MOLECULAR CLONING AND EXPRESSION OF
FULL-LENGTH DNA COPIES OF THE GENOMIC
RNAs OF COWPEA MOSAIC VIRUS

PIETER VOS

TRALE LAN

g

0000




Cover shows nucleotide satuence analysis of cDNA clones modified by site-
diracted mutagenesis.

Cover design, Ingrid Hoomoedt

This work was supparted by the Netherlands Foundation for Chemical Research
{8.0.N.) with financial aid from the Nethertands Organisation for the
Advance of Pure Research (ZW.0.).

ISBN 90 - 71382 - 17 -6




Prometoren; Dr. A. van Kammen, hoogleraar in de molecudaire biclogie
Dr. R.W. Goldhach, hoogleraar in de virologie




JHOEWD! 1153

Piater Vos

Molecular cloning and expression of fuli-length
DNA copies of the genomic
RNAs of cowpea mosaic virus

Proefschrift

ter verkrijging van de graad van

doctor in de landbouwwetenschappen,

op gezag van de rector magnificus,

dr. C.C. Qosterlee,

in het openbaar te verdedigen

op vrijdag 4 september 1987

des namiddags te vier uur in de aula

van de iandbouwuniversiteit te Wageningen

J/S/(/L//?f(’oé




BIBLIOTREEK
TANDBOUWUNIVERS{H Y
WAGENINGEN




”Noyw\' TR

STELLINGEN

1. Het door cowpea mozalek virus (CPMV) gecodeerde 32 kilo-
dalton {XD) eiwit is geen proteinase. (Dit proefschrift)

2. Uit het feit dat de proteolytiasche klieving van de door
het CPMY M-RNA gecodeerde polyprotelnan niet geremd wordt
door antilichamen gericht tegen het virale 170 kD eiwit,
moat geconcludeerd worden dat deze antilichamen niet met
het 24xD protelnase van CPMY reageren. (Franssen et al.,
J.Viroel.50,183-150,1984)

3. Bij de verdunningsproeven met het CPMY 170 kD eiwit,
bedceld om vast te stellen welke proteolytische split-
singen in dit eiwit inter-, dan wel intramoleculair ver-
lopen, zijn niet de juiste controle-experimenten uitge-
voerd. (Peng & Shih, J.Bicl.Chem,259,3197-3201,1984)

4, De primalre klieving van het CPMV 200 kD eiwilt vindt niet
plaats door een cellulair protelnase, maar door het CPMV
24 kD eiwit. (Tian & Shih;J.Virol.§1.547-551:1985: Dit
proefachrift)

5. De "Kozak"-regel voor initiatie vam eiwvitsynthese bij
eukaryotische boodschapper-RNA's is te sanvoudig voor een
groot aantal RNA's van virussen met een enkelstrengs RNA-
genoom. (Kozak,Microbiol.Rev.47,1-45,1983)

6. Blj de proeven van Kang en Wu (1987) waarin het effect
van basesubstituties in de SP6-promotor is onderzocht, is
geen rekening gehouden met de aard van da betreffende
mutatiea. (Kang & Wu,Nucleic Acids Res.15,2279-2294,1937)

7. Plantevirussen zijn niet geschikt als vektoren voor het
introduceren van soortvreemd DNA in plantecellen, maar
leveren hooguit regulatiesignalen, die wvaardevol kunnen
zijn bij het konstrueren van dergelijke vektoren.
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Voor het verkrijgen van melkzuurstreptokokken met ver—
hoogde proteclytische aktiviteit door middel van recombi-
nant-DNA technieken met als mogelijke toepassing versnel-
de kaasrijping:; is het van belang meer inzicht te ver-
krijgen in de regulatie van de genexpressie van het
celwandproteinase van deze bactarien.

Het is rechtvaardiger om mensen, die door hun leefgewoon=
tes hun gazondheid bawust in gevaar brengen, sen hogere
premie voor hun ziektekostenverzekering te laten betalen
dan mensen, die vanwege een aangeboren afwijking extra
geneeskundige behandeling nodig -hebban.

De wetanschapsjournalistiek zou aan kwaliteit winnen als
een groter deel van de schrijvende pers kennis zou nemen
van de elementaire beginselen van de exacte wetenschap en
de didaktiek.

Ean prikklok voor wetenachappers kan alleen maar verzon-
nen zijn docor een burakraat,; die meent dat -wetenschap
bedreven wordt gedurende vijf dagen per week van half
negen tot half zes.

De APK-kauring voor personenauto's dient te worden uit-
gevoerd daoor instanties, die guen belang hebben bij het

‘verrichten van reparaties.

AY
-

o§ weienschappelijke vergaderingen en bijeenkomsten wordt
te weinig rekening gehouden met mensen, die niet van
koffie houden.
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Voorwoord

Een proefschrift kan meestal tot stand komen door de inzet van velen. Dit
proefschrift vorat daarop geen uitzondering en bij deze gelegenheid wil ik
iedereen bedanken die op welke wijze dan ook heeft bijgedragen aan de
totstandkoming ervan.

In de eerste plaats moet ik iedereen bedanken die in de periode 1983-1987
deel heeft uitgemaakt van de "cowpea-groep". Niet alleen waren jullie
altijd bereid tot discussie over experimenten of de uitkomst daarvan, maar
bovendien waren jullie zonder uitzondering joviale collega's. In het bij-
zonder moet ik hierbij de namen van Jan Verver en Martine Jaegle noemen.
Jan Verver heeft gedurende het grootste deel van mijn verblijf op de
vakgroep direct meegewerkt aan de hier beschreven experimenten, waardoor er
erg veel werk verzet kon worden. Martine Jaegle heeft een groot aandeel
gehad in de constructie van infectieuze cDNA klonen. Ook Joan Wellink en
Rik Eggen hebben zich bijzonder ingezet hij de infectieproeven met cDNA-
klonen.

Kees Stam, Leon Frencken, Gerco Aangenent, Dick Smit en Michel Flipphi
hebben in het kader van hun doctoraalonderzoek alleen een bijdrage geleverd
aan dit proefschrift. Hoewel de ene wat meer succes had bij zijn experimen-
ten dan de ander, hebben jullie zonder uitzondering een enorme inzet
getoond.

Tedereen, die de afgelopen vier jaren het secretariaat heeft bemand, maar
in het bijzonder Gré Heitkonig, wil 1k bedanken voor het vele typewerk.
Piet Madern wil ik bedanken voor de vakkundige wijze waarop hij het vele
teken- en fotowerk heeft verzorgd. De fotodienst van het NIZO wil ik
bedanken voor het afdrukken van de omslagfoto.

Alle andere medewerkers van de vakgroep Moleculaire Biologie wil ik
bedanken voor hun waardevolle tips en discussies, de prettige samenwerking
en de gezellige sfeer op het lab.

Last but not least wil ik Ab van Kammen en Rob Goldbach bedanken. Ze hebben
mij de afgelopen vier jaar vaak met raad en daad terzljde geataan, in het
bijzonder bij het verwerken van de vele gegevens tot prettig leesbare
manuscripten. Op beiden is het woord promoter wat mij betreft zowel) in de

letterlijke als figuurlijke zin van toepassing.




CHAPTER 1

SCOPE OF THE INVESTIGATION
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Scope of the inveatigation

Cowpea mosalc virus (CPMV) is a plant virus of which the genetic infor-
mation is distributed among two messenger sense RNA molecules separately
encapsidated into icosahedral particles (for reviews see e.g. Goldbach and
Van Kammen, 1985 and Goldbach, 1987). These RNA molecules, denoted M and B
RNA, have a small protein, VPg, covalently linked to their 5' ends and a
poly(A) tail at their 3' ends. Both RNAs are translated into large polypep-
tides {polyproteins), which undergo proteclytical cleavages to yield the
functional proteins. For M as well as B RNA the complete nucleotide
sequence has been elucidated (Van Wezenbeek et al., 1983; Lomonossoff and

Shanks, 1983).
512 M-RNA B-RNA
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Figure 1. Model for the transintlon of the RNAs of CPMV mud proteclytic processing of the CPMV
polyproteins. The double-lined bars in the RNAs tepresent the long open reading frames, for which
the start and atop codons are also indicated {Van Wezenbeek et al.. 1983: Lomonossoff and Shanks,
1983). VPg is indicated by a black square, other protein sequences as single lines. The various

cleavage sltea are indicated on the primary tramalation preducts.
N.H. At the start of the ipvestigation the cleavage sites on the B proteins were not yet detecrmined.

At the start of the investigation described in this thesis it was known
that B RNA was translated into a 200 kilodalton (kD) polyprotein rapidly
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cleaved Into polypeptides of 32 kD and 170 kD respectively. The other B;ﬁlA
encoded polypeptides were shown to be all derived from the 170 kD polypep-
tide (see Figure 1) and for some of these proteins the function was known.
B RNA was shown to be replicated and expressed independently in cowpea pro-
toplasts indicating that the genetic information necessary for replication
of the viral RNAs and proteolytic processing of the polyproteins is

located on this RNA (Goldbach et al., 1980). Indeed the 110 kD polypeptide
had been shown to represent the viral RNA dependent RNA polymerase
(Dorssers et al., 1984; Franssen et al., 1984a) while the 60 kD polypeptide
was found to be the direct precursor to VPg (Zabel et al., 1982). The
observation that the 24 kD polypeptide showed significant sequence homology
to the picornaviral P3¢ proteases suggested that this polypeptide repre—
sented a viral protease (Franssen et al., 1984a). Antibody inhibition stu-
dies had shown that the 32 kD polypeptide was involved in release of the 60
kB capsid protein precursor from the ¥ RNA-encoded polyproteins, and there-
fore this polypeptide was proposed to be a second viral protease involved
in cleavage of this site at a glutamine-methionine dipeptide sequence
{Franssen et al., 1984b). The two capsid proteins VP37 and VP23 were known
to be released from the 60 kD capsid protein precursor by cleavage at a
glutamine-glycine site, but the proteolytic activity involved in this
cleavage reaction was not yet identified.

The scope of the investigation described in this thesis was to gain further
insight into the genetic organisation and gene expression of the CPMV RNAs.
The approach was to construct full-length DNA copies of both genomic RNAs
and try to express these copies in vitro and/or in vive. If this could be
achieved than the effect of specific mutations, introduced in these DNA
copies using methods for site-directed mutagenesis, could be studied. The
full-length DNA copies of M and B RNA appeared not to be expressed in vivo
themselves, but in the course of our investigations efficient in vitro
transcription systems became available, which allowed the synthesis of RNA
molecules from the full-length DNA copies closely resembling the viral

RNAs. These in vitro transcription systems proved to be extremely valuable

for the expression of the full-length DNA copies, both in vitro and in
vivo.

