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Stellingen 

De virale eiwitten die betrokken zijn bij de RNA replicatie van cowpea mosaic 
virus worden niet allemaal door het B-RNA gecodeerd. 

Dit proefschrift. 

2. Positieve-strengs RNA virussen maken voor hun RNA replicatie gebruik van 
eiwitten die in de gastheercel betrokken zijn bij de translatie. 

Blumenthal en Carmichael (1979). Annu. Rev. Biochem. 48, 525-548. 
Quadt et al. (1993). Proc. Natl. Acad. Sci. USA 90, 1498-1502. 
Janda en Ahlquist (1993). Cell 72, 961-970. 
Andino et al. (1993). EMBO J. 12, 3587-3598. 

Het bestuderen van het copieren van een RNA matrijs in vitro door het 
poliovirus polymerase, waarbij gebruik gemaakt wordt van oligo(U) als primer, 
zal niet leiden tot meer inzicht in het RNA replicatie mechanisme van poliovirus. 

4. De argumenten die Waldherr et al. geven, rechtvaardigen niet de titel van hun 
ingezonden brief. 

Waldherr et al. (1993). MRS6-yeast homologue of the choroideremia 
gene. Nature Genetics 3, 193-194. 

5. De aanwezigheid van het PI eiwit van cauliflower mosaic virus in tubulaire 
structural van protoplasten die door dit virus geinfecteerd zijn, maakt het 
onwaarschijnlijk dat de RNA-bindende eigenschappen van dit eiwit iets met 
virustransport te maken hebben. 

Citovsky et al. (1991). Proc. Natl. Acad. Sci. USA 88, 2476-2480. 
Perbal et al. (1993). Virology 195, 281-285. 

6. Genen die betrokken zijn bij erfelijke aandoeningen bij de mens zullen in de 
toekomst vaker in de computer worden gevonden dan in het laboratorium. 
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7. Het nieuwe biljet van honderd gulden geeft treffend weer dat het kabinet 
Lubbers-3 niet in staat is de kosten te drukken. 

8. De frequentie van helicoptervluchten boven het St Radboud ziekenhuis in 
Nijmegen doet vermoeden dat spoedeisende medische ingrepen met name op 
mooie zomerse dagen vereist zijn. 

9. Achteraf is het vaak alsof je een voorgevoel hebt gehad. 

10. Een permanent is slechts tijdelijk. 

11. Het dragen van werkkleding tijdens de lunch door artsen en co-assistenten is 
ergerniswekkend en medisch onverantwoord. 

Stellingen behorende bij het proefschrift 
"Characterization of the viral proteins involved in the RNA 

replication of cowpea mosaic virus" 
door Hans van Bokhoven, te verdedigen op 15 oktober 1993 
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Chapter 1 

General Introduction 



I. INTRODUCTION 

A large number of viruses that infect animals or plants possess a positive (+)-strand (messenger-
sense) RNA genome. Due to the advances in molecular biology much has been learnt in the last 
decade about the structure, the molecular organization and expression of such viral genomes. Yet, 
replication of the viral RNA genomes is still a poorly understood event in the viral life-cycle. The 
understanding of the biochemistry of viral RNA replication would be considerably helped by the 
availability of an in vitro replicase system. Since more than 25 years in vitro replicase systems have 
been on hand for certain RNA phages and, especially in the case of Qp\ have provided detailed 
knowledge about the enzyme activities involved in phage RNA replication (Blumenthal and 
Carmichael, 1979). In contrast to the relative ease by which an in vitro replication system was 
obtained for these RNA phages, the isolation of RNA replicase complexes capable of replicating 
viral RNA in vitro appears to be an arduous task for eukaryotic RNA viruses and only recently this 
has been accomplished for the first time for cucumber mosaic virus (Hayes and Buck, 1990). 

Replication of the genomic RNAs of single-stranded (+)-sense RNA viruses requires the 
formation of complementary (-)-strand RNA using genomic RNA as a template, whereupon progeny 
viral RNA can be synthesized using (-)-strand RNA template. The RNA replicase activity is 
catalyzed by a viral RNA-dependent RNA polymerase (RdRp) and proceeds in a 5' to 3' direction. 
Consequently, initiation of RNA synthesis has to occur at the 3' end of the template RNA. Initiation 
of RNA synthesis is a crucial step in the replication cycle as both the 3' ends of (+)- and (-)-strand 
RNA must be specifically recognized by the replicase among the abundant cellular RNAs. As the 
genomic RNAs of viruses of distinct groups have different terminal structures there will probably be 
different mechanisms of initiation of RNA synthesis. Up to now very little is known about the 
process of initiation of viral RNA synthesis. Upon their synthesis progeny RNA strands are released 
from their template RNA, a process that might be dependent on the unwinding activity of an RNA 
helicase. In addition, RNA helicase activity may also be required for unwinding of secondary 
structures in the template RNA. Accordingly, the RdRp is associated with other proteins, encoded 
by the virus and/or host, to constitute a structure that specifically recognizes and replicates the viral 
RNA and is therefore termed RNA replication complex. 

The aim of the investigations described in this thesis has been to gain more insight into the 
biochemical properties of the proteins involved in the replication of the genomic RNAs of the plant 
comovirus cowpea mosaic virus (CPMV; for reviews see Goldbach and van Kammen, 1985; Eggen 
and van Kammen, 1988). For a better understanding of the complexity of the replication mechanism 
of CPMV and to fully appreciate the specific problems involved in its study, in the following a 
comparison will be made first with replication of the genome of other (+)-strand RNA viruses. Then 
I will discuss the previous approaches undertaken to elucidate the mode of RNA replication of 
CPMV (Dorssers, 1983; Eggen, 1989). 

II. POSITIVE-STRAND RNA VIRUSES CAN BE DIVIDED IN SUPERGROUPS 

The (+)-sense RNA viruses differ in characteristics like capsid morphology, serology, 
organization and expression of the genome and a variety of biological features and are subdivided 
into subgroups on basis of these differences. Despite the diversity among (+)-sense RNA viruses, 
computer-aided sequence comparisons of the viral encoded proteins have revealed remarkable 
homologies among the non-structural proteins of both plant and animal (+)-sense RNA viruses. 

ii 



Recognition of conserved sequence motifs has led to the 'supergroup' concept, which places a large 
number of eukaryotic (+)-sense RNA viruses into two supergroups; i.e. the picorna-like viruses and 
the Sindbis- or alpha-like viruses (Goldbach 1990; Strauss and Strauss, 1988; Goldbach et al., 
1991; King et al., 1991). 

