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Stellingen 

1. Het door het CPMV B-RNA gecodeerde 32K eiwit is een chaperone-eiwit voor 

het 170K eiwit. 

Dit proefschrift. 

2. De conclusie dat het ribonucleoside trifosfaat bindingsdomein in het 

poliovirus 2C eiwit een onmisbare functie in poliovirus RNA replicatie 

heeft, is voorbarig. 

Teterina et ai, 1992. J. Gen. Virol. 73, 1977-1986. 

Mirzayan en Wimmer, 1992. Virology 189, 547-555. 

3. Bij de analyse van cj's-klievingsactiviteit van het 24K proteinase van GFLV, 

gaan Margis en col lega 's voorbij aan de mogelijkheid dat 

aminozuursequenties stroomopwaarts van het VPg essentieel zijn voor de 

klieving tussen VPg en het 24K proteinase. 

Margis et al., 1991. Virology 185, 779-787. 

Margis et al., 1994. Virology 200, 79-86. 

4. De conclusie van Restrepo-Hartwig en Carrington dat aminozuurinserties 

in het 6kD domein van het TEV-polyproteïn geen invloed zouden hebben op 

de polyproteïn processing, zou met een in vitro vertaling van het volledige 

mutant RNA aannemelijker kunnen worden gemaakt. 

Restrepo-Hartwig en Carrington, 1994. J. Virol. 68, 2388-2397. 

5. Tang en collega's leveren geen enkel bewijs voor hun conclusie dat een 

hammerhead ribozym, gericht tegen het nucleoproteïne gen van het 

influenza A virus, in vivo het virale RNA klieft. 

Tang et al, 1994. J. Med. Virol. 42, 385-395. 



6. Het door het ministerie van WVC gepropageerde beleid "zorg op maat" ten 

aanzien van verstandelijk gehandicapte mensen is onrechtvaardig en 

respectloos, als men bedenkt dat door bezuinigingen kwalitatieve- en 

kwantitatieve tekorten in de internaten zijn ontstaan, die hebben geleid tot 

het isoleren en vastketenen van deze mensen. 

7. Tijdens het promotie onderzoek moet "promoter-mappen" worden 

ve rmeden . 

8. De stelling Ke4, e2 en Ke6, leidt met 1. e3,... tot het veroveren van oppositie 

en uiteindelijk tot promotie. 

Stellingen behorende bij het proefschrift 

"Multiple functions of the 32K and 60K proteins 

in cowpea mosaic virus RNA replication" 

door Sander A. Peters, 

te verdedigen op 7 oktober 1994 te Wageningen. 



Voor Jenny en Tom, 

aan mijn ouders. 
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Scope of the Investigations 



Cowpea mosaic virus (CPMV) is the type member of the comoviridae, a group of 14 

different plant viruses that have a divided genome consisting of two plus-strand 

RNAs. These RNAs, designated B-RNA and M-RNA, have a small protein, VPg, 

attached to the 5'-end and a poly(A) tail at the 3'-end and are separately packaged 

into icosahedral particles of 28 nm in diameter. Nucleotide sequence analysis has 

revealed that each RNA contains one large open reading frame. Upon infection 

the RNAs are translated into large polyproteins that are subsequently processed 

into several stable intermediate and final cleavage products. 

The B-RNA and its encoded enzyme activities constitute an autonomous RNA 

replicon, since the B-RNA can replicate independently of M-RNA in isolated plant 

cells. However, B-RNA is dependent on M-RNA for cell-to-cell movement in intact 

plants. The development of full-length cDNA clones, of B- and M-RNA from which 

infectious RNA transcripts can be derived, has made it possible to study the 

mechanism of viral gene expression in more detail. By introducing specific 

mutations in B cDNA clones, several functional domains in the B-polyprotein were 

identified, but the understanding of the activity of each individual B-RNA encoded 

protein in the replicative machinery is still incomplete. At the start of the 

research described in this thesis the B-RNA encoded 11 OK, which consists of the 

24K protein and the 87K core polymerase protein, has been shown to represent 

the viral RNA-dependent RNA-polymerase. The 60K protein has been proposed to 

function as a precursor for VPg, that probably has a role as a primer in the 

initiation of viral RNA replication. Furthermore, the 60K protein is thought to 

function in anchoring the viral RNA replication complex to membranes, known 

to be the site of viral RNA replication. Processing of the B-polyprotein is 

accomplished by the B-RNA encoded 24K proteinase, cleaving the viral proteins at 

specific Gln/Gly, Gln/Ser and Gin/Met sites. However, for efficient trans 

processing of the Gin/Met site in the M-polyprotein also the B-RNA encoded 32K 

protein is required. 

The studies described in this thesis were concentrated on elucidating the role of 

the 32K and 60K proteins in the viral replication process. The work presented in 

chapter 2 of this thesis was directed towards the role of the 32K protein in the 

polyprotein processing. By employing an in vitro t ranscription/translat ion 

system, to express specifically modified cDNA clones, it was shown that the 32K 

protein regulates both M- and B-polyprotein processing, by interacting with the 

58K domain of the 170K and 84K precursors of the 24K proteinase, thereby 

modulating the cleavage activity and specificity of the 24K proteinase. In 

chapters 3 and 4 processing of several VPg precursors has been examined. This 

study showed that in vitro processing of the 170K protein can occur via three 
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alternative pathways to generate 112K, 84K and 60K putative VPg precursor 

proteins. The 60K protein was found to be stable in this in vitro system, whereas 

the 112K and 84K proteins were processed and might function as a VPg precursor. 

Using a transient expression system, the 112K protein was evidently shown to 

function as a direct VPg precursor in cowpea protoplasts (chapter 4). 

A study on the biochemical properties of the B-RNA encoded 60K and 84K proteins 

is described in chapters 5 and 6 of this thesis. A covalent affinity labelling assay 

was exploited and the 60K and 84K protein were shown to specifically bind ATP, 

possibly at a ribonucleoside triphosphate binding motif (NTBM) located in the 58K 

domain of these proteins (chapter 5). In chapter 6 the effect of mutations that 

were introduced in the coding region of the NTBM is described. With this study an 

essential role in viral RNA replication could be attributed to the NTBM. 
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Chapter 1 

General Introduction 



1.1 The nature of plus-strand RNA viruses 

Viruses are among the smallest of all life forms. Their chemical composition is 

remarkably simple. The major constituents are protein and RNA or DNA. 