Chapter 2 gives an overview of the different methods, which can be employed
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for the construction and molecular cloning of DNA copies of plant RNA viru-
ses and viroids. In addition it is described how such copies have been used
to elucidate the various properties of plant viral RNA genomes. The molecu-
lar cloning and expression in vitro of full-length DNA copies of M and B
RNA is described in Chapters 3 and 4 respectively. Next in Chapter 5 we
show how DNA clones of both RNAs of CPMV were constructed, which upon

transcription in vitro produced RNA molecules able to be replicated and

expressed in cowpea protoplasts. Finally in Chapter 6 the in vitro
expression of apecifically modified cNNA clones is descrihed, which has
resulted in the identification of the B RNA-encoded 24 kD protein as the
protease responsible for all cleavages in the processing of the CPMV
polyproteins and has led to a better understanding of the proteolytic pro-

cessing reactions themselves.
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L. General Introduction

After the development of recombinant DNA technology and convenient
techniques for rapid determination of nucleotide sequences, the con-
struction of well-defined cloned DNA copies of plant viral RNA genomes
and viroids is becoming more and more an integral part of the research on
these pathogens. In this chapter I will attempt to show how the availability
of such clones indeed has added a new dimension to plant virology.

In the first part of this chapter (section II) the technical aspects of syn-
thesising cDNA will be described while, in addition, various cloning
strategies will be compared and discussed. The following part (section 1I1)
will deal with applications of cDNA clones in experiments designed to
unravel the multiplication cycle of plant RNA viruses. Hence, the use of
these clones to study RNA replication, RNA recombination, gene
expression and functions of viral proteins will be discussed. Section 1V; in
addition, will focus on the use of ¢cDNA clones in viroid and satetlite
research whereas, finally, in section V some attention will be paid to diag-
nosis of plant virus diseases using cDNA clones.

11. Construction of Full-Length cDNA Clones

A. Introduction

Following the development of modern molecular cloning techniques, an
ever growing number of plant virologists have been trying to construct full-
length ¢DNA clones of plant RNA viruses and viroids, aiming to obtain
specific probes for studying plant viruses, viroids and their diseases. While
for several viroids full-size cDNA clones have been readily obtained (see
e. g. Van Wezenbeek er al, 1982; Cress ef al., 1983 ; Ohno et ., 1983; Sano
et al., 1984; Tabler and Sanger, 1984), relatively few reports have been pub-
lished on the construction of full-length ¢cDNA clones of plant RNA
viruses. This already indicates that synthesis of full-length double-stranded
cDNA from relatively Jarge RNA molecules, often containing extensive
secondary structures, is far from easy. When writing this chapter full-size
c¢DNA clanes have been reported for the RNA of satellite tobacco necrosis
virus (STNV) (Van Emmelo er al, 1984), tobacco mosaic virus (TMV)
(Meshi et al., 1986, Dawson er al, 1936), the three genomic RNAs of
bromo mosaic virus (BMV) (Ahlquist and Janda, 1984) and the two
genomic RNAs of cowpea mosaic virus CPMV (Vos ef ai., 1984; Verver ef
al,, submitted). In the following paragraphs I will discuss in some detail
how such clones can be prepared.

B. Synthesis of double-stranded cDNA

For first strand synthesis the reverse transcriptase of avian myeloblastosis
virus (AMY) is routinely used. This enzyme, which is commercially
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available since 1978, synthesises complementary DNA using RNA as tem-
plate and requires like DNA polymerase a primer. Essential for successful
first strand synthesis are both the quality of the reverse transcriptase used
and the absolute purity and intactness of the template RNA. Potent RNase
inhibitors are often included in the reaction mixture to prevent degradation
of template RNA during the transcription reaction by ribonucleases
present in most commercial reverse transcriptase preparations. Suitable
reaction conditions have been described by several authors (see e. g. Efstra-
tiadis et al., 1976; Retzel er al., 1980; Fields and Winters, 1982) and usually
differ only on the monovalent cation concentration used. Actually, the
optimal conditions for reverse transcription vary for different template
RNAs and should therefore be determined independently for each RNA
species. First strand synthesis can be followed by addition of labelled
dNTPs to the reaction mixture and analysis of the reaction products on
denaturing agarose gels (see Fig. 1).

The next step in the procedure is o synthesise the second strand using
again reverse transcriptase or, as mostly preferred, E. coli DNA poly-
merase I. If the latter enzyme is used in combination with RNase H the
first strand material synthesised can directly be used for second strand syn-

Fig. 1. Reaction products of [irst strand cDNA synthesis of cowpea mosaic virus M

and B RNA analysed on a 1.2 % alkaline agarose gel (McDonnell ef al, 1977). On

the teft hand site the positions of full-size transeripts of M (3.5kb) and B RNA

(5.9 kb) are indicated. On the right hand site the positions of marker DNA frag-
ments are shown.
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thesis. The hofo-enzyme of DNA polymerase I will perform “repair syn-
thesis” on the RNA-DNA hybrid, replacing therecby the RNA strand
attacked by the RNase H (Okayama and Berg, 1982). As a result a comple-
mentary strand will be obtained, containing several nicks that can be easily
repaired by ligation, Although this approach is very efficient for synthe-
sising the complementary strand and has the advantage that no primer is
needed for second strand synthesis, it does not result in full-length double-
stranded cDNA molecules comprising the ultimate 5’-terminal sequence of
the RNA. To achieve the latter, second strand synthesis should be primed
with an oligonucleotide homologous to the 5-end of this RNA and
extended using the Klenow fragment of DNA polymerase I. Since the
Klenow enzyme cannot replace RNA hybridised to the template DNA, this
RNA should be removed previously by alkali treatment of RNase
treatment after heat denaturation. To improve the yield of full-length
double-stranded cDNA it is advisable to seperate full-size single-stranded
c¢DNA from smaller products prior to second strand synthesis. This can be
accomplished in several ways, e. g. alkaline sucrose density gradient centri-
fugation (Meshi et al,, 1983), elution from denaturing polyacrylamide gels
{Maxam and Gilbert, 1980) or elution from alkaline agarose gels (P. Vos,
unpublished results).

C. Cloning Strategies

Once the double-stranded ¢DNA has been obtained, insertion in a
suitable acceptor plasmid should foliow. Blunt-end cloning of the double-
stranded cDNA is most simple, but penerally not very efficient. Fur-
thermore, DNA fragments can be orientated in either direction, which in
soine cases may lead to a considerable number of unsuitable clones if one
orientation, the wrong one, is preferred. For cowpea mosaic virus (CPMV)
a strong orientation preference for full-length DNA copies of M RNA has
been observed in some vectors (P. Vas, unpublished results). That, on the
other hand, this approach can be very successful was demonstrated by Ahl-
quist and Janda (1984) by cloning in this way the three genomic RNAs of
BMV,

Addition of linkers to the cDNA certainly enbances the efficiency of
cloning, but knowledge of the nucleotide sequence of the RNA is then
required to select suitable linkers. This disadvantage may be circumvented
by methylation of the double-stranded cDNA (by specific methylases)
prior to addition of linkers and subsequent digestion to generate sticky
ends, '

Alternatively first strand synthesis can be primed with an oligonucle-
otide extended at its 5'-end with the recognition sequence of a restriction
enzyme for which no cleavage sites are present in the cDNA seguence.
Upon second strand synthesis, initiated with an oligonucleotide homol-
ogous to the 5'-end of the RNA sequence, the double-stranded cDNA is
digested with the restriction enzyme in question and ligated into a suitable
vector using one sticky (3’-)end and one blunt {5-)end. This protocol
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ensures both efficient ligation and insertion in the desired orientation. For
plant RNA viruses having a 3-poly(A) tail {(e. g. comaoviruses, potyviruses,
nepoviruses) first strand synthesis may be primed with a plasmid provided
with an oligo(dT) tail as described by Okayama and Berg (1982). Second
strand synthesis can next be primed with an oligonucleotide homologous
to the 5'-end of the RNA and cloning involves only circularisation of the
synthesised double-strand ¢cDNA linked to the plasmid. This protocol
serves again the important goat of efficient cloning in the desired orien-
tation while, furthermore, the minimal iength of the poly-d(A-T) track in
the cDNA clane to be constructed can be previously determined by the
length of the oligo {dT) tail linked to the plasmid primer.

Finally, when the RNA sequence is known, double-stranded ¢cDNA
may be cleaved with restriction enzymes yielding a number of fragments,
which can be cloned separately and joined afterwards to a full-size copy
(Meshi ef al., 1986, Dawson et al., 1986; Vos er al., 1984; Verver et al, sub-
mitted). This approach is especially atiractive for cloning genomic RNAs
of considerable length.

D. Cloning in Transcription Vectors

Recently several in vitro transcription systems have been developed, which
allow the synthesis of large quantities of RNA from cloned cDNA (Con-
treras ef al., 1982; Green et al, 1983; Davanloo et al, 1984). These systems
are based on a homologous combination of a specific RNA polymerase
and its promoter. RNA transeripts generated from such systems have been
proven to be efficient messenger RNAs in vitre (Melton er al, 1984; Ahl-
quist and Janda, 1984; Vos er al., 1984), which in case of transcripts from
viral DNA copies may express infectivity (Ahlquist er al,, 1984 a; Mizutani
and Colonno, 1985; Van der Werf er af., 1986). Since DNA copies of most
plant RNA viruses are not directly infectious (exception STNY, Van
Emmelo, submitted), cloning downstream of a promoter sequence of an
RNA polymerase, which allows efficient transcription in vifro, may be an
attractive possibility to generate infectious RNA from cDNA clenes (see
for further discussion oa this point section 111. 2.). Efficient in vitro tran-
scription systems have been described based on E. cofi RNA polymerase on
one hand or on the RNA polymerases of bacteriophages like SP6 or T7 on
the other hand.

The E. coli in vitro transcription system is not as efficient as the tran-
scription systems based on RNA polymerases of bacteriophages, but has
the advantage that sequences downstream from the transcription initiation
site are dispensable for efficient transcription in vifro. The E. coli promater
is defined by the “-35 and “-10” region, allowing cDNA inserts to be posi-
tioned directly at the transcription initiation site of a strong E. coli ot E. coli
phage promoter without affecting transcriptional efficieny. Hence Ahiquist
and Janda (1984) designed a transcription vector, pPM1, based on the
phage lambda PR promoter (see Fig. 2). Introduction of any DNA
fragment with a 5'-proximal purine into the unique Smal site in this vector

23
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will result in transciptional start by E. coli RNA polymerase at the first
nucleatide of the DNA fragment inserted. Morcover, addition of the cap
analog m’GpppN o the transcription mixture leads to the generation of
capped transcripts (Contreras er al, 1982; Ahlquist and fanda, 1984).
Using this E. coli cloning/transcription system RNA transcripts from full-
length ¢DNA clones of the three genomic RNAs of BMV and of TMV
RNA have been synthesised, which perfectly resemble the natural viral
RNAs with respect to their capped 5'-ends (Ahlquist f al., 1984a; Meshi ef
al,, 1986 Dawson er al,, 1986).

r
TGCGTGTTGAGTATTT TACCTCTGGCGGTGATAATGETC CCEGGAATTCACTGEC
Smal ©d

r
GAAAT’mATAchCTgACTATAGGQAGAC;//DoT;'/

Fig. 2. Schematic representation of transcription vectors pPM1 and pT7-3 (see text)
with in detail the sequences sucrounding the transcription initiation sites (indicated
by arrows). Sequences important for efficient transcription by ecither the E. cali or
T7 RNA polymerase are indicated by doubie lines. In the plasmids theB-lactamase
gene for ampiciline resistance is shown, pBR322 derived sequences are indicated by
a single line and open boxes refer to phage A or T7 derived sequences {Ahlquist and
Janda, 1984; Queen, 1983; Dunn and Studier, 1983: Tabor and Richardson, 1983).