The picorna-like supergroup comprises the animal picornaviruses and plant viruses of the como-, 
nepo-, bymo- and potyvirus groups. The structure, organization and expression of the genome of 
the viruses belonging to this supergroup are rather similar irrespective of their genome being 
monopartite (picorna- and potyviruses) or bipartite (como-, bymo- and nepoviruses). The genomic 
RNAs have a small viral protein covalently linked to their 5' ends (VPg; viral protein, genome 
linked) and a 3' terminal poly(A) tail. For each virus translation of the genomic RNAs yields large 
polyproteins, which are processed into smaller proteins by action of viral proteases. Moreover, 
significant sequence homology exists between the corresponding non-structural proteins encoded by 
these viruses and the arrangement of the genes for these proteins on the genetic map is strikingly 
similar. This is best exemplified by comparing poliovirus (a picornavirus) with CPMV, which 
reveals that the poliovirus 2C, 3B, 3C and 3D proteins and the analogous CPMV proteins, 58K, 
VPg, 24K and 87K, are encoded in the same order on the genome (Franssen et al., 1984a; Argos et 
al., 1984). The corresponding proteins have significant homology in amino acid sequence and 
probably perform similar functions in viral RNA replication. 

The plant viruses belonging to the alpha-like supergroup are all related to the animal Alphaviridae, 
of which Sindbis virus is the best-characterized member. Although, the structure and expression of 
the genome of the various members of this supergroup is more diverse than for viruses of the 
picorna-like group, they all specify a number of proteins exhibiting significant sequence homology, 
encoded by a similarly ordered gene set. Viruses of the alpha-like supergroup have capped RNA 
genomes and produce one or more subgenomic mRNAs for expression of some of their genes. On 
the other hand, the 3' terminus of the RNAs is rather variable and may be either a poly(A) tail, a 
tRNA-like structure or devoid of any apparent structure. 

For both the picorna-like and the alpha-like supergroup viruses the non-structural proteins with 
conserved amino acid domains have been shown or implied to be involved in viral RNA replication. 
In the next part of this paragraph I shall first discuss some of the characteristics of these proteins and 
then briefly review RNA replication for selected members of each supergroup. 

III. CONSERVED DOMAINS WITHIN VIRAL REPLICATIVE PROTEINS 

The RNA-dependent RNA polymerases (RdRp's) of animal viruses, plant viruses and 
bacteriophages have characteristic conserved sequence motifs in their amino acid sequence (Kamer 
and Argos, 1984; Poch et al., 1989; Koonin, 1991). One prominent block is 
S/GTXXXTXXXNT/S ( in which X may be any amino acid) followed 21 to 52 amino acids 
downstream by a second block consisting of a highly conserved GDD sequence embedded in a 
stretch of hydrophobic amino acid residues (Kamer and Argos, 1984; Franssen et al., 1984a). The 
GDD consensus sequence is supposed to be at or near the catalytic site of the polymerase molecule. 
Indeed, single amino acid substitutions at the glycine in the GDD sequence of the viral RNA 
polymerases of QP and poliovirus resulted in partial or complete loss of polymerase activity 
(Inokuchi and Hirashima, 1987; Jablonski et al, 1991). 

A second group of proteins conserved among picorna-like and alpha-like viruses contain a 
GXXXGKS/T nucleotide binding (NTP)-motif (Walker et al., 1982; Gorbalenya et al., 1985). 
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Computer-aided sequence comparison between the NTP-motif-containing proteins of (+)-strand 
RNA viruses has led to their classification in three major groups; the NTP-binding proteins of alpha
like viruses, picorna-like picorna- and comoviruses and picorna-like poty- and bymoviruses 
(Gorbalenya et al., 1988, 1989; Hodgman, 1988). Strikingly, the NTP-binding proteins of alpha
like viruses and picorna-like poty- and bymoviruses bear resemblance to helicases that are related to 
eukaryotic translation initiation factor eIF-4A, whereas NTP-binding proteins of the picorna-like 
picorna- and comoviruses appear to be related to SV40 large T-antigen, a protein containing RNA 
and DNA helicase activity (Gorbalenya and Koonin, 1989; Gorbalenya et al., 1990; Lain et al., 
1989). The suggestion arising from these sequence comparisons have led Lain et al. (1990, 1991) to 
test viral proteins for helicase activity and indeed they were able to show that the cilindric inclusion 
protein of plum pox (poty)virus contains a RNA helicase activity dependent on the hydrolysis of 
ATP to ADP. 

In addition to the conserved sequence motifs in a RdRp and a putative helicase, other conserved 
amino acid sequences are found in proteins shared among viruses within each of the supergroups. 
The alpha-like viruses encode a protein that exhibits an RNA methyltransferase activity, required for 
capping of the genomic viral RNAs (Mi et al., 1989; Dunigan and Zaitlin, 1990). The picorna-like 
viruses lack this protein but instead encode VPg, which is present at the 5' ends of newly 
synthesized RNA strands of both (+)- and (-)-sense polarity. VPg is supposed to be involved in 
initiation of RNA synthesis, although its precise role in this is still unclear (Takeda et al., 1986; 
Tobin et al., 1989). Like other proteins encoded by the picorna-like viruses, VPg is released by 
proteolytic processing from the viral primary translation products. For proteolytic processing of their 
polyproteins, proteases are encoded by all picorna-like viruses. 

IV. REPLICATION OF THE GENOME OF POSITIVE-STRAND RNA VIRUSES 

A. Genomic RNA replication of alpha-like viruses 

For several animal viruses, such as Sindbis virus and Semliki Forest virus (Strauss and Strauss, 
1986), and plant viruses, such as tobacco mosaic virus (TMV; Young and Zaitlin, 1987) belonging 
to the alpha-like supergroup so-called template-independent RdRp preparations have been obtained 
from infected cells. Upon the isolation of template-independent enzyme preparations from virus-
infected cells the RdRps are found to be associated with template viral RNA and membrane 
structures. These RdRps are capable of elongating nascent (+)-strand RNA, the synthesis of which 
has been initiated in vivo, but are unable to use exogenous RNA templates to show RNA polymerase 
activity. Template-independent RdRp preparations can not be used for the study of steps in viral 
RNA replication, like (-)-strand synthesis and initiation of RNA synthesis, but they have been 
proven useful for identification the proteins catalyzing elongation of (+)-strand RNA. 