Evenmore simple are viroids which consists of small RNA molecules only. Viruses 

are obligate intracellular parasites that have evolved efficient mechanisms for 

replication, genome expression, packaging strategies, as well as generating 

genetic diversity, which allow them to survive in and to respond quickly to 

changing intra- and extracellular conditions. Although constraint by their 

coding capacities, viruses are able to apply many of the host cell functions for 

their own purposes of replication. They have very limited genetic information 

and encode primarily some specific functions required for virus multiplication. 

The plus-strand RNA viruses are a diverse group that can infect prokaryotes as 

well as eukaryotes, both plants and animals. After infection the parental genomic 

RNA is translated in non-structural proteins that are necessary for viral RNA 

replication. One of these proteins is a RNA-dependent RNA-polymerase (RdRp), 

which is effective as a viral RNA replicase. The replication cycle of plus-strand 

RNA viruses involves the synthesis of complementary minus-strand RNA, which 

then in turn serves as template for synthesis of progeny plus-strand genomic 

RNAs. Both minus-strand RNA and plus-strand RNA are synthesized by the virus 

encoded RdRp. Minus-strand RNA viruses, at the other hand, have a virion 

associated RdRp that after infection produces first mRNA molecules from which 

more RdRp molecules are translated. Concomitantly, replication starts with the 

synthesis of full-length complementary RNAs that serve as templates for the 

synthesis of negative-strand genomic RNAs. 

The investigations described in this thesis were focussed on the analysis of the 

possible functions of some of the proteins encoded by the plant virus cowpea 

mosaic virus (CPMV) in the replication of the RNA genome of this virus. CPMV is a 

representative of the plus-strand RNA viruses. As an introduction, in this chapter 

a comparison with other plus-strand RNA viruses will be made as background 

information for the interpretation and discussion of the experimental results 

which are described in chapters 2 to 6 hereafter. 

1.2 Superfamilies of positive-strand RNA viruses 

The plus-strand RNA viruses exhibit an incredible diversity of morphology, host 

range, genome structure and expression. During the last decade the nucleotide 

sequences of the genomic RNAs of many viruses have been determined. This has 
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allowed extensive sequence homology studies which considerably contributed to 

the insight into the genome organization and different strategies of expression 

and replication of positive-strand RNA viruses. Such studies have revealed a 

number of striking homologies among otherwise disparate virus groups and has 

resulted into the division of related virus groups into large families, known as 

'superfamilies'. Available data so far indicate that most of the plus-strand RNA 

viruses can be divided into two superfamilies which are the 'Sindbis'-like or 

'alphavirus-like' superfamily and the 'picorna-like' superfamily respectively 

(Goldbach, 1986; Goldbach and Wellink, 1987). The viruses of the first group are 

related to the animal Sindbis virus (an alphavirus) and include plant bromo-, 

carla-, clostero-, cucumo-, furo-, hordei-, ilar-, tobamo-, tobra-, tymo-, and 

potexviruses, and animal alpha- and rubiviruses (Goldbach et al., 1991). They 

contain enveloped and non-enveloped viruses and comprise a wide variety of 

virion morphologies with either icosahedral, rod-shaped or bacilliform particles. 

All viruses belonging to this superfamily contain a cap-structure at the 5'-

terminal end of the genomic RNA. The 3'-end of the genomic RNAs is less uniform 

and may possess a poly(A) tail, a tRNA-like structure or another structure. Criteria 

for the grouping of viruses in this superfamily include a similar arrangement of 

three conserved elements in the replicase proteins of these viruses (reviewed by 

Goldbach et al., 1991). These are a methyltransferase-motif, possibly involved in 

capping of the viral genome (Dunigan and Zaitlin, 1990; Goldbach et al., 1991), the 

'Walker-motif and the 'GDD-motif which will be discussed hereafter. 

The picorna-like superfamily, includes animal picorna- and caliciviruses and 

plant como-, poty-, nepo- and bymoviruses. (Goldbach, 1986; Domier et al., 1987; 

Strauss et al., 1990; King et al., 1991). CPMV is a comovirus and therefore belongs to 

the picorna-like viruses. The viruses of this superfamily are much more uniform 

in capsid architecture, genome structure and expression strategy then found for 

the members of the 'Sindbis-like' superfamily. The picorna-like viruses have 

icosahedral virions except for potyviruses and bymoviruses, which have rod-

shaped virions. Their single-stranded genomic RNAs are 3'-polyadenylated. A 

major difference with alpha-like viruses is that they have a small protein, VPg 

(viral protein genome linked), attached to the 5'-end of their RNAs. Their genomic 

RNAs are translated into large polypeptides, so-called polyproteins, containing 

different functional domains. The replication of these viruses depends entirely on 

the full expression of proteins contained within the polyprotein and requires the 

action of proteolytic enzymes to separate the functional domains. This attests to 

the key role that a controlled proteolytic processing plays in replication of these 

viruses (Kemp et al., 1992). The involved proteinases are encoded by the virus 

15 



itself and cleave at specific sites to generate the functional mature proteins 

(Goldbach, 1987; Goldbach and Wellink, 1988; Strauss et al., 1990). They all show a 

clear sequence homology to each other and contain a cysteine residue at their 

active site (Wellink and Van Kammen, 1988; Kräusslich and Wimmer, 1988; Helen 

et al., 1989). Remarkably, these viral proteinases are related to trypsin-like serine 

proteinases (Gorbalenya et al., 1989a), which contain a catalytic serine residue 

(Bazan and Fleterick, 1989). The substitution of a serine residue by a cysteine is 

characteristic for the proteinases in the picorna-like viruses (King et al., 1991). 

Homologous regions found for the non-structural proteins include furthermore a 

conserved 'GDD-motif' and a nucleoside triphophate binding (NTBM)-motif or 

'Walker-motif. Remarkably, the proteins with these motifs are arranged in the 

same order within the multidomain proteins, NH2-NTB M - V P g - p r o t e i n a s e -

polymerase-COOH respectively (Argos et al., 1984; Gorbalenya et al., 1989b). 

Comparison of amino acid sequences revealed that the GDD amino acid motif 

flanked by hydrophobic stretches is common to all RdRps of animal-, plant- and 

bacterial RNA viruses. In addition, a second conserved amino acid motif 

S/GXXXTXXXNT/S (X represents any amino acid) is located upstream of the GDD 

motif (Kamer and Argos, 1984; Franssen et al., 1984a; Argos, 1988; Ishihama and 

Nagata, 1988; Poch et al., 1989). A more detailed comparison of plant viral 

(putative) RdRps revealed that not less than eight blocks of amino acids are 

conserved (Koonin, 1991a). The GDD-motif has been proposed to be involved in the 

polymerase function, either directly by binding ribonucleotides or by binding of 

Mg2 + -ion as a cofactor (Argos, 1988), whereas possible functions for the other 

motifs are not known at present. 