Similarly the RNA polymerase of bacteriophages like SP6 and T7 are
very suitable to generate RNA transcripts in vifro from any DNA fragment
positicned downstream of an SP6 or T7 promoter respectively {Greén et
al., 1983; Vas et al, 1984; Verver et al,, submitted, and Fig. 2). These RNA
polymerases have the advantage over the E. coli RNA polymerase that they
are very specific for their own promoter sequence and that they are at least
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ten times more active in vitro campared to the E. coli enzyme. Yields of up
to 20ug of RNA synthesised from 1ug of template DNA have been
described (Tabler and Singer, 1985, Verver et al., submitted). Similar to E,
coli RNA polymerase these phage-encoded polymerases are capable of
incorporating the cap precursor m’GpppN generating capped transcripts
(Konarska er al, 1984; P. Vos, unpublished results). A generai disad-
vantage of the phage polymerases is, however, that sequences downstream
of the transcription initiation site are important for efficient transcription
and thus can not be removed. With bath SP6 and T7 promoters the first
five nuclectides dawnstream of the transcription initiation site form part of
the promoter sequence {Dunn and Studier, 1983; P. Vos, unpublished
results). Nucleotide changes in this region decreases the efficiency of tran-
scription, although considerable amounts of RNA transcripts may still be
produced. Investigation of this issue has indicated that as lang as the tran-
scription initiation site and the first downstream nucleotide remain
unchanged, transcription efficiency is still 10—20 % compared to normal
(Van der Werf ef al., 1986; P. Vos, unpublished results), which, in most
cases, still gives sufficient yield. Vectors for the SP6 ar T7 in witro tran-
scription system are commercially available and have multiple cloning sites
downstream of the promoter sequence facilitating insertion of DNA frag-
ments. To date construction of cDNA clones downstream of bacteriophage
promoters has been reported for several RNA viruses like human rhino
virus (Mizutani and Colonno, 1985), poliovirus (Van der Werf 7 al., 1986),
black beetle virus (Dasmahapatra es al, 1986} and cowpea mosaic virus
(CPMV) (Vos er al, 1984; Verver et al, subm1tted] Infectious transcripts
from these cDNA clones were obtained I spite of non-viral extra
sequences at the ends of the transcripts (see alsolll, 2).

1. DNA Copies as Tool to Study the Molecular Biology of Plant RNA
Viruses

A. Introduction

This section will deal with the application of cDNA clones in studies on
the molecular biology of plant RNA viruses. Only for a few plant RNA
viruses full-length ¢cDNA clones are currently available, although their
number will certainly grow in the near future. When writing this chapter
only for the genomic RNAs of cowpea mosaic virus (CPMYV), bromo
mosaic virus (BMV) and tobacco mosaic virus (TMV) full-size cDNA
clones have been described. As a consequence the following pages will
mainly focus on these viruses. Whenever necessary background infor-
mation on these viruses will be given throughout the different paragraphs.
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B. Infectivity of cDNA Clones

i) Infectivity of DNA Copies

Since plant RNA viruses have RNA as source of genetic information it is
interesting to know if a double-strand DNA copy of such a genomic RNA
is infectious upon inoculation of host cells. This phenomenon has indeed
been found for some RNA viruses, like bacteriophage QB (Taniguchi ef al.,
1978), and for human poliovirus {Racaniello and Baltimore, 1981). In all
these cases the infectivity of the DNA copy was very low compared to that
of viral RNA, This is not surprising, especially not for RNA viruses of
eukaryates, if one tries to imagine the pathway that such a copy must
follow after introduction into the host cell to eventually produce an infec-
tions RNA molecule. To achieve this the DNA copy, after entering the cyt-
oplasm, has to reach the nucleus where transcription should take place.
Transcripts having probably extra non-viral sequences at both eads should
then be transported to the cytoplasm, where the multiplication process of
the virus takes place. To get multiplication of these transcripts, they should
be translated (1o obtain viral replication proteins) and probably should be
processed to RNA molecules that can be recognised by the viral replicase.
One or more of these processes can be expected to be very inefficient and
therefore may lead to a very low level of infectivity. While for virpids direct
infectivity of double-stranded DNA copies have been demonstrated (see
section IV. 2 for a more detailed discussion), for plant RNA viruses infec-
tious DNA copies have so far not been reported. It could very well be that
the infectivity of such copies is very low, as in the case of poliovirus, and
therefore escaped detection. For CPMYV, direct infectivity of double-
stranded DNA copies has been tested extensively, but never resulted into a
detectable level of infection (unpublished results). Even the use of {(strong)
eukaryotic promoter sequences, like the SV40 early promoter, the nopaline
synthase promoter from Agrobacterium tumefaciens or the cauliflower
mosaic virus (CaMV) 358 promoter to enhance transient transcription after
introduction in cowpea cells, was not successful,

An alternative way to express double-siranded DNA copies to give
infectious particles again may be transfer of the cDNA to plants using
Agrobacterium tumefaciens, which can also result in stable integration of
the DNA copy into the plant chromosome (see chapter on agroinfection).
Thus far this approach has been on]y successfully applied for plant DNA
viruses, i. e. cauliflower mosaic virus (Grimsley er al, 1986) and tomato
golden mosaic virus (Rogers et al., 1986).

With respect to RNA viruses partial DNA copies of TMV RNA have
been integraled into tobacco (Bevan et al., 1985; Powell Abel ef af., 1986).
It was demonstrated that these DNA copies were transcribed in trans-
formed plants and furthermore that also TMV-specific protein in casu coat
protein could be detected. For CPMV cowpea cells have been transformed
with a full-size DNA copy of the smaller of the two genomic RNAs, the
M-RNA, provided either with the nopaline synthase {nos) promoter or the
CaMV 355 promoter, using Agrobacterium-mediated gene transfer. This
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DNA copy was efficiently expressed in transformed callus tissue obtained,
yielding transcripts of the expected length of more than 3500 nucleotides
long (Garcia et al, 1986). These transcripts were remarkably stable
although synthesis of CPMV RNAs occurs normally in the cytoplasm.
Since the M-RNA of CPMYV is dependent for its replication on the B-RNA
encoded RNA dependent RNA polymerase, it will be of interest to
determine if infection with B-RNA of transformed cowpea cells will result
in replication of the M-RNA-like transcripts.

i) Infectivity of in vitro Transcripts from DNA copies

The development of efficient in vifro transcription systems has offered an
attractive alternative for the approaches described above to achieve infec-
tivity from plant viral DNA copies. DNA copies preceded by a strong pro-
moter specific for as certain RNA polymerase can be transcribed in vitre
into their RNA counterparts. Using this approach infectious transcripts
have been described for human rhinovirus and poliovirus (Mizutani and
Collono, 1985%; Van der Werf ef al., 1986), the insect virus black beetle virus
(Dasmahapatra et al., 1986) and the plant RNA viruses BMV (Ahlquist ez
al, 19843) and TMV (Dawson et al., 1986; Meshi er al, 1986).

The problem when synthesising RNA in vitro is to generate transcripts
which resemble the original viral RNA with respect to its 5’ and 3’ end. It is
obvious that extra terminal sequences may interfere with viral RNA repli-
cation, since this is generaily a very specific process. From experiments
done so far it is clear that the mare the termini of in vifro RNA transcripts
resemble those of the natural viral RNA the more infectious they are. For
both the picornaviruses and viroids it was found that RNA transcripts were
some orders of magnitude more infectious than the DNA copies them-
selves (Van der Werf ef al.,, 1986; Tabler and Singer, 1985; Mizutami and
Collono, 1985). However the way in which extra sequences affect the infec-
tivity of in vitro transcripts may differ from virus to virus depending on
their replication mechanism.

As mentioned above for plant RNA viruses infectious transcripts have
thus far only been obtained for BMY and TMV (Ahlauist et al.,, 19844,
Dawson ef al., 1986; Meshi ef al., 1986). Both viruses have RNAs with a
cap structure at their 5’ end, and for both capping of the in vitro transcripts
was essential for infectivity. Extra nucleotides at the 5' ends and/or the
absence of a cap (almost) abolished the infectivity of the in virro tran-
scripts. On the other hand extra sequences at the 3’-end seem not to have
such drastic effects. Such extra sequences have never been found in the
progeny of in vifro transcripts, indicating that they are removed upon repli-
cation. Furthermore, for TMV reconstitution in virro of the RNA tran-
scripts with coat pratein have been shown to further increase their infecti-
vitiy (Meshi et al, 1986). It is obvious that transcripts are protected in this
way from nucleases and that the infection process occurs much more effi-
ciently.

In various cases it has been observed that, without any obvious reason,
some cDNA clones did not produce infectious transcripts. Although none
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of these clones have been analysed in detail, changes at the nucleotide level
are probably the reason for this lack of infectivity. Indeed it has been
demonstrated that the RNA population of a virus may be rather heter-
ogenous in sequence {Goelet ef al,, 1982; Lomonossoff and Shanks, 1983),
probably due to miscopying during RNA replication. The error rate of
RNA-dependent RNA polymerases in general is 10-* to 10-% Non-infec-
tious clones can therefore have originated from RNA molecules which
were not infectious. Alternatively, mistakes may be introduced by the
reverse transcriptase during first sirand synthesis. In this view the use of
several independently obtained clones for infectivity assays is advisable.
However, sequence analysis of non-infectious cDNA clones could still be
very important to gain more insight in the process of virus infection and
multiplication.

C. RNA Replication

Thus far little is known about the replication of eukaryotic RNA viruses,
and this is certainly true for RNA viruses of plants. Only recently the idea
is more and more emerging, that most, if not all, eukaryotic RNA viruses
encode their own RNA-dependent RNA polymerase (replicase) which, as
far as known, is very specific for its own RNA (for a review see Van
Kammen, 1985). Most probably this specificity must have its origin in the
primary and/or secondary structure at the termini of the RNA molecule,
where RNA replication starts. Determination of the sequence signals
involved in the initiation of replication would be importantly facilitated by
the availability of apprapriate systems to study this process in vitro. Such a
system has thus far only been described for BMV (Bujarski ef af, 1982;
Miller and Hall, 1983). From BMV-infected barley leaves viral RNA-syn-
thesising extracts can be prepared, which are RNA dependent and capable
of synthesising full-length complementary strands from added BMV RNA.
Hence, since for BMV full-length cDNA clones have been constructed, a
powerful system is available to study sequences involved in the initiation of
replication of BMV RNA, by addition of RNA transcripts prepared from
modified DNA templates to BMV- infected leaf extracts. Before discussing
the results obtained so far in this system it is necessary to give a short
description of the virus.

