Several possible mechanisms of cordyqepin'inhibition were
considered. Even though thére was no detectable difference in the
cordycepin sensivity of poliovirus poly(A):synthesiS to viral RNA
‘synthesis, it was possible that inhibition of HRV—14 RNA synthesis
was dué to an inhibition of poly(A) syﬁthesis which somehow might be
'hecessary for viral RNA transcription. Similarly, since cordycepin is
an analogue_ofxadenosinefinhibition1mightbe due to specific competit%on
between cordycepin triphosphate (3'dATP) and ATP for incorporation into

viral RNA. ‘It has been demonstrated that 3'dATP inhibits in vitro



FIGURE 6.

Sucrose gradlent sedlmentatlon proflle of p0110v1rus spec1f1c
RNA synthe81zed 1n the presence or .absence of cordycepln. _

aeplleate cultures were 1nfected w1th p0110v1rus at an MOL of
= 10. Cordycepin was then added at 0 or 2 h p.i. Culturesv.
were then labeled between 3.5 and 4.0 h p.i. with [3H]AR
(20 uCi/ml) in the presence of act-D. At the end of ‘the
labeling period RNA was extracted, treated with DNase and
dissolved in NETS buffer. The RNA was then layered on a:
15-30% sucrose gradient also prepared in NETS. buffer and -
centrlfuged at 20,000 RPM for 17 h in a Beckman SW27 rotor.

- The gradients were fractionated (1.2 ml/fraction) and
' absorbance monitored at 254 nm. Radioactivity in. each
fraction was measured by counting 10 pl aliquots. - Arrows

indicate absqrbénce peaks of 18S and 28S RNAs. Brackets
indicate fractions that were pooled and precipitated
with alcohol in the presence of carrier yeast RNA.

i Symbols: RNA from infected control culture (@); ‘RNA from

1nfected—cordycep1n treated cultures, cordycepln from 0Oh
p.i. (A), cordycepln from 2 hp.i. (0)
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~ TABLE 7

Poly(A) Content of Poliovirus 35S RNA Synthesized

in the Presence or Absence of Cordycepin

RNA Preparation % RNase Resistant?
Control . | | 4.3 (3.7 - 5.0)

Cordycepin O h p.i. 4.6 (3.8 - 5.5)

Cordycepin 2 h p.i. v o 5;2 (4.1 - 6.3)

a ° .

~Each value represents average -of triplicate determinations on the
same RNA preparation. Numbers in parenthesis represent: the range
from two separate RNA preparations.
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RNA synthesis by'a bacterial DNAfdepéndant RNA polymerase (§3)} It

has also been shown'that‘3'dAI?.inhibits:éukarotic DNA-dependant RNA

. polymerése II iﬁiziégé;(56).’ A third”§935ibility was that inhibition of‘.
viral RNA synthesis was secondary to inhiﬁition by cordyéepin of viral
préfein‘synthesis. Because picornavirus-specific RNA polymerase is

Very labile (28) inhibition of viral protein synthesis would result in

‘a rapid decrease in‘RNA synthesis: This last meéhanism may ‘be involved

in the inhibition of Newcastle disease virus genome RNA synthesis by
cordycepin (110). ‘

E. Cordycepin triphosphate inhibition of viral RNA synthesis in vitro:

oo

In order to determine which of the'abo&e mechanisms might be
résponsible for the inhibition of virél RNA synthesis the following.
experiments were performed. Cordycepin has been:shoén to,Be phosphorylated
to 3'dATP in Hela cells (56). Therefore the effect of 3'dATP on in vitro
RNA synthesis by crude virél polymerase complexes isolated from infected
cells was studied. Polymerase Eomplexes were.prépared from cells infected
with HRV-14 or poliovirﬁs or from mock infected cells. . The effect of 3'dATP
on [3H]AMP incorporation was determined in either a complefeistandard assay
mixture containing all four nuclecside triphosphates to measure total RNA
polymerase activity or in a mixture where ATP was the only nucleotide
present tg measure poly(A) polymerase activity. [3H] AMP incorporation
with or without 0.5 mM 3'dATP is shown in Table 8. Whiie the activity -
of HRV-ié and poliovirus polymerases were slightly inhibited, [3H]AMP
incorporation by the mock infected cell enzyme preparation was
actually stimulated b& 3'dATP when all four nucleoside triphospﬁates

were present. ,When ATP was the sole prgcursor,33'dATP‘caused a marked



- TABLE 8

v ‘Effedt of 3'dATP on [3H]AMP'incorporafion ’

by Crude Viral Polymerase Complexes

4

. Reaction
. Mixture?

Enzyme
Preparation.

V3HCAMP IncdrpOratibnb
(CPM) /100. pg-Protein

. =3TdATP _  +3'dATP

% Change

Inhibition '  Stimulation

Poliovirus

2056 1331 © 35 —
‘Complete Rhinovirus éd4§ Ai  v>1760 15 S
| Moék Infecte& : 58651;u 71'1323{”'.w 125
‘ fCells '
. PpiiOQirﬁs'. 231,’7 R 1 - 323
ATP’Only‘; Rhinovirus 426 o ‘;:2617A>,_7 — 514
v,chk,infeéged' | _— ‘ J301 -

Cells

338 1354

a s . ' . : . o
The reaction mixtures were incubated for 30 min as described under methods.

. , bAveragesﬂof triplicate samples.
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_‘stiEMlatiou;ofl[3ﬁ]AﬁP”lncorporation‘nothonlyibyAthe:mock infectedé,"L.
. ‘cell preparation but also’ by the v1ral polymerase complexes. ‘Houeven;:
in the absence of 3 dATP [3H]AMP 1ncorporat10n obtalned w1th the v1ral
.polymerase complexes was comparable to that obtalned with the mock
1nfected cell preparatlon.~ Thus, apparently;there’was.no v1rus—speclfic »"
‘poly(A) polymerase act1v1ty. | . H
The above results suggested that the cellular [3H]AMP 1ncorporat1ng
act1v1ty could have masked 1nhib1t10n of v1ra1'polymerase activity by B
3'dATP To test this p0351b111ty, the effect of 3" dAIP on [3H]GMP
71ncorporat10n by v1ra1 polymerase complexes was studled. The resultsp
" are shown 1n~F1gure 7. HCompleXeS»prepared‘from-mock Jnfected cells |
.showed nc-{BH]GMP'incorporation‘(Figure}7B). freseuce~of 0.5 ﬁM 3'dATP.'
in the reactlon mixtures clearly 1nh1b1ted [3H]GMP 1ncorporat10n byA
HRV—l& polymerase complex (Tlgure 7A) and by: pollov1rus polymerase
complex (Flgure 7B) These.results-therefore,-conflrmtthat the
inhibition of HRV—14 and p0110v1rus RNA synthe51s by cordycepln (shown B
"prev1ously) is due to dlrect 1nterference by 3! dATP w1th v1ra1 RNA

synthes1s and is not due to a preferent1al 1nh1b1t1on of poly(A) synthe

IS

ﬁ;//’;;ﬁ//'nor due to 1nh1b3t10n of v1ra1 proteln synthesls
- Thoué; net well establlsﬁed by klnet1c cxperlments, competltlon
_between 3! 'dATP and ATP is strongly suggested by publlshed data (70 93)
‘From the structure of . 3 dATP one would assume RNA chaln termlnatlon
would.result from_lncorporatlon‘of 3! dAMP¢ln»place»of Aﬁf.and'~ |
_subseéuent failurefto'provide a 3l—hydroxylvfor furthervelougatlon.
Whether or not*thls is the case is not»certaiu,vsiucefAMP;ratﬁer than

3'dATP has been found to be the residue in RNA chaihs‘terﬁinated with



FIGURE 7.