For some alpha-like plant viruses, such as turnip yellow mosaic virus (TYMV; Mouches et al., 
1974), brome mosaic virus (BMV; Miller and Hall, 1983), alfalfa mosaic virus (A1MV; Houwing 
and Jaspars, 1986), RdRp preparations are available which require addition of an RNA template for 
replicase activity. These RdRp preparations, referred to as template-dependent, were obtained by 
releasing the enzymatic activity from cellular membranes using non-ionic detergents like Lubrol, 
dodecyl-P-D-maltoside and Nonidet P-40, followed by removal of endogenous template RNA with 
micrococcal nuclease. The template-dependent RdRps of the bromoviruses, BMV (Miller and Hall, 
1983; Quadt et al., 1988) and cowpea chlorotic mottle virus (CCMV; Miller and Hall, 1984) and the 
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ilarvirus A1MV (Quadt et al., 1991) show strong preference for their own genomic RNAs or of 
related viruses. Minus-strand RNAs are poor templates for such purified bromoviral RdRps, but the 
RdRp of BMV is able to produce subgenomic messenger RNA 4 by internal initiation on (-)-strand 
RNA 3 (Miller et al., 1985). The BMV template-dependent RdRp preparation has been used 
extensively to define the sequences of the tRNA-like structure at the 3' end of the viral RNAs that are 
important for the in vitro synthesis of (-)-strand RNA and for the identification of the subgenomic 
promoter for the synthesis of (+)-strand subgenomic RNA 4 (Dreher and Hall, 1988a, b; Marsh et 
al., 1988; French and Ahlquist, 1988). Analysis of the protein content of the BMV RdRp revealed 
the presence of the viral non-structural proteins PI (methyltransferase and helicase domains) and P2 
(polymerase domain) and several host-encoded proteins (Bujarski et al., 1982; Quadt et al., 1988). 
The A1MV RdRp contains in addition to the viral PI and P2 proteins the coat protein, which has 
been implicated as a regulatory factor in A1MV RNA synthesis (Houwing and Jaspars, 1987; Quadt 
etal., 1991). 

Thus far, the only well characterized in vitro RNA replication complex of an eukaryotic RNA 
virus has been described by Hayes and Buck (1990) for cucumber mosaic virus (CMV). They 
reported the purification of a RdRp preparation that is completely dependent on addition of CMV 
RNA template for activity, and that catalyzes the synthesis of both full-length (+)- and (-)-strand 
RNA and subgenomic RNA 4. No replicase activity was observed using the exogenous genomic 
RNAs of TMV, tomato bushy stunt virus and red clover mosaic virus. The CMV replicase was 
shown to contain the viral proteins PI and P2 and a host (tobacco) protein of 50K, which all three 
seemed to be required for RNA synthesis. The identity of the 50K host protein has not yet been 
solved. A less-purified CMV RdRp preparation has been described by Quadt et al. (1991), which is 
capable of using the genomic RNAs of viruses of different taxonomic groups; i.e. CMV, A1MV, 
BMV and TMV as a template. The activity in their RNA polymerase preparation was inhibited by 
addition of ribosomal RNA, but not by tRNA, mRNA or several viral RNAs. This finding led the 
authors to hypothesize that the inhibition of polymerase activity was caused by the binding of a 
ribosomal protein involved in RNA replication to ribosomal RNAs. Interestingly, the involvement of 
a ribosomal protein in viral RNA replication is precedented by Q(3 (Blumenthal and Carmichael, 
1979). 

B. Genomic RNA replication of picorna-like viruses 

The mode of viral RNA replication for members of the picorna-like supergroup has been studied 
in greatest detail for human poliovirus and the plant cowpea mosaic virus. A distinct property of 
viruses of the picorna-like supergroup which distinguishes them from the alpha-viruses is the 
presence of VPg covalently-bound to the 5' ends of both (+)- and (-)-strand RNA. Therefore, any 
model for picorna-like viral RNA replication must account for the occurance of VPg at the 5' end of 
each progeny RNA molecule. 

Poliovirus RNA synthesis is associated with membranes and, consequently, the crude membrane 
fraction of poliovirus-infected cells has been used extensively for the study of poliovirus RNA 
replication. The in vitro RNA synthesizing activity in such membrane fractions, also called crude 
replication complexes, is capable of elongating nascent RNAs the synthesis of which had been 
initiated in vivo and which already had VPg at their 5' ends. Treatment of these membrane 
complexes with detergent successfully dislodged the polymerase activity from the membranes, but 
did not free the enzyme from endogenous RNA (Lundquist et al., 1974). Both (+)- and (-)-strand 
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RNA products could be synthesized by this solubilized activity, but initiation of RNA synthesis did 
not seem to occur as addition of exogenous template had no effect on the activity (Lundquist and 
Maizel, 1978). These results demonstrate that a membranous environment is not prerequisite for the 
RNA-elongating activity in poliovirus RNA replication. 

The purification of a template-dependent poliovirus RdRp activity was helped along by the assay 
developed by Flanegan and Baltimore (1977), that demonstrates that the poliovirus polymerase is 
capable of copying an exogenous poly(A) template with oligo(U) annealed to it as a primer. This 
polymerase assay allowed the definitive assignment of poliovirus protein 3DP°1 as the ezyme that 
catalyzes RNA elongation in poliovirus RNA replication (Van Dyke and Flanegan, 1980). The 
oligo(U)-primed poliovirus polymerase activity is also able to transcribe CPMV RNA and P globin 
mRNA and is thus not specific for poliovirus RNA (Tuschall et al., 1982). Furthermore, despite the 
usefulness of this polymerase assay in the characterization of the RNA-elongating activity of 3DP0', 
this assay does not reflect the mechanism of in vivo initiation of poliovirus RNA synthesis as free 
oligo(U) is not found in poliovirus-infected cells. 

In attempts to accomplish faithful RNA initiation in vitro, host factors were isolated from 
uninfected HeLa cells, which allowed RNA synthesis on viral RNA template in the absence of an 
oligo(U) primer (Dasgupta et al., 1980; Morrow et al., 1985; Andrews and Baltimore, 1986). One 
of these host factors was shown to contain terminal uridylyl transferase activity, capable of adding 
uridine residues to the 3' end of poliovirus RNA (Andrews and Baltimore, 1986). This finding led 
to the proposal of a mechanism of initiation of (-)-strand RNA synthesis, which included elongation 
of the poly(A) tail with uridines followed by hybridization of the added uridine residues onto the 
poly(A) tail. The hairpin primer thus generated could then be elongated by 3DP°' into products up to 
twice the length of the viral genome. It was subsequently claimed that addition of VPg to the newly 
synthesized (-)-strand RNA could occur by a self-catalyzed cleavage-linkage of VPg at the dimer 
junction (Tobin et al., 1989), but this was never substantiated by any observations in vivo. 
Moreover, if such model may appear plausible for the synthesis of VPg-linked (-)-strand RNA, it 
does not give a satisfactory explanation for the initiation of (-i-)-strand RNA synthesis. The 
involvement of host factors like terminal uridylyl transferase in the initiation of poliovirus RNA 
replication has suffered from the observation that snap-back structures in the template RNA formed 
by a non-specific endonuclease activity in the host factor preparations serve as a primer in RNA 
synthesis (Lubinski et al. 1986; Hey et al., 1987). Another model for initiation of poliovirus RNA 
synthesis proposes a primer function for uridylylated VPg. It has been shown that in crude 
membrane preparations of poliovirus-infected cells uridylylation of VPg (or a precursor) can be 
achieved, resulting in the in vitro synthesis of VPg-pU and VPg-pUpU (Takegami et al., 1983). 
Preformed VPg-pUpU could be elongated into longer products (Takeda et al., 1986), suggesting 
that uridylylated VPg is the precursor to elongation. However, also for this model definitive proof 
remains to be awaited. 