By screening a vast number of viral genome sequences it was shown that proteins 

containing a nucleoside triphosphate binding motif (NTBM) are non-randomly 

distributed among different virus classes (Gorbalenya and Koonin, 1989). 

Approximately 80% of all viral plus-strand RNA genomes encode one or two NTBM-

containing proteins, which have been classified into three distinct protein 

families on the basis of sequence analysis and secondary structure predictions 

(Gorbalenya, 1992). NTBM-containing proteins encoded by 'picorna-like' plant 

como- and nepoviruses and animal picornaviruses and the 'Sindbis-like' viruses 

respectively form two distinct families (Hodgeman, 1988; Gorbalenya et al., 1988). 

Remarkably, although the NTBM-containing proteins of the picorna-like 

supergroup are all located in similar positions of the cistron maps, the poty- and 

bymoviral NTBM-containing proteins are more closely related to animal flavi- and 

pestiviral NTBM-containing proteins and together form a third family of viral 

NTBM-containing proteins (Lain et al., 1989). Also, the position of the coat protein 
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downstream of the conserved gene set, differs in the potyviruses and bymoviruses 

from the other plant and animal viruses of the picorna-like superfamily. It 

therefore appears that poty- and bymoviruses are somewhat more distantly 

related to the other members of this superfamily. The genome organization and 

amino acid homologies described above are summarized in Fig. 1. The implications 

of the sequence homology found for the non-structural proteins and the 

similarity in genome organization will be discussed hereafter. 
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Fig. 1. Comparison of the genomic RNAs of members of the superfamily of picorna-like 

viruses including poliovirus (picornaviruses), cowpea mosaic virus (comoviruses), tobacco 

black ring virus (TBRV, nepoviruses) and tobacco etch virus (TEV, potyviruses). Sequences 

were determined by Kitamura et al., 1981 for poliovirus; Van Wezenbeek et al., 1983 and 

Lomonossoff and Shanks, 1984 for CPMV; Meyer et al., 1986 and Grief et al., 1988 for TBRV; 

Allison et al., 1986 for TEV. Open reading frames are represented as open bars. The regions 

which share significant amino acid homology in the gene products are indicated by shaded 

areas (Domier et al., 1987; Goldbach and Wellink, 1988). Abbreviations: Tra, transport 

function: CP, capsid protein(s); Pro, proteinase; Pol, core RNA-dependent RNA-polymerase; 

Hel, RNA helicase; HC-Pro, helper component-proteinase; CI. cilindrical inclusion protein: NI, 

nuclear inclusion protein: VPg, viral protein genome linked; An, poly(A) tail. Symbols: * , 

nucleoside triphosphate binding domain; • , proteinase domain; • , polymerase domain; • . VPg. 

1.3 Viral RNA replication of picorna-like viruses 

The amino acid homologies for the non-structural proteins, and the similarity in 

genome organization, presumably reflect the employment of one and the same 

mechanism of RNA replication by the members of the picorna-like superfamily 

(Van Kammen et at., 1987). Since CPMV is a member of this superfamily, I shall 
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discuss some specific features of the picorna-like viral RNA replication. A great 

deal of experimental results have been obtained from studies on polioviral RNA 

replication and expression and these have considerably contributed to a better 

understanding of the replication of viruses belonging to the picorna-like 

superfamil y. 

1.3.1 The role of membranes 

For many years it has been known that an infection of cells by poliovirus 

stimulates phospholipid biosynthesis (Vance et al., 1980), and is accompanied with 

the formation of membranous vesicles in the cytoplasm of infected cells, which 

are thought to be the site of replication (Giachetti and Semler, 1991 and 

references therein). The physical association of 2C and 2BC proteins with virus 

induced smooth surfaced membranous vesicles has been observed (Butterworth et 

al., 1976; Bienz et al., 1983) and it has therefore been suggested that the 2BC and/or 

2C proteins induce the continuous formation of the vesicular membranes (Bienz e t 

al., 1987). Interestingly, the cilindrical inclusion (CI) protein of pea seedborne 

mosaic virus (PSbMV, potyviridae), which has sequence homology with the 

poliovirus 2C protein (Domier et al., 1987) (see Fig. 1), is also found to be associated 

with smooth surfaced vesicles that upon infection appear to be induced by this 

protein (Calder and Ingerfeld, 1990). Cerulenin, a potent inhibitor of lipid 

biosynthesis, has been demonstrated to effectively block RNA synthesis in Hela 

cells, indicating that continuous phospholipid biosynthesis is required for 

successful replication of the poliovirus genome (Carrasco et al., 1989; Guinea and 

Carrasco, 1990). A similar effect of cerulinin on encephalomyocarditis virus 

(EMCV), also belonging to the picornaviruses, has been reported (Perez et al., 

1991; Perez and Carrasco, 1991). Furthermore, the fungal metabolite brefeldin A, 

which is known to block the movement of transport vesicles from the ER to the 

Golgi apparatus, also is an inhibitor of poliovirus replication, suggesting that 

poliovirus replication depends on the formation and trafficking of these vesicles 

(Maynell et al., 1992). Taking into account these experimental data, the formation 

and redirection of such vesicles might be a common requirement shared by the 

members of the 'picorna-like' virus superfamily. Bienz et al. (1990) showed that 

guanidine either directly or indirectly prevents 2C and 2C precursor proteins 

from associating with vesicular membranes. This result is consistent with the 

proposal that the 2C domain serves in anchoring the polioviral replication 

complex to the membranes. Indeed, treatment of membrane complexes with 

detergents, released polymerase activity from the membranes, capable of 



elongating nascent viral RNA chains. However, initiation of replication on 

exogenous template could not be achieved after solubilization (Lundquist and 

Maizel, 1978; for a review see Kuhn and Wimmer, 1987). Apparently initiation of 

replication is dependent on a membrane associated replication complex 

(Etchinson and Ehrenfeld, 1981; Takeda et al., 1986). 