3'dATP inhibition of [3H]GMP 1ncorporat10n by crude viral

polymerase complexes.

(A) [3H]leMP incorporation by HRV-14 polymerase complex in
the absence (&) or presence (A) of 0.5 mM 3'dATP. (B)
[3H]GMP incorporation by poliovirus polymerase complex in
the absence (8) or presence (0) of 0.5 mM 3'dATP and [3H]GMP
incorporation by a preparation from mock infected cells (2 ).
Each point represents the average of triplicate samples
removed from standard reaction mixtures at the indicated
times.
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' cordycepin,(26}ﬁ .The'folloningienperiments were therefore undertaken
to‘determine'whether:the mechanismvby.Which'3'dATP inhibited‘Viral
RNA synthe31s was indeed termlnatlon of "RNA chaln elongatlon.~d
The effect of 1ncreas1ng ATP or GTP>concentrat10ns in" the. reactlon -
mlxture on 3'dATP tnhlbltlon of [3H]GMP 1ncorporat10n by p0110v1rus V
-polfmerase complex was 1nvest1gated. Figure 8 shows the effect of -
-_1ncrea51ng amounts’ of ATP on. [3H]GMP 1ncorporat10n.1n the presence of
two concentratlons of 3! dATP. (0 125 mM and 0 25 mM) The 1nh1b1t10n) .
klnetlcs 1nd1cate that 1nh1b1t10n was". rever51ble when ATP was added |
.along with 3°? dATf, The inset-to thure 8 shows a double reciprocalAplot‘
of the data 1nd1cat1ng competltlve 1nh1b1t10n. The apparent Km for ATP
is 1,25 X 10“#M in the absence of 3 dATP and 3.33 X 10"“ and 4 X 10““M
in the presence of 0 125 mM and 0.25 mM 3' dATP, respectlve]y. The
inhibition of RNA‘synthesls,wastnot revet81ble, however when excess~GTP
;éas added‘along’with 3'dATP (Figure'Q; indicating that 3'dATP'was'competing‘:
spec1f1cally with ATP and not nucleos1de trlphosphates 1n general
To further test the aesumptlon that 3 dATP spec1f1cally termlnates
chaln elongatlon; the effect ot a 20 fold excess of ATP over 3 dATP
-f—"*;’;_;ﬁ~added416\m1n after the 1nh1b1tor on [3H]GMP 1ncorporat ion hy'pol;ov1rns
polymerase compléx was determanedg -The results shown 1n Figure'lQ
demonstrate that:oncelinhibition of RNAASynthesis has occured, it ean
-no 1onget,be revetsed with ATP.d'This observation is consistentvnith
'theAproposal that termination of RNA chain elongation\is thevmechanism
of-cordycepin action. | | |
Another way to test whether 3'dATP termlnated RNA chain elongatlon

is to.lecok at the viral RNA products 1abe1ed in v1tro. Crude poliovirus



FIGURE 8.

g

Effect of increasing ATP concentrations on 3'dATP inhibition
of in vitro [3H]GMP - incorporation by poliovirus polymerase
complexes. _ X . o
Reaction mixtures containing poliovirus polymerase complex,
a constant amount of [3H]GTP (25 uCi/ml) and increasing
amounts of ATP in the presence or. absence of 3'dATP were
incubated at 37°C for 15 min. Acid insoluble radioactivity
was determined as described 'in Materials and Methods. Each
point represents the average of duplicate samples. Symbols:
No 3'dATP (@), 0.125 mM 3'dATP (A), and 0.25 mM 3'dATP (@).
The inset shows a d'o_uble»reciproéal plot of the data.
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FIGURE 9.

Effect of increasing concentrations of GTP on 3'dATP inhibition
of in vitro [3H]GMP incorporation by poliovirus polymerase
complexes.

Reaction mixtures containing poliovirus polymerase complex, a
constant specific activity of [SH]GIP (50 uCi/mM) and '
increasing amounts of GTP in the presence or absence of 3' dATP
were incubated at 37°C for 30 min. Acid precipitable
radioactivity was determined as described in Materials and
Methods. ZFEach point represents the average of triplicate
determinations. Symbols: No 3'dATP (8), 0.25 mM 3'dATP (0).



121

CPM X 10”2

o 0
| P
mMGTP

FIGURE 9

53




FIGURE 10.

Effect of addition of excess ATP 10 min after 3'dATP, on
inhibition of in vitro [3H]GMP incorporation.

Complete reaction mixtures containing [3H]GTP (25 uCi/ml)
were first incubated at 37°C for 10 min with (0) or without
(6,4) 0.25 mM 3'dATP. Excess ATP (5 mM) was then added to
the 3'dATP-inhibited reaction mixture (0), and to one of

the control reaction mixtures (A), and incubation continued. -
Acid insoluble radioactivity of 100 ul samples was determined
as described previously. Each point represents the average
of duplicate samples. '
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‘polymerase.complexes synthesize 1n XlEEQ RS 358 genome RNA double-
'stranded 18S RF RNA and the broadly sedlmenting partlally double—stranded
18-283 RI RNA (5). Figure ll shows the sucrose gradient sedlmentatlon‘
‘proflles of products synthe31zed by pol:ov1rus polymerase complex in
complete -assay mixtures using [3H]GTP or [3H]ATP'as.theflabeled.precursor
in‘the presenceiorgabSencetof B'aAlP; vThe profiles of - the products B
labeled:with either-precursor in the absence:of-the inhibitor weré',
, basically simllar,and consisted‘of RI, RF andASS*viral RNA.species. vThe~‘
1dent1ty of the pollov1rus polymerase product sedimenting at 3SS as SS°
viral RNA was. establlshed by 1nfect1v1ty assay (data not shown) The
AAlabel appeared alao in a low molecular Welght RNA component whlch
sedimented near the top of the‘gradlent. In the Dresence of 3'dATP, the
polymerase complex synthe31zed 11tt1e if any full length 358 SS RNA -
(Figure ll)ﬂ, The [3HIGMP label appeared predomlnantly in the low
fmolecular Welght reglon.and mlnlmallyuln,the 13-288~reglon con31st1ng off‘
ﬁh@ RF and RI RNA. The”dbservationtthat synthesis>of’$3 viral RNA:is‘:
most severely~inhibltedulends further support{to‘the'proposal that'BAdATP

acts to terminate RNA chain elongation.

E,.’Synthesis of HRV-14 intermediate RNA‘species in the presence"gr

absence of act1nomyc1n D:

Macnaughton et al (57) recently reported that synthe31s of human
-rn1nov1rus type 2 double~stranded RF RNA was an artlfact due to the
.presence of act-D used to 1nh1b1t cellular RNA synthe31s‘ Therefore,l
'prlor to analy/1ng che poly(A) content‘of the varlous 'HRV-14 1ntermed1ate'

RNA spec1es 1t was necessary to determlne whether HRV 14 was an artlfact



FIGURE 11. Sucrose gradient sedimentation profiles of poliovirus RNA
s species synthesized -in vitro.