A different approach to study poliovirus RNA replication makes use of infectious RNA copies 
that can be obtained from the cloned poliovirus cDNA sequence. Studies with transcripts of in vitro 
mutagenized poliovirus cDNAs have shown that RNAs that are unable to produce viral non
structural proteins are not co-replicated in HeLa cells by co-inoculated wild type (wt) poliovirus 
(Bernstein et al., 1986; Hagino-Yamagishi and Nomoto, 1989). These results are taken for evidence 
that translation and replication of poliovirus RNA are tightly linked and/or that at least one of the 
non-structural proteins is cis-acting in replication. 
From the data described above it will be clear that there is still much indistinctness about the mode of 
polioviral RNA replication and especially the initiation of RNA synthesis. Given the analogies found 
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among CPMV and poliovirus, the problems involved in the study of CPMV RNA replication are 
largely similar to these described above. On the other hand, a clearly distinguishing property of 
CPMV with respect to poliovirus is that multiplication of CPMV RNA requires replication of two 
genomic RNA molecules. Furthermore, the fact that CPMV is a plant virus rises some additional 
problems in the purification of an in vitro replication system, as will be seen in the next section. 

V. REPLICATION OF THE GENOMIC RNAs OF CPMV 

A. Structure and expression of the genome of CPMV 

Cowpea mosaic virus, the type member of the plant comoviruses, has a genome consisting of two 
single-stranded RNA molecules each encapsidated in icosahedral particles (for reviews see Goldbach 
and van Kammen, 1985; Eggen and.van Kammen, 1988). The two nucleoprotein particles, 
designated B and M component, have identical capsids composed of 60 copies of each of two 
different coat proteins but are distinguished by their nucleic acid content. B component contains a 
single RNA molecule (B-RNA) with a molecular weight of 2.04 x 10^ and M component a RNA 
molecule (M-RNA) with a molecular weight of 1.22 x 10^. Both RNAs have a small protein VPg 
covalently linked to their 5' ends, a poly(A) tail at their 3' ends and are of positive-sense polarity, 
which means that they can serve as messenger RNA (Fig. 1). Successful infection of cowpea plants 
by CPMV requires expression of both B- and M-RNA, however, a clear division of functions can be 
recognized in the execution of individual steps in the infection process. Thus the proteins encoded by 
M-RNA are indispensable for viral cell-to-cell transport (Wellink and van Kammen, 1989), while B-
RNA supplies all the viral functions that are required for RNA replication (Goldbach et al., 1980). 

The complete nucleotide sequence of both RNA molecules of CPMV has been elucidated 
(Lomonossoff and Shanks, 1983; van Wezenbeek et al., 1983). Extensive sequence homology was 
found in the 5' and 3' non coding regions of B- and M-RNA. Especially striking is a stretch of 11 
nucleotides, UUUUAUUAAAA, in the 3' ends of both viral RNAs. This sequence is 
complementary to a stretch of 11 bases in the 5' ends of the viral RNAs, allowing one G-U base 
pairing, indicating that all the (+)- and (-)-strand RNAs have a very similar stretch of nucleotide 
sequences at their 3' ends. Therefore, this sequence may represent a recognition sequence for the 
viral RNA replicase. Indeed, in vitro mutagenesis of this sequence in the 3' end of B-RNA severely 
reduced virus infectivity (Eggen et al., 1989a). 

Full-length cDNA clones of both viral RNAs have been obtained from which infectious RNAs 
can be generated by in vitro transcription (Vos et al., 1988a; Eggen et al., 1989b; Holness et al., 
1989). These transcript RNAs and the availability of CPMV-specific antibodies has allowed a 
detailed analysis of the synthesis and proteolytic processing of CPMV proteins in vitro (rabbit 
reticulocyte lysates) as well as in vivo (Goldbach and van Kammen, 1985; Wellink et al., 1986, 
1987; Vos et al., 1988b; Rezelman et al., 1989). Thus, the exact cleavage sites within the CPMV 
polyproteins have been mapped and identified as either a glutamine-methionine (Q/M), glutamine-
glycine (Q/G) or glutamine-serine (Q/S) amino acid pair (FIG. 1). The B-RNA-encoded 24K 
protease was shown to be responsible for all these cleavages (Verver et al., 1987; Vos et al., 
1988b). It should be emphasized that all the viral proteins described below, final cleavage products 
as well as precursors thereoff, have been detected in CPMV-infected plants and may therefore fulfil a 
function in the viral life cycle. 

Translation of the single open reading frame of B-RNA results in the synthesis of a 200K 
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Figure 1. Genetic organization of CPMV RNAs and proteolytic processing of the primary translation products. The 
single open reading frame of both RNAs is represented by an open bar on which the positions of the start and stop 
codons are indicated. VPg is indicated by a black square, other proteins by a solid line. The position and the amino acid 
sequence of the proteolytic cleavage sites is indicated. 

polyprotein, which is rapidly cleaved into the 32K and 170K proteins, sometimes already during its 
synthesis (Pelham, 1979, Franssen et al., 1984b). Further proteolytic processing of the 170K 
protein then occurs by three alternative pathways to give proteins of 1) 60K and 110K, 2) 84K and 
87K, or 3) 58K and 112K (Rottier et al., 1980; Rezelman et al., 1980; Peters et al., 1992). The 
60K, 84K, 110K and 112K proteins are further cleaved and the ultimate cleavage products of the 
200K polyprotein are the 32K, 58K, VPg, 24K and 87K proteins. 

Translation of M-RNA is initiated at two alternative start codons, yielding polyproteins of 105K 
and 95K, which have carboxy-coterminal ends (Holness et al., 1989; Verver et al., 1991). Primary 
cleavage of these polyproteins produces the 58K/48K proteins and a 60K protein. The 60K protein 
is the precursor of the two capsid proteins, VP37 and VP23, which are released by a second 
processing step. 

The 24K protein encoded by B-RNA catalyzes all proteolytic cleavages, but it has been shown 
that the B-RNA encoded 32K protein has an important regulatory role in proteolytic processing of 
the B- and M-polyproteins. First, the 32K protein is required as a cofactor in the primary cleavage of 
the M-polyproteins (Vos et al., 1988b). Second, the 32K protein has an inhibitory effect on the 
processing of the 170K protein encoded by B-RNA (Peters et al., 1992). In vitro translation studies 
have revealed an interaction between the B-RNA encoded 32K and 58K proteins and it is probably 
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this protein-protein interaction that is important for the regulation of polyprotein processing 
(Franssen et al., 1984c; Peters et al., 1992). 

