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STELLINGEN 
Lkii 1> ; y /••.. '.»' üDi, S C H O O L 

WAGEH1NGEM 

1. Association of genes with the nuclear matrix for expression is very 

unlikely, since it would require enormous DNA rearrangements during 

cellular differentiation processes. 

Robinson et al. (1982), Cell 28, 99-106. 

2. The observed 3.3kb S s t I restriction fragment of the integrated 

metallothionein-growth hormone fusion gene can more easily be explained 

by insertion of tandem copies in the mouse genome rather than by 

circularization of the gene. 

Palmiter et al. (1982), Nature 300, 611-615. 

3. Purification and characterization of molecules regulating growth and 

development of cells in v i t r o , requires concomittant development of 

culture systems devoid of unknown variables. 

Bazill et al. (1983), Biochem.J. 210, 747-759. 

Burgess et al. (1982), Blood 60, 1219-1223. 

Whetton and Dexter (1983), Nature 303, 629-631. 

4. The proposed connection between acquired immune deficiency syndrome 

(AIDS) and human T-cell leukemia virus (HTLV) is highly speculative. 

Essex et al. (1983), Science 220, 859-862. 

Gelmann et al. (1983), Science 220, 862-865. 

Gallo et al. (1983), Science 220, 865-867. 

Barrê-Sinoussi et al. (1983), Science 220, 868-871. 

5. Het overbrengen van het departement van Milieuhygiëne van Volksgezondheid 

naar Ruimtelijke Ordening gaat voorbij aan de samenhang tussen milieu 

en volksgezondheid en komt een "gezond" milieu beleid niet ten goede. 

6. Adequate verwerking van chemisch afval is te belangrijk voor mens en 

milieu om aan het particuliere initiatief over te laten. 

7. Het opnemen van wetenschappelijke (hoofd-) medewerkers in de promotie

kommissie, zal het nivo van de diskussie tijdens de promotie gunstig 

beïnvloeden. 



8. Bij het voorzien in vakatures is het zonder neer geven van een voor

keursbehandeling aan met ontslag bedreigde ambtenaren strijdig, zowel 

naar letter als geest, met verdragen en wet en dient de overheid zich 

hiervan te onthouden. 
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De Universele verklaring van de rechten van de mens. art: 1, 2 , 7, 

231, 28, 292. 

Internationaal verdrag inzake economische, sociale en culturele rechten. 

art: 22. 

Grondwet voor Koninkrijk der Nederlanden van 24 augustus 1815, S.45. 

art: 1. 

9. De methode om uitkeringsgerechtigden, jongeren, ambtenaren en trendvolgers 

tot bezuinigingssluitposten van de nationale begroting te maken, heeft 

niets te maken met "no nonsense politiek" maar wel met asociaal handelen. 

10. Omdat ieder mens er één is en niet de helft van een stel, dient het 

individu de hoeksteen van de samenleving te zijn. 

Proefschrift van Lambert Dorssers, 

KNA-dependent RNA polymerases from cowpea mosaic virus-infected cowpea leaves. 

Wageningen, 5 oktober 1983. 
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I. SCOPE OF THE INVESTIGATIONS 

A variety of plant species contains an RNA-dependent RNA polymerase, the 

activity of which is greatly enhanced upon virus infection. Since attempts 

to purify plant viral RNA replicases have been notoriously unsuccessful 1 up 

to the present time, this remarkable increase has led many investigators to 

believe that a host-encoded RNA-dependent RNA polymerase is involved in 

plant viral RNA replication. 

The research described in this thesis deals with the replication of the 

plant virus cowpea mosaic virus (CPMV) in its natural host Vigna unguiculata 
(cowpea). Since cowpea leaves contain a host-encoded RNA-dependent RNA poly

merase, which increases at least twenty-fold upon infection with CPMV, a pos

sible role of the host-encoded enzyme in CPMV RNA replication had seriously 

to be considered. In this thesis we report how we have succeeded in demon

strating that this host-encoded enzyme is not involved in CPMV RNA replica

tion. Instead we present evidence for a virus-encoded protein as the core 

polymerase of the CPMV RNA replicase. 

In chapter II we review the current knowledge on the replication mecha

nisms of animal and plant viruses with a single-stranded (+)-type RNA ge

nome. 

In chapter III we describe the extensive purification of the host-encoded 

RNA-dependent RNA polymerase from cowpea leaves. Using an antiserum raised 

against the purified host enzyme we developed (chapter IV) a new antibody-

linked polymerase assay (ALPA), which enabled us to identify the host-enco

ded RNA-dependent RNA polymerase as a 130,000 (130K) dalton protein. 

Chapter V describes how two functionally different RNA-dependent RNA 

polymerase activities can be distinguished in CPMV-infected cowpea leaves 

on basis of the RNA products made by the respective enzymes. One RNA-depen

dent RNA polymerase represents the host-encoded enzyme, the other RNA poly

merase is associated with the CPMV RNA replication complex. It appeared pos

sible to isolate and purify functionally intact CPMV RNA replication complex 

devoid of host-encoded RNA-dependent RNA polymerase activity. 

Using the antiserum against the host-encoded 130K RNA-dependent RNA polyme

rase, it is shown in chapter VI that this 130K host-specific enzyme does 

not occur in a functionally active CPMV RNA replication complex. It is fur

ther shown that the amount of host-encoded enzyme is strongly increased in 

cowpea leaves upon infection with CPMV, but no increase of host-encoded RNA-

dependent RNA polymerase is found in isolated mesophyll protoplasts after 

infection with CPMV. These results lead to the conclusion that the host-en-
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coded RNA-dependent RNA polymerase is not involved in CPMV RNA synthesis. 

Finally, in chapter VII, we describe our attempts to identify the RNA 

polymerase in the CPMV RNA replication complex. Using antibodies against 

CPMV-specific proteins, we show that the major polypeptide associated with 

a highly purified replication complex is a virus-encoded protein with a 

molecular weight of 110,000 ( H O K ) dalton. It appears plausible that this 

110K virus-encoded polypeptide is the core polymerase engaged in synthesi

zing CPMV RNAs in the viral RNA replication complex. 

The work described in chapters III and V has been published by "Virology". 

Chapter IV has appeared in EMBO Journal. Chapters VI and VII are to be sub

mitted for publication. Therefore, some overlap in the Introduction sections 

is inevitable. 

In this thesis, the paraphrase "RNA polymerase" is öfter used for the 

complete description "RNA-dependent RNA polymerase". 

14 



II. REPLICATION STRATEGIES OF EUKARYOTIC RNA 
VIRUSES 

1. INTRODUCTION 

Replication of a single-stranded (+)-type virus RNA genome proceeds 

through the formation of a complementary (-)-strand to be used as template 

for the synthesis of progeny viral RNAs. Such a replication mechanism re

quires an RNA-dependent RNA polymerase, termed an RNA replicase by Spiegel-

man and Hayashi ( 1 9 6 3 ) , for the transcription of both the (+)-strand and 

(-)-strand RNA into a polyribonucleotide chain. Initiation (i.e. the speci

fic recognition of the RNA template) should precede the elongation step and 

take place on both (+)-strand and (-)-strand RNAs, which possess different 

3'-termini. The complexity of this replication mechanism suggests that the 

RNA-dependent RNA polymerase requires other polypeptides for assistance. 

In view of the limited genetic information available on the viral genome, 

host-cell proteins are likely to participate in viral replication. Indeed, 

the bacteriophage Qß replicase turned out to be composed of a virus-encoded 

core polymerase and three host-cell p r o t e i n s , which are all required for Qß 

RNA replication in vitro (see b e l o w ) . 

Replication of eukaryotic RNA viruses resembles in broad outline the re

plication mechanism of RNA p h a g e s , but is only partly established yet. Ani

mal RNA viruses also encode the core polymerase and depend on host proteins 

for transcription activity in vitro. With respect to plant virus replication, 

confusion appears to prevail. Plants contain an endogenous host-encoded RNA-

dependent RNA polymerase, which is strongly stimulated upon virus infection. 

Although it has been suggested that the host enzyme might participate in 

viral RNA replication, the identity of the plant virus RNA replicase is 

still unknown. 