2 0 ml complete reaction mixtures contalnlng either [3H]ATP
or [SH]GTP in the presence or absence of 3'dATP (0.5 mM) -
were incubated at 37°C for 45 min, RNA extracted and

- sedimented through a 15-30% sucrose gradient as described
in Materials and Methods. 1.2 ml fractions were collected
and absorbance monitored at 254 nm. RNA from each fraction
was precipitated with TCA, collected on glass fibre filters

~and counted. Symbols: RNA labeled with [3H]ATP (0- - -0).
RNA labeled with [3H]GTP in the absence (8-8) or presence’
(0-0) of 3'dATP. . g
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of act-D. [3H]AR labeled RNA was extracted from HRV-14 infected éells
incubated either iﬁ the presénce or absence of act—D.(Sﬂﬂg/ml) ffom

the start of infection. Similarly RNA was ektracted from mock infec;éd
cells incubated~in the absence of act-D. Each viral RNA prepafation was
passed through a Sepharose—éB.colﬁmn and the RNA'eﬁcluded from the
column was analyzed by electrophoresison 2% polyacrylamide, .5%
agarose gels. A comﬁosite RNA profile of all three RNA preparations is
shown in Figure 12. HRV-14 RF RNA is synthesized in the absence or
presence of act-D and is, therefore, not aﬁ artifact of act-D. Some
high molecular Wéight RNA from méck infected cells is also excluded
from Sepharose-2B; however, it does not interfere with determining

thg positions of the viral-specific RNAs.

G. Mechanism of polyadenylation of HRV-14 RNA:

Even thdugh cordycepin appears to inhibit HRV-14 RNA synthesis and
poliovirus RNA synthesis in the same manner by terminating RNArchain'
elongation, the possibility still remained that HRV-14 RNA was
polyadenylated by non-transcriptional mgchanism. In order to éetermine
what the mechanism was a variety of aspects of HRV-14 RNA synthesis were
studied. ..

First it was necessary to determine if the various viral intermediate

‘r_ﬂk/"//d'_BﬁAs‘cqntaiped poly(A) or if it was only present on free single-stranded
' RNA. Ta determine the poly(A) content of HRV-14 RF, RI and SS RNAs, it
was first necessary to isolate each species of RNA relatively free from
each other. Procedures originally developed fof isolation of poliovirus

RNA intermediates were applied for the separation of the various HRV-14

RNAs (6,7,9). HRV-14 SS RNA and RI RNA were first separated from RF



FIGURE 12.

‘2% Polyacrylamide -~ .5% Agarose gel ana]y31s of HRV-14

intermediate RNA species synthesized in the presence or
absence of Actinomycin D. : :

Replicate roller cultures were either infected with HRV-14
at a MOI = 10 or mock infected. Act-D was added to cne
infected culture at a concentration of 5 ug/ml, the other
infected culture and mock infected culture were incubated
in the absence of act-D. Each culture was labeled with

“[3H]AR (15 uCi/ml) from 4 to 8 h p.i. -After labeling

the cells were scraped from the boftles, swellen in RSB,
broken with a Dounce homogenizer and RNA extracted from
the cytoplasm as described in Materials and Methods.

The RNA preparations were dissolved in NETS buffer
centaining 0.5% SDS and fractionated by chromatography
through Sepharose~2B columns. The RNA that was excluded
from the columns, containing viral intermediate. RNA
species was Precipitated with alcohol, dissolved in
electrophoresis buffer and a constant volume of each RNA
was analyzed by electrophoresis on separate polyacrylamide-
agarose gels. Gels were fractionated and counted as
described in Materials and Methods. Purified RF and SS
RNA markers were run on separate parallel gels. The
figure is a composite of all tliree gels. Symbols: HRV-14
infected cell RNA synthesized in the presence of act-D (&)
or _in the_absence of act-D (0); mock infected cell RNA
synthe31zed in the absence of act- D (ﬁi}.
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RNA by differential precipitation with 2 M LiCl, SS RNA was then
séparated from kI RNA by Sepharose-ZB’chromatogréphy.. Figufé 13A
shows the separation of SS RNA from RI RNA on Sepharose-2B. Re—
chromatography of SS RNA is shown in Figure 13B. Analysis of the
isolated RNA speéies on 2% polYacrylamide, .5% agarose gels shows that
each pufified RNA specieS‘was relativeiy free ffom crgés contamiqation.
(Figure 14).

Table 9 shdws the poly(A) content of the various HRV-14 intermediate
RNA species as measured by resistance to pancreatic plus Tl RNases.  Each
RNA preparation wés denaturédbe'héating to 100°C prior to RNase
digestion to évbid measuring double—stranded RNA. [3H]AR labeled HRV-14
'SSIRNA has about the same poly(A) content as virion RNA (6.6%7 vs 7.2%).
RI'RﬁA has a low poly(A) content (1.5%) while RF RNA has an unexpectedly
high p&ly(A) éontent (9.9%2) . This might be explained, hdwever, by
~ incomplete denaturation of the double-stranded RNA aé reflected in the
large RNase resistant fraction of [3H]UR labeled RF RNA.

» Theﬁpresence of foly(A) in each of the HRV-14 intermediate RNA
species was confirmed by poly(U)-Sepharose chromatégrapﬁy. Figure 15
shows the elution profile of each RNA. About the same fraction of SS
RNA and RT RNA are bound and the elution profile closely resembles
‘that of virion RNA (Figure 2) . Only about 50% of RF RNA is bound.
However, on xechromatography of Rf RNA approximately 50% of the "bound"
RF RNA rebinds and the same holds true'for the "unbound" RF RNA, 50%
rebinds (not sﬁown).

The next experimen; ﬁas undertaken to determine whether a crude

HRV-14 polymerasé complex was capable of.synthesizing virus specific



FIGURE 13. Sepharose-2B chromatography of 2M LiCl inscluble HRV--14 SS
- * and RI RNA.

HRV~14 specific RNA was extracted from the cytoplasm of
approximately 4 X 108 infected cells labeled from 4 to
8 h p.i. with [3H]AR (10 uCi/ml) in the presence of act-D.
.The RNA was then fractionated into the 2 M LiCl soluble ‘
RF RNA and the 2 M LiCl insoluble SS + RI RNMA as
described in Materials and Methods. - (A) 'SS + RI RNA:
were then separated by chrdmatography on a Sepharose-2B
column by eluting with NETS buffer containing 0.5% SDS.
at a flow rate of .~7 ml/h. 2.0 ml fractions were
collected and 20 pl aliquots of each counted. .Brackets
indicate fractions pooled and precipitated with alcohol.
_(B) Rechromatography of excluded RI RNA u31ng the same
conditions as in (A).



60

b~

cPMX10™>

|co

¥ T T T T T U Ll

10 20 30 40 50 Gb 70 80 90 100
FRACTION

FIGURE 13



FIGURE 14.

2% Polyacrylamide, .5% agarose gel electrophoresis of
HRV-14 SS, RF, and RI RNAs.

" HRY-14 SS, RF and RI RNAs separated by LiCl
' prec1p1tat10n and Sepharose-ZB chromatography in

Figure 13 were dissolved in Loening electrophoresis .
buffer and an aliquot analyzed by electrophoresis on
2% polyacrylamide, .5% agarose gelsat 5 mA/gel for
2.75 h. Gels were sliced, solubilized and counted
as described. (A) SS RNA, (B) RF RNA, (C) RI RNA.
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Poly(A) Content ofHRVJA Intermedlate Vlral RNA Spec1es as Measured

"TABLE 9

by Re51stance to Pancreatlc and Tl RNAses

Label

RNA? % RNase Resisténce
" 8S t»3H'Adennsine» :6.6/(6,2—7,7)bt
sé.' 3y Utidiﬁe 0.35 |
RF" o 3 Anenosine 9.9 (7}6—12}3)~

7; ‘3H1Uridine;‘ 2.4 |
RI v‘3H Adenosine

1.5 (1.4-1.6)

Each sample was denatured by heatlng to 100 C for 2 min in 1 mM EDTA

then rapldly cooled to 0°C prlor to dlgestlon ‘with RNase.