BMY is a virus of which the genetic information is divided among three
positive-stranded RNA molecules, designated RNA1, 2 and 3 respectively,
with sizes of 3.2, 2.9 and 2.1 kilobases {(kb) (Lane and Kaesberg, 1971;
Lane, 1981; Ahlquist et al, 1984 b). In infected plants an additionals RNA
is abundantly present, RNA 4, which is a5 a subgenomic mRNA of RNA3
and codes far the capsid protein. The viral RNAs all have a cap structure
at their 5’-end and possess a tRNA-like structure at their 3'-end, including
a CCA-terminus which can be aminoacetylated with tyrosine (Kiberstis
and Hall, 1983; Loesch-Fries and Hall, 1982) (see Fig. 3), The sequence of
the 3'-terminal 200 nucleotides is virtuatly identical among the three
genomic BMV RNAs, indicating that this region may play an important
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Fig. 3. t-RNA-like structure at the 3’ end of the bromo mosaic virus RNAs as pro-
posed by Rietveld e al. (1983). This stem structures arm A, B, C and D are indi-
cated in the figure, The CCA-terminus is located in arm A, the anticodon AUA in

arm C.
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Fig. 4. Schematic representation of the cDNA clone containing the ultimate 201

nucleotides of RNA3 of bromo mosaic virus downstream of the SP, promotor,

Single lines indicate vector sequences, the SP, promotor is indicated as a hatched

bar, BMYV sequences are indicated as an open bar, Note that the central three nucle-

otides in the nonameric recognition sequence of the restriction enzyme Tth1111 are

not important for cleavage, allowing site-directed mutagenesis at these three nucle-
otides without affecting restriction enzyme digestion.
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role in initiation of (—) strand synthesis and aminoacetylation (Ahlquist ef
al., 1984b). To investigate sequences involved in (=) strand synthesis and
aminoacylation mutant viral RNAs were synthesised in vitro and offered as
templates to either extracts of BMV-infected barley leaves (Miller and
Hall, 1983) or partially purified preparation of aminoacetyl-tRNA syn-
thetase from wheat germ (Kiberstis and Hall, 1983).

Since for aminoacetylation a correct 3' CCA-terminus is an absolute
requirement (Deutscher, 1983), it was important to generate in vitro BMY
RNAs containing a correct CCA terminus. To meet this requirement a
cDNA clone was construcied, downstream of an SP 6 promoter, which
contained the 3’-terminal 201 nucleotides of BMV RNA3 terminated at a
unique Tth111] restriction site. Upon transcription of Tth111I-linearised
template DNA, RNA transcripts were synthesised ending with a correct
CCA-terminus devoid of additional nucleotides (see Fig. 4). Furthermote
the recognition sequence of Tth1111 (GACNNNGTC} permitted changes
in one or more of the three centrally located nucleotides of the nonameric
sequence, allowing to study the effect of mutations at this end (sec Fig. 4).
The effect of several mutations in the RNA sequence on both template
activity and amino acelytion were analysed, a. 0. point mutations at the
CCA terminus and anticodon loop (Dreher et al., 1984), deletions in the
stem and loop structures of the tRNA-like region (Bujarski ef al., 1985) and
5'-deletions and 3'-extensions of the terminal 201 nucleotides present in the
cDNA clone (Miller er al, 1986). The results obtained with the muta-
genised transcripts are summarised below.

As expected both point mutations and extensions at the 3'-CCA-
terminus dramatically affected aminoacetylation, but the effect on the tem-
plate activity of the RNA was variable, Replication was not effected by
limited extensions to the 3’ CCA terminus or nucleotide changes at the
ultimate A, but longer extensions or changes of the penuitimate C abol-
ished replicase template activity.

Besides, mutations in the anticodon sequence had no cffect on effi-
ciency of aminoacylation, nor on the type of amino acid linked, but caused
a drastic decrease of replicase template activity, at a rate independent of
the nature of point mutation in the anticodon loop.

Finally, deletions in several regions of the stem and loop structures of
the tRNA-like region had differential effects on both aminoacylation and
template activity. Complete deletion of arm D (see Fig. 3 had no effect on
aminoacetylation or template activity and even seemed to stimulate repli-
cation. On the other hand, deletions in arm C abolished replicase template
activity and inhibited aminoacetylation partially. Deletion in arm B also
affected both tyrosylation and (—) strand synthesis depending on the size
of the deleted fragment. From deletion mutants at the 5-end of the
tRNA-like structure it became clear that all transcripts having the last 134
nucleotides of BMY RNA 3 undergo normal aminoacylation and initiation
of (=) strand synthesis.

One of the most important conclusions from these experiments is that
the tRNA-like structure itself contains all signals for both aminoacylation
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and initiation of {(—) strand synthesis. At least in vitre the entire t-RNA-like
region appears to be essential for replication, except for loop D. In this
context it is noticeable that this latter loop is missing in the closely related
broad bean mottle virus (BBMY). Furthermore initiation of (—) strand syn-
thesis seems to start opposite the penultimate C of the CCA-terminus, since
point mutations in the ultimate A or 3’ extensions did not affect rephi-
cation. This observation has been confirmed by other experiments on BMV
replication (Miller ef al., 1986).

The experiments furthermore confirm that for aminoacetylation a
correct CCA-terminus is a prerequisite. Nucleotide substitutions in the
anticodon sequence, on the other hand, do not affect this process, nor the
identity of the linked amino acid. Besides, it is interesting to note that RNA
templates that cannot be aminoacetylated are still very efficient templates
in vitro, which makes any model demanding the use of esterified tyrosine
for priming (—) strand synthesis very unlikely. The role aminoacetylation
plays in the life cycle of BMV therefaore remains obscure and stifl awaits to
be elucidated.

The results described above indicate the attractive possibilities of in
vitre transcripts in studying viral RNA sequences involfved in replication.
Using Jn vitro transcripts of RNA3 of (—) strand polarity it has recently
been demonstrated that synthesis of the subgenomic RNA4 occurs by
internal initiation of (—) strand RNA3 (Miller er al., 1985). The results
obtained with BMV are probably representative for other RNA viruses
having genomic RNAs with similar structural features (cap, tRNA-like
end). For other plant RNA viruses having a different genome structure,
e. g. viruses with 3-polyadenylated RNAs, a similar approach to study
their RNA replication is evident. Although full-length clones suitable for
the preparation or transcripts with well defined modifications are available
far some of these viruses, the development of template-dependent in vitro
replication systems, however, seems to impede those kind of experiments
at this moment.

D. RNA Recombination

Until recently for plant RNA viruses evidence for RNA recombination was
completely lacking. On the other hand, it has been known far years that for
some animal RNA viruses RNA recombination is an important {eature in
their multiplication cycle. Synthesis of mRNAs of influenza virus for
instance (Plotch ef al, 1981) is dependent upon certain RNA recombi-
nation events. RNA recombination has also been found and is regarded (o
be important in evolutionary variation of picornaviruses (King et af., 1982
Emini er al., 1984) The availability of cDNA clones, which are biologically
active, creates the opportunity to generate well-defined, non-lethal RNA-
mutants. Infection of plants with such mutanis allows to investigate if new
RNA molecules are generated through certain recombination events. The
first example of studying recombination with a plant RNA virus, e. g.
BMV, has been described by Bujarski and Kaesberg (1986) and will be dis-

31




32

Pieter Vos

cussed here. In the previous section (II1. 3} it was demonstrated that BMV
RNA 3-transcripts derived from DNA-templates lacking arm D in the
tRNA-like structure are still efficient templates for aminoacylation and
replication in vitro. Since this arm D seems to be dispensable in vitro,
Bujarski and Kaesberg inoculated barley plants with a mixture of wild type
RNA1 and 2 and a mutant RNA3, lacking this loop,and followed the fate
of the altered RNA3 in vivo,

Although barley plants became infected with this combination of
RNAs, less RNA3J and subgenomic RNA 4 were found to accumulate than
normal. The progeny RNA3 and RNA4 both possessed 3’ non-coding
regions missing arm D in.their tRNA-like structures and thus originated
from the modified RNA3 inoculated. Since the deletion in the tRNA-like
structure seemed to reduce the viability of RNA3, infected plants were
incubated over a longer period to test if RNA variants imore similar to wild
type RNA3 would arise by recombination events. Indeed after prolonged

‘infection revertant forms of RNA3 were observed in several plants, which

eventually outcompeted the original RNAJ mutant and -which had
regained the deleted stem and loop region. These revertants were different
from wild type RNA3 in having the t-RNA-like structure from RNA 1 or 2.
Different plants had different revertants and sometimes more than one
type of pseudo wild type RNA 3 couid be detected within the same plant.
Analysis of the different RNA 3 variants showed that in most cases recom-
bination had occurred between RNA3 and an homologous region in
RNA1 or 2, while also recombination outside homologous regions was
demonstrated. Clearly the D-loop in the tRNA-like structure of BMV
RNAs is not essential for infectivity, but its absence is somehow disadvan-
tageous. As a result RNAs which have regained an intact t-RNA-like
region by some recombination event have a selective advantage over the
RNA3J mutant with the deleted stem and loop structure.

In summary it can be concluded that the experiments with the modified
BMYV RNAS3 very elegantly demonstrate that recombination between plant
viral RNAs is possible, It is probable that such a mechanism plays an
important role in the evolution of plant RNA viruses. It certainly makes
RNA viruses more {lexible in adapting quickly to new environments or
hosts.

E. Genetic Qrgunisation and Gene Expression

Another major application of cDNA clones in plant virology has been to
study the genetic organisation by expression of cDNA clones modified in
specific regions. Since no methods for site-specific mutagenesis on RNA
are available, the only approach is to generate RNA mutants indirectly by
in vitro transcription of modified DNA clones, Relatively few reports have
been published on the use of cDNA clones in identifying gene functions of
RNA viruses in viva for the simple reason that most mutations result in
non-infecticus genotypes. This mcans that in a number of cases the only
outcome of a mutation in a gene of which the function is to be determined
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will be that this gene is essential for infectivity. It is clear that there is a
need for alternative ways to study functions of genes, for instance
cxpression of these genes in wiro. However, this will only be possible in
those cases where suitable assays for probing gene functions are available.
An example of such a gene function that lends itself weil for analysis in
vitro is proteolytic processing, which is employed by various RNA viruses
in their genetic expression, e. g. picornaviruses (Putnak and Phillips, 1981),
comoviruses (Goldbach and Van Kammen, 1985) and potyviruses (Vance
and Beachy, 1985; Dougherty ef al, 1985; Dougherty and Hiebert, 1985).
This processing occurs faithfully upon translation in vitro of the viral
RNAs (Pelham, 1978; Franssen er al, 1984; Jackson, 1986). The ir vitro
translatien and processing of mutant RNA transcripts of cowpea mosaic
virus (CPMV) has resulted in important information on the proteolytic
processing of this virus. Some of the maost interesting results obtained will
be discussed here.