In this chapter, I shall briefly review the replication mechanism of RNA 

phages (section 2) and then discuss in more detail the replication of euka

ryotic viruses containing a single-stranded (+)-type RNA genome. The discus

sion of animal RNA viruses will be limited to the p i c o r n a v i r u s e s , togavi-

ruses and nodaviruses (section 3 ) . These (+)-type animal RNA viruses have 

structural features in common with some plant viruses and their replication 

might, therefore, have some analogy with plant virus RNA replication. Dif

ferent plant viruses, of which the mechanism of replication is under study, 

are dealt with in section 4. Studies on the replication of plant viruses 

have been hampered by the occurrence of host-encoded RNA-dependent RNA poly

m e r a s e s . The possible role of these host-enzymes in plant virus replication 

are reviewed in section 5. The replication strategy of v i r o i d s , viroid-like 
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RNAs (virusoids) and RNA satellites is also included in this summary. Fi

nally, differences and analogies in the replication mechanism of the va

rious eukaryotic RNA pathogens will be discussed in section 7. 

2. REPLICATION STRATEGY OF BACTERIAL RNA VIRUSES. 

The replication mechanism of RNA phages, bacteriophage Qß in particular, 

has been studied since 1963 and is now well established. The results of 

these studies have been reviewed by several authors (Kamen, 1975; Zabel, 

1978; Blumenthal and Carmichael, 1979; Fiers, 1979) and only a recapitula

tion will be presented here. 

Qe replicase is composed of four subunits, referred to as I to IV, of 

which subunit II (65K) is virus-encoded and the other three subunits are 

host-encoded proteins. Subunit I is the ribosomal protein SI (70K) and sub-

units III and IV are the protein synthesis elongation factors EF-Tu (45K) 

and EF-Ts ( 3 5 K ) , respectively. The virus-encoded subunit II is an RNA-depen-

dent RNA polymerase, which constitutes the core polymerase. The other three 

subunits are required for specific recognition of the viral template RNA 

and for initiation of transcription. Transcription of (+)-strand viral RNA 

requires all four subunits and, in addition, a host factor. This host fac

tor consists of a hexamer of identical (12K) polypeptides, the authentic 

function of which in the host cell is yet unknown. Subunit I and the host 

factor are not required for the transcription of (-)-strands into progeny 

(+)-strand viral RNAs. 

Transcription starts at the 3'-terminus of both (+)-strand and (-)-strand 

templates, but specific binding sites for Qg replicase have not been found 

in the 3'-terminal region on either strand. Two internal domains of Qg ( + ) -

strand RNA interact strongly with the replicase to bring the 3'-terminus of 

the template in the proper position for initiation (Meyer et al., 1 9 8 1 ) . Sub-

unit II is also involved in specific template selection besides its function 

as core polymerase. Replicases of related phages, such as M S 2 , contain iden

tical host-encoded subunits, but display a template-specificity differing 

from that of Qe replicase. In vitvo transcription of heterologous RNAs is 

possible if a template-primer complex is used and transcription can proceed 

from the primer sequence (Feix and Hake, 1 9 7 5 ) . 

3. ANIMAL RNA VIRUSES. 

The animal (+)-type RNA viruses of which the replication strategy is ex

plored most intensively are the picornaviruses, togaviruses and nodaviruses. 
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These (+)-type animal RNA viruses resemble structurally some plant RNA vi

ruses and the replication of the RNA of these viruses may be comparable with 

the plant virus RNA replication. The picornaviruses and togaviruses have a 

single-stranded RNA genome, whereas for nodaviruses the genetic information 

for virus multiplication has shown to be distributed among two single-stran

ded RNA molecules. 

3.1. PICORNAVIRUSES. 

All picornaviruses contain a single-stranded (+)-type RNA genome, approxi

mately 7500 nucleotides in length. The Picornavirus family includes four ge

nera, the enteroviruses (poliovirus), cardioviruses (EMC, Mengo) , rhinovi-

ruses and aphtoviruses (FMDV). The genomic RNA is encapsidated in a protein 

shell, built up of 60 copies of each of four capsid proteins. The nucleopro-

tein particle is 25-30 nm in diameter, possesses icosahedral symmetry and is 

non-enveloped. 

A common feature of picornaviruses is the occurrence of a small protein, 

referred to as VPg (viral protein genome-linked), covalently linked to the 

5'-end of the viral RNA. The viral RNA is translated into a large polypro-

tein, which is processed into functional viral proteins by specific proteo

lytic cleavages. The protease involved in these cleavages is encoded by the 

viral RNA. Replication of Picornavirus RNA is associated with cytoplasmic 

membranes. The mechanism of viral RNA replication is not yet fully under

stood but involves a viral-encoded core polymerase and possibly a host fac

tor (Rueckert, 1971; Feiner, 1979; Matthews, 1979; Putnak and Phillips, 

1981; Wimmer, 1 9 8 2 ) . 

3.1.1. POLIOVIRUS 

3.1.1.1. Genome structure and expression. 

The complete nucleotide sequence of the RNA of poliovirus type 1 has re

cently been determined (Mahoney strain: Kitamura et al., 1981; Racaniello 

and Baltimore, 1981; Sabin strain: Nomoto et al., 1 982). The RNA genome con

sists of a strand of 7441 nucleotides (Mahoney strain, Dorner et al., 1982) 

and, in addition, a poly(A)-track at the 3'-end (Armstrong et al., 1 9 7 2 ) . A 

small protein (VPg) is covalently linked to the 5'-terminal UMP residue 

(Lee et al., 1977; Flanegan et al., 1977; Nomoto et al., 1 9 7 7 ) . VPg is not 

required for infectivity of poliovirus RNA (Flanegan et al., 1977) nor essen

tial for translation, as it is missing in poliovirus mRNA as isolated from 

polysomes (Nomoto et al., 1976; Hewlett et al., 1976; Fernandez-Munoz and 

Darnell, 1976; Nomoto et al., 1 977). 

Poliovirus proteins are synthesized from a single reading frame (Fig. 1 ) , 
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STRUCTURAL PROTEINS NONSTRUCTURAL PROTEINS 

VPg 

743 P1 3386 

I 
P2 5111 

n 
TRANSLATION 
NCVPO0M247) 

P3 7369 

J - (A)n 

1a (97) 3b (65) 1b (84) 

t • 
VPO (37) VP3(27) VP1 (33) 

t 
5b (48) 9 (12) 2 (72) 

VP4(7) VP2(30) 

t t tt * 
X (38) (10)(2) 7c (20) 4b (52) 

VPg/ ' PROTEASE POLYMERASE 

X/9(50) 4a (59) 

POLIOVIRUS 3b/9(77) 6a (41) 6b (34) 

Fig. 1. Translation and processing map of poliovirus. 
The coding region of the RNA is indicated by an open bar. * = genome-
linked protein, VPg; ( A ) n = 3'-terminal poly(A)-tail ; • = blocked N H 2 ~ t e r -
minus; + cleavage site at gln/gly amino acid pairs; +* = cleavage site 
at asn/ser pair; A = cleavage site at tyr/gly pair; VP = viral protein; 
NCVP = non-capsid viral protein. Molecular weights (xl0"3) of the poly
peptides are denoted between brackets. Polypeptides involved in a known 
function are shown in dense lines. Polypeptides arising from alternative 
cleavages in the P3 region (Hanecack et a l . , 1982) have been omitted. 
References and other abbreviations are included in the text. 

starting at an AUG codon at position 743 and terminating at position 7369, 

close to the poly(A)-tai1. The initiation codon at position 743 is precee-

ded by a long, apparently untranslated region, which harbors eight additio

nal AUG codons. Some of these are followed by an open reading frame which 

may encode small proteins not yet identified in vivo (Dorner et al., 1 9 8 2 ) . 

Translation of poliovirus RNA in vivo and in vitro results in a long poly-

protein NCVPOO (mol.wt. 2 4 7 K ) , which is subsequently cleaved into three poly

peptides (Pl-la, P2-3b and P 3 - l b ) , corresponding to the three domains PI, 

P2 and P3 of the viral RNA (Fig. 1, Kitamura et al., 1 9 8 1 ) . 

The 5'-terminal part of the genome (PI) encodes the structural proteins. 

Pl-la is the precursor of the four capsid proteins VP1-4 (Dorner et al., 
1 9 8 2 ) . P2-3b represents the central part of the coding region and is cleaved 

to generate P2-5b and P2-X (Semler et al, 1 9 8 1 ) . No function has yet been 

assigned to the polypeptides originating from this region. P3 represents the 

3'-terminal region of the genome (Fig. 1) and encodes several nonstructural 

proteins including a protease (P3-7c, Hanecak et al., 1 9 8 2 ) , an RNA-depen-

dent RNA polymerase (P3-4b, Van Dijke and Flanegan, 1980) and VPg (Kitamura 



et al., 1 9 8 0 ) . VPg has not been observed in free form (Wimmer, 1982) and 

thus is either contained in its precursor or covalently linked to viral RNA. 