B. Cellular location of CPMV RNA replication 

CPMV infection is accompanied by the appearance of characteristic cytopathic structures in the 
cytoplasm of the cell (Assink et al., 1973; De Zoeten et al., 1974; Hibi et al., 1975). These 
cytopathic structures consist of large arrays of membranous vesicles surrounded by amorphous 
electron-dense material. CPMV B-RNA is able to replicate in cowpea protoplasts by itself, 
independently from M-RNA, and in such B-RNA-infected protoplasts proliferation of membranes 
and electron-dense material is also found (Rezelman et al., 1982). Hence, it appears that the 
induction of cytopathic structures is achieved by a B-RNA-encoded function and may turn out to be 
a prerequisite for viral RNA replication. Indeed, by autoradiography performed on sections of these 
cells and on isolated cytopathic structures De Zoeten et al. (1974) provided evidence that replication 
of CPMV RNA is associated with such membranous vesicles. It has been established that the 
electron-dense structures contain the bulk of the non-structural proteins encoded by CPMV B-RNA 
(Wellink et al., 1988), but it is not known whether these structures have like the membranous 
vesicles a specific function in viral RNA replication. 

An indication as to how the membranous vesicles are involved in viral RNA replication may be 
found in the analogy with poliovirus. Membrane proliferation in poliovirus-infected cells commences 
with the formation of membrane protrusions at the rough endoplasmatic reticulum (rER), which 
eventually grow into the membranous vesicles (Tershak, 1984; Bienz et al., 1983). It has been 
found that the continuous phospholipid synthesis is required for efficient replication of poliovirus 
RNA (Guinea and Carasco, 1990). Furthermore, poliovirus RNA synthesis is strongly inhibited by 
Brefeldin A, which blocks vesicular protein transport from the ER to the Golgi apparatus (Maynell et 
al., 1992). Proteins of the P2 region of the poliovirus RNA-encoded polyprotein become associated 
with the rER soon after their synthesis (Bienz et al., 1983). Electron microscopy analysis has 
revealed that guanidine, an inhibitor of viral (+)-strand RNA synthesis, prevents replication 
complexes to become associated with the membrane vesicles by inhibiting the binding of protein 2C 
or a precursor thereoff to membranes (Bienz et al., 1987, 1990). Furthermore, it has been 
demonstrated that guanidine-resistant poliovirus mutants map to the highly conserved central domain 
of protein 2C, which has 30% sequence homology with the 58K protein of CPMV B-RNA (Pincus 
and Wimmer, 1986; Pincus et al., 1986). These results provide evidence that at least one of the 
funtions of protein 2C in viral RNA synthesis lies in the anchoring of replication complexes to the 
virus-induced membranes. By analogy, a similar function can be anticipated for the 58K protein of 
CPMV B-RNA. 

C. Purification of CPMV replication complexes 

Replication of CPMV RNA is associated with the vesicular membranes of the virus-induced 
cytopathic structures in infected cells and, accordingly, RNA polymerase activity has been detected 
in the crude membrane fraction of infected leaves (Zabel et al., 1974). It has further been 
demonstrated that the crude membrane fraction of CPMV-infected cowpea leaves actually harbors 
two functionally different RdRp activities; one that is encoded by the host and another that is virus-
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specific (Dorssers et al., 1982, 1983). In the membrane fraction of uninfected cowpea leaves small 
amounts of (host) RdRp activity can be detected. In infected cowpea leaves this activity is increased 
at least 20-fold and represents more than 95% of the total RNA polymerase activity in the crude 
membrane fraction, masking almost completely the viral RdRp activity. The host RdRp can be 
stripped from the membranes by washing with a Mg2+ -deficient buffer, leaving the virus-specific 
RdRp activity associated with the membranes. The host RdRp, a monomelic protein of 130K, 
transcribes endogenous plant RNAs and viral RNAs into small (-)-sense RNA molecules (Dorssers 
et al., 1982; van der Meer et al., 1983). The physiological significance of the increase of the 130K 
host polymerase in CPMV-infected cells remains still unresolved. However, the increase of 130K 
polymerase is not essential for viral RNA replication as CPMV RNA replication in cowpea 
protoplasts is not accompanied by an increased production of 130K protein (van der Meer et al., 
1984). 

The virus-specific RdRp from CPMV-infected cells is capable of fully elongating nascent viral 
RNA chains that have already been initiated in vivo and thus displays the features of a viral RNA 
replicase. In crude membrane fractions deprived of the host RdRp, the RNA products synthesized 
by the viral RdRp are all (+)-stranded and are predominantly found as replieative form (RF) RNA; 
i.e. double-stranded full length (+)- and (-)-stranded viral RNA (Dorssers et al., 1983). The CPMV 
RdRp has been freed from the membranes by treatment with Triton X-100. Subsequent Sepharose 
2B chromatography and glycerol gradient centrifugation yielded a highly purified RdRp preparation 
still capable of elongating nascent RNA chains to full-length viral RNAs (Dorssers et al., 1984). 
This result demonstrates that a membranous environment is not prerequisite to the RNA-elongating 
activity of the CPMV polymerase, just as has been found for the poliovirus polymerase (Lundquist 
et al., 1974). Analysis of the protein composition of the purified RdRp revealed that the 110K 
protein encoded by B-RNA was the only detectable viral protein in the preparation. Moreover, it was 
found that the 11 OK protein cosedimented precisely with the RNA polymerase activity during 
purification. Two host-encoded proteins of 68K and 57K were also present in the highly purified 
RdRp prepraration, but it is not known whether these proteins are subunits or just contaminants of 
the viral RdRp. From these results it has been concluded that the B-RNA-encoded 110K protein, 
which consist of the 24K protease and the 87K (polymerase domain) protein, is the active viral RNA 
polymerase in CPMV RNA replication. This is in contrast with poliovirus where the protein 
corresponding to the 110K protein, 3CD, has no polymerase activity while the protein homologous 
to the 87K protein, 3D, is the active viral RNA polymerase (Van Dyke and Flanegan, 1980). 

Initiation of RNA synthesis did not seem to occur in membrane fractions and purified RdRp 
preparations from CPMV infected plants (Dorssers et al., 1983, 1984; Eggen et al., 1988). 
Likewise, similar attempts to achieve initiation of poliovirus RNA synthesis in vitro, have met with 
little success. The RdRp of poliovirus, on the other hand, is capable of transcribing an exogenous 
poly(A) template if primed with oligo(U) (Flanegan and Baltimore, 1977). Thus far it has not been 
possible to isolate from infected plants a CPMV RdRp activity that is able to transcribe added 
template RNA. 