Numbers in parenthe81s 1nd1cate the range of values frOm at least

two different RNA preparations. .

of at least trlpllcate determlnatlons

Each value represents the average
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FIGURE 15. Poly(U)-Sepharose chromatography of HRV 14 :mtermedlate
- RNA. spec1es.

Poly(U)—Sepharose columns .were prepared as described
under Materials and Methods. HRV-14 intermediate
RNA species isolated from infected cells labeled
from 4 to 8 h p.i. were dissolved in NETS buffer

o - passed through the columns and eluted as shown. 1.0
ml fractions were collected and radioactivity counted.
(A) SS RNA, (B) RI RNA, (C) RF RNA.
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RNA:containing_poly(A)*;gigiggg."FigureﬁlG shows the}sncrose'
’sedimentation'profile oflproducthsyntheslaedjhy'HRV—14 polymerase
complex with'either [3H]ATP or‘[sh]GTP'as the~labeled:precursor. As
can be seen from the sedlmentatlon proflles very little HRV—14 spec1f1c “‘
SS RNA is synthe51zed in v1tro w1th e1ther labeled triphosphate Mbst .
_of the labeled RNA appears in the range of the RI'RNA, as prev1ously
‘reported'by~other9'(49'112) Label also appears in an undeflned low. .
-‘, molecular weight component.A This may represent degraded RNA or. 1ncomplete'p
nascent RNA chalns released from the RI RNA. |
To analyze 1n v1tro RNA products for poly(A) content, crude- HRV-14
polymerase complexes were 1ncnbated 1n a complete reactlon mlxtnre wathA
[3H]ATP as’the labeled preCursor. ‘Viral,products laheled in”iitrg:mere
then separated 1nto RF RNA and " RI RNA by L1Cl prec1p1tat10n and Sepharose—-'
;ZB chromatography. Poly(A) content was then determlned by RNase. dlgestlon’ip
and conflrmed by poly(U) Sepharose chromatography The'results are - |
rr:presentednln Table 10 The poly(A) label of the in‘vitro RNAs»was
Acon51derably higher than RI or RF RNA synthe51zed in v1vo as would he
- expected. It has been shown that the infgitrg_polymerase complexes;"
only elongate prev1ously 1n1t1ated nascent RNA chains (34 llZ) -.Theree
.fore, the proportlon of . label in poly(A) would be hlgher because of its
upresence at the_3.end of,the RNA molecnle.> The'gnpzitrg‘labeled RF -y»‘
and RI RNAs were also bound‘to poly(Uthepharose to the same extentvas
‘the in vivo RF and RI RNA, confirming the synthesis of poly(A)ﬁén”zitrg
(Table 10). | | |
The.final_series‘of experiments on the mechanism‘of polyadenylation’

. of HRN-lé-RNA was an attEmpt'to determine if”HRV—l4 intermediate RNAs



FIGURE 16.

. Sucrose gradlent sedlmentatlon proflle of HRV-14 RNA
Spec1es synthe31zed in vitro.

Complete reaction mlxtures contalnlng either 13H]ATP

- or [3H]GTP were incubated at 34°C for 45 min, RNA was

extracted and sedimented through a-15-307% "sucrose
gradient as described in Materials and Methods. 1. 2

" ml fractions were collected and absorbance‘monitored‘

at 254 nm. RNA from each fraction was precipitated

-with TCA, collected on glass fibre filters and counted."

Symbols' RNA labeled us1ng [3H]ATP as the labeled
precursor (8-8), or u31ng [ H]GTP as the labeled
precursor (e- - -9).
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TABLE -10

RNase Resistance of [3H]ATP labeled: HRV 14 Products
Synthesized in vitro.

_ Percent Percent
RNAZ RNase Re51stantb Bound Unbound
LiCl soluble (RF) 25,5 B 55

LiCl insoluble (RI) 11.1 | 73 .27

[

8Fach sample was denatured by heating to 100°C for 2 min in 1 mM EDTA
then rapidly cooled to 0°C prior to digestion with RNase.

byalues represent the average of triplicate determinations.
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., contalned a poly(U) sequence from Wthh poly(A) mlght be transcrlbed

Poly(U) has been found at the 5' end of the minus strand of pollov1rus o

RF and RI RNAu(ll6 117) A search for poly(U) sequences 1n the RF +- RI -
RNAs of human rhlnovirus type 2 fa1led to detect any poly(U) by
chromatography'on poly(A)-Sepharose columns (58) Poly(A)—Sepharose
columns were also chosen as a. means of detectlng poly(U) sequences on.

HRV—14 RNAs; however, all RNA preparatlons were denatured in the ~‘W

' presence of excess unlabeled poly(U) The results are presented 1n

’F1gure 17. [3H]~poly(U) control RNA 1s completely bound by the column
while [3H]AR SS HRV 14 RNA wh1ch contains poly(A) is not bound ‘AR-
mixture- of pollov1rus RF + RI RNAs wh1ch have been shown to contaln'
poly(U) sequences (116 117) were - also run as a. control (Flgure l7C)

and as expected about 25/ of the RNA was bound, correspondlng roughly

,to the amount of mlnus strand RNA- molecules in, the preparatlon A

mixture of 32P-—labeled HRV-l4 RF +: RI RNA was chromatographed (F1gure_
17D) and 1t also contalned a fract1on of RNA about 25/ that was

bound to the poly(A)—Sepharose. From these results it appeared that

AHRV—14 RF. + RI RNAs contalned poly(U) sequences..

The p0351b111ty that the denatured RF + RI RNA preparatlons may

v1n some way b1nd non-spec1f1cally to - poly(A) Sepharose was ruled out: by
. he follow1ng experlment ' [3H]AR labeled HRV 14 RF +. RI ‘RNAs were-

"~ heat denatured in the presence of elther a large excess of poly(U) or a

large excess. of poly(A), ‘then cooled at room temperature for -one. hour,’

'and chromatographed on poly(A) Sepharose. The results are shown in

Flgure 18. When HRV 14 RF + RI RNA was: denatured in the presence of

poly(U) (Figure 18A), once”agarn.abouthSA of the RNA was bound to the 1,



" FIGURE 17.

Poly(A) -Sepharose chromatography of viral-intermediate
RNA species. : ‘ A

_ Poly(A)-Sepharose columns were prepared and washed as

described in Materials and Methods. (A)[3H]poly(U),
(B) [3H]AR HRV-14 SS RNA, (C) [3H]AR poliovirus RF +
RI RNAs, (D) 32P-HRV-14 RF + RI RNAs. All RNAS were
heat denatured in the presence of 2 ug poly(U), rapidly
cooled and the necessary components added to achieve
their respective concentrations in .2 M NETS. The

RNAs were then applied to poly(A)-Sepharose columns

and eluted as indicated. 1.0 ml fractions were
collected and radioactivity counted.
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FIGURE 18. Poly(A)—Sephafose chromatography of HRV-14 RF + RI denatured
S in the presence of excess .poly(U) or poly(A).

[3H]AR HRY-14 RF + RI RNA was heat .denatured in the presence
of either (A) poly(U) (10 ug/ml) or (B) poly(A) (20 pg/ml),
rapidly cooled and allowed to gradually warm to room
temperature. The RNA then remained at room temperature for

1 h prior to chronatography on . poly{A) Sepharose columns as
in Figure 17.
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pdly(A)~Sepharose. However, when HRV¥i4 RF + RI RNA was denatured in the
presence of poly(A) none of the RNA was bound by the column as would be
expected if binding to the column required the presence of a free
poly(U) sequence. Therefore, HRV-14 intermediate RNAs c&ntain poly(U)

sequences of sufficient length to .bind to poly(A)--Sepharose.