In addition to P3-lb, three VPg-containing polypeptides (P3-9, 3b/9 and X/9) 

have been identified using antisera directed against synthetic VPg (Seniler 

et al., 1982; Baron and Baltimore, 1982a; Adler et al., 1983; Takegami et 
al., 1983). P3-9 is generated from P3-lb, whereas X/9 and 3b/9 result from 

an alternative cleavage pathway in which P3-9 remains linked to polypeptides 

of the P2 region (Takegami et al., 1 9 8 3 ) . The protease P3-7c is involved in 

generating capsid proteins, VPg, the polymerase and P3-7c itself (Fig. 1; 

Hanecak et al., 1 9 8 2 ) . In addition, a proteolytic activity of the host cell 

brings about several intermediate cleavages as indicated in Fig. 1 and can 

also produce cleavage products such as P3-6a and 6b with yet unknown func

tions (Hanecak et al., 1 9 8 2 ) . 

3.1.1.2. Replication 

During virus multiplication in poliovirus-infected cells (partially) 

double-stranded poliovirus RNAs, to be regarded as in vivo replication inter

mediates accumulate (for review: Baltimore, 1 9 6 9 ) . The full-length ( + ) -

strands, (-)-strands (Nomoto et al., 1977) as well as short nascent chains 

of the replication intermediates contain VPg at their 5'-termini (Pettersson 

et al., 1978). These findings suggest that VPg may be involved in initiation 

of RNA synthesis (Nomoto et al., 1977; Wimmer, 1 9 8 2 ) . 

Replication of poliovirus RNA in vitro was initially studied by isolating 

a viral RNA replication complex (Baltimore, 1964) consisting of RNA-depen-

dent RNA polymerase molecules bound to endogenous (-)-strand templates, and 

capable of elongating nascent chains. The viral replication complex is as

sociated with cytoplasmic membranes (Girard et al., 1967; Caliguiri and Tamm, 

1970) and has been characterized in detail with respect to its ability to 

elongate nascent chains in vitro (Etchison and Ehrenfeld, 1 9 8 1 ) . No evidence 

for de novo initiation of RNA synthesis has been obtained. The major viral 

protein associated with the replication complex was found to be P3-4b (Lund-

quist et al., 1974; Butterworth et al., 1976; Flanegan and Baltimore, 1979; 

Ethison and Ehrenfeld, 1980) and this protein might thus represent the core 

polymerase responsible for elongation. 

In order to gain conclusive evidence for the origin of the replicase 

Flanegan and Baltimore (1977) attempted an alternative approach for purifying 

viral replicase. They reasoned that (-)-strand synthesis might involve a 

poly(U)-polymerase for the transcription of the poly(A)-tail at the 3'-end 

of the viral RNA and that the initiation step might be bypassed by using a 

primer complementary to the 3'-end of poliovirus RNA. The use of a poly(A)/ 

oligo(U) template-primer complex in the polymerase assay resulted indeed in 

the detection of poly(A)/oligo(U)-dependent poly(U)-polymerase activity 
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(hereafter referred to as poly(U)-polymerase) (Flanegan and Baltimore, 1 9 7 7 ) . 

This activity was associated with cytoplasmic membranes but was also found 

in the soluble fraction (Flanegan and Baltimore, 1 9 7 9 ) . The poly(U)-polyme-

rase could also copy poliovirus RNA in the presence of all four ribonucleo-

side triphosphates and oligo(U) as a primer (referred to as primer-dependent 

replicase) (Dasgupta et al., 1 979). 

P3-4b was the major viral protein found associated with purified poly(U)-

polymerase activity as well as the poliovirus replication complex (Flanegan 

and Baltimore, 1979). P3-2, the precursor of P3-4b, occurred in minor amounts 

in these preparations but was totally inactive as an RNA-dependent RNA poly

merase (Van Dijke and Flanegan, 1 9 8 0 ) . Furthermore, antibodies raised against 

either a synthetic carboxy-terminal peptide of P3-4b (Baron and Baltimore, 

1982c) or Polyacrylamide gel-purified P3-2 (Semler et al., 1983) inhibited 

poly(U)-polymerase and primer-dependent replicase activity (Table 1 ) . These 

results demonstrate that P3-4b is the virus-encoded core polymerase of both 

the poly(U)-polymerase, the primer-dependent replicase and the replication 

complex. 

Partially purified poly(U)-polymerase was capable of transcribing polio-

virus RNA in the absence of primer (primer-independent replicase) (Dasgupta 

et al., 1 9 7 9 ) , but this ability was readily lost upon further purification 

without affecting the poly(U)-polymerase activity. This suggested that some 

protein essential for initiation had been lost and led to the identification 

of a host-factor. Thus, the purified poly(U)-polymerase is capable of trans

cribing poliovirus RNA in the presence of either oligo(U) as a primer or 

host factor (referred to as primer-dependent- and host factor-dependent re

plicase, respectively) (Dasgupta et al., 1 9 8 0 ) . Antibodies raised against 

the host-factor inhibited primer-independent replicase and host factor-de

pendent replicase (Table 1 ) . Poly(U)-polymerase activity and primer-depen

dent replicase activity were unaffected by this antiserum, indicating that 

the host factor is involved in initiation and not elongation (Dasgupta et 
al., 1 982). The host factor, which is not engaged in host-cell protein syn

thesis, like the host-encoded subunits of Qe replicase, has recently been 

purified and identified as a monomeric 67K polypeptide (Baron and Baltimore, 

1982b). 
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TABLE 1 

ANTIBODY INHIBITION OF IN VITRO RNA-DEPENDENT 
RNA POLYMERASE ACTIVITY OF POLIOVIRUS. 

Antibodies poly(U)- replicase, replicase dependent on 
raised primer-

against: polymerase independent primer host factor 

P3-4b a ) + ND + + 
P3-2 b ) + ND ND ND 
VPg c ) - ND - + 
Host factor0^ - + ND + 

Assay e ' poly(A)/ poliovirus poliovirus poliovirus 
oligo(U) RNA RNA/oligo(U) RNA, host 

factor 

a) Baron and Baltimore, 1982c + = inhibition 
b) Semler et al., 1983 - = no inhibition 
c) Baron and Baltimore, 1982d ND = not determined 
d) Dasgupta et al., 1982 
e) Typical components of the assay are 

indicated. 

Viral RNA synthesis i n v i t r o by the primer-dependent replicase has been 
studied in detail by Van Dijke et al. (1982) and Baron and Baltimore (1982e). 
In the presence of oligo(U), full-length viral (-)-strand RNA covalently 
linked to the primer, was produced. The primer-dependent replicase did not 
display template specificity. All four homopolyribonucleotides were copied 
when only the appropriate primer was added. Some heterologous viral RNAs con
taining 3' poly(A)-tails (tobacco etch virus, CPSMV and SqMV) were copied 
with an efficiency similar to poliovirus RNA, using oligo(U) as a primer 
(Tuschall et al., 1982). Without primer, transcription by the primer-depen-
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dent replicase did not occur. Using a less purified primer-independent 

replicase preparation, both BMV- and TMV-RNA were transcribed in the ab

sence of primer. In these experiments RNAs of double-unit length were pro

duced, arisen from self-priming at the 3'-terminus of the template and con

sequent joining of the newly synthesized RNA to the 3'-end of the template 

(Tuschall et al., 1 9 8 2 ) . This self-priming could have been facilitated by 

the occurrence of a tRNA-like structure at the 3'-ends of both BMV-RNA and 

TMV-RNA. Synthesis of double-Unit length RNAs has also been observed with 

poliovirus RNA using either partially purified, primer-independent replicase 

or host factor-dependent replicase (J.B. Flanegan, personal communication). 

To resolve a possible role of VPg in initiation of RNA synthesis, as sug

gested by its occurrence on all nascent viral RNA chains in vivo, antibodies 

directed against synthetic VPg have been prepared (Baron and Baltimore, 

1 9 8 2 d ) . Such anti-VPg serum was unable to inhibit the elongation reaction 

by either poly(U)-polymerase or primer-dependent replicase (Table 1 ) . On 

the other hand, incorporation of nucleotides by host factor-dependent repli

case was completely abolished by anti-VPg serum (Baron and Baltimore, 1 9 8 2 d ) , 

suggesting that VPg indeed is involved in initiation of viral RNA synthesis. 

A small part of the RNA product of the host factor-dependent replicase was 

immunoprecipitable with anti-VPg serum, although no VPg-related protein could 

be identified in the enzyme preparation used (Baron and Baltimore 1 9 8 2 d ) . 