1.3.2 The role of VPg 

The mechanism of initiation of viral RNA replication has not yet been solved. The 

genomic RNAs of picorna-like viruses have a small protein VPg covalently linked 

to their 5'-end. Analysis of genome linked proteins revealed that these proteins 

are bound via a phophodiester bridge to the 5'-terminal nucleotide of the RNA 

chain. This has suggested a function for the VPg in viral RNA replication, 

perhaps at the level of initiation (Wimmer, 1982; Eggen and Van Kammen, 1988). A 

partially purified replication complex from poliovirus infected Hela cells has 

been found capable of uridylating VPg in vitro, which could then be elongated 

into longer VPg-oligonucleotide products under conditions which favour RNA 

synthesis (Takeda et al., 1986). Furthermore in poliovirus VPg is found linked to 

both nascent plus-strands of replicative intermediate (RI) molecules and to the 5'-

terminal poly(U) of minus-strands of RI. It is therefore possible that uridylated 

VPg serves as a primer for the synthesis of viral RNA chains by poliovirus RdRp 

( 3DP o 1 ) , (for reviews see Kuhn and Wimmer, 1987; Semler et al., 1988). The 

observations that poliovirus specific RNA polymerase is strictly primer-

dependent (Van Dyke and Flanegan, 1980), that small amounts of VPg-pUpU can be 

found in poliovirus infected cells (Crawford and Baltimore, 1983), that uridylation 

of VPg into VPg-pU and VPg-pUpU can be achieved with crude membrane 

fractions obtained from polio infected cells (Takegami et al., 1986) which can be 

elongated into longer products (Takeda et al., 1986), that anti-VPg antibodies 

specifically inhibit viral RNA synthesis (Baron and Baltimore, 1982), and that 

mutations in VPg that prevent uridylation abolish synthesis of viral genomic RNA 

(Reuer et al., 1990; Giacnetti and Semler, 1991), substantiate the protein-primed 

model for initiation of replication. Since VPg is found linked to the 5'-terminal 

uridylic acid residue of both plus- and minus-strands, it has been suggested that 

the mechanism of initiation of both RNA strands involves VPg. However, this 

proposed mechanism for initiation of viral RNA replication awaits further 

experimental evidence. 
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1.3.3 The role of the NTBM-containing proteins 

Enzymes that use ATP for their activity, like the a - and ß-subunits of ATP 

synthetases, myosin, adenylate kinase, recA, many kinases, translation elongation 

factors and cellular RNA helicases (e.g eIF4A) and DNA helicases (uvrB, uvrD, rep, 

recB, recD, recQ and human nuclear protein p68), contain a nucleoside 

triphosphate binding motif (NTBM), consisting of the A- and B-domain that make 

up the two most important elements of the NTBM (Walker et al., 1982). The A-site 

consists of a flexible loop (P-loop) (Rossmann et al., 1974; Saraste et al., 1990) and 

comprises the consensus sequence A/GXXXXGKS/T (X represents any amino acid) 

involved in the binding of the pyrophosphate moiety of ATP. The B-site consists of 

a ß-sheet strand ending with an invariant Asp residue as a part of the consensus 

sequence (Z)sDD/E (Z represents a hydrophobic amino acid) (Rossmann et al., 

1974), interacting with the Mg2+-ion complexed with the phosphates. 

The presence of the NTBM unifies numerous proteins which play a crucial role in 

energy demanding biochemical processes such as replication, transcription, 

recombination and repair of DNA, membrane transport, mRNA translation, signal 

transduction and folding of polypeptides assisted by molecular chaperones. 

Secondary structure predictions suggest similarity between cellular DNA and RNA 

helicases and NTBM-containing proteins from picorna-like potyviruses and flavi-

and pestiviruses (Gorbalenya et al., 1989c). Up to seven highly conserved 

stretches, including both the A and B-site of the NTBM, were found in these 

cellular helicases and viral proteins (Gorbalenya and Koonin, 1988; Gorbalenya et 

al., 1989c; Lain et al., 1989; Koonin, 1991b). Based on this sequence homology and 

predicted protein structures, it was alleged that a conservation of helicase 

function for viral NTBM-containing proteins might underlie the observed 

similarities (Gorbalenya et al., 1988; Gorbalenya et al., 1989b). For replication of 

RNA viruses the need for a helicase activity does not seem obvious, as their 

genomes are single stranded. However, in synthesizing minus-strand RNA from 

the genomic viral RNA and subsequently synthesizing progeny plus-strand RNA 

from minus-strand templates, the replication machinery should function such 

that templates become time and again available for a new round of replication. 

Therefore the replication mechanism might involve an RNA-unwinding 

(helicase) activity to resolve both intramolecular base-pairing in template RNA or 

to prevent the formation of extensive base-pairing between template RNA and the 

nascent complementary strand. Indeed, the CI protein of plum pox virus (PPV, 

potyviruses), which has a NTBM with A and B-sites, has been shown to display an 

ATP-dependent RNA helicase activity (Lain et al., 1990, 1991). 
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Remarkably, for other NTBM-containing proteins of the picorna-like superfamily 

sequence homology suggests a closer relation with NTBM-containing proteins of 

small DNA viruses (Gorbalenya and Koonin, 1989; Gorbalenya et al., 1990). A 

number of studies on the biochemical properties of SV40 (papovaviruses) large T 

antigen and mutants thereof revealed that large T protein regulates the initiation 

of SV40 DNA replication (Auborn et al.. 1989; Weiner and Bradley, 1991; Wessel et 

al., 1992; Ray et al., 1992). Furthermore both DNA and RNA helicase activity could 

be attributed to large T-antigen of SV40 and has been shown to be essential for 

viral DNA replication (Stahl et al., 1986; Scheffner et al., 1989). Guanidine-

resistant and guanidine-dependent mutants of poliovirus, foot-and-mouth disease 

virus (FMDV) and encephalomyocarditis virus (EMCV) have been shown to map in 

or near the conserved 'A' and 'B' site of the NTBM in the 2C proteins encoded by 

these viruses. (Pincus and Wimmer, 1986; Pincus et al., 1986; Li and Baltimore, 

1988; Baltera and Tershak, 1989). The antiviral activity of guanidine has been 

ascribed to inhibition of initiation of RNA synthesis and release of RNA chains 

from the replication complex (Kuhn and Wimmer, 1987; Semler et al., 1988; Li and 

Baltimore, 1988). Although little is known about the process, it could involve a 

helicase activity. However, to date no direct evidence has been published 

indicating that the 2C or 2C precursor proteins of picorna viruses are involved in 

RNA unwinding activity. In addition to the conserved A and B-sites, the sequence 

similarity for 2C-like proteins with the other NTBM-containing proteins of the 

picorna-like superfamily is limited to one more conserved segment (Gorbalenya e t 

al., 1988). As yet the role of 2C-like proteins and their possible function in viral 

RNA replication remains uncertain. 