The genome of cowpea mosaic virus (CPMY) is divided among two,
separately encapsidated, single-stranded RNA molecules designated M
and B RNA (for a recent review see Goldbach and Van Kammen, 1985).
The viral RNAs are characterised by a small protein covatently linked to
the $'-end called VPg (Stanley et al, 1978; Daubert et af., 1978} and a
poly(A) tail at their 3-end (El Manna and Bruening, 1973). The translation
of both RNAs into polyproteins and their subsequent protealytic pro-
cessing to yield the functional proteins have been described extensively
(for a review sce Goldbach and Van Kammen, 1985) (see Fig. 5). From
nucleolide sequence analysis of the genomic RNAs (Van Wezenbeck er al,
1983; Lomonossoff and Shanks, 1983) and {rom amino acid sequences of
the N-terminal ends of various viral proteins (Wellink ef al., 1986} it is
known that three types of cleavape sites are employed in prateolytic pro-
cessing: glutamine-glycine, glutamine-serine and glutamine-methionine
dipeptide sequences. There are several interesting aspects about this prote-
olytic processing which demand further analysis. What is the nature of the
proteolytic activities; are these activities host or virus encoded and if they
are virus encoded, which viral protein(s) is/are involved? What determines
a cleavage site; is it only the dipeptide sequence or are surrounding amino
acids or the three dimensicnal folding of the protein also important? In the
following pages it will be demonstrated how the answers to these questions
can be obtained by in vitro expression of cDNA clones modified by site-
directed mutagenesis.

For this purpose full-length cDNA clones of both CPMV M and B
RNA have been constructed downstream of T7 or SP6 promaters, which
gave upon fa vifro transcription and subsequent in vifro translation in rabbit
reticulocyte lysate translation products indistinguishable {rom the in vitre
translation products cbtained with matural viral RNA (Vos ef af, 1984;
Verver e al., submitied). Based on time course translalion studies and
sequence homology to the picornaviral protease P-3c¢, the 24 K polypeptide
encoded by B RNA (Fig. 5} has previously been proposed to be a viral pro-
tease involved in the proteolytic cleavage of the CPMV polyproteins
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Fig. 5. Translation and processing of the genomic RNAs of cowpea mosaic virus.

On the RNASs the long open reading is indicated by a double lined bar and the posi-

tions of start and stop condons are shown. Black squares refer to the genome linked

protein VPg; other proteins are indicated as single lines with their estimated sizes in
kitodaltons (K) presented above the protein.

(Franssen et al, 19842 and 1984 c). To test this a small deletion was intro-
duced into the coding region for the 24 K polypeptide within a full-length
B ¢cDNA clone (Verver et al,, submitted). This deletion did not disturb ihe
reading frame of the B RNA-encoded polyprotein in this clone, but
resulted only in the loss of the coding sequence for 29 amino acids cen-
traily located in the 24 K polypeptide (Fig. 5). Whereas translation of viral
B RNA or in vitro transcripts of full-length cDNA clones of B RNA
resulted in a 200K polyprotein, which is rapidly processed into polypep-
tides of 170K and 32K (see Fig. 5), translation of the transcript from the
deletion-containing B ¢cDNA clone resulted in a slightly smaller primary
translation product (* 197K), which was not protealytically processed.
This result demonstrates that cleavage at the glutamine-serine dipeptide
between the 170K and 32K polypeptides is blocked by the small deletion
in the 24K polypeptide representing therefore a protease involved in
this cleavage.

The action of the 24K polypeptide was further investigated by con-
structing a hybrid ¢cDNA clone containing sequences derived from both M
and B RNA. In this hybrid clone a DNA fragment of a full-size B clone
(pSPB21) containing the coding region for the 24K polypeptide plus sur-
rounding sequences, was inserted into a full-length M cDNA clone
(pSPM35ABgIIT; see Fig. 6). The result of this construction is clone pMB210,
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Fig. 6. Construction and schematic representation of a hybrid cDNA clone, con-
taining sequences derived from M and B RNA of cowpea mosaic virus. A Haelll-
EcoRI fragment containing the coding region for the 24 K polypeptide plus sur-
rounding sequences was inserted into pUCS to introduce a number of restriction
sites at the left hand site of this DNA fragment. Subsequently this DNA fragment
was released with Sall and EcoR/ and inserted into the M cDNA clone
pSPMSIBg1IT (Vos er af., 1984) digested with Xhol. The resulting ¢lone pMB210
contained ane contiguous open reading frame which could code for a protein of
136kD. After in vitro transcription with SP, polymerase and subsequent in vifro
translation in rabbit reticuocyte lysates indeed a 136 K polypeptide is produced,
which is rapidly cleaved at the right mast glutamine-glycine site (see text).
Open bars represent the open reading frame of polypeptides originating from M
RNA (open region) or B RNA (hatched region). Small double-lined bars indicate
the non-translated regions. The positions of the cleavage sites on the translation
products are indicated by Q/S (glutamine-serine}, Q/G (glutamine-glycine) and
Q/M (glutamine-methionine).
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Site-diracted mutagenesis at the coding sequence for the glutamine-
glycine cleavage site betwsen the two capsid proteins.

GCA CAAlsaA CCU Guy
ala glngly pro val
J

SCALAAGGACCTETT
CGTETTCCTGGACAA

il Avall

GCACME GACCTETT
CGTETTCLTG GACAA

[}
GCACAAGGACGACCTGTT  GCA CAA|GGA [GA COU GLU

114 CETETTCCTECTERACAA  ala ginlgly arg pro val
1

]
digest: GCACAAGCTGTT GCA CAA!GCU Guu
*  CGTGTTCGACAA ala glnla val
1

Fig. 7. Site-directed mutagenesis at the coding sequence for the glutamine-glycine
cleavage site between the two capsid proteins. The nucleotide sequence sur-
rounding the cleavage sile is shown in capital letters, the resulting amino acid
sequence in italics. As can be deduced from the sequence a recognition site for
Avall (GGACC) is present. After digestion this enzyme gives 5 protruding ends
with an overhang of three nucleotides. “Filling in™ with Klenow enzyme and reli-
gation results in three additional nucleotides, digestion sith S 1-nuclease and reli-
gation results in the loss of three nucleotides. Mutagenesis is therefore possible
without interrupting the open reading frame.

containing a fong open reading frame of approximately 3800 nucleotides
and which produced upon in vitro transcription and translation a protein
with a molecular weight of 136 K (Fig. 6). In this protein, comprising
sequences of both the B RNA- and M RNA-encoded polyproteins, four
different proteolytic cleavage sites were present, one of which, the glu-
tamine-glycine cleavage site between the two capsid protein (VP37 and
VP 23) sequences, was rapidly cleaved. This cleavage was not observed
when the small deletion of 89 basepairs (see above) was introduced in the
24K protein-coding region. This result demonstrates that the 24 K protein
not only has prateolytic activity involved in cleavage of glutamine-serine
sites (see above) but also recognizes glutamine-glycine cleavage sites.
Additionally, to analyse preliminary the properties of the proteolytic
cleavage sites two derivatives were constructed from the hybrid cDNA
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clone pMB210, which were modified at the coding sequence for the glu-
tamine-glycine site between the two capsid proteins (Vos ef al., manuscript
in.preparation, and Fig. 7). The result of the first mutation was a deletion of
one amino acid, changing the glutamine-glycine dipeptide sequence into a
glutamine-alanine sequence. The resuilt of the second mutation was an
insertion of one amino acid residue at the right hand site of the glutamine-
glycine dipeptide sequence, changing the sequence glutamine-glycine-
proline into glutamine-glycine-arginine. Upon subsequent in virro tran-
scription and translation of these modified cDNA clones it was shown that
removal of the glycine in the cleavage site abolished proteolytic processing
completely, while introduction of the extra amino acid next to the glycine
resulted in a considerable decrease of proteolytic cleavages at this site.

These and the other results discussed above nicely demonstrate how
RNA transcripts derived from modified DNA templates can be utilised to
identify and analyse the function and enzymatic activities of viral proteins.
Using this approach for CPMY the 24 K polypeptide encoded by CPMV B
RNA was delinitely identified as a viral protease, recognizing both glu-
tamine-serine and glutamine-glycine dipeptide sequences. Furthermore it
was shown that not only a corfect dipeptide sequence is an absoclute
requirement for proteolytic cleavage, but that also neighbouring amino
acids affect the recognition of the cleavage site by viral proteases. While
for CPMYV this approach has resuited in an almost complete under-
standing of the proteolytic processing of this virus, this may also be
expected for other viruses, which employ proteolytic processing for their
genetic expression (e, g. nepoviruses, potyviruses).

IV. Viroids and Satellites

A. Introduction

This section will deal with the applications of ¢cDNA clenes in studies on
viroids and satellites. Viroids and satellites are groups ol small RNA mole-
cules which differ from plant RNA viruses in many aspects. One of the
major dilferences is that they are totally dependent for their replication on
host enzymes (viroids) or the polymerase of a ,,helper virus* (satellites). In
fact viroids and most satellites do not code for any protein at all, the
former occuring as naked RNA molecules, An exception form the so-called
»safetlite viruses”, i.e. satellite RNAs which encode their own capsid
protein. The best studied example of these is Satellite Tobacco Necrosis
Virus (STNV), a satellite virus of Tobacco Necrosis Virus (TNY), and part
of this section will concern ¢cDNA studies on this satellite virus. Most
attention here will however be paid to viroids, since these pathogens have
been extensively studied for many years while for several of them fuil-
length cDNA clones have been constructed (Van Wezenbeek et al, 1982;
Cress et al., 1983; Ohno er al,, 1983 Sano et al., 1984; Tabler and Singer,
1984).
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Viroids are the smallest known agents of infectious diseases. They
consist of a small circular RNA molecule of 270—1360 nucleotides that is
extensively basepaired to form a rod-like structure (for reviews see Diener,
1983 ot Singer, 1984) (see Fig. 8). Thus far, viroids have exclusively been
found to be associated with diseases of higher plants and it has still
remained obscure how such small molecules can cause diseases with some-
times dramatic consequences. Dickson ef al. (1979) demonstrated that
sequence heterogeneity among different isolates of the same vireid results
in different virulence. Nucleotide sequencing of various isolates of potato
spindle tuber viroid (PSTV) (Schélzer et al, 1985) has indicated that
mutations affecting pathogenicity are all centered in one region, denoted
virulence modulation region. Recombinant DNA technology offers the
opportunity to analyse these observations in more detail.