The polypeptide linked to the in vitro synthesized RNAs appeared larger than 

VPg and might be a precursor of VPg (P3-9?) attached via a UMP residue to 

the 5'-end of a poly(U)-track. The authors suppose that probably all newly 

started chains contained the VPg-related protein but failed to precipitate 

because they occurred in complex with template RNA. This might explain the 

difference between the small amount of immunoprecipitable RNA product and the 

complete inhibition of the replicase activity by the anti-VPg serum (Baron 

and Baltimore, 1 9 8 2 d ) . 

In summary, the replication cycle of poliovirus may involve the following 

steps: P3-lb, associated with cytoplasmic membranes and bound to template 

RNA, is processed proteolytically to generate P3-9. This VPg-precursor is 

uridylated and then capable of functioning as primer in viral RNA synthesis. 

The active polymerase (P3-4b) is generated by removal of the protease ( P 3 - 7 c ) , 

possibly by an intramolecular cleaving mechanism, whereupon elongation can 

take place. An additional proteolytic cleavage removes the amino-terminal 

part of P3-9 to produce mature VPg. Such a model accounts for the observa

tions that P3-9 is strictly membrane-bound (Semler et al., 1982; Adler et 
al., 1983; Takegami et al., 1983) and covalently linked to the nascent RNA 

chain at the onset of RNA synthesis, and that only P3-4b is active as an 

RNA-dependent RNA polymerase. The first step in the initiation of RNA syn

thesis would then involve the linkage of a UMP residue to P3-9, analogous 
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Fig. 2. Translation and processing map of encephalorayocarditis virus. 
^AAAinternal poly(C)-track ; other symboles as described in Fig. 1. 
References are included in the text. 

to the initiation step in adenovirus DNA replication (Wimmer, 1982; Lichy 

et al., 1981; Ikeda et al., 1982; Challberg et al., 1982; Tamanoi et al., 
1982; Nagata et al., 1 9 8 2 ) . In vivo, host factor and other polypeptides 

besides P3-lb (and its processing products) are probably essential for 

poliovirus RNA replication to provide specific selection of viral RNA tem

plates, since in vitro the replicase lacks this specificity. 

3.1.2. ENCEPHALOMYOCARDITIS VIRUS (EMC). 

3.1.2.1. Genome structure and expression. 

EMC RNA contains a 3'-terminal poly(A)-tai1 and a small protein (VPg) co-

valently linked to its 5'-terminus and a poly(C)-track located near the 5 1 -

end (Sangar, 1979; Putnak and Phillips, 1 9 8 1 ) . Although poliovirus and EMC' 

have many features in common, little nucleotide sequence homology has been 

found in their 3'-terminal RNA sequence (Drake et al., 1 9 8 2 ) . 

Translation of EMC RNA starts at an AUG codon located after the poly(C)-

track and is terminated near the poly(A)-tail (Drake et al., 1982). Transla

tion results in a large polyprotein (240K), only detectable under conditions 

which prevent processing (Rueckert et al., 1 9 8 0 ) . Both in vivo and in vitro, 
precursor polypeptides pre A, F and C (Fig. 2) arise by cleavage of the poly

protein. Pre A is the precursor of the four capsid proteins (a, ß, y and 
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S) and contains a leader polypeptide (pl2/pl4) at its amino-terminal end 

(Kazachkov et al., 1982; Campbell and Jackson, 1 9 8 3 ) . The capsid proteins 

are released from polypeptide A by proteolytic cleavage and can assemble 

in vitro into shell-like structures (Palmenberg, 1 9 8 2 ) . The protease (p22) 

responsible for generating the capsid proteins and several other viral poly

peptides, is contained in polypeptide C (Fig. 2; Palmenberg et al., 1979; 

Svitkin et al., 1979) which is also the precursor of H (containing V P g ) , D 

and E (Pallansch et al., 1 9 8 0 ) , to be generated by the proteolytic activity 

in p22 via an intramolecular cleaving mechanism (Palmenberg and Rueckert, 

1982; Rueckert et al., 1 9 8 0 ) . 

3.1.2.2. Replication. 

The RNA replication complex of EMC is associated with the smooth cyto

plasmic membrane fracion of infected cells (Rosenberg et al., 1 9 7 9 ) . In 

order to obtain a soluble and template-dependent enzyme, the replication 

complex has been solubilized from the membranes and freed of its endoge

nous template (Traub et al., 1976; Rosenberg et al., 1 9 7 9 ) . However, the 

partially purified replicase did not display template-specificity and its 

labile nature hampered further purification. The polypeptides D and E (Fig. 

2) were the major viral proteins copurifying with the replicase (Rosenberg 

et al. , 1979). 

Further information on the mechanism of EMC RNA replication was obtained 

by an alternative approach based on coupled translation/replication studies 

in vitro (Palmenberg et al., 1 9 8 1 ) . EMC RNA is efficiently translated in 
vitro in reticulocyte lysates to produce considerable amounts of precursor 

polypeptides which are rapidly processed to mature proteins. When following 

translation the salt conditions were adjusted, in vitro transcription of 

endogenous EMC RNA (replicase activity) or added poly(A)/oligo(U) template-

primer complex (poly(U)-polymerase activity) was observed. Poly(U)-polyme-

rase activity was strongly stimulated by translation of EMC RNA but not 

BMV RNA4. Addition of Zn + to the translation mixture to inhibit processing 

of the EMC primary translation products did not affect the poly(U)-polymerase 

activity. Accumulation of pre A, A, F and C viral precursors (Fig. 2) clearly 

enhanced replicase activity on the endogenous EMC RNA template. These results 

suggest that precursor polypeptides play a role in specific initiation of 

EMC RNA replication. In analogy to poliovirus replication, polypeptide C 

(VPg-containing precursor) might thus be involved in initiation and, fol

lowing proteolytic cleavage, the generated polypeptide E might function as 

the core polymerase in EMC RNA synthesis (Palmenberg et al., 1981; Van 

Dijke and Flanegan, 1980; Baron and Baltimore, 1 9 8 2 d ) . 
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3.1.3. FOOT-AND-MOUTH DISEASE VIRUS (FMDV). 

3.1.3.1. Genome structure and expression. 

FMDV is the prototype of the aphtoviruses, which can be distinguished 

from the entero- and cardioviruses by their low acid stability and their 

high density in CsCl. Like cardioviruses, aphtoviruses contain an internal 

poly(C)-track located approximately 400 nucleotides from the 5'-terminal 

VPg (Sangar 1979; Putnak and Phillips, 1981). 

FMDV RNA is translated in vitro into four polypeptides (p88, p52, plOO 

and pl6/p20a), which apparently are cleaved from a nascent polyprotein 

(Fig. 3 ) . A leader polypeptide (pl6/p20a) precedes the precursor (p88) of 

the FMDV capsid proteins (VP1-4) (Lowe and Brown, 1981; Grubman and Baxt, 

1982). P88 is processed into the capsid proteins (Boothroyd et al., 1981, 

1982; Kurz et al., 1981; Küpper et al., 1981) by a virus-encoded protease, 

probably located in the plOO region (Grubman and Baxt, 1982). Recent RNA 

sequencing studies have revealed, that FMDV RNA contains three closely 

related VPg-genes located in tandem in the plOO region (Forss and Schaller, 

1982). The presence of three genes for VPg agrees with earlier observations 

showing heterogeneity in VPg preparations from FMDV RNA as revealed by iso

electric focussing (King et al., 1980). In this respect, the aphtoviruses 

differ from poliovirus encoding only one VPg sequence. 

3.1.3.3. Replication. 

A cytoplasmic membrane fraction, has been shown to contain the FMDV RNA 

replication complex (Arlinghaus and Polatnick, 1969; Lazarus and Barzilai, 

1974). After solubilization and partial purification, the major viral poly-
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peptide associated with the replication complex was p56a (Newman et al., 
1 9 7 9 ) . Besides the membrane-bound replication complex, infected cells harbor 

a cytoplasmic poly(A)/oligo(U)-dependent poly(U)-polymerase (Polatnick, 

1980; Polatnick and Wool, 1981; Lowe and Brown, 1 9 8 1 ) . The primer-dependent 

poly(U)-polymerase forms part of a 70S complex composed of p56a and four 

host-specified polypeptides (Polatnick and Wool, 1 9 8 1 ) . By using an alterna

tive purification procedure, Lowe and Brown (1981) obtained a poly(U)-poly

merase preparation capable of transcribing FMDV RNA in the absence of primer. 