DISCUSSION -

A. ‘Characterization of the Poly(A)'SeQueﬁces AQSOCiated with HRV-14 RNA:

Pkevibus:sﬁudiés:ofiHRvélﬁiand HRV~— 2 virion RNA have indicated that
~ they coﬁtain poly(A) sequénces (58,70); While only a rough estimate éf
the size of tﬁe HRV-14 poly(A) sequences was made (1), no attempt was
made to determine the size of HRV-2 poly(A) sequences (585. The results
obtained in this iﬁvestigation show that poly(A) sequences of HRV-14
vifion RNA molecules are quite heterogeneous and on fhé average

. : , » !
approximately 160 nucleotides in length.. The length of the poly(A) ﬁas
estimated from: . .(1). . the percentage of [éHjAR iabeled viral RNA
resistant to pancreatic plus T1 RNaées;.(2)“Ehe'pefcentage of .32p-labeled
»vifél RNA resistant to the RNases; and‘(35 the electrophoretic mbbility
of pcly(Ajrsequences isolated from viral RNA.

211 of the picornaviruses studied to date coﬁtain a poly(A) sequence
in their RNA; however, the size of the ﬁoly(A) seqﬁences varies
considefably from subgroup to subgroup. Poliovirus RNA has a poly(4)
sequence approximately'go nucleotides long (114). APoly(A) sequences of
Mengovirug-(iOO) and Columbia SK virus (44) appear to bé approximately
20—56 nucleotides long. EMC virus RNA was originally thought to lack
an appreciably long poly(A) sequence (79), but’recently if has begn
shown to have a poly(A) sequence about 20 nucleotides long (35>,f The
presence of poly(A) sequences, and the variation in the size of these
sequences betwéen different subgroufs of picornaviruses is alsb
reflected in the base composition of their RNAs. The adenosine conﬁent

for the various viral RNAs, on a molar percent basis, is 34-357 for

71
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"'lrhinovirus,(14,82j, 29% for peliOVirus 97, 26% fer.mengovirus (86)

..and 26% for EMC virus (15). Correeppndingly, each of rhe'other'threei:‘
bases is‘less.thaanSZ of'each viral RNA (14,15,82;86;97)3 Therefore;
the poly(A) sequence of HRV-14 RNA is by fer the largest of_any.of the
.picorﬁaviruses studied to date‘. Tﬁis‘large'differenee iﬁ poly(A)'content.
-of HRV-14 RNA and the RNAs. of other p1cornav1ruses mlght bear on p0531ble
vdlfferences in ‘the mechanlsm of poTyadenylatlon of these RNAs, as W’ll
be discussed in detail 1ater.: -
"The ratio of infecrious to total éarticles'is‘much lower for
i rhinoriruses tﬁan.for.other picqrnaviruses. for instance,~the ratio for
HRV—14 is on the order of one to'severel.thousand while;the ratio for
poliovirus is one.te several hundred (104). Spector.and Baltimore have
shown that poly(A) is required for pollov1rus RNA to be 1nfect10us (96)
Therefore, it was considered a possibility that,the‘reason.why 1nfectlous
. to- total partiele ratio for HRV—14 was loﬁ‘was tﬁat a considerable
fraction‘of'HRV—lé molecules were lacking poly(A). .The resultegof the
pdly(U)éSepharose einding studies of HRV-14 virioﬁ RNA shows thet this iQA
ﬁot the case since the mejority ef HRV-~14 RﬁA ﬁoleeﬁles are pquadeﬁylated
(rable 3). | | |

Thls study has also demonstrated that the poly(A) of HRV-14 RNA is

loeated at the 3'-terminus of the molecules. This was as expected
cqnsidering:that-poly(A)»is located at the~3'ftermini of al} cellular and
virai mRNAs.that have Been examined‘(lB 53 109). However, it:was still
necessary to determlne the locatlon before 1nvest1gat10ns on- |

the mechanlsm(s) of HRV-14 polyadenylatlon could be made.

’
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B. Mechanism of Cordycepin Inhibition of Picornavirus Replication:

The mechanism of cordycepin sensitivity of virus replication was
stwidied initially because it had been suggested thét'sensitivity to
cordycepin may indicate non-transcriptive.poly(A) synthesis (70,115). .
This suggestion was based on an observation by Darnell‘ég;él (18) that
cordycepin preferentially inhibits non-transcriptive poly(A)‘synthésis
in mammalian cells. The observation thaf VSV poly(A)vsynthesig, which
6ccmrs-on1y under cénditions requifed for viral RNA transcription, waé
not inhibited by éordydepin (27,29,31), while pther'viruses which
apparently acquire poly(A) non—transcriptively are inhibited by
cordycepin (44,60,72,81) further supported the sugééétion that the {
sensitivity to’cordycepin migﬂt indicate a ﬁon-transcriptive mode'of
poly&Aj synthesis.

| There ha&e been several reports in the literature that.poliovirus
£eplicationvwas insensitive to cordycepin (52,74,115).  This\corresponded
very micely to the evidence suggesting that poliovirus poly(A) sequences
mighi be.transcribed from a complimentary poly(U) sequence (116,117).
Nair and Owens (70) oEserved that.HRV—i& replication ﬁas inhibited by
cordycepin, suggesfing that HRV—léfpoly(A) might be addgd on non-
tramscripfively. It was for this reason that it was décided to determine
the mechanism by which cordycepin inhibited HRV-14 replication; to see
if HEV-14 poly(A) synthesis was indeed inhibited thle poliovirus poly(A)
synthesis was not. V

| Mhexpectedly,_the present .study shows that replicatien of poliovirus
type'Q is nmearly as sensitive to cordycépin as 'that of HRV-14, contrary .

to what others have reported (52,115). These workers studied cordycepin
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action.on.poliovirus type l‘growingwin HéLa cell sﬁspension:éultures
whereas in this study the action,éffcordycepin was measured .on poliovirus |
. type 2 in HeLa.cell monolayer cultures. It is not known Qhether such
differences would influence cordycepin.action on poliovifus reblication,
but it seems unlikely. In a.recent.repOrt”by'Doxschfﬂﬁsler”EEQél (22)
the authors allude to the fact;thét poiiovirus type -1 reﬁlication and
RNA synthesis are aiso sensitive . to cordycepin;'hbwever, they did not
present any data. | »

‘Measurements of HRV-14 specific RNA syntheéis ié Eii2 showed that
specific RNA synthesis was completely inhibited when cordycepin was
"~ added at 2, 5, or 7 h p.i. (6, 3, or 1 h,'resbectively, before theA
addition of label). When cordycepiﬁ was added at 0 h p.i. (8 h before
label) thére was s&me residual RNA synthesis.. This residual RNA synthesis
~ probably reflected partiai metabélic inactivation of the drug during the
lohé interﬁal between the time the drug was added and the time of labeling.
It has beeﬁ shown that cellular enzymes éfe cépable of.deaminatiﬁg 3'dATP
to 3'dITP (105).
| Similarly all except a small fraéfion of poliovirﬁs—specific RNA
synthesis. is inhibited by addition of cordycepin at 0 or.2 h p.i. (3.5 or
1.5 h, respéctively before the addition or label (Table 6). Anaiysis of
poliovirus single-stranded RNA synthesized in the presence of.cordycepin
showed that poly(A) was still synthesized, indicatiﬁg.that poly(A)
synthesis was no more sensitivé‘to cérdycepin than viral RNA synthesis
,:(Table 7).
The fact that cordycepin can inhibit viral RNA synthesis is not without

precedent. Nevins and Joklik -(72) have shown that cordycepin inhibits

(
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‘vaccinia mRNA synthesis apparently by inhibiting'ﬁRNA transcription, and
does n@t,preferentiélly inhibit poly(A) synthesis. They fina thaﬁ mRNA
synthesized in the presence of cordycepin still contains poly(A) (72).
However, vaccinia virus RNA is transcribed from a DNA template and pol&(A)
'is synthesized by an enzyme distinct from the’virél transcriptase (66),
while picorn&virus RNA transcription is from a RNA template (52).
Therefore,‘it may be concluded that cordycepin is able to inhibit
txanscription of RﬁA from either DNA or RNA templates.