Fig. 8. Schematic representation of the secondary structure of PSTV, a similas
structure can be drawn [or other viroids as well. V refers to variable region, a region
with refatively litlle sequence homalogy among the different viroids. P indicates
pathogenicity region, a region in which most point mutations affecling virulence
are centered. C refers to central conserved region, a region with a very high
homology among the different viroids (Keese and Symons, 1985). 1 indicates the
so-called hairpin I, one of the three hairpins, not present in the native configuration
but formed transiently during thermal denaturation (Riesner ef af., 1979; Henco et
al., 1979; Diener, 1986).

Another interesting aspect of viroids concemns the replication mech-
anism. Replication of viroids takes place via oligomeric RNA interme-
diates of both positive and negative strand polarity, suggesting a rolling
circle-type replication mechanism (Branch er al, 1981; Owens and Diener,
1982; Branch and Robertson, 1984). The existence of oligomeric RNA
intermediates requires specific cleavage and subsequent ligation to obtain
covalently closed circular molecules (Branch and Rabertson, 1984). Since
isolation of oligomeric RNA intermediates from infected plants is very dif-
ficult, it was until recently not possible to follow the cleavage/ligation
reaction in detail. However the availability of cloned multimeric viroid
DNA copies has opened the way to study this process as will be demon-
strated in this section.

In the first part of this section [ will focus on the molecular cloning of
viraids. For the construction of full-size cDNA clones of satellites and sat-
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ellite viruses | would like to refer to paragraph 2, since cloning of satellite
nucleic acid generally meets the same difficulties as cloning of the helper*
virus genome. In fact molecular cloning of satellites mostly is considerably
less difficult than cloning of RNA viruses as their size is nsually very small.
On the other hand moleculear cloning of viroids is different from RNA
viruses, due to the circularity and high level of secondary structure of the
RMNA. Additionally, in the second part of this section the use of DNA
copies to improve our understanding of the molecular basis of replication
and biological activities of viroids and satellite viruses will be discussed.

B. Molecular Cloning of Viroids

If the nucleotide sequence of the viroid in question is known, first strand
synthesis may be primed with one of more specific oligonucleotides, com-
plementary 1o sequences in the viroid RNA. When this approach is fol-
lowed two aspects are very important. Fistly, since viroid preparations
always contain circular and linear RNA molecules, the circular form of the
RNA should be purified from preparative denaturing gels (Maxam and
Gilbert, 1980; Van Wezenbeck et al,, 1982). Only in this way a high yield of
full-length transcripts will be obtained, since linear template RNAs will not
result in such transcripts. Secondly, the oligonucieotide primers used
should be complementary to regions in the RNA sequence, in which
internal basepairing of the viroid RNA is relatively weak, assuring efficient
hybridisation of the primer to the RNA. Ta obtain of full-length double-
stranded ¢DNA second strand synthesis must also be primed with an oli-
gonucleotide.

An elegant approach for this has been developed by Haseloff and
Zimmern (personal communication) in which a primer is employed that is
partially complementary to the primer used for first strand synthesis (see
Fig. 9). Upon annealing of such primer to full-size single-stiranded ¢cDNA a
partially double-stranded circle wil be formed, which can be converted to a
completely double-stranded molecule using the Klenow enzyme. The
remaining single-stranded nicks are repaired by DNA ligase and finally the
circular ds cDNA is linearised at a unique site and inserted into an appro-
priate vector.

An alternative approach is to use two primers for first strand synthesis
that are complementary to different regions of the viroid RNA. Upon
second strand synthesis by hairpin priming or by using the RNaseH/DNA-
polymerase | method of Okayama and Berg (1982), cDNA clones wiil be
obtained which together comprise the whole RNA sequence. After charac-
terisation of the cDNA clanes a full-size DNA copy can be constructed by
joining of selected restriction fragments from these clones.

In addition, molecular cloning of viroid RNA can be achieved by poly-
adenylation of (linear) viroid molecules followed by priming with
oligo(dT) (Sippel, 1973, Chno et al., 1983). Prior knowledge of the nucle-
atide sequence is not necessary in this case. Another advantage of this
method is that generally cDNA clones will be obtained starting at a dif-
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Fig. 9. Cloning strategy for circular RNA molecules, i. €. viroids, for which the

nucleatide sequence is known, using an oligonucleotide primer for first strand syn-

thesis and a primer for second strand synthesis partiatly complementary to the first

strand primer. The result is a double-stranded circular DNA copy with a nick in

both strands, which can be repaired by DNA ligase. Upon digestion with a unique

restriction enzyme a lineair molecule is formed, which can be cloned in monomeric
of multimeric forms in a suitable vector molecule.

ferent position of the viroid sequence, resulting in molecular cloning of the
entire RNA sequence. This is due to the fact that in general viroid RNA
will be linearised and thus polyadenylated at different position of the
sequence. Finally, after polyadenylation, all cloning protocols originally
developed for cellular mRNAs, like the highly efficient Okayama and Berg
(1982) method, can be applied for viroid RNAs.

C. Application of cDNA Clones

i) Viroids
In contrast to the DNA copies of plant viruses available to date all DNA

copies from viroids tested fo far have proven to be infectious. A prere-
quisite for this infectivity however is that the viroid-specific cDNA has to
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be cloned in a multimeric form. Monomeric DNA copies have only very
low infectivities or are not infectious at al§ (Diener, 1986). The same holds
for RNA transcripts of vireid-specific cDNA clones. The rate of infectivity
of multimeric transcripts of positive polarity is indistinguishable from that
of natural viroid RNA. On the other hand, neither monomeric transcripts
are infectivos, nor multimeric transcripts of negative polarity (Diener,
1986). These observations suggest that mulitmeric transcripts of positive
polarity represent true intermediates in viroid replication and that they are
faithfully cleaved and ligated to circular monomers in vivo and therefore
confer a high level of infectivity. 1t should be possible to identify sequences
involved in this specific cleavage ligation reaction using recombinant DNA
techniques.

Meshi er af., (1985) have been trying to locate the region involved in
cleavage of viroid muitimers by testing the infectivity of cDNA clones con-
taining more than one but less than two units of Hop Stunt Viroid (HSV)
sequence. They found that duplication of the upper portion of the highly
conserved central region and some neighbouring sequences (see Fig. 8)was
sufficient for infectivity of monomeric DNA copies. Site-directed muta-
genesis of cDNA clones of Citrus Exocortis Viroid (CEV) (Visvader et al,,
1985) has also identified this conserved central region as the possible pro-
cessing site for viroid oligomers. Based on these and other observations
Diener {1986) has recently proposed a model for the cleavage-ligation
process of viroid muitimers in which these multimers should form a highly
basepaired, thermodynamically stable configuration to achieve the gen-
eration of monomers. In this model the upper portions of the central con-
served region and hairpin [ (see Fig. 8} of every two neighbouring mono-
meric sequences can form an extremely stable G-C-rich double-stranded
structure exceeding the stability of native monomeric viroid RNA. Clearly
additional experiments with modified ¢cDNA clones will soon reveal the
exact location of the cleavage ligation site.

Another promising application of cDNA clones in viroid research is to
identify sequences involved in the virulence of the pathogen. These
sequences, involved in symptom formation, are of great interest, because
they might shed light on the interaction between viroid and host plant. Dif-
ferent isolates of the same viroid have been known for may years now,
which replicate at a similar levei but differ markedly in pathogenicity,
vatying from lethality to symptomless expression. Sequence analysis of
various field isolates of both potato spindle tuber viroid (PSTV) and citrus
exacartis viroid (CEV) have revealed a region in which most point muta-
tions affecting virulence are centered (Scholzer er af,, 1985; Visvader and
Symons, 1985). This region is called the virulence modulation region (Fig.
8). When writing this review no data were yet available on site-directed
mutagenesis of DNA copies with the purpose to affect virulence. However,
their availability in the near future may contribuie to a better under-
standing of how viroids cause diseases.
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ii) Sasellite Viruses

Satellite viruses can be defined as encapsidated nucleic acids that encode
their own capsid protein but are unable to multiply in cells without the
assistance of a specific , helper virus* and that do not contribute in any
way to the replication or infection of this helper virus nor have any
sequence homology with their helper virus genome (for a review see
Murant and Mayo, 1982). The best studied satellite virus is the sateltite of
tobacco necrasis virus (STNV). It was the first plant RNA _virus* of which
the total nucleotide sequence was elucidated (Yscbaert et al, 1980). The
genome of STNYV is 1239 residues long, the 5 half of the RNA containing
the coding region for the capsid protein and the 3'-terminal 622 nucleotides
being untranslated. A full-sized cDNA clone of STNV has been con-
structed (Van Emmelo et af,, 1980; Van Emmelo et al., submitted), which
surprisingly tumed out to be infectious. A plasmid containing a full-size
DNA copy of STNY inserted by G-C-tziling in the Pstl-site of a pBR322
derivative resulted in the production of STNV-particles when inoculated
together with the TNV helper virus. A plasmid lacking the 5'-terminal 23
nucleotides of the STNV DNA copy was not infectious while a full-length
¢DNA clone lacking G-C-tails was not infecticus as well. This indicates
that the G-C-tail introduced for cloning could be of some importance for
the generation of eukaryotic viral RNA from the prokaryotic plasmid
DNA, although the mechanism remains obscure (Van Emmelo ef al, sub-
mitted).

Linker insertion at various places in the STNV DNA copy generally did
not affect the infectivity, while the mutation in the STNV RNA was stably
maintained in the progeny satellite virus. Insertions in the coat protein
region, affecting the reading frame of this protein, did neither influence the
infectivity although the ratio of free single-stranded STNV compared to the
double-stranded replicative form was highly reduced (Van Emmelo et al.,
submitted). Probably the STNV RNA is rapidly degraded when it is not
encapsidated. Analysis of several deletion mutants revealed that in some
cases short deletions were allowed without affecting infectivity.

A very interesting observation was the occurrence of a kind of cross
protection by inoculating [eaves with the STNV ¢DNA clone. It appeared
that in leaves that were previously inoculated with TNV and a STNV DNA
copy, modified in the coat protein region, secondary infection with
TNV/STNY did not result in the appearance of STNV particles. The avail-
ability of infectious cDNA clones of satellite viruses offers thereforc a
good opportunity to study these viruses and their relation to the helper
virus in great detail. Furthermore, since some satellite viruses probably rep-
licate by the same mechanism as the helper virus, they could shed more
light on the replication of the helper virus genome. Sequences involved in
initiation of replication in vive could be analysed by introducing specific
mutations in the DNA copy of the satellite, without affecting the multipli-
cation and expression of the helper virus itself,
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V. Diagnosis of Plant Diseases Using DNA Copies of Plant Viruses and
Viroids

A. Introduction

Plant viruses and viroids cause diseases in several ecoromically important
crops, €. g. potatoes, tomatoes, cucumbers and tobacco. Infection of plants
often results in significant decrease in yield and in some cases total crop
loss is possible. It is therefore very important to obtain seeds and seed
plants absolutely free of viruses or viroids.