Upon further purification, the ability to transcribe FMDV RNA was lost, but 

p56a was recovered in a monomeric form which still displayed poly(U)-polyme

rase activity. The precursor of p56a, p72, did not display polymerase activi

ty in vitro, in analogy to the precursor polypeptide P3-2 of poliovirus 

(Lowe and Brown, 1981; Van Dijke and Flanegan, 1 9 8 0 ) . In addition, partially 

purified enzymes prepared from cells that have been infected with tempera

ture-sensitive mutants defective in FMDV RNA synthesis and producing an aber

rant p56a polypeptide, exhibited a temperature-sensitive poly(U)-polymerase 

activity in vitro (Lowe et al., 1 9 8 1 ) . From the available information, it 

can be concluded that p56a is the viral core polymerase, the amino acid se

quence of which has recently been determined (Robertson et al., 1 9 8 3 ) , and 

that other, not yet identified proteins are involved in initiation of FMDV 

RNA synthesis. 

3.2. NODAVIRUSES 

3.2.1. Genome structure and expression. 

The nodaviruses are the only animal viruses with a segmented (+)-type 

RNA genome (Friesen and Rueckert, 1 9 8 1 ) . In contrast to picornaviruses, 

they lack a 3' poly(A)-tai1 ; the nature of the 5'-end has not yet been esta

blished (Clewley et al., 1 9 8 2 ) . Their best studied members are nodamuravirus 

and black beetle virus ( B B V ) . A single isometric virus particle of 30 nm 

diameter contains two single-stranded RNAs (Longworth and Carey, 1976; 

Newman and Brown, 1 9 7 7 ) , referred to as vRNAl (mol.wt. 1.12 x 10 ) and vRNA2 

(mol.wt. 0.46 x 10 ) . Both RNAs are required for infectivity (Friesen and 

Rueckert, 1982) and have no base sequences in common (Clewly et al., 1 9 8 2 ) . 

In addition to these genomic RNAs, a subgenomic mRNA (RNA3, 9S) has been 

detected in infected Drosophila cells (Friesen and Rueckert, 1 9 8 2 ) . 

BBV RNAs can direct protein synthesis in cell-free translation systems 

to produce polypeptides of 104K (A) and 47K ( a ) , encoded by vRNAl and vRNA2, 

respectively (Fig. 4; Guarino et al., 1981; Crump and Moore, 1981; Friesen 

and Rueckert, 1 9 8 1 ) . Polypeptide a is the precursor of the BBV coat proteins 

ß (43K). and Y ( 5 K ) . BBV-infected Drosophila cells contain in addition to 

the viral polypeptides described above, a fifth polypeptide (B, 10K) which 
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has never been found in any in vitro system programmed with vRNAl and/or 

vRNA2. Recently, it was shown that protein B is the translation product of 

the subgenomic messenger RNA3 (Friesen and Rueckert, 1982). in vivo, poly

peptide A is only produced early in infection, although there is no signifi

cant difference between the ratios of vRNAl and vRNA2 early and late in the 

infection cycle. This result suggests that production of polypeptide A is 

in vivo regulated at the level of translation. No such regulation has been 

observed in an in vitro protein synthesizing system (Friesen and Rueckert, 

1982). 

3.2.2. Replication. 

Multiplication of BBV in cultured Drosophila cells appears to be very 

abundant as the amount of virus can run up to 20% of the cell mass (Friesen 

et al., 1980). Synthesis of viral RNAs in vivo is not affected by actino-

mycin D, suggesting the involvement of an RNA-dependent RNA polymerase in 

BBV replication (Friesen and Rueckert, 1982). A BBV RNA replication complex 

(̂  120S) capable of elongating nascent chains in vitro has been solubilized 
2+ from membranes by Mg -depletion. The labeled RNA product was recovered in 

a double-stranded form and represented (-)-type BBV RNA (Guarino and Kaes-

berg, 1981). Recently, however, it was shown that in the presence of RNase 

inhibitors mainly (+)-type BBV RNA, both in single-stranded and partially 

double-stranded form, was synthesized by the replication complex (Linda 

Guarino, personal communication). The size of the replication complex (120S) 

suggests the presence of residual membrane structures. The replicase has not 

been further identified sofar. 

Recently, BBV vRNAl was shown to be capable of self-replication in 
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Drosophila cells, a property not associated with vRNA2 (Friesen and Rueckert, 

1982; Gallagher et al., 1 9 8 3 ) . Replication and expression of vRNAl in the 

absence of vRNA2 is accompanied by the synthesis of large amounts of the sub-

genomic RNA3 and its translation product ( B ) . These results indicate that 

vRNAl carries genes involved in BBV RNA replication and that RNA3 is derived 

from vRNAl (Fig. 4 ) . A similar distribution of functions between two genomic 

RNAs is encountered among plant viruses containing a bipartite genome (sec

tion 4 ) . 

3.3. ALPHAVIRUSES. 

The alphaviruses of which Sindbis virus (SV) and semliki forest virus (SFV) 

have been studied in detail, belong to the togavirus family. Recently, 

several authors have extensively reviewed the properties of these viruses 

(Ka'a'riäinen and Söderlund, 1978; Schlesinger, 1980; Strauss and Strauss, 

1982) and, therefore, only the essential features of these viruses will be 

recapitulated here. 

3.3.1. Genome structure and expression. 

The single-stranded RNAs (42S) of SV and SFV, approximately 12,000 nucleo

tides in length, are packaged in capsids (̂  150S) composed of 200-300 copies 

of the capsid protein and the nucleocapsids are surrounded by an envelope 

consisting of a lipid bilayer and glycoproteins. In the infected cell, a 26S 

subgenomic mRNA is present in addition to the genomic RNA. Both RNAs possess 

a cap structure (m GpppN) at their 5'-termini and a 3'-terminal poly(A)-tai1. 

The 26S subgenomic mRNA, representing the 3'-terminal one-third of the geno

mic RNA (Fig. 5 ) , has recently been sequenced (Garoff et al., 1980a, b; Rice 

and Strauss, 1981; Ou et al., 1 9 8 2 ) . 

The 26S mRNA is translated into a polyprotein (NVP130, Fig. 5) which is 

the precursor of the capsid protein and three glycoproteins (El, E2 and E3) 

found in the envelope. The maturation of these structural polypeptides pro

bably requires two virus-encoded and two host proteases. One of the viral 

proteases, which seems to be contained in 'the capsid protein might be res

ponsible for the intramolecular cleavage in NVP130 (see Rice and Strauss, 

1 9 8 1 ) . 

Three stable nonstructural SV proteins (ns89, ns76 and ns60, Fig. 5) have 

been detected in vivo (Kà'à'ri Si nen and Söderlund, 1978) and are also found 

after in vitro translation of SV 42S RNA (Collins et al., 1 9 8 2 ) . These poly

peptides appear to be derived from three precursors (p250, p205 and p i 4 5 ) , 

which share the same amino-terminus (Collins et al., 1 9 8 2 ) . However, tempe

rature-sensitive (ts) mutants have been divided into four complementation 

groups (Strauss and Strauss, 1 9 8 0 ) , indicating the presence of a fourth 
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stable protein (X) which might be located in the carboxy-terminus of poly

peptide p250 (Fig. 5 ) . A similar processing map has been obtained for SFV 

nonstructural proteins (Fig. 5; Schlesinger and Ka'SriSi nen, 1 9 8 0 ) . 

3.3.2. Replication. 

Actinomycin D-resistent RNA polymerase activity has been demonstrated 

in subcellular fractions derived from alphavirus-infected cells. This RNA 

polymerase activity was associated with a viral RNA replication complex 

bound to cellular membranes. The viral RNA replication complex was capable 

of producing single-stranded viral RNAs in vitro (reviewed by Kà'à'rià'inen 

and Söderlund, 1 9 7 8 ) . Further purification of the replication complex 

caused the immediate loss of the ability to synthesize single-stranded 

RNAs, suggesting that essential factors for the release of single-stranded 

RNAs from the replication complex were removed (Clewly and Kennedy, 1976; 

Gomatos et al., 1 9 8 0 ) . The SFV replication complex purified by affinity 

chromatography contained two viral polypeptides, probably corresponding to 

ns70 and ns86 (Clewly and Kennedy, 1 9 7 6 ) . Of these, only polypeptide ns70 

was found associated with the SFV replication complex prepared by an alter

native procedure (Ranki and Kà'a'rià'i nen, 1979; Gomatos et al., 1 9 8 0 ) . These 
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results suggest that polypeptide ns70 might be responsible for polymerase 

activity in the SFV RNA replication complex. 