D. Synthesis of the putative CPMV polymerase in Escherichia coli 

For poliovirus, expression in Escherichia coli of the coding sequence for the viral polymerase, 
protein 3DP°1, has proven an elegant strategy to study the polioviral RdRp. With this prokaryotic 
expression system it was possible to obtain relatively easy large quantities of an enzyme exhibiting 



RNA-elongating activity in an assay using exogegenous poly(A)-template and oligo(U)-primer 
(Morrow et al., 1987; Rothstein et al., 1988). An additional advantage of the synthesis of the 
polioviral RNA polymerase in E. coli is the possibility to identify amino acids that are essential for 
polymerase activity by introducing mutations in the coding region and testing the effect specifically 
on RNA polymerase activity (Plotch et al., 1989; Burns et al., 1989; Jablonski et al., 1991). Such 
mutation analysis had not been feasible with the viral polymerase obtained from poliovirus-infected 
cells, given the impossibility to dissect the viral RNA polymerase activity from other processes 
required for viral infectivity, such as protein synthesis and proteolytic protein processing. The 
successes obtained with the synthesis of the poliovirus polymerase in E. coli has prompted Richards 
et al. (1989) to employ the same prokaryotic expression system for the synthesis of the CPMV RNA 
polymerase. The use of E. coli as a potential source of CPMV polymerase seemed especially 
promising as there is no interfering host polymerase activity as in cowpea. 

Both the putative CPMV polymerase (110K) and the protein containing the conserved amino acid 
motifs found in all RNA polymerases (87K) were synthesized in E. coli, using the same expression 
vector as has been used to produce poliovirus polymerase (Richards et al., 1989). Indeed, these 
expression vectors synthesized proteins of 11 OK and 87K, that exactly comigrated with the authentic 
viral proteins from CPMV-infected cells and that were reactive with CPMV-specific antisera. 
Moreover, faithful proteolytic processing of the 110K protein occurred in E. coli as seen by the 
appearance of the 24K and 87K proteins. Apparently, the 24K protease domain of the 110K protein 
was biologically active. In contrast, no activity could be demonstrated for the 87K polymerase 
domain of the same 110K protein as tested in a poly(A)/oligo(U) polymerase assay. Neither was 
there any detectable RNA polymerase activity for the 87K protein produced independenly from the 
24K protein. 

Although these results may suggest that the polymerases of CPMV and poliovirus have different 
requirements for showing RNA-synthesizing activity, there are several other possible explanations 
for the lack of polymerase activity in these experiments: 1) The stability of CPMV proteins in E. coli 
may be low. Indeed, the 87K and 11 OK proteins were to a large extent degraded into numerous 
lower molecular weight products. 2) The CPMV proteins from E. coli may be incorrectly folded or 
may have aggregated into insoluble complexes. This possibility has to be taken into account since 
only a minor fraction of the 87K and 110K proteins remained in the supernatant upon centrifugation 
of E. coli extracts at 10,000 x g. 3) Essential post-translational modification of the CPMV proteins 
may not occur in E. coli. 4) The need for a larger precursor from which the CPMV polymerase is 
simultanously cleaved and incorporated into an active replication complex. 5) In contrast to the 
poliovirus polymerase, CPMV polymerase may require a supplementary protein for activity, which 
may be either encoded by the host or by CPMV B-RNA. 6) The CPMV polymerase does not have a 
poly(A)/oligo(U) polymerase activity, but may require another template and/or primer or may not be 
capable of accepting an exogenous template at all. 

VI. SCOPE OF THE INVESTIGATIONS 

In the next chapters of this thesis experiments are described undertaken to study the biochemical 
activities of the viral proteins that are involved in the replication of the genomic RNAs of CPMV. 
The main objective of these studies was to obtain CPMV polymerase activity that is capable of using 
exogenous (CPMV) RNA template. For this, the putative CPMV polymerase was produced in insect 
cells using the baculovirus expression vector system, which might alleviate the potential 
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shortcomings of the prokaryotic E. coli expression system. To address also the question whether 
polyprotein processing or additional B-RNA-encoded proteins are required for CPMV polymerase 
activity, individual as well as precursor proteins were synthesized in insect cells and extracts of these 
cells were assayed for RdRp activity (chapters 2 to 4). In these experiments, poliovirus polymerase 
was produced under the same conditions to have a positive control in the polymerase assays. While 
the poliovirus polymerase thus obtained was indeed capable of elongating oligo(U) annealed to a 
poly(A) template, it was not possible to demonsrate the same activity for the CPMV polymerase. In a 
subsequent experiment (chapter 5), synthesis of the proteins encoded by B-RNA was accomplished 
in cowpea protoplasts in order to investigate a possible requirement for host proteins in CPMV RNA 
replication. Although, the replication of M-RNA could be demonstrated in protoplasts in which the 
B-RNA open reading frame was expressed, it was not possible to obtain CPMV polymerase activity 
in vitro using extracts of these protoplasts supplemented with a template and/or primer. These 
experiments suggest that the CPMV polymerase is not able to use exogenous template RNA. In 
order to define the signals on the RNAs of CPMV by which they are recognized as templates for 
viral RNA synthesis, defined mutants of B- and M-RNA were tested for their ability to be replicated 
(chapter 6). 

The experimental data described in this thesis have added valuable information to our concept of 
CPMV RNA replication, resulting in a model presented in chapter 7. 
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The baculovirus expression system has been used to 
produce non-structural proteins encoded by bottom-
component RNA (B-RNA) of cowpea mosaic virus 
(CPMV). For this, cDNAs containing the 60K, 87K, 
11 OK and 170K protein coding sequences were each 
provided with an ATG start codon and the cDNA 
containing the 60K coding sequence with a TAA stop 
codon immediately downstream of the coding se
quence. Recombinant baculoviruses were retrieved 
which harboured the modified B-cDNA sequences 
under the control of the polyhedrin promoter of 
Autographa californica nuclear polyhedrosis virus 
04cNPV). Upon infection of Spodoptera frugiperda 
cells with these recombinant baculoviruses, proteins 
were produced which were indistinguishable from the 
viral proteins found in CPMV-infected plants as 
judged by their migration in polyacrylamide gels and 
their reactivity with CPMV-specific antisera. Specific 
processing of CPMV polyproteins in cells infected with 
the 11 OK- and 170K-encoding baculovirus recombin
ants proved that the CPMV-encoded 24K protease 

activity contained in these polyproteins is active in 
these cells. Approximately 10% of the 11 OK protein 
was processed into 87K and 24K proteins and the 170K 
protein almost completely into the 11 OK, 87K, 84K, 
60K and 24K polypeptides. In S. frugiperda cells 
infected by recombinant ^4cNPVs harbouring the 87K 
or 11 OK coding sequences, the CPMV-specific pro
teins amounted to 10 to 20% of the total cellular 
protein content, whereas in cells infected by recombin
ants encoding the 60K and 170K polypeptides the 
amounts of CPMV-specific proteins synthesized were 
much lower. Northern blot analysis indicated that the 
low-level synthesis of the 60K and 170K polypeptides 
was not due to inferior transcription of the cloned genes 
but was probably the result of inefficient translation of 
the RNAs derived from these constructs. It is con
cluded that plant virus genes can be efficiently 
expressed in an animal cell expression system to yield 
proteins that are structurally and, in at least one case 
(24K protein), functionally identical to the authentic 
plant virus proteins. 