Since éordycepin hgs been shown to .be phosphorylatéd in a variety
-of mammalian cells to cordycepin triphosphate (3'dATP) (47,56) it was
decided to usé 3'dATP in an igjzigzg_Qiral RNA polymerase sys%em ﬁo.
determine the mechanism by which cordycepin inhibits viral RNA synthesis

‘in vivo.

When I3H]ATP was used as the labeled preéufsor in the presence of the
other three nucleoéide triphosphates 3'dATP appeared to caﬁse a slight
inhibition of EE.XEE?Q specific [3H]AM? incorporation. However, the
mock iﬁfected ceil enzyme preparétion also showed an activitynthat was
capéble o0f incorporating [3H]ATP'into aéid—precipitable méteriall(Table
8). This activity was stimulated by 3'dATP and apparently masks 3'dATf
inhibiti@éwof viral specific [ 3H]AMP incorporation in the presence of
all f;ur nucleoside triphosphates. If one substracts the [3H]AMP
incorpbraﬁiqh in tﬁe presence of 3'dATP by ﬁhe mock infected cell
preparation from [3H]AMP incorporation by the viral cbmplexes in the
presemce of 3idATP then if_gppears fhat inhibition of viral-specific RNA
“transcwiption is virtually complete (Table‘S)}

[3ujamp inceorporation in the absence of the other three nucleoside

triphasphates by-both the viral polymerase complexes and the mock
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infected cell preparation was essentially equivalent (Taﬁle 8). - Uﬁ&er-’
these conditions there was‘no detectable viral specific poly(A)
polymerase activity capable of incorporating ATP in the absence of the
other three nucleoside triphosphates, - [3H[ATP incorporation in all threé
preparations was stimulated to the same eﬁtent by the addition of 3'dATP
in the absence or presence‘of the other tﬁree nucleoside triphosphates.

Cellular ATP incorporating activity associated with' the crude membrane
complex of HelLa cells has also been observed by others (22,98). Dorsh-~
Hisler et al (22) reported that the'activity.is stimulated by Mn™ and an
cligo (dT) primer. The activity repbrted héfe ig also stimulated by Mnt+
(data not shown). Dorsh-Hdsler et al have also shown that the activity
can be séparated from poliovirﬁs polymerase by solqbilization of the
ceiiular membranes with détergents (22) . This activity is similar to the
terminal adenylate transferase activity reported by Diez and Brawerman
-(21) iq Chinese }hamstenjand'mouse sarcoma 180 cellé.':In addition Spectbr
and Bal:itimore (98) have shown that this cellular terminal adenylate
'~ transferase activity is‘capable of adding short:poly(A) seqﬁences, 15-25
nucleotides long, to pre-existing viral and cytoplasmic RNA.

Thiswis.thé first indication, however, that this cellular ATP
incorﬁorating activity is actually stimulafed byv3'dAiP in the presence
of Mg++. ‘The-mechanism of this stimulation remains to be undefstood. It
is- conceivable though that 3'dATP might inhibit a nuclease écfivity which
norﬁally removes adenosine residues from poly(A):(l3,26). If so, the
observed stimulation may reflect a stabilization of the iﬁ;iiggg proddct

. by 3'dATP.
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The résults»presented‘iﬁ this study show that'3'dATP'iﬁhibi;s t3H]GTP
incorporation‘as well as [3H]ATP incorporation Ey the viral polymerases
as would be expected if 3'dATP inhibitS'piéornavirus»RﬁA transcripﬁion.
These results also rule out the possibility that‘the'mecﬁanism of -
cordycepin inhibition of picérnavirus RNA’syntheéis wés a secondary

.effectAdue to the inhibition of protein synthesis.

The mechanism by which cordycepin inhibits poly(A) éyntheSis or RNA -
synthesis ié unclear. Though not well established by kinetic studies,
competition between 3'dATP énd ATP is‘sfrqngly suggested from published
data (70,80,93). Fr&m thé sﬁructure of 3'dATP‘one would assume'that RNA
chain termination would result from incorboration of 3’dAMT in place of
AMP,and subseﬁﬁent failure to provide a 3’—hydroxyl group for the next
incoming nucleotide thereby preventing further chain elongation. There
is some evidence to support this theory. Shigeura and Gordon (93) . have

studied the effect of 3'dATP.on the DNA-dependent RNA pblymerase from

Micrococcus lysodeikticus. They found that 3'dATP inhibited RNA
transcription from a DNA template and poly(A) transcription from a
'poly(U) template but did not>inhibit the transcription of poly(U) from
a poly(A)-templaie indicating that. 3'dATP specificaily interferes with.
AMP incorporationr(QB). Sbigeura and Boxer (92) have shown thaf

1“0—3'dATP was incorporated into RNA by M. lysodeikticus RNA polymerase,

subsequent alkaline hydrolysis of the RNA showed that all radioactivity
was in the nucleoside fraction and none in the nucleotide fraction,
o strongly suggesting that 3'dAMP was incorporated into the terminal

position of the RNA.
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:This is just the opposite of .the situation observed by Mendecki
'.gf‘éi (63);' They ﬁaVe shown thét in mouse sarcoma 180 cells, RNA chains
fhat have been term?nated by cordycepin.contain as the 3' end residue
AMP rather than 3'dAMP-(63);. They have postulated that 3'dATP inhibits

poly(A) synthesis by inhibiting initiation rather than inhibiting

elongatiem@r«Iﬁﬁ%ﬁﬁiﬁi@n@ﬁﬁéﬁié:§§“é£5(56) havé éhown that 3'dATP is a
relatively poér competitivé inhibitor Of'iE.iiEEé.ATP polymerization by
poly(A) polymerases of HelLa cells and maize, and is no more effective
than 2"dATP, the normal precursor for DNA synthesis; in inhibitinglRNA
traﬁscriptionf | |

Experiments utilizing poliovirus crﬁde polymerase compleies indicate

Athat 3'dATP inhibition of picornaviraliRNA syﬁthesis ég_iiEié is reversible
when ATP is ad&ed along with the inhibitor; however, GfP has no effect on
3'dATP inhibition (Figures 8 and 9). Therefore, 3'dATP appears tohbe a
spécific competitive inhibitor of'ATP incorporation. Sincé 3'dATP inhibits
[3H]GMP incofporétion as well as [3ﬁ]AMP incorporétion inta RNA, it appears
that the drug acts.to terminate chain elqngationf Coﬁsistent Qith this
proposal is the observation that poliovirus 35S SS RNA is the most severely
inhibited.of the various viral RNA species labeled in vitro (Figure 11).
'Inhibitioﬁ of RNA chain initiation‘by 3'dATP as an alternative mechanism
for ips action (63) .can Ee ruled out since it has been shown that
picornavirus polymerases do not initiate RﬁA synthesis in vitro but
merely eléngate RNA chains previously initiated EE.XEXE_<34)~

It is not possible from thé,results presented in this.étudy.to .

determine whether or not 3'dAMP is incorporated into the RNA chains. The

observation that the inhibition could not be reversed with excess ATP
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10 min- ;éfter addition of 3'dATP.is consistent with incorporatioﬁ of
3'dAMP into RNA as well as with irreversible binding of 3'dATP to the
viral polymerase. Attempts to distinguish between these two mechanisms
by pre-incubating the viral polymerése cémplex with 3"'dATP in the
absence -of RNA synihesis and ghéh ;llowing RNA synthesis to proceed in

a large excess of ATP were unsuccessful. So it remains to be determined

if 3'dAMP is in fact incorporated intd.the growing viral RNA chain.