The involvement of three other viral polypeptides in alphavirus RNA re

plication is suggested by the fact, that ts-mutants of SV defective in viral 

RNA synthesis can be divided into four complementation g r o u p s , A, B, F and 

G. One mutant of complementation group B failed to produce (-)-strand RNA 

at the nonpermissive temperature (Sawicki et al., 1 9 8 1 a ) , whereas another 

mutant of group A was unable to turn off (-)-strand sythesis, normally oc

curring 3-4 hr after infection (Sawicki and Sawicki, 1980; Sawicki et al., 
1 9 8 1 b ) . Another ts-mutant, belonging to complementation group F, was defec

tive in synthesizing both (+)-strand and (-)-strand viral RNAs at the non-

permissive temperature (Sawicki et al., 1 9 8 1 a ) . These results obtained with 

ts-mutants of SV indicate that group F may represent the core polymerase, 

whereas the product of group B seems to be involved in specific initiation 

of (-)-strand RNA synthesis. Complementation group A could be required for 

regulation and termination of (-)-strand synthesis. Synthesis of subgenomic 

RNA appears to be controlled by both complementation groups A and G (Strauss 

and Strauss, 1 9 8 2 ) . 

In summary, alphavirus replication may involve four viral polypeptides 

required for viral RNA polymerase activity, specific initiation of ( + ) - and 

(-)-strand and subgenomic RNA synthesis, and regulation of the synthesis 

of the three viral RNA species, respectively. 

4. PLANT RNA VIRUSES 

Among the plant viruses containing a single-stranded (+)-type RNA genome 

are viruses with a monopartite genome, like TMV and TYMV, a bipartite 

genome, like CPMV and TBRV, and a tripartite genome, like BMV, CMV and A1MV. 

Monopartite viruses carry the information for virus multiplication contained 

within a single RNA molecule, whereas with bipartite- and tripartite genome 

viruses this information is divided among two and three single-stranded RNA 

m o l e c u l e s , respectively. With bipartite- and tripartite genome viruses, the 

different pieces of the genome are separately encapsidated. 

A variety of structures are found at the 5 1 - and 3'-termini of plant viral 

RNAs. With respect to the 3'-terminus, a poly(A)-tail (CPMV, T B R V ) , or a 

tRNA-like structure which can be aminoacylated in vitro (TMV, TYMV, BMV 

and CMV) has been found. Some viral RNAs have neither a poly(A)-tail nor a 

tRNA-like structure at their 3'-end ( A 1 M V ) . The 5'-ends of the genomic RNAs 

of a variety of viruses (TMV, TYMV, BMV, CMV and A1MV) carry a cap (= m 7 G p p p N 

similar to the structure found on eukaryotic m R N A s , but the genomic RNAs of 

other viruses contain a protein (VPg) covalently linked to the 5'-end (CPMV, 

TBRV and S B M V ) . 
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Two strategies for the expression of the genetic information encoded 

on the genome RNAs are to be distinguished: (i) Each genomic RNA is used 

as mRNA to direct the synthesis of one type of viral protein, even if the 

genomic RNA carries more than one gene. The expression of a second (or 

third) gene on the RNA molecule is regulated in vivo by the generation 

of a subgenomic mRNA, which only contains a part of the nucleotide sequence 

of the genomic RNA. This is found for example for TMV, BMV, CMV and A1MV. 

(ii) The genome RNAs are translated into high molecular weight, so-called, 

polyproteins, which comprise the complete coding information of the RNAs 

and are subsequently processed into smaller sized, presumably functional 

proteins. This mechanism has been described for CPMV and TBRV. A combination 

of these two strategies appears to be used by TYMV and TRosV. 

In the following, plant viruses will be discussed for which RNA replica

tion has been studied in some detail. It should be kept in mind, however, 

that uninfected plants contain RNA-dependent RNA polymerases, the activity 

of which is greatly enhanced upon virus infection. In several cases, this 

has led to confusing results. The RNA-dependent RNA polymerase from (healthy) 

plants will be considered in a separate section. 

4.1. TOBACCO MOSAIC VIRUS (TMV) 

4.1.1. Genome structure and expression. 

TMV is the type member of tobamo viruses carrying a monopartite single-

stranded RNA genome packaged in rod shaped particles with a length of about 

300 nm (for review see Shikata, 1977). The viral RNA is capped at its 5'-

terminal end, whereas the'3'-terminal sequence of the RNA can fold intc 

a tRNA-like structure, to be aminoacylated in vitro with histidine and 

valine in the case of the common strain and the cowpea strain of TMV, res

pectively (Haenni et al., 1982). TMV RNA has recently been completely se

quenced and shown to consist of a strand of 6395 nucleotides (Goelet et 
al., 1982). The 5'-proximal half of the TMV RNA genome encodes a 126K 

polypeptide, which is occasionally extended to a 183K polypeptide by read-

through of a leaky amber termination codon (Fig. 6; Goelet et al., 1982). 

Two other cistrons in TMV RNA encoding a 30K polypeptide, possibly involved 

in cell to cell spreading of the virus (Leonard and Zaitlin, 1982), and the 

17.5K coat protein, respectively, are expressed by the generation of subge

nomic mRNAs (Fig. 6) (Goelet and Karn, 1982; Hunter et al., 1983). 

4.1.2. Replication. 

Replication of TMV RNA appears to be associated with membrane structures 

in TMV-infe-cted tobacco leaves. The particulate fraction of TMV-infected 

leaves contains RNA-dependent RNA polymerase activity capable of synthesizing 
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in vitro double-stranded TMV RNA on endogenous viral RNA templates (Bradley ! 

and Zaitlin, 1 9 7 1 ) . The RNA-dependent RNA polymerase activity could be solu

bilized from the membranes using a nonionic detergent ( N P - 4 0 ) . Upon further 

purification, an enzyme was obtained which was almost completely dependent 

on the addition of RNA for activity, suggesting that the endogenous template 

of the viral replication complex had been removed. This solubilized enzyme, 

however, did not display template-specificity (Zaitlin et al., 1973) and 

turned out to be indistinguisable from an RNA-dependent RNA polymerase acti

vity occurring in the soluble (cytoplasmic) fraction of TMV-infected (Bris-

hammer and Junti, 1974) as well as uninfected tobacco leaves (Romaine and 

Zaitlin, 1 9 7 8 ) . It, thus, seems likely that the RNA-dependent RNA polymerase 

solubilized from the membranes is a host-encoded enzyme. When on the other 

hand, the RNA polymerase activity in the particulate fraction of TMV-infected 

tobacco callus cultures was solubilized by extraction with a Mg -deficient 

buffer, a completely template-dependent enzyme was obtained, which, upon 

further purification, showed a remarkable preference for TMV RNA as a tem

plate (White and Murakishi, 1 9 7 7 ) . The enzyme transcribed added TMV RNA 

into complementary RNA, some of which was recovered in long double-stranded 

forms ( R F ) . These results suggest that factors required for specific initia

tion of TMV (-)-strand RNA synthesis were present in the enzyme preparation 

of TMV-infected callus cells. Unfortunately, this approach has not been 

pursued for identifying the core polymerase and factors involved in initia-
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tion of TMV RNA synthesis. 

Evidence for the involvement of viral proteins in TMV RNA synthesis 

has been obtained from studies using ts-mutants of TMV (Dawson and White, 

1978, 1979). One ts-mutant was unable to produce viral RNA at the nonper-

missive temperature; another mutant did not synthesize single-stranded RNA, 

whereas production of double-stranded RNA was unaffected. These results sug

gest that functions for both (-)-strand and (+)-strand RNA synthesis are 

located on the viral genome. 

4.2. TURNIP YELLOW MOSAIC VIRUS (TYMV) 

4.2.1. Genome structure and expression. 

TYMV is the type member of the tymoviruses, a group of viruses composed 

of icosahedral particles about 30 nm in diameter and capsids made up of 180 

coat protein subunits (Matthews, 1977). The genomic RNA, approximately 6500 

nucleotides in length, is capped (m GpppN) at the 5'-terminus (Davies and 

Hull, 1982) and contains a tRNA-like structure at the 3'-end, which can be 

aminoacylated in vitro with valine (Haenni et al., 1982). Recently, it has 

been reported that a small portion of the TYMV RNA molecules in TYMV-infected 

chinese cabbage leaves occurs also charged with valine (Joshi et ., 1982). 