1.4 Genome structure and organization of CPMV 

CPMV has Vigna unguiculata (L.) (also known as cowpea, southernpea or 

blackeyed pea) as its natural host. The virus has been elevated to type member of 

the comoviridae, a group of 14 different plant viruses that have a number of 

characteristic molecular features in common (for a review see Eggen and Van 

Kammen, 1988). Other members of this group to which will be referred are red 

clover mottle virus (RCMV), cowpea severe mosaic virus (CPSMV) and bean pod 

mottle virus (BPMV). The genome of CPMV consists of two positive strand RNAs, 

designated B-RNA and M-RNA, that are separately packaged into icosahedral 

particles of approximately 28 nm in diameter. A successful infection depends on 

the expression of both M and B-RNA, but there is a clear distinction in functions 

encoded by the genomic RNAs. Whereas M-RNA encodes the structural proteins 
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and proteins involved in cell-to-cell movement (Wellink and Van Kammen, 1989), 

the viral functions needed for RNA replication are encoded by the B-RNA 

(Goldbach et al., 1980). The capsids of both B and M-nucleoprotein components 

contain 60 copies of two different coat proteins, VP37 and VP23 respectively. B-

RNA has a poly(A)-tract at the 3'-end of approximately 80 nucleotides and the M-

RNA of about 160 nucleotides (Ahlquist and Kaesberg, 1979). The function of the 

poly(A) tail remains unclear, but it has been proposed that the poly(A) tail 

protects the RNA against degradation (Huez et al., 1983; Eggen et al., 1989a). For 

CPMV it was found that the VPg is attached to the 5'-terminal uridine of the 

genomic RNAs by a phosphodiester bond to the ß-OH group of the serine residue at 

the N-terminal end of the protein (Jaegle et al., 1987). The role of VPg will be 

further discussed in the paragraph on the replication of CPMV. 

1.5 Expression of CPMV B-RNA 

The B-RNA sequence with a length of 5889 nucleotides contains a 5'-nontranslated 

region of 206 nucleotides, a single open reading frame of 5601 nucleotides 

including an AUG-codon at position 207, an UAG stopcodon at position 5805, a 3' 

nontranslated region (NTR) of 82 nucleotides and then a 3'-poly(A) tail 

(Lomonossoff and Shanks, 1983). CPMV employs polyprotein processing as a 

strategy to regulate its gene expression. Upon infection, the B-RNA is translated 

into a 200K polyprotein that is rapidly processed into 32K and 170K primary 

cleavage products (Pelham, 1979; Rezelman et al., 1980; Goldbach et al, 1981). The 

processing of the 32K protein occurs on the nascent polypeptide chain soon after 

the ribosomes have traversed the coding sequence of the 24K protein, which 

contains proteolytic activity (Franssen et ai, 1984b; Peng and Shih, 1984). The 32K 

protein interacts with the 58K domain of the 200K polypeptide to form a complex, 

as is suggested by the observation that anti-serum directed against the 32K 

polypeptide coprecipitated the 58K protein and 60K, 84K and 170K precursors of 

this protein (Franssen et al., 1984c). The 24K protein has been identified as the 

viral proteinase (Verver et al., 1987; Vos et al., 1988a). Mutational analysis 

indicates that amino acid residues His40, Glu76 and Cysl66 are the active residues 

in the 24K proteinase (Dessens and Lomonossoff, 1991). The proteinase cleaves the 

viral proteins at specific Gln/Ser, Gin/Met and Gln/Gly sites (Wellink et al., 1986) 

to yield functional mature proteins. Since only a few out of a vast number of such 

amino acid pairs are cleaved, it is obvious that additional determinants must play a 

role in the selection of the cleavage site. After the synthesis of the 170K protein 

has been completed, further processing gives rise to the 110K, 87K, 84K, 60K, 58K, 
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24K and VPg proteins. All proteins but free VPg have been observed in vivo, 

implying that the different cleavage products may perform essential functions in 

viral proliferation. The order of the cleavage products, which are displayed in Fig. 

2, has been deduced from the coding regions, by peptide mapping and sequencing 

the amino terminal ends of the various processing products (Rezelman et al.. 1980; 

Goldbach and Rezelman. 1983; Zabel et al., 1984; Wellink et al., 1986). 
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Fig. 2. Expression of CPMV M-RNA and B-RNA. The large open reading frame on both genomic 

RNAs are represented by an open bar. Positions of start and stop codons are indicated. The 

cleavage sites on the polyproteins and processing intermediates are indicated by O . Gin/Met; 

V, Gln/Gly and T . Gln/Ser. VPg is indicated by a black square, whereas the other proteins are 

represented by a solid line. Known protein functions are indicated as well. 

In contrast to the primary processing of the 200K polyprotein into the 32K and 

170K proteins, cleavages at processing sites in the 170K protein occur at a much 

slower rate (Franssen et al., 1984b). Processing into 84K and 87K proteins has been 

shown to proceed more rapidly than the cleavage by which the 60K and 110K 

proteins are generated (Franssen et al., 1984b). It is not clear why CPMV utilizes 

these alternative cleavage pathways. Possibly cowpea mosaic virus controls the 

release of discrete proteins from the parent polyprotein by varying rates of 

cleaving and in that way regulates the function of its viral gene products. 

However, the mechanism by which this cascade of proteolytic cleavages is ordered 

is still obscure. 
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1.6 Expression of CPMV M-RNA 

The M-RNA has a length of 3481 nucleotides and consists of a 5'-nontranslated 

region of 160 nucleotides, an open reading frame starting from the AUG codon at 

position 161 to the UAG stopcodon at position 3299, a 3' NTR of 180 nucleotides and a 

3'-poly(A) tail (Van Wezenbeek et al., 1983). In vitro the M-RNA is translated into 

two C-terminal overlapping polyproteins of 105K and 95K that arise from 

initiation of translation at nucleotide position 161 and 512 respectively (Vos et al., 

1984; Holnes et al., 1989). In studies using ZnCl2, which was shown to inhibit the 

viral proteinase activity (Wellink et al., 1987), both polyproteins have also been 

observed in cowpea protoplasts (Rezelman et al., 1989). Evidence from in vitro 

translation studies indicates that ribosomes can bypass the AUG codon at position 

161 by leaky scanning and start translation at position 512 (Verver et al., 1991). 

Furthermore, in vitro the sequence between position 161 and 512 is able to support 

internal entry of ribosomes allowing initiation of translation at position 512 

(Verver et al., 1991; Thomas et al., 1991). The 105K and 95K proteins are 

proteolytically processed into 58K/48K proteins and the 60K capsid precursor 

(Pelham, 1979; Franssen et al., 1982; Vos et al., 1988b). The latter protein is then 

further processed into the two capsid proteins, VP37 and VP23 (see Fig. 2). The 

58K/48K and the capsid proteins are involved in cell-to-cell transport of the virus 

(Wellink and Van Kammen, 1989). A CPMV infection is accompanied by the 

appearance of typical tubular structures that penetrate through the cell wall into 

a neighbouring cell. These tubular structures contain viral particles suggesting 

the movement of the virus through these tubules. By immunogold labelling it has 

been shown that at least the 58K and/or 48K proteins are components of these 

structures (Van Lent et al., 1990, 1991). Transient expression of the 48K protein in 

cowpea protoplasts is sufficient to induce these structures (Wellink et al., 1993). 