To test plant tissue for the presence of viruses or viroids, methods
should be applied which allow rapid but sensitive screening of large
amounts of samples routineously. For most plant viruses such methods
exist based on immunochemical techniques. These methods, however,
cannot be applied to viroids. Several years ago, a method was developed
based on hybridisation of radioactively labelled cDNA to viroid RNA
bound to nitrocellulose membranes to detect viroids in infected plants
{Owens and Diener, 1981). This method, called ,;spot hybridisation®”, can
also be applied to plant viruses for which immunochemical methods give
poor results. In this section | will focus on the characteristics of this
method in comparison with other methods uwsed for diagnosis and
detection of viruses and viroids.

B. Spot Hybridisation

Since viroids lack coat proteins, immunochemical methods cannot be
applied for their detection in infected tissue. Until recently the only alter-
native detection methods were bioassays on suitable test plants or gel elec-
trophoresis af extracted nucleic acids. In most cases the two methods were
combined, since multiplication of viroids in intermediate hosts was
necessary for detection on poly-acrylamide gels. Although gel electro-
phoretic detection technigues have improved a lot, recently culminating in
the development of a bidirectional electrophoresis approach in combi-
nation with a highly sensitive silver staining technique (Schumacher er al,,
1983), they still are laborious and expensive and therefore not very suitable
for routine indexing of large amounts of samples. Bioassays show often
slow symptom development (Allen and Dale, 1981; Palukaitis er al., 1981)
and are not reliable since some viroids can replicate in test plants to
normal levels without symptoms (Schélzner ef al, 1985).

Motecular hybridisation is a technique routinely used for detection of
nucleic acids. Using radioactively labelled probes of high specific activity
amounts as low as 0.1 pg of purified nucleic¢ acid bound to a nitrocellulose
membrane have been reported (Melton ef al, 1984). Therefore hybrid-
isation should be a sensitive technique to detect viroid RNA in infected
tissue and because of its simplicity should allow simultaneous screening of
large numbers of samples. The last few years this method indeed has been
applied successfully to a number of viroids (Owens and Diener, 1981 and
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1984; Palukaitis er @l., 1985; Symons, 1985). Since methods for malecular
hybridisation were already well established, molecular cloning of viroid
sequences and methods for preparations of samples from infected plants
were the only problems to be solved. Molecular cloning techniques for viroids
have been described in the previous section (IV. 2). To date for mosts viroids
cDNA clones are available which can be used for preparation or radioac-
tively labelled cDNA. Furthermore methods have been developed for rapid
and simple preparation of extracts of plant tissue, which can be performed in
a single Eppendorf tube, giving samples suitable for direct ,spotting" on
membranes, that can bind nucleic acids {Owens and Diener, 1984; Palukaitis
etal., 1985). At this moment spot hybridisation is routinely used in several lab-
oratorics for the detection of potato spindle tuber viroid, cirtus exocortis
viroid, coconut cadang cadang viroid and avocado sunblotch viroid.

Because of its simplicity and sensitivity the enzyme-linked immuno-
sorbent assay (ELISA) will remain the principal diagnostic assay for
detection of plant viruses. However, in some cases when ELISA is not
satisfactory, molecular hybridisation might provide a solution. When
viruses are present in a very low concentration in infected plants dot
hybridisation, because of its higher sensitivity, is to be preferred. Other
viruses are difficult to purify, are poor antigens or have variable antigenic
properties. In these cases problems with ELISA can be expected and
should be replaced by the spot hybridisation technique. Likewise, detection
of non-encapsidated viruses, like the particle-deficient isolates of tobacco
rattle virus (Harrison and Robinson, 1982) cannot be performed by ELISA
and should give no problems using spot hybridisation.

Spot hybridisation is an aftractive alternative for detection of plant
viruses specially when immunochemical techniques fail to succeed. To
date, for a number of plant RNA and DNA viruses this technique has been
applied successfully and shown to be more sensitive than immunochemical
techniques (Maule et al., 1983; Sela et al., 1984). The major disadvantage of
the spot hybridisation is the use of radioactivity in the procedure, espe-
cially for diagnostic laboratories which are not well equipped for this kind
of work. However, the development of non-radioactive probes (Leary ef al,
1983) can circumvent this problem and will certainly make this procedure
accessible for more laboratories.

VI. Conclusions and Future Aspects

In this chapter we have seen how recombinant DNA technology has
enabled experiments with plant RNA viruses and viroids, which until
recently were considered to be impossible. Of course it is very difficult to
predict how plant virology will develop in the near future, but we certainly
may anticipate that the application of cDNA clones will become more and
more crucial in experiments which are intended to unravel the properties
of plant viruses and viroids. It is obvigus that the number of plant RNA
viruses far which full-length DNA copies are available will grow steadily.
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Apart from studying viral replication and gene expression such clones
may be used to identify viral genes involved in specific virus-host plant
interactions, hence determining pathogenicity, host range and symptom
development. Another application of plant RNA viruses may be the use as
gene vectors. Since generally viral genes are expressed very efficiently (e. g.
genes for coat and inclusion body proteins), viruses may be altered in
suitable gene vectors. Recently French ef al. (1986) indeed detected chlor-
amphenicol acetyltransferase (CAT) activity in barley protoplasts when
infected with BMV RNA1 and 2 and a modified BMV RNA 3 containing a
bacterial CAT gene. A possible advantage of plant viruses as gene vector is
that difficult transformation procedures can be circumvented since viral
RNAs containing desired genes can simply be inoculated on host plants,
Viruses have, on the other hand, various serious disadvantages and limita-
tions as gene vectors. Important disadvantages could be the limited host
range of most viruses and the limitations of the size of the genes to be
introduced. Furthermore, the error rate of RNA polymerases is known to
be relatively high, which may cause rapid introduction of non-desired
mutations in inserted genes. Finally viral genes involved in pathogenicity
should be altered in such a way that the virus is tolerated by the plant and
does not cause crop losses. In summary, it may therefore be concluded that
the application of plant viruses as gene vectors is only a distant prospect.

Another application of plant viral cDNAs (and this may sound contra-
dictory) is their use as antiviral agents. As early as in 1929 it was described
that infection of a plant with a (mild) virus strain may result in resistance
of this plant to other (severe) strains of the same virus (McKinney, 1929).
This phenomenon, called “cross protection™, also occurs with vireids
(Fernow, 1967). This property has for some plant viruses and viroids been
used in practice. There are, however, several disadvantages about this
procedure. For example, a mild strain may change into a highly pathogenic
strain by only one or a few point mutations (Palukaitis and Zaitlin, 1984),
while a virus strain causing mild symptoms in one host plant can be very
virulent in athers. These problems could be circumvented if the viral genes
responsible for cross protection could be transferred to host plants instead
of using whole viruses. Powell Abel er al. (1986) recently demonstrated that
tobacco plants transformed with a partial DNA copy of TMV, encoding
and expressing the coat protein, indeed showed symptom delay upon
infection with the corresponding whole virus, Although the molecular basis
of this form of induced resistance is stilt obscure, these first experiments
promise good possibilities for protecting economical important crops
against virus infections.
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The genetic approach for elucidating functions encoded by
RNA plant viruses has been hampered by the lack of methods
to select desired mutants following random mutagenesis. An
alternative might be to copy RNA penomes into DNA and
use methods for site<directed mutagenesis to modify specific
regions of the DNA copy. Transcription of the DNA copy
will subsequently produce viral RNA with desired mutations.
We have constructed a fulldength DNA copy of the smaller
of the two cowpea mosaic virus (CPMYV) RNAs, referred to
as M RNA. The DNA copy was positioned downstream from
the promoter of bacteriophage SP6 and using SP6 RNA
polymerase, this copy and two derivatives of it containing a
specific deletion and insertion, respectively, have been
transcribed into RNA molecules which are efficiently
translated in rabbit reticulocyte lysates. The resulls obtained
show that the subsequent in vitro transcription and (ransla-
tion of DNA copies may be a powerful tool to unravel the
genetic properties of viral RNA genomes,

Key words: cowpea mosaic virus/cDNA/site-directed
mutagenesis/in vitro transcription/in vitro translation

Introduction

Cowpea mosaic virus (CPMY) is a2 plant virus with a bipar-
tite, positive-stranded RNA genome that is translated into
targe polypeptides from which the functional proteins are
derived by proteolytic cleavages (Rezelman ef af., 1980;
Goldbach ef of., 1981; Franssen ef al,, 1982, 1984a). Both in
vivo and in vitro translation studies have resulted in detailed
knowledge about the expression of the larger of the two
genomic RNAs, the B RNA (5889 nucieotides) (Rezelman et
al., $980; Goldbach et al., 1980; Zabel et al., 1982; Goldbach
and Rezelman, 1983; Lomonossofi and Shanks, 1983;
Franssen et af., 1984a, 1984b). On the other hand, the ex-
pression of the smaller of the two RNAs, the M RNA, (3481
nucleotides) (Van Wezenbeek er af., 1983} is poorly
understood. In infected cowpea cells (Vigna unguiculara) the
only M RNA-specific proteins identified are the two capsid
proteins VP37 (37 000 daltens) and VP23 {23 000 daltons).
Translation of M RNA in vitro yields two overlapping
polypeptides of — 105 000 (105 K} and 95 000 (95 K) daltons
(Figure 1), which have never been observed in vivo,
presumably because they are rapidly processed into func-
tional proteins (Pelham, 1979; Franssen ef al., 1982, 1984b;
Huez et al., 1983). The information available seems to in-
dicate that these polypeptides are produced from two dif-
ferent initiation sites on M RNA (Franssen er af., 1982; Van
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Wezenbeek ef al., 1983). They are recognised and cleaved by
a B RNA-encoded protease resulting in cleavage products of
60 000 daltons {60 K), 58 00¢ daltons (58 K) and 48 000
daltons (48 K) (Figure 1) {Franssen e o/., 1982). Whereas the
60-X cleavage product has been shown to represent a com-
mon precursor to both capsid proteins (Franssen et al., 1982),
the functions of the 58-K and 48-K polypeptides are still
unknown. To gain further insight into the expression of M
RNA, we decided 10 construct a full-length ¢cDNA copy of M
RNA. This would enable us 1o study the genetic organisation
of M RNA by expression of DNA copies modified by site-
directed mutagenesis, Here we report the successfull in vitro
expression of DNA copies by subsequent in vitro transcrip-
tion and transtation. Application of this approach to two
mutagenised DNA copies definitely reveals the presence of
two translation initiation sites on M RNA and has led 10 a
further mapping of the proteolytic cleavage site used by the B
RNA-encoded protease.