This aminoacylation of TYMV RNA must have been established in vivo, since 

virion RNA does not carry a valine residue at its 3'-terminus (Joshi et al., 
1982). TYMV coat protein is expressed by a subgenomic mRNA derived from the 

3'-terminal region of the genome (Fig. 7; Guilley and Briand, 1978). 
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in vitro translation of the genomic RNA results in two primary overlap

ping translation products of 150K and 195K, the latter of which arises by 

readthrough (Morch and Benicourt, 1980) and is subsequently processed in 
vitro into 120K and 78K polypeptides (Morch et al., 1 9 8 2 ) . The 120K polypep

tide, which might be a component of TYMV replicase (see b e l o w ) , is further 

cleaved in vitro into 82K and 35K polypeptides (Fig. 7 ) . In contrast to the 

195K polypeptide, the 150K primary translation product appears to be stable 

in vitro (Morch and Benicourt, 1 9 8 0 ) . In vivo, a large number of polypeptides 

with molecular weights varying between 12K and 190K have recently been de

tected in Chinese cabbage protoplasts infected with TYMV (Sugimura et al., 
1 9 8 1 ) , but it remains to be established whether these proteins are actually 

vi rus-encoded. 

4.2.2. Replication. 

TYMV RNA replication in vivo is associated with the chloroplast outer 

membrane (Lafleche et al., 1 9 7 2 ) . TYMV replicase has been extensively 

purified, starting with the particulate fraction isolated from TYMV-infec-

ted chinese cabbage cells (Lafleche et al., 1 9 7 2 ) . This fraction contained 

a replication complex capable of synthesizing in vitro (+)-strand viral RNA 

occurring in a double-stranded form (Mouches et al., 1 9 7 4 ) . Solubilization 

of the membrane-bound replication complex using the nonionic detergent Lubrol 

and removal of the endogenous template, resulted in a partially template-spe

cific RNA-dependent RNA polymerase sedimenting with a sedimentation coeffi

cient of 15S and capable of synthesizing (-)-type viral RNA, which remained 

associated with the added (+)-type template (Mouches et al., 1976, 1 9 8 1 ) . 

After further purification, the polymerase appeared to be composed of two 

major polypeptides of 120K and 45K. Antibodies raised against the purified 

enzyme were able to neutralize polymerase activity for 40-60%. These anti

bodies, moreover, immunoprecipitated the viral 120K polypeptide produced 

upon in vitro translation of TYMV RNA (Mouches et al., 1 9 8 1 ) . In addition, 

a host-encoded RNA-dependent RNA polymerase was identified in the soluble 

(cytoplasmic) fraction of both TYMV-infected and uninfected chinese cabbage, 

which sedimented at 6S and did not display template-specificity (Astier-

Manifacier and Cornuet, 1978; Mouches et al., 1 9 8 1 ) . 

In conjunction, these results indicate that TYMV replicase as characte

rized by Mouches et al., ( 1 9 8 1 ) , differs from the host-encoded RNA-dependent 

RNA polymerase and that the virus-encoded 120K protein may be a functional 

component of the TYMV replicase. 
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4.3. COWPEA MOSAIC VIRUS (CPMV). 

4.3.1. Genome structure and expression. 

CPMV is the type member of the comoviruses. These bipartite viruses con

tain a single-stranded RNA genome divided among two RNA molecules (B- and 

M-RNA), which are separately encapsidated. The capsids of CPMV are about 

24 nm in diameter and consist of two proteins (VP37 and VP23) present in 

equimolar amounts (Van Kammen and Mellema, 1977). Both RNA molecules contain 

a 3'-terminal poly(A)-tail and a small protein (VPg) covalently linked to 

the 5'-terminal UMP residue (Daubert et al., 1978; Stanley et al., 1978). 

Translation of M-RNA in vitro results in two primary translation pro

ducts (105K and 95K) which overlap at their carboxy-terminal ends (Fig. 8) 

(Pelham, 1979; Goldbach et al., 1981). The carboxy-terminal parts of these 

precursors represent the direct precursor (60K) of the two capsid proteins 

VP37 and VP23. The 60K capsid-precursor is cleaved from the 105K and 95K 

primary translation products by a B-RNA encoded protease (Franssen et al., 
1982). Generation of the mature capsid proteins from the 60K precursor has 

not yet been achieved in vitro. Indeed, the occurrence of two primary trans

lation products in vitro can be derived from the complete M-RNA nucleotide 

sequence (Van Wezenbeek et al., 1983), showing a single reading frame with 

two possible initiation codons in phase (Fig. 8) and with the proper dis

tance between them to account for the difference in size of the 105K and 
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95K polypeptides. Sofar, it has not yet been shown whether M-RNA in vivo 
is also translated into two polypeptides. 

Although both B- and M-RNA are required for multiplication of CPMV in 

intact leaves, B-RNA is capable of ,self-replication and expression in cowpea 

mesophyll protoplasts (Goldbach et al., 1980; Rezelman et al., 1 9 8 2 ) . There

fore the translation strategy of B-RNA has been studied both in vivo and 

in vitro. B-RNA is translated into a 200K polyprotein, which is subsequently 

cleaved into 32K and 170K polypeptides (Fig. 8 ) . The 170K protein is further 

processed into 110K, 87K, 84K, 60K, 58K, and possibly 24K polypeptides (Rezel

man et al., 1980; Goldbach et al., 1982; Goldbach and Rezelman, 1 9 8 3 ) . 

The genome-linked protein (VPg) is encoded on B-RNA (Stanley et al., 1980) 

and the membrane-bound, 60K polypeptide was demonstrated to be its direct 

precursor. Free VPg, which would be generated by processing of 60K into 58K, 

has never been detected in the infected cell. VPg thus occurs either con

tained in its precursor or linked to the 5'-ends of viral RNAs and is thought 

to be involved in initiation of viral RNA synthesis (Zabel et al., 1982; 

Goldbach et al., 1982; Dorssers et al. , 1982). 

The proteolytic activity responsible for cleaving the precursor of the 

capsid proteins appears to reside in the 32K polypeptide as inferred from the 

ability of antiserum raised against 32K polypeptide to inhibite the in vitro 
processing of the 105K and 95K polypeptides (Henk Franssen, personal commu-

ni cation). 

One or more B-RNA-specific polypeptides appears to be involved in viral 

RNA replication, since B-RNA is replicated in cowpea protoplasts independent

ly of M-RNA expression (Goldbach et al., 1 9 8 0 ) . Infection of isolated cowpea 

protoplasts with B components alone results in the induction of large vesi

cular membrane structures (Rezelman et al., 1 9 8 2 ) , in agreement with earlier 

findings (De Zoeten et al., 1974) showing that CPMV RNA replication is asso

ciated with such membranes. When purified B component was inoculated to pri

mary cowpea leaves, symptoms were not produced and B-RNA was incapable of 

spreading to surrounding cells. These observations suggest that M-RNA-enco-

ded functions may be involved in spreading throughout leaves (Rezelman et al., 
1982). 

4.3.2. Replication. 

Replication of CPMV RNA in vivo is associated with vesicular membranes 

of a cytopathic structure (Assink et al., 1973; De Zoeten et al., 1 9 7 4 ) . 

The particulate fraction of infected cells was shown to contain an RNA 

replication complex, capable of synthesizing double-stranded and possibly 

some single-stranded viral RNAs in vitro (Zabel et al., 1974; Stuik, 1 9 7 9 ) . 

This particulate fraction has been used as starting material for purifica

tion of the putative CPMV RNA replicase (Zabel et al., 1976; 1 9 7 9 ) . The 

36 



essential first step in this purification procedure was the solubilization 

of the bulk of RNA-dependent RNA polymerase activity by extracting the 
2+ 

membranes with a Mg -deficient buffer. The solubilized enzyme was subse
quently freed of endogenous template by salt-gradient elution from a DEAE-
Biogel A column. Glycerol gradient centrifugation, although a very efficient 
and gentle step for the further purification of the CPMV replicase, did not 
allow yet the RNA polymerase to be identified (Zabel, 1978; Zabel et al., 
1 9 7 9 ) . 