The 58K and 48K proteins differ in cellular localization. Whereas the 48K protein 

is found both in the cytoplasm and membrane fraction (Rezelman et al., 1989), the 

58K protein seems to be mainly located in the nucleus (Wellink et al., 1993), 

suggesting a functional difference for the proteins in viral proliferation. The 

48K/58K proteins are generated by trans cleavage of the Gin/Met site in the M-

polyprotein. The 24K proteinase carries out this cleavage, but also the 32K protein 

is required, although the latter protein bears no proteolytic activity (Vos et al., 

1988b). The underlying mechanism by which the 32K protein promotes this 

proteolytic cleavage is unclear. 
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1.7 Replication of CPMV 

Eggen and Van Kammen (1988) have proposed a replication model for a membrane 

bound replication complex, in which the B-RNA encoded 60K protein associated 

with membranes, functions as membrane anchor for the replication complex and 

as a supplier for VPg. In the replication complex the 60K protein is associated with 

the 110K viral replicase and a putative host factor. The 110K protein contains the 

24K proteinase that is needed to release the VPg from its precursor. Analogous to 

poliovirus, the VPg is uridylated and serves as a primer for the synthesis of RNA 

by the 110K replicase. The 87K region in the 110K protein represents the active 

core-polymerase domain and contains the conserved GDD amino acid sequence 

motif flanked by hydrophobic stretches and the S/GTXXXTXXXNT/S motif that is 

characteristic for RNA-dependent RNA-polymerases of several plant and animal 

viruses (Kamer and Argos, 1984; Argos, 1988; Ishihama and Nagata, 1988; Poch et 

al., 1989; Koonin, 1991a). 

This replication model has been deduced from several observations. The CPMV B-

RNA with its encoded enzyme activities constitute an autonomous replicon, since it 

is able to replicate in cowpea protoplasts independently from M-RNA (Goldbach et 

al., 1980). Therefore the viral proteins that are necessary for RNA replication are 

clearly restricted to the B-RNA encoded proteins. VPg is found covalently bound to 

the 5'-ends of both positive and negative strands in the replicative forms isolated 

from CPMV-infected fractions (Lomonossoff et al., 1985). VPg has no function in 

translation, nor an obvious role in infectivity, since this is not abolished when 

the VPg is removed from the viral RNAs (Stanley et ai, 1978; Eggen et al., 1989b). 

As has been suggested for poliovirus, VPg very likely has a primer function in 

viral RNA synthesis and is generated in an active replication complex at the 

initiation of RNA synthesis. Because VPg has not been observed as a free protein, 

VPg probably enters the RNA replication complex in a precursor form. Since VPg 

is a strongly polar (basic) protein, it must be delivered to the membranes by a 

lipophilic carrier. Probably the 58K domain of the 60K protein performs this 

function as in membrane fractions from CPMV infected protoplasts both the 58K 

and the 60K proteins were detected tightly bound to the membranes (Goldbach e t 

al., 1982). No evidence for a smaller precursor was found and therefore the 60K 

protein was proposed to function as a direct VPg precursor (Zabel et al., 1982; 

Goldbach et al., 1982, Dorssers et al., 1984). However, this is not yet definitively 

established, since actual cleavage of the 60K protein into 58K and VPg has never 

been observed. Moreover, also a 112K protein (VPg+110K) has been found in CPMV 

infected cells (Dorssers et al., 1983) and this protein might as well be the 
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precursor of VPg, but the function of this protein has not yet been further 

investigated. 

Further support for the proposed replication model comes from the observation 

that CPMV has been shown to induce typical cytopathic structures in infected 

cells. These structures consist of amorphous electron-dense material containing 

B-RNA encoded non-structural proteins and numerous membranous vesicles, 

which, analogous to poliovirus, are thought to be the site of viral replication 

(Assink et al., 1973; De Zoeten et al., 1974; Hibi et al., 1975; Wellink et al., 1988). 

Such cytopathic structures have also been observed in CPMV B-RNA infected 

protoplasts and this observation suggests that induction of these vesicles is a B-

RNA encoded function (Rezelman et al., 1982). It appears that viral plus-strand 

synthesis is associated with these vesicles (Dorssers et al., 1983). Purified 

membrane bound replication complexes containing the 110K protein are able to 

elongate nascent RNA chains to full-length viral RNAs (Dorssers et al., 1984). The 

mechanism of initiation of replication, however, remains obscure. Several 

attempts have been undertaken to demonstrate activity of CPMV RdRp on 

exogenous poly(A) oligo(U)-primed template (Richards et al., 1989; Van Bokhoven 

et al., 1992), as has been observed for poliovirus (Van Dyke and Flanegan, 1980). 

These attempts were not successful and might reflect the strict dependence of 

initiation of replication on a protein-primed mechanism. However, free VPgpU or 

uridylation of VPg precursor proteins has never been observed. Other (viral) 

proteins in addition to the 110K viral replicase and VPg may be necessary to 

initiate viral RNA synthesis. This is suggested by the observation that in an early 

stage of CPMV infection actinomycine D inhibits CPMV replication, indicating that 

host DNA-dependent RNA synthesis is necessary for replication (for a review see 

Eggen and Van Kammen, 1988). 

The replication model described here does not account for a specific role of the B-

RNA encoded 32K protein. Yet, Vos et al. (1988b) demonstrated that B-RNA 

transcripts carrying an in frame deletion in the 32K coding region are not 

infectious in cowpea protoplasts, indicating that an essential function is 

performed by the 32K protein in the replication of CPMV RNA. 