C. Mechanism of Polyadenylation 92_HRV—141RNA:

The results presented in this study indicate that HRV-14 RFAand RI
RNA# contain poly(U) sequences associated with the complimentary
minus-strand RNA.‘ The presence of a poly(U} sequence in HRV-14
intermediate RNA épecies along witﬁ the observation that all three
HRV-14 intermediate RNA spécies synthesized‘ié;iiﬁg coﬁlain poly(A)
sequences is consiStent with a transcriptional meéhanism of HRV-14
polyadenylation but do not rule out alternative mechanisms. Poly(A)
may therefore be transcribed from a complimentary poly(U) sequeﬁce
présent on the minus-strand of the RI molecule by the viral RNA
polymerase.

This mechanism of polyadenylation is further supported by the
observation that HRV-14 RF and RI RNAé synthesized in vitro contain
poly(A) sequences, indicating that the crude viral polymerase cdmplex
is capable of synthesizing poly(A) 1linked to viral RNA. The observation
that there was no detectable“viraléspecific poly(A) polymerase éctivity
aséociated with the crude viral polymerase complex is also consistent
with HRV-14 poly(A) being transcribed in the replication compleg by

the viral polymerase.
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'”fi.Ihese results a;é in accord with what has been.reported for
poliovirus. Evidence frém both'ig;gizg and ig;ﬁigiéAekpe?iments

strongly suggests that the poly(A) of poliovirus plus-strand RNA is
directly transcribed from poly(U).sequences located at #he 5' end of -
;minus—strand RNA present in the poliovirus RI RNA (22,97;98,115,116).
Saﬁicki and Gomatos (83) also have reported the presence of a pbly(U}
sequence attached to the minus-strand RNA of Semliki Forest vifus, éﬁ
alphavirus whose genome RNA also serves as &RﬁA in the host cell.

~ The preseﬁce of a poly(U) sequence i; ﬁRV—l4 minus-strand RNA is

in direct oppoéition to what Macnaughton and Dimmock (58) have fepérted
for HRV-2 RF and RI RNAs. They also used poly(A)—Sephaiose chromatography
to detect poly(U) sequences. However, they did ﬁot denature . the'RF -
and-RI RNAs prior to chrématography and for that reason probably faiied

to detect poly(U) because of bése pairing to the poly(A) of tﬁe plﬁé—strand
RNA. The reason why undenaturgd rhinovirus RF or RI RNAs hybridizes toA |
poly(U) -Sepharose columns is not known but may be due to one or both

of the following ;possibilities. First, it is known that poly(A) iscapabl;
of forming a triple helical structure with two strands of poly(U); -the
reverse, however, does not occur, i.e. a triple helix is not formed with
two ﬁoiy(A) strands and one poly(ﬁ) strand (106). ‘Secondly, the-poly(A)
seqﬁences of both péliovirus and Semliki Fofest virué are lqngér than the
complimentary poly(U) sequence (83,9?,9§,115).. The same may hoia_true

for rhinoviruses; therefore, the free poly(A) region.miéht be available

to biﬁd to-poly(U)—Sepharose,lwhereas there wduld be no free poly(U)

sequences to bind to poly(A)-Sepharose.. This may indeed be the case -

since in this study denaturation of viral RNA in the presence of excess.
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cold poly(A) completely prevents any HRV-14 RF + RI RNA from binding
to poly(A)—Sepharéée. | ' |

The results of this study also contradict two other observations
concerning HRV-2 RNAs; Macnaughtoﬂ;gﬁ‘élﬁ(S?i have reported that
synthesis of HRV-2 double-stranded RF RNA‘inuHeLa cells requires the
presence of act-D. The results présented here (Figure 12) however,
show that HRV-14 RF RNA'is synthesizeﬁ eifher.in,the presence or
absence of act-D. The second difference between HRV-2 and HRV-14
concerns the‘e&tent of polyadenylation in. the intermediate RNA species
of the two rhinoviruses. Simiiar to HRV-14 virion RNA, about 80% of
HRV~14 SS and RI RNAS.(Figure lﬁ),,and about 50% of HRV-14 RF.RNAMbiﬁd
to poly(U)-Sepharose. This is in contrast to what Macnaughton and
Dimmock .(58) have reported'for HRV-2 infermediate_RNAs isolated from
infected HeLalcells. THey find that only about 10% of SS RNA and
about 30%Z RF and>RI'RNAs were‘Capable‘ofubinding to oligo (éf) cellulose
(595. The apparent differences in the proportion of,inéermediate.RNAs
of the two virqses that are.polyadenylated are not due to a difference in
the capability éf oligo (dT) cellulose to bind viral specific RNAS;~since
épprokimately 70% of HRV-2 yiribﬁ‘RNA was bound to the oligo (dT)
cellulose and about 70% of HRV-2 RF and RI RNAs synthesized in human
embryonic lung cellé was béund to oligo (dT) cellulose (59).

There is no simple explanation for these differences. ?hey may
reflect a difference in the straiﬁs of HeLa cells uséd‘or a fundamental
difference between the two rhinovirus éerotypes. Unlike the three

'diffe;ent‘serotypes of poliovirus which have‘considerable homology in

their genomes (30-50%) (118), the rhinoviruses have little or no/RNA
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homolog§,(113); in addition,_various,ihinoviruses also différ,considerably
in their buoyant densities in cesium chloride‘(82). .Tﬁese observations
raise the possibility of divergent‘opigins'ofvthe rhinovirﬁses; degpite
many common physiochemical and biologicai properties'(52)L -Therefore,

it is possible that HRV-14 and HRV-2 mayldiffer éiighﬁly in‘their,que

of RNA ieplication whiéh is reflected in the difference in the .mode and
extent of poljadenylatioﬁ of the &arious intermediate RNAs ofvthe two
viruses.

Eien though poly(l) is present in HRV-14 RI\RNA two related
observations concérning the polyédenylation of HRV-14 are,difiicﬁlt to...
reconcile with a transcriptive mode of polyadén&létion; The original
observation of Nair and Owens (70) showing that the proportion of [3a]1aMP
residues in the poly(A) portion of rhinovirus RNA was 7.47 when the |
infected culture was labeled with [3H]AR.from 0h p.i. but only 4.6%
when labeled froﬁ‘é h p.i. (when this experiment was Tepeated during
the course of this investigation, valués(of 8.6 and 4,1% were obtained
for the RNase-resistant fraction of [SH]AMP residues in rhinovirus RNA,

~_gpnraspoh&ing to the t%o intervals of labeling) was interpreted to

—

y—/f”//f/ suggest possible ligaiion.of pfefofmed poly(A) to rhinoﬁifus RNA (7Q).‘
t These results might be explgined By the alternate ;ssumptioﬁ that HRV-14
RNA synthesized early have much larger poly(A) sequences than viral RNA.
;ynﬁhesized later in inféctiqn. Since only 10—152.of viral RNA is
synthesized within the first 6 h of infection.(32,87) the poly(A)
sequences synthesized during this time would have to bé greater than

1000 nucleotides lqng>to account for .the observed doubling of label in

the poly(A) portion of viral RNA. From the polyacrylamide gel
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o electrobhoresis profiles of HRV-14.poly(A) sequences determined during

the course of this iﬁvestigation it is apparent that a substantial
fraction of the poly(A) seduences are larger than 90 nucleotides in length
but it is ﬁdt possible to determine the exact size of the largest sequences
(Figure 1). It is also clear that the poly(A) sequénceé-are very
heterogeneous in‘lenéth. %TheSé Sbserv5516%§ are not coﬁpatible with strict
transcriptionai mode of polyadenylétion.