Introduction 

Cowpea mosaic virus (CPMV), the type member of the 
comoviruses, possesses a bipartite, plus-sense RNA 
genome. Both RNAs (denoted B- and M-RNA) carry a 
small protein VPg covalently linked to their 5' terminus, 
a poly(A) tail at their 3' terminus and encode a large 
polyprotein from which the functional proteins are 
generated through proteolytic processing by a viral 
protease (for reviews see Goldbach & van Kammen, 
1985; Eggen & van Kammen, 1988). M-RNA encodes 
the two capsid proteins and protein(s) required for cell-
to-cell transport (van Wezenbeek et al., 1983; Wellink & 
van Kammen, 1989), whereas B-RNA encodes all viral 
functions necessary for viral RNA replication (Gold

bach et al., 1980; Eggen & van Kammen, 1988). 
Knowledge of the precise function of each of the B-
RNA-encoded proteins in CPMV replication is, how
ever, still very limited and partly based on amino acid 
homology of some CPMV proteins with those of the 
picornaviruses(Franssene«a/., 1984a; Argos etal., 1984; 
Goldbach, 1986, 1987). 

Purified replication complexes from CPMV-infected 
cowpea leaves capable of elongating viral plus-sense 
RNA, the synthesis of which has already been initiated 
in vivo, contain the B-RNA-encoded 110K polypeptide 
(Dorssers et al., 1984). This polypeptide is believed to be 
the active viral RNA replicase and is composed of the 
24K protease and 87K core polymerase (Fig. 1). So far it 
has not been possible to obtain a template-dependent 
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Fig. 1. Diagram of the genetic organization of CPMV B-RNA and its 
translation products. B-RNA contains a single open reading frame 
represented by an open bar on which the positions of the start and stop 
codons are indicated. VPg is indicated by a black square, other proteins 
by a single line. The initial polyprotein is processed into smaller 
functional proteins by specific proteolytic cleavages at the indicated 
sites. 9, Gin-Met; Y, Gln-Gly; T, Gln-Ser. 

CPMV RNA replicase activity from CPMV-infected 
cowpea plants (Dorssers et al., 1983, 1984) or Chenopo-
dium amaranticolor (Eggenef al., 1988). The study of viral 
RNA replication is further hampered by interfering host 
plant activities, such as a 130K RNA-dependent RNA 
polymerase (Dorssers et al., 1983; van der Meer et al, 
1984) and a terminal uridylyl transferase (Zabel et al., 
1981). As an alternative approach to the study of the role 
of viral proteins in RNA replication, the B-RNA-
encoded 87K and 110K proteins were produced in an 
Escherichia coli expression system (Richards et al., 1989). 
Neither the 87K nor the 110K protein showed RNA 
synthesizing activity under conditions where poliovirus 
polymerase (protein 3D) similarly produced in E. coli was 
highly active (Richards et al., 1989). Reasons for the lack 
of polymerase activity for the CPMV proteins may be (i) 
the low level of expression in E. coli, (ii) incorrect protein 
folding or lack of post-translational modifications in a 
prokaryotic system, (iii) the low stability of the proteins 
in E. coli, (iv) requirement for additional proteins such as 
the viral 60K protein and (v) the need for a polyprotein 
from which the polymerase is simultaneously cleaved 
and incorporated into an active replication complex. 

In order to investigate whether a eukaryotic system 
may alleviate the potential shortcomings of a prokaryotic 
system, and to produce larger amounts of the proteins 
encoded by CPMV B-RNA, an animal cell expression 
system was employed. It has been reported that 
baculovirus expression vectors produce high amounts of 
biologically active proteins in insect cells which are post-
translationally modified in a fashion similar to that of the 
authentic proteins (for reviews see Luckow & Summers, 
1988a; Miller, 1988). The high level of expression is 

based on the exploitation of the strong polyhedrin 

promoter by the allelic replacement of the baculovirus 

polyhedrin gene by a heterologous sequence. So far the 

gene of phaseolin has been the only plant gene expressed 

with this system (Bustos et al., 1987); the expression of 

plant virus genes has not yet been reported. In this paper 

we report the expression of the 60K, 87K, 110K and 

170K coding regions of CPMV B-RNA in insect cells 

by Autographa califomica nuclear polyhedrosis virus 

(/IcNPV) recombinants. 

Methods 

Viruses, plasmids and cells. AcNVW, strain E2 (Summers & Smith, 
1987) and recombinant viruses were grown in Spodoptera frugiperda 
IPLB-SF-21 cells (Vaughn et al., 1977) in TNM-FH medium (Hink, 
1970) supplemented with 10% foetal bovine serum as described by 
Summers & Smith (1987). Baculovirus transfer vectors and other 
plasmids were propagated in the E. coli strains DH5a(F') and JM109. 
Single-stranded DNA containing UMP residues was isolated from the 
E. coli strain RZ1032. 

Plasmid pTBIG (Eggen el al., 1989) is a full-length cDNA clone of 
the CPMV B-RNA sequence (Lomonossoff & Shanks, 1983) down
stream of the bacteriophage T7 promoter from which infectious RNA 
transcripts can be generated. The baculovirus transfer vector pAcRP23 
(Possee & Howard, 1987) was constructed by cloning the £coRI I 
fragment of /(cNPV, containing the polyhedrin gene, into pUC8. 

DNA manipulations. Standard recombinant DNA techniques were 
used for the isolation and ligation of DNA fragments and transforma
tion of DNA in competent E. coli cells (Maniatis et al., 1982). Enzymes 
were purchased from Gibco-BRL or from Boehringer-Mannheim and 
used as described by the manufacturer. Oligodeoxynucleotides were 
synthesized with a Cyclone DNA synthesizer (Biosearch). Site-directed 
mutagenesis with these oligodeoxynucleotides was performed as 
described by Kunkel (1985). 

Construction of the baculovirus transfer vector p Ac HB60. An Xbal-Sstl 
fragment [nucleotides (nt) 899 to 2301) from pTBIG was inserted in 
M13mpl8 and a start codon was introduced at positions 1185 to 
1187 using the oligonucleotide 5-GGACAATGCACATAT-
G AGTCCTGTTATCCT-3', which, at the same time, created an Ndel 
site (CATATG). The mutagenized Xbal-Sstl fragment was then 
reinserted into pTBIG resulting in the plasmid pTBHM60 (HM refers 
to the histidine-methionine residues encoded by the Ndel recognition 
site). A TAA stop codon was added at the end of the 60K coding region 
by inserting a Sstl-Sphl fragment (nt 2301 to 3156) of pTBIG in 
M13mpl9 followed by mutagenesis with the oligonucleotide 5'-
GGGCAGACGCACAATAATCTTTGGAT-3'. The newly created 
stop codon was subsequently inserted in pTBHM60 by exchanging the 
homologous Sstl-Kpnl fragments (nt 2301-3134), resulting in plasmid 
pTBHM60STOP. This plasmid was partially digested with Ndel, 
blunted with Klenow polymerase, partially digested with Kpnl and the 
1970 bp Ndel-Kpnl fragment was isolated. The baculovirus transfer 
vector pAcRP23 was digested with BamHl, the protruding ends were 
filled in with Klenow polymerase and digested with Kpnl. Ligation 
with the 1970 bp Ndel-Kpnl fragment from pTBHM60STOP resulted 
in the 11250 bp expression vector pAcHB60 containing the 60K coding 
region. 