The completely template-dependent, DEAE-Biogel A column-purified enzyme 

displayed all properties of an RNA-dependent RNA polymerase (Zabel et al., 
1 9 7 9 ) . However, the enzyme copied all added templates with comparable ef

ficiency. To determine whether specific initiation did occur (i.e. specific 

recognition of the template as the first step in RNA replication), Zabel 

et al. (1979) used a nitrocellulose filter assay to monitor RNA-protein 

complexes, which are retained by nitrocellulose. The DEAE-Biogel A column-
32 purified enzyme appeared to bind P-labeled CPMV-RNA very efficiently. No 

such binding activity was observed in a comparable fraction from uninfected 

tissue. The binding of labeled CPMV RNA was specific, as only unlabeled 

RNA from CPMV and RaMV (another comovirus) was able to compete with labeled 

CPMV RNA in the binding assay. It was thus suggested that the DEAE-Biogel-

purified enzyme contains some protein (possibly the CPMV RNA replicase) 

interacting specifically with CPMV RNA. This protein might be virus-encoded 

as inferred from its absence in preparations from uninfected cowpea leaves 

(Zabel, 1978; Zabel et al. , 1 9 7 9 ) . Other investigators were unable to iden

tify a specific CPMV RNA-binding activity in preparations from CPMV-infected 

cowpeas and therefore concluded that a host-encoded RNA-dependent RNA poly

merase was probably involved in CPMV RNA replication (Ikegami and Fraenkel-

Conrat, 1980). 

In this thesis, data will be presented showing that the polymerase solu-
2+ bilized from the membranes by a Mg -deficient buffer is identical to an 

RNA-dependent RNA polymerase occurring in low amounts in uninfected cowpeas 

(Dorssers et al. , 1982; Chapter I I I ) . Using antiserum raised against the 

purified RNA-dependent RNA polymerase and an antibody-linked polymerase 

assay (ALPA), the host-encoded RNA polymerase was shown to be composed of 

a 130K polypeptide (Van der Meer et al. , 1983; chapter I V ) . In order to 

identify the core polymerase actually involved in viral RNA replication, 

we again focussed our attention on the membrane-bound CPMV RNA replication 

complex. By characterization of RNAs synthesized in vitro on the endogenous 

template, it was found that the viral replication complex remained strictly 

membrane-bound under conditions allowing the bulk of host enzyme to be 

released (Dorssers et al. , 1983; Chapter V ) . Following solubi1ization with 

Triton X-100 and partial purification on a Sepharose 2B column, the repli-
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cation complex remained capable of synthesizing full-length viral RNAs, 

without being contaminated by the host-encoded RNA-dependent RNA polymerase. 

In stead, a virus-specific B-RNA-encoded polypeptide was found associated 

with the replication complex and may constitute the core polymerase (Chapters 

VI and VII). 

4.4. BROME MOSAIC VIRUS (BMV). 

4 . 4 . 1 . Genome structure and expression. 

BMV is the type member of the bromoviruses containing a tripartite genome 

encapsidated in icosahedral virion particles. The three single-stranded 

genomic RNAs 1, 2 and 3 possess lenghts of 3300, 2865 and 2114 nucleotides, 

respectively (Ahlquist et al., 1981a; P. Ahlquist, personal communication). 

The 5'-termini of the genomic RNAs have a cap structure, whereas the 3 1 -

terminus can be folded into a tRNA-like structure (Haenni et al., 1982; 

Ahlquist et al., 1981b). Aminoacylation occurs at the 3'-ends of BMV RNAs 

both in vivo and in vitro, but no viral RNAs charged with tyrosine are found 

in virions (Loesch-Fries and Hall, 1982). 

Translation of the genomic RNAs 1, 2 and 3 in vivo and in vitro results 

in polypeptides of 110K, 105K and 35K, respectively (Fig. 9; Kiberstis et 
al., 1981). RNA 3 contains a second cistron located in the 3'-terminal half 

of the molecule, which is only expressed via a subgenomic mRNA (RNA 4, 

Dasgupta and Kaesberg, 1982) to encode the coat protein. 

Production of new virus particles in barley protoplasts requires all three 

genomic RNAs. Omitting RNA 3 from the inoculation mixture does not prevent 

the synthesis of viral proteins encoded by RNA 1 and 2. Apparently, RNA 1 

and 2 are replicated and expressed in the absence of RNA 3 and thus may en

code proteins involved in viral RNA replication (Kiberstis et al., 1981). 

4.4.2. Replication. 

A BMV RNA replication complex capable of producing double-stranded and 

single-stranded BMV RNAs in vitro is associated with membranes in the parti

culate fraction of BMV-infected barley (Semal and Kümmert, 1971). Solubili

zation with a nonionic detergent (NP-40) resulted in an enzyme preparation 

comprising both an RNA replication complex synthesizing (+)-strands on endo

genous RNA template molecules and an RNA-dependent RNA polymerase activity 

synthesizing (-)-strands on added RNA templates (Kümmert and Semal, 1977). 

The template-dependent enzyme showed some template-specificity, but did not 

discriminate between BMV RNA and RNA from CCMV, another bromovirus (Hadidi 

and Fraenkel-Conrat, 1973). Further purification led to stable enzyme pre

parations showing higher levels of template-dependence and template-specifi

city (CCMV RNA being five-fold less active than BMV RNA) (Hardy et al., 
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1 9 7 9 ) . In addition, the purified enzyme appeared to initiate correctly, 

as full-length double-stranded RNA was synthesized on exogenous RNA4. By 

using dodecyl-maltoside as detergent instead of NP-40, an enzyme prepara

tion was obtained which was more stable and displayed almost complete tem

plate-specificity (Bujarski et al., 1 9 8 2 ) . 

A complete template-dependent RNA-dependent RNA polymerase from BMV-infec-

ted barley was recently obtained by digesting the endogenous template RNA 

with micrococcal nuclease (Miller and Hall, 1983; Hall et al., 1 9 8 2 ) , without 

affecting the template-specificity. A comparable enzyme prepared from CCMV-

infected cowpeas, catalyzed incorporation of nucleotides into RNA complemen

tary to either CPMV, CCMV or BMV RNA. However, product analysis demonstrated 

that only CCMV and BMV RNA were transcribed into full-length copies. These 

results suggest that the enzyme from CCMV-infected cowpeas shows some tem

plate-specificity but does not discriminate between CCMV and BMV RNA (W.A. 

Miller, personal communication). The transcription of added BMV RNA into 

full-size copies indicates that the isolated enzyme from BMV-infected barley 

might constitute the BMV replicase. 

The partially purified enzyme from barley contained, among many other 

polypeptides, a 110K polypeptide, which was shown to be identical to the in 
vitro translation product of BMV RNA1 (Bujarski et al., 1 9 8 2 ) . Functional 

involvement of this 110K polypeptide in viral RNA replication, remains to 

be demonstrated. 

4.5. CUCUMBER MOSAIC VIRUS (CMV) 

4.5.1. Genomic structure and expression. 

CMV, the type member of the cucumoviruses, contains a tripartite genome. 
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The three single-stranded genomic RNAs 1, 2 and 3 are separately encapsi-

dated in icosahedral particles and possess lengths of about 4000, 3400 and 

2193 nucleotides, respectively (Gould and Symons, 1982; Symons et al., 1 9 8 3 ) . 

The 5'-termini of the genomic RNAs have a cap structure (m G p p p N ) , whereas 

the 3'-end can be folded into a tRNA-like structure to be charged with 

tyrosine in vitro (Haenni et al., 1 9 8 2 ) . Translation of the genomic RNAs 1 

and 2 in cell-free translation systems results in polypeptides of 95K and 

110K, respectively (Fig. 1 0 ) . RNA 3 is translated in vitro in a 36K polypep

tide, but also carries the cistron for coat protein in its 3'-terminal part. 

The coat protein, which is the only CMV-specific protein identified sofar 

in vivo, is expressed via a subgenomic mRNA (RNA 4) (Symons et al., 1 9 8 3 ) . 

4.5.2 Replication. 

The particulate fraction of CMV-infected cucumber contains a CMV RNA 

replication complex capable of elongating CMV RNAs in vitro on endogenous 

template RNA. (May et al., 1970; Symons et al., 1 9 8 3 ) . Both the particulate 

fraction and the soluble fraction of CMV-infected cucumbers have been used 

for the purification of template-dependent RNA-dependent RNA polymerases 

(Kumurasamy and Symons, 1979; Gill et al., 1 9 8 1 ) . The purified polymerase 

preparations were shown to be composed of a 100K polypeptide and variable 

amounts of 110K and 35K polypeptides. Although none of these polypeptides 

were present in preparations of uninfected cucumbers virtually devoid of 

polymerase activity, no homology with the in vitro translation products 

of CMV RNAs 1, 2 and 3 could be detected (Gordon et al., 1 9 8 2 ) . Furthermore, 

RNA-dependent RNA polymerase purified from CMV-infected tobacco and cucum

bers are composed of different polypeptides, indicating the absence of a 

CMV-specific polymerase (Takanami and Fraenkel-Conrat, 1 9 8 2 ) . These results, 

which suggest that the 100K polypeptide is the cucumber RNA-dependent RNA 

polymerase, strongly stimulated upon CMV infection, have been interpreted 
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