The large heterogeneity of HRV-14 poly(A)-sizés might be explained
however; by a combination of transcriptional and post-transcriptional
poly(A) sythesis. Poly(A) of a length equal £o that of the poly(U)
sequence might be transcribed by the viral polymerase. Adii£10331 adenylic
acié resi&ueslmight then be added on by terminal addition by a celiulaﬁ
or viral terminal riboadenylate transferase. Evidence presented in this
study and by others (22,98) has shown that such aﬁ activity does éxisf in
HeLa éells and that it is cabable'of.addihg 15—25 ﬁucleotides to the end
df pre—-existing poly(A) sequences (98). Anothér.mgchanism to explain the
heterégeneity of poly(A) sizes whigh has beehqustulatéd for'poliovirus.
(22,98) inVolves slippage of the poly(A) over poly(U) sequeﬁces on.the
minus~strand by a mechanism similar to that reported for the Escherichia
Egli_DNA-dependenﬁfRNA polymerase system <l6)..

: Eyidence pfesenfed in thislstudy and the results of studies on
poiiovirus (22,98) and.Seéliki Forest virus (83) seem to indicate that
- the presence oﬁ poly(U) sequences and tﬁerefope the possibility of a
transcriptive meéhanism of polyadenylation may be a factor common to all
plus-strand RNA viruses, that is, picornaviruses and togaviruses. It is-

not possible, howevef, to rule out alternative mechanisms of polyadenylation



- and indeed there may be a significant amount of post-transcriptional
polyadenylation of picornaviral RNAs by cellular terminal riboadenylate

transferases.
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SUMMARY

The results obtained during the course of this study have;confifmed V
ana ekpanded upon ;ﬁe o:iginal obserVation of Nair and Owens that
rhinoﬁirus type 14 RNA contains a poly(A) sequence. The poly(A) sequence
is located at the 3' end,of'the RNA moleculé as determined by enéymatic |
removal.with pélynucleotide phoséhorylasé. Polyacrylamide gel
electrophoresis of poly(A) sequences isolated from viral ﬁNA»iﬁdicate
they are heterégeneous in length:and consist oﬁ the average of
approximately 160 nucleotides. Thé majority of rhinovirus RNA molecules
are polyadenylated as eétimated_by binding to poly(U)—Sepharose.‘

Cordycepin, known to inhibit rhinovirus replication, was found to
inhibit thé reﬁlication of poliovirus type-2;;conttarjato:repbrtstbytother
investigators. Inhibition of viral replicatign is due to‘a‘speéific
inhibition of viral RNA synthesis as shown by experimentS'iﬁ;yézg and
‘ig_giﬁzg. The inhibition of RNA synthesis is'caused by specific
competition between 3'dATP and ATP resulting in termination of RNA chain
elongation. This may be due to either.incorpqration of 3'dAMP into fhe
~growing RNA chain and the resuiting lack of a-free 3' hydroxyl group
needed for RNA chain growth or due to an irreVersible binding of 3'dATP
to the viral polymerase.

Rhinovirus specific intermediate RNA species isolated from infected .
cells or synthesized in vitro contain poly(A) sequences. No evidence
eouid be obtained for a viral specific poly(A) polymerase associated
wifh the crude viral polymerase complex, indicating that viral poly(A)

synthesis might be a function of the viral polymerase itself.
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Fiﬁally,,this study has presentea~evidence,that like poliovirus
ahd Semliki Forest virus, rhinovirus)intermediate RNA species apparently
contain a poly(U) sequence~associated.with the complimentary minus RNA
strand. This suggests that rhinoviruses. may transcfibe poly(A) from

a complimentary poly(U) sequence.
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"APPENDIX

‘Replication of Picornavirus RNA:

A

Picornaviruses are small single—étranded RNA viruseé whose genome
RNA also serves as mRNA and‘accordipg t§ convention is designated as
the plus strand ( & ). The first .step in theAreplication of picornavirus
RNA occurs after the RNA has been.Uncogtédin;the cytoplasm of the host
cell, The released viral mRNA is then translated by the host cell
protein synthesizing machinery into a éingle large protein which is
subséquently‘cleaved into the various smallef viral proteins of which
one or more serve as viral polymérase(s). The polymerase(s) then'
juﬁilize‘the parentai RNA molecule as a template for the synthesis of
complimentary ox minus strand BNA. The mechanism_by'which the'barental
RNA serves as both mRNA and’template RNA is unknown at tﬁis time. The
negative‘strand ﬁNA then serves as a template for the synthesis of
additional plus strand RNA and the process coﬁtinues (52).

It is believed thaf synthesis of viral RNA occurs in "Replication |
CoﬁplexeS"jxwhichrére éomplexes of‘viral RNA and viral polymerase(s)
/* ’ .

‘ associated'with various proteins and smooth cytoplasmic membranes (34).
‘In these complexes exists the viral replicative intermediate (RI) which
consist éf a complete.plus or minus strand RNA on which viral polymerase
molecules transcribe several complimentary RNA strands simultaneously. |
The majority of these RIs consist of a ccmplete minus étréhd from
which plus strand genome RNA is synthesized (positive RI). Howevér,»it
has been estimated that between‘S and 10%Z of the RI molecules contain
a complete plus strand RNA as template from which minus strand RNA is
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transcribed (negative RI) (9). It isAcurrently believed tha£ picornavixus
RNA,replication occuré by a semiconservative mechanism, i.e. as neﬁ

plus strands are transcribed against a conserved minus strand they
displaceexisting plus stfands which are only hydrogen boﬁded fo the.
template by arfew bases.

Fr&m picornavirus infected ceilslit is possible to extr;cf three
viral-specific RNA species:' single-strand (SS) RNA, &§uble—strand RNA
.known as repiicative form (RF), and parti;lly single~s£rand partiélly
double-stranded replicative intermediate (RI) RNA which appears to be
a reflection of the'native infracellular component of the repliéation
complex (52).

“ If one féllows the fate of all tﬁfee of thésé RNA specieé through
the coursé_of a typical picornavirus infection cycle, RF accumulates
‘at a slow but constant rate through the entiré cycle. Ri is the most
4rapidly labeled RNA; however, after reaching a plateau quickly its
éynthesis levels off. SS RNA appears after Ri and RF but acﬁumulates
most rapidly during most éf the infection cycle'and only deélines
towards the end (32,23,315 . The kinetics of synthesis indicate that
RIAis the precursor to'production of SS RNA, and thét RF migﬁt be a
‘by-product and not necessarily a relevant replicative RNA (34, 73).

It is possiblé £§ prepére crude picornavirus repli;ation complexes
from infected cell cytoplasm. These complexes appear to carry out
reactions which afe similar to wﬁat occurs in vivo. vThe three viral
RNA species are labeled in vitro and the sequence of labeling appears to
be the same as 13 3122.(34»1l2);however, the polymerase complexes can

a

only elongate previously initiated nascent RNA chains (20,34 ,49). It



was .through the use of these crude polymerase complexes that the
. 4.precurs'or-product relationship of RI and SS RNAs was confirmed

(34, 62 .
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