Construction of transfer vector pAcHB87. An Sstl-BamHl fragment 
(nt 2301 to 3857 in the B-cDNA) from pTBIG was inserted in 
M13mpl8 and subjected to mutagenesis using the oligonucleotide 
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5'-ATTCCTCAGCCATATGCGCTTG-3'. This resulted in an Ndel 
recognition site and an ATG start codon at the beginning of the 87K 
coding region. The mutation was transferred to pTBIG, resulting in 
plasmid pTBHM87, which was subsequently cleaved with Ndel 
(partially) and with Clal (nt 3671 to 5935). The baculovirus transfer 
vector pAcRP23 was digested with BamHl and Kpnl and the 9-3 kb 
fragment was isolated, blunted with Klenow polymerase and dephos-
phorylated with calf intestinal phosphatase. Linkage of this fragment 
and the blunted Ndel-Clal fragment, containing the 87K coding 
region, produced vector pAcHB87. Confirmation of the proper 
orientation of the CPMV insert downstream of the polyhedrin 
promoter was established by restriction enzyme analysis and dideoxy-
nucleotide sequencing (Sanger et al., 1977; Komeluk et al., 1985). 

Construction of transfer vector pAcHB 110. The 1556 bp Sstl-BamHl 
fragment of pTBIG was inserted in M13mpl9 and an Ndel site was 
introduced at positions 3045 to 3050 using the oligonucleotide 5'-
GCAGACGCACATATGTCTTTGGAT-3'. This mutation was 
transferred to pTB 1G resulting in pTBHM 110, which was subsequent
ly digested with Ndel (partially) and Clal (nt 3046 to 5935). The isolated 
Ndel-Clal fragment, containing the 110K coding region, was blunted 
with Klenow polymerase and ligated to the 9-3 kb linearized and 
blunted vector described for the construction of pAcHB87. The proper 
orientation of the 110K coding region downstream of the polyhedrin 
promoter was confirmed by restriction enzyme analysis and 
sequencing. 

Construction of transfer vector pAcHBHO. pAcHB60 was digested 
with Kpnl, blunted with Klenow polymerase and digested with Sstl; 
the 10-4 kbp fragment was isolated. pTBIG was digested with BamHl, 
filled in with Klenow polymerase and digested with Sstl. The 1556 bp 
fragment (nt 2301 to 3857 of the B-cDNA) was isolated and ligated to 
the 10-4 kb pAcHB60 fragment so that the BamHl site was repaired. 
The resulting plasmid pAcHBam was digested with BamHl and BstEU 
and a 5-7 kb fragment was isolated. pAcHBl 10 was also digested with 
BamHl and BstEU and the isolated 8-2 kb fragment was ligated with 
the 5-7 kb fragment to create pAcHB170. 

Selection of recombinant viruses. Monolayers of 5. frugiperda cells (1 
x 106 cells in 35 mm tissue culture dishes) were cotransfected with 
wild-type (wt) -4cNPV DNA and transfer vector DNA using the 

calcium phosphate precipitation procedure of Summers & Smith 
(1987). After incubation of cells for 5 days at 27 °C the supernatant was 
collected and putative recombinants, recognized by their polyhedron-
negative phenotype, were picked and plaque-purified three times to 
reach genetic homogenity. 

Analysis of proteins synthesized in infected cells. S. frugiperda cells (1 x 
I06 cells per 35 mm Petri dish) were infected with ,4cNPV recombin
ants containing CPMV B-cDNA inserts at a m.o.i. of 10 and incubated 
at 27 °C for 48 h. The cells were pelleted by low-speed centrifugation 
(300 # for 2 min), washed twice in cold phosphate-buffered saline 
(10mM-Na2HPO4, lOOmM-NaCJ pH 7-5) and disrupted in sample 
buffer (10mM-Tris-HClpH8-0, 1 mM-EDTA, 10% v/v glycerol, 2% 
w/v SDS, 5% v/v 2-mercaptoethanoI and 0-001% w/v bromophenol 
blue). An equal amount of 5. frugiperda cells infected with wt ^cNPV 
and mock-infected cells served as controls. Samples were boiled for 
3 min and aliquots corresponding to 103 to 50 x 103 cells were 
electrophoresed on 10% SDS-polyacrylamide gels (Laemmli, 1970). 
These gels were either stained with Coomassie brilliant blue (CBB) or 
analysed by immunoblotting using either rabbit anti-24K (Wellink et 
al., 1987), anti-170K(Franssenefa/., 1984/?) or anti-VPg serum (Eggen 
et al., 1988) with anti-rabbit IgG-alkaline phosphatase conjugate 
(Promega Biotec) as a second antibody (Blake et al., 1984). 

Northern blot analysis. Total RNA was isolated from uninfected and 
infected S. frugiperda cells at 24 h post-infection (p.i.) essentially as 
described by de Vries et al. (1988). Briefly 1 x I06 infected cells were 
mixed at 53 °C with a 1:1 mixture of RNA extraction buffer (100 mM-
Tris-NaOH pH 90, 100mM-LiCl, 10 mM-EDTA and 1% w/v SDS) 
and phenol and vortexed for 5 min. After the addition of 0-5 vol. of 
chloroform the cells were vortexed for another 10 min followed by 
30 min centrifugation at 10000£. The aqueous layer was removed and 
again extracted with chloroform. The RNA was precipitated in 2 M-
LiCl at 0°C for 16 h and subsequently electrophoresed on a 1% 
denaturing agarose gel according to McMaster & Carmichael (1977). 
Blotting was on GeneScreen (NEN Research Products) as recommend
ed by the manufacturer. Nick translations of the 4-6 kb ^4ccl fragment 
from pTBIG (nt 735 to 5319) and the 0-5 kb EcoRV-Kpnl (nt - 9 3 to 
634 of the polyhedrin gene) fragment from pAcRP23 were used as 
radioactive probes. 
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Fig. 2. Schematic diagram of the construction of the transfer vectors. Vector construction is described in Methods, (a) The full-length 
cDNA clone of CPMV B-RNA is represented by an open bar on which the restriction sites that were used in the different cloning steps 
are indicated. The newly created Ndel sites and TAA stop codon are indicated with an asterisk. The regions that were cloned 
downstream of the polyhedrin promoter of transfer vector pAcRP23 are represented by single lines, (b) The BamHl-Kpnl fragment of 
the polyhedrin coding region (black bar) of pAcRP23 was exchanged with the CPMV coding sequences, resulting in the pAcHB 
transfer vectors. 
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