1.8 Some selected differences between CPMV and poliovirus 

Unlike cowpea mosaic virus, poliovirus synthesizes its structural- and non­

structural proteins as parts of one single polyprotein, which contain two distinct 

proteinase domains, 2AP r o and 3CP ro respectively. The autocatalytic cleavage by 

2 A P r o at its own N-terminus occurs already on the nascent polypeptide chain and 
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serves to separate the PI capsid precursor from the rest of the polyprotein 

(Nicklin et al., 1987). The second cleavage carried out by 2AP r o occurs in the 

3 D P 0 ' , that represents the viral RNA-dependent RNA-polymerase, is not essential 

for a successful replication (Lee and Wimmer, 1988). The further cleavages in the 

P2-region and cleavages for the maturation of the 3DP°' are carried out by 3CP r o 

(for a review see Helen et al., 1989). Analogous to CPMV, trans processing of the 

capsid precursor requires additional amino acid sequences and has been shown to 

be carried out by the 3CDP ro precursor protein (Jore et al., 1988; Ypma-Wong et 

al., 1988). Yet, cowpea mosaic virus and poliovirus use their combined polymerase-

proteinase proteins for different purposes. In the 3CDP ro protein the 3 D P ° ' 

domain functions as a cofactor for the 3C proteinase but does not display 

polymerase activity in this precursor form, whereas the corresponding 110K 

protein from CPMV, consisting of the 24K proteinase and the 87K core polymerase, 

has been shown to function as the viral replicase (Dorssers et al., 1983, 1984). 

Moreover, CPMV uses the 32K protein as a cofactor, rather than its polymerase 

domain to modulate the cleavage specificity of the 24K proteinase. Although the 

32K protein of CPMV and the 2AP r 0 from poliovirus are encoded in similar regions 

of the viral genomes and both proteins are involved in processing of the capsid 

precursor, no significant homology has been found between these proteins 

(Argos et al., 1984). Moreover, their actions in the maturation of the capsid 

protein, as outlined above, appear to be quite different. The 32K protein appears to 

be a unique protein, since no counterpart among the other viruses of the 

picorna-like supergroup has been found yet and the 32K protein may have 

evolved to control the production of active proteins in a rather specific way. 

Another difference between CPMV and poliovirus lies in the maturation of their 

VPg precursors. Three polioviral VPg precursors, 2BC3AB, 2C3AB and 3AB were 

found in membrane fractions of poliovirus-infected cells (Takegami et al., 1983) 

and it has been suggested that the former two proteins are very rapidly further 

processed by the 3CP r o into 3AB (Lawson and Semler, 1992), which then in turn 

serves as the direct precursor to VPg (3AB) (Takegami et al., 1983; Giachetti and 

Semler, 1991). As outlined above, a CPMV homologue to the poliovirus 3AB protein 

is not found, but instead CPMV probably uses the 60K protein, homologous to 

poliovirus 2BC3AB protein, as a direct VPg precursor, leaving the 58K protein as a 

stable processing product. Thus, the cascade of processing steps that lead to the 

production of VPg seems to differ significantly between CPMV and poliovirus. 

From the dicussion described in this chapter several questions emerge: i) what are 

the functions of the B-RNA encoded 32K protein in polyprotein processing and 

viral RNA replication?, ii) which mechanism underlies the enhancement of trans 
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cleavage of the M-polyprotein by the 32K pro te in? , i ii) which success ive 

processing steps are necessary to make VPg available for RNA synthesis?, iv) is 

the NTBM in the 58K domain functionally important and what role does the NTBM 

have in viral RNA replication? These questions have been the incentive for the 

experiments of which the results are described in chapters 2 to 6 hereafter. This 

thesis will then be concluded with a discussion of these questions. 
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A Regulatory Role for the 32K Protein in Proteolytic Processing of 

Cowpea Mosaic Virus Polyproteins 

A b s t r a c t 

We have studied the regulation of proteolytic processing of the 

polyproteins encoded by cowpea mosaic virus (CPMV) M-RNA and B-RNA. 

For that purpose muations were introduced in full-length cDNA clones of 

these RNAs. RNA transcripts were translated in rabbit reticulocyte lysate 

and the effect of mutations on the processing was analysed. These studies 

revealed that the 32K protein is released from the 200K polyprotein by an 

intramolecular cleavage and remains associated with the 170K protein, 

probably by interaction with the S8K domain of the 170K protein. In this 

complex the conformation is such that further cleavages are very slow. This 

complex carries out the processing of the Gin/Met site in the M-

polyprotein. The 170K produced by a B-RNA mutant that lacks the 32K 

coding region was efficiently processed into 110K, 87K, 60K, 58K and 24K 

cleavage products. Thus, the 32K protein regulates the B-polyprotein 

processing by slowing it down and, on the other hand enhances trans 

cleavage of the M-polyproteins at a Gin/Met site. 

I n t r o d u c t i o n 

The two genomic RNAs of cowpea mosaic virus (CPMV), denoted B-RNA and M-RNA 

are both translated into large polyproteins from which functional proteins are 

generated by proteolytic cleavages at specific Gin/Met, Gln/Ser and Gln/Gly sites 

(Fig. 1) by a virus encoded proteinase (Wellink et al., 1986; Garcia et ai, 1987). The 

larger B-RNA codes for a 200K polyprotein that, upon translation, is rapidly 

cleaved at a Gln/Ser site into 32K and 170K proteins. This primary cleavage can 

occur on the nascent polypeptide chain and is achieved by the B-RNA encoded 24K 

proteinase (Franssen et ai, 1984a; Verver et al., 1987). After this primary cleavage 

the 32K protein becomes associated with the 170K protein (Pelham, 1979; Franssen 

et al., 1984a). Subsequently, the 170K protein can be further cleaved via HOK, 84K 

and 60K intermediates ultimately into 58K, VPg (viral protein genome linked), 24K 

and 87K proteins. In vitro, these cleavages are only observed after prolonged 

incubation (Peng and Shih, 1984; Franssen et al, 1984a; Vos et al, 1988a). The B-

RNA is able to replicate independently from M-RNA in infected protoplasts and 

encodes the proteins which are necessary for RNA replication (Goldbach et al., 

1980). The HOK protein, which consists of the 24K proteinase and the 87K core 



polymerase, has been identified as the viral RNA replicase (Dorssers et al., 1984; 

Eggen and Van Kammen. 1988). The 32K protein is also somehow involved in the 

replication of the viral RNAs, since RNAs with mutations in the 32K coding region 

are not infectious in cowpea protoplasts (Vos et al., 1988b), but the function of the 

32K protein in the viral RNA replication process is unclear. 

M-RNA is translated into two C-terminal overlapping polypeptides of 105K and 95K 

(Pelham. 1979). Both polypeptides are cleaved at a Gin/Met site into 58K and 48K 

proteins, involved in cell-to-cell transport of the virus (Wellink and Van 

Kammen, 1989), and a 60K precursor of the capsid proteins (Fig. 1) (Franssen et 

al., 1982). Cleavage of the 60K capsid precursor at the Gln/Gly site gives rise to the 

capsid proteins VP37 and VP23. In reticulocyte lysate this cleavage reaction is 

generally not observed and has been shown to be sensitive to hemin (Bu et al., 

1989). Although the 24K proteinase catalyzes all cleavage reactions in the CPMV 

polyproteins, previous studies have demonstrated that for trans cleavage at the 

Gin/Met site in the M-polyprotein, the presence of the B-RNA encoded 32K protein 

is also required, although the 32K protein itself does not have proteolytic activity 

(Vos et al.. 1988a). 

To gain more insight in the regulation of polyprotein processing, we have studied 

the expression of RNA transcripts of specifically modified cDNA clones in a rabbit 

reticulocyte lysate system. Previous studies indicated that all processing steps can 

occur correctly and that polypeptides produced in this system are identical to the 

B-RNA and M-RNA encoded proteins found in vivo (Pelham, 1979; Peng and Shih, 

1984; Franssen et al., 1984a; Vos et al., 1988a; Bu et al., 1989). In this paper we 

report experiments which have improved our understanding of the function of 

the 32K protein during B-RNA and M-RNA expression. We show that the 32K 

protein plays a major regulatory role in the processing of both B- and M-

polyprote ins . 
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Fig. 1. Expression and genetic organization of M-RNA and B-RNA of CPMV. Both RNAs 

contain a single open reading frame (shown by open bars). The positions of start and stop 

codons are indicated. Cleavage sites are indicated by O. Gin/Met. V, Gln/Gly and • , Gln/Ser. 
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Materials and methods 

DNA techniques 

All enzymes were purchased from Gibco BRL, New England Biolabs and Pharmacia 

and used as described by the manufacturers. DNA fragments were isolated from 

agarose gels and purified with Gene Clean™ according to the manufacturer (Bio 

101 Inc.)- Standard recombinant DNA techniques were used for linker insertion, 

ligation and transformation in competent E.coli JM109 as described (Sambrook et 

al., 1989). Recombinant clones were analysed by restriction enzyme mapping or 

nucleotide sequence analysis as described (Sanger et al., 1977; Korneluk et al., 

1985). Oligodeoxyribonucleotides were synthesized with a cyclone DNA synthesizer 

(Biosearch). Oligonucleotides and single stranded recombinant Ml3 DNA were used 

for site-directed mutagenesis as described by Kunkel (1985). 

Construction of mutagenized cDNA clones 

As starting material for construction of the different mutant clones the full-

length cDNA clones of B-RNA, pTBIG, and of M-RNA, pTMlG, were used (Eggen et 

al., 1989). In these plasmids full-length cDNA is cloned behind a bacteriophage T7 

RNA polymerase promoter. From the cDNAs RNA molecules can be transcribed 

which have been shown to be infectious in cowpea protoplasts (Eggen et al., 1989). 

The positions of restriction sites and nucleotides refer to the position in the B-RNA 

sequence determined by Lomonossoff and Shanks (1983) and in the M-RNA 

sequence determined by Van Wezenbeek et al. (1983). 

Plasmid pTBA32 was constructed by inserting the Sall-SstI fragment (positions -40 

to 2301) from pTBIG into M13mpl9. Nucleotides 210 to 1184 were deleted by site-

directed mutagenesis using the phosphorylated ol igonucleotide 5 ' -

GGATAACAGGACTACTCATGTTGGGTCAAG-3' and single stranded recombinant phage 

DNA. The mutagenized Sall-SstI fragment was reinserted into pTBIG resulting in 

pTBA32. This plasmid lacks the entire 32K coding sequence. For a further analysis 

of the function of the 32K protein also pTB32S (previous pTB32*, Vos et al., 1988a) 

was used. For construction of pTBA5a a 676-bp Sstl-PvuII fragment (positions 1625 

to 2301) was removed from pTBIG. A 7.6 kb-fragment was isolated, blunted with 

Klenow fragment of DNA polymerase and ligated, resulting in pTBA5a. This 

deletion in the 58K coding sequence does not affect the reading frame. For 

construction of pTBA5b a similar strategy was followed. This plasmid has a 612-bp 

in frame deletion in the 58K coding sequence between the SstI site at position 2301 

and Avail site at position 2913. To construct pTB58I, pTBIG was partially digested 
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with Kpnl at position 2746. Protruding ends were removed with Klenow fragment 

of DNA polymerase and in the blunted Kpnl site a Smal-linker (5'-CCCCCGGGGG-3') 

was inserted giving pTB58KS. This plasmid was digested with Smal. Linearized 

plasmids were dephosphorylated and a 414-bp Ball-Ball fragment from pTMlG 

(positions 1806 to 2220) was inserted resulting in pTB58I. This insertion in the 58K 

coding sequence does not affect the reading frame. For construction of pTBGNSII, 

pTBHM60 (Van Bokhoven et al., 1990) was partially digested with Ndel at position 

1184 and filled in with Klenow fragment of DNA polymerase. In the filled in Ndel 

site a Smal-linker (5'-CCCCCGGGGG-3') was inserted resulting in pTBGNSII. Double 

mutant pTBGNSA5a was constructed by replacing the Pstl-SphI fragment 

(positions 345 to 1336) from pTBA5a with the Pstl-SphI fragment of pTBGNSII. 

In vitro transcription and translation 

For in vitro transcription 1 \ig plasmid DNA in 50 u.1 was treated with 2 u.1 (5 

mg/ml) RNAse A and incubated for 10 min at 50°. Subsequently, 1 |xl (4 mg/ml) 

proteinase K and 2.5 ul 10% (w/v) SDS were added followed by incubation for 10 

min at 37°. The DNA was purified by phenol-chloroform extraction and the 

recovered DNA was precipitated with polyethylene glycol and recovered again as 

described (Sambrook et al., 1989). The recombinant plasmids were linearized with 

Clal, and subsequently, linear DNA templates were used for production of run-off 

RNA transcripts. In vitro transcription and recovery of transcripts were 

performed as described (Eggen et ai., 1989). Aliquots of transcription mixture were 

translated in rabbit reticulocyte lysate (Green Hectares, Oregon, Wisconsin) as 

described (Vos et al.. 1988a). 

Complementat ion a ssay 

Translation products obtained from separately translated BA32-RNA and B32S-RNA 

were mixed in a 1:1 ratio. The mixture was incubated at 30° for 1 hr. M-

polyproteins were processed with a threefold excess of either unlabelled or 3 5 § -

labelled translation products from either jointly translated or separately 

translated BA32-RNA and B32S-RNA. Incubation continued at 30° for 16 hr. 

Analysis of proteins 

Protein samples were heated in sample buffer (10% glycerol, 5% ß -

mercaptoethanol, 2% SDS, 0.01% bromophenol blue, 75 mM Tris-HCl pH 6.8) for 3 

min at 100° and fractionated in a SDS-polyacrylamide gel (7.5%, unless indicated 
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