Results

Molecular cloning

For the construction of a full-length DNA copy we used a
number of cDNA clones described previously (Van
Wezenbeek er al., 1983). Since various rearrangements have
been shown to occur during cloning of cDNA from M RNA
(Van Wezenbeek et al., 1983), this approach was preferred to
synthesising new full-length ¢DNA. Only two new M13
clones, denoted CM131RF and CM414RF were constructed,
which contained the 3' and 5’ terminal sequences of M
RNA, respectively {(see Figure 2), For the synthesis of double-

M-RNA
512/52¢
181
o b —— A1,

105 ¢ *
9 v *
58 ‘ 60 #
48 80 ¢

VPIF ~ VP23

Fig. §. Modei for the translation of the M RNA of CPMY. The open
reading frame is indicared with a double-lined bar. The positions of
potentia] start codons (162, 312, 524} and stop codan {3298) are indicated.
Qpen Iriangles correspond 1o the putative glutamine-methionine cleavage
site recognised by the 32.K B RNA-encaded protease (Franssen ef af.,
1982; Van Wezenbeek er af., 1983). Black lozenges refer to the glutamine-
glvcine cleavage site in the 60-K capsid protein precursor, by which VP37
and VP23 are released (Van Wezenbeek e of., 1983). VPg is indicated by a
black square.
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Fig. 2. Censtruction of 2 fulldlength DNA copy of CPMV M RNA. Panel A: schemalic representation of the various cDINA clones used for the canstruction
of the fullsize DNA copy. The upper line represeénts the complete M RNA sequence with the double-tined bar indicating the position of the long open
reading frame. The positions of the N-terminal ends of VP37 and VP23 are indicased. Prefix p refers to pBR322-derived clones, RF refers to M13mp9-
derived clones. The positions of relevant recognition sites of BamtHI (B}, Bgill (Bg), EcoRi (E), Hindlll (H), Psil (P), Safl (Sal), Sau3A (S), Sma {Sm), Sstl
(Ss), Xbal (Xb) and Xho! (X) are shown. The regions of the M RNA-derived inserts in various clones are shown, with the segments used for the construction
indicated by doubledined bars, M RNA -derived cDNA clones pCM11, pCMI2, pCM17 and CM4IRF have been described previousty {¥Van Wizenbeek ef of.,
1983). Panel B: construction of a full-size DNA copy from various cDNA, clones. Sources of [DINA fragments are indicated as follows: opent bbues, M RNA.
specific sequences; dotred boxes, adjacent pHRI22 sequences; dashed boxes, adjacent M13 vector sequences; black box, Bgfil-Hind11l adaptor fragment (sce
below); chequered box, SP6 promoter fragment. The figures are not drawn 1o scale, For explanation of symbols see panel A. For further detalls see rext.

stranded ¢cDNA containing the uitimate 5' end, an oligo-
nucleotide primer for second strand DNA  synthesis
homologous ta the first 16 nucleotides of M RNA, was used.
Double-stranded ¢DNA obtained in this way was digested
with HindlIl and ligated into M13mp9 digested with FHindlll
and Hindll, producing clone CM327RF. The polylinker se-

quence of M13mp7 was subsequently inserted into the EcoRl1
site of CM327RF, resuiting in clone CM414RF (Figure 2). In
this way a number of restriction sites were positioned
upstream of the 5° end of the CPMV M cDNA facilitating
manipulations with clone CM414RF. The DNA done con-
taining the 3' end (CMI31RF) was constructed by insertion
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Fig. 3. Northern blot analwsis of i virro Transcripts, obtained with phage
SP6 RNA polymerase. RNA samples were glvoxylated and electrophoresed
in a 1% agarose gel according to McMaster and Carmichael (1977) an¢
translerred 10 nitrocellulese (Thomas. 1980). The blot was hybridised 10
nick-translated pCM423, washed as described (Thomas, 1980) and exposed
1o X-ray film (Sakura) for 16 h. Lames 1, 2 and 3 contain i# vitro
transcripes obtained from EcoRI-digesied 0.05 pg pSPMS, pSPMS. Xhol
and pSPMS_ B/ respectively; Lane 4, 0.2 ug M RNA extracted from
CPMYV M compoenents (Klooiwijk ef al., 1977; Davies ¢ af., 1978). The
numbers at the right side of the figure indicate the sizes (in kilobases) of
glyoxylated marker DNA fragments derived from plasmid pCM423.

of a 360-bp DNA fragment, obtained upon digestion of
double-stranded cDNA with Sau3A, into BamH1 and Smal
digested M13mp9. CMI131RF contained 27 residues of the
poly{A) tail and since a C residue was present adjacent to the
Sau3A recognition sequence, the BemHI site of M13mp9 was
. restored in this clone. The c¢DNA clones CMIi3IRF,
CM414RF and four previously described clones were used for
the construction of a fullsize cDNA clone of CPMVY M
RNA.

Construction of a full-length ¢cDNA copy

The construction of a fuil-size DNA copy of M RNA is
outlined in Figure 2. The first step in the construction was a
three-point ligation of the large Hindll[-BamH| fragment of
CMI131RF, a 169-bp Sau3A fragment of pCMi2 and an
83-bp Hindlll-Bglll adaptor fragment, derived from clone
pCMi1, resulting in clone CM254RF. As the Seu3A recogni-
tion sequence of the 169-bp fragment was flanked by an A
residue the adaptor fragment obtained from pCMI1 intro-
duced a Bgill site allowing unique cleavage next to the in-
serted Saqu3A fragment in z later stage of the construction.
Clone pCM102 was constructed by insertion of the 606-bp
EcoRl1-Hindlll fragment of CM254RF and the 707-bp
Hindll[-BamH] fragmeat of CM414RF into pBR322
digested with EcoRI and BamHI. Insertion of the 1366-bp
Xhol-Sau3A fragment of pCMI7 into Xhol and Bglli
digested pCM 102 resulted in clone pCM205, which now con-
tained an M RNA-derived sequence from the BamH] site at
position 1504 downstream to the 3’ end. Next, the 1557-bp
BomH| fragment of pCM 11 was ligated to pCM205, linearis-
ed with BamHI, resulting in ¢lone pCM303, which contained
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In vitro expression of a fulldength DNA copy of CPMY M RNA

1 2 3 4
+ + + +
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Fig, 4. In vitro ranslation and processing of iranscripts obtained with SP6
polymerase. In each assay 0.5 pg of RNA was translated in vitro in 10 ul
rabbit reticutocyte lysate using [S)methioning as radioactively labeled
amine acid (Goldbach er al., 1981). The in vitro translation products were
incubated with an equal volume of 30 Q00 g supernatant Fraction [rom B
companents inoculated protoplasts (+), or [eft untreated (- ) and analysed
on a 12.5% SDS-pelyacrylamide gel. Lane 1, translation products from
natural M-RNA; s 2, 3 and 4 translation products from in vitro
transcripts cbtained with SP6 RNA polymerase from pSPMS3,
pSPM5LBE/L and pSPMS.Xhol, respectively. The numbers at the right
side of the gel indicate the sizes {in kd} of the marker proteins used:
myosin, 210; E. cofi G-galactosidase, 116; phesphorylase b, 92.5; bovine
serum albumin, 68; ovalbumin,48. The numbers at the left side indicate the
positions of the 105 and 95 primary translation products of M RNA and
their proteolytic processing products (60, 58 and 48). The actual mo?,
masses af (05 and 95 are 116 and 102 kd, respectively (Van Wezenbesk ef
al., 1983).

almost the entire cDNA except for the ultimate 5’ end. To
construct a full-size clone, the Sa/l-Bgfll fragment of
CM414RF, containing the 5° end, was ligated to Sefl and
Bgfll digested pCM303, resulting in clone pCM423. Both
restriction enzyme analysis and nucleotide sequence analysis
revealed that clone pCM423 contained the complete sequence
of M RNA including 27 residues of the 3'-terminal poly(A)
tail.

Since bacteriophage SP6 RNA polymerase has been shown
to be very useful for in vitro transcription (Kassavetis
ef al., 1982; Green et o, 1983), the full-length copy was posi-
tioned downstream of the SP6 promoter sequence in plasmid
pSP62-PL. For this purpose the cDNA insert of pCM423, as
obtained upon totat digestion with EcoRI and partial diges-
tion with BemH]|, was ligated to BarmHI, and EcoRI-digested
pSP62-PL (a gift of J. Robertson). The resuliing clone
pSPMS (Figure 2) and its derivatives were used for inm vitro
transcription experiments.
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In vitro expression

For in vitro transcription plasmid pSPMS was linearised with
EcoR!I to obtain run-off transcripis. Using SP6 RNA
polymerase discrete transcripts of 3.6 kb were produced,
which represented the compiete plus-strand of M RNA but
containing 78 additional nucleotides at the 5’ end, mainly
derived from the leader sequence of the SP6 promoter frag-
ment, and seven nuclectides added to the poly(A) tail,
originating from the EcoRlI linker (Figure 3). It should be
noted that a further difference between the in vitro transcripts
and virion M RNA is the absence of the genome-linked pro-
tein ¥YPg at the 5’ terminus (Stanley et af., 1978; Daubert er
al., 1978). Routinely 10 ug of RNA was obtained from 5 ug
of linearised pSPMS, corresponding to an efficiency of
1000% since only 40% of the template DNA was available
for the RNA polymerase and only one strand is used for
transeription.

As shown in Figure 4 these molecules are efficiently
translated in rabbit reticulocyte lysates, resulting in efficient
production of the 105-K and 95-K precursor proteins also
synthesised from natural virion RNA. The 105-K and 95-K
polypeptides obtained from in vitro synihesised RNA were,
moreover, faithfully cleaved by the B RNA-encoded protease
into 60-K, 58-K and 48-K polypeptides (Franssen et al.,
1984b), which further underlined the complete co-linearity of
the constructed DNA copy with M RNA (see Figure 4).
Site-directed mutagenesis
Having verified the integrity of the full-size DNA copy, the
approach of successive in virro transcription and translation
was subsequently applied to DNA copies modified by site-
directed mutagenesis. Two different mutant copies were con-
structed. One to test whether indeed two translation initiation
sites are present on the M RNA, another to confirm the
previous localisation of the recognition sequence for the B
RNA encoded protease in the primary translation products of
M RNA. The unique 8g/1! site present in pSPMS$ (at position
189 of M RNA, see Figure 2) was exploited to construct the
first mutant. After digestion of pSPMS3, the protruding ends
of the linearised plasmid were filled in and re-ligated resulting
in plasmid pSPM3ABgl11. The resuit of the addition of four
nucleotides in this mutant is a shift in the reading frame of M
RNA by which a translational start at the first AUG codon at
position 161 of the M RNA sequence is expected to be ter-
minated 22 codons downstream at an UAA stop codon. The
second mutant was made by deleting the 174-bp X#ol frag-
ment, corresponding to the M RNA sequence between posi-
tions 1446 and 1620 (see Figure 2). This deletion does not
alter the reading frame, but results in the loss of the coding
sequence for 58 amino acids surrounding the glutamine-
methione dipeptide sequence, proposed 1o be the cleavage site
used for the release of the 60-K coat protein precursor (Van
Wezenbeek ef al., 1983). Both modified DNA copies, linearis-
ed with EcoRI, were transcribed using SP6 polymerase and
the transcripts obtainad were translated in rabbit reticulocyte
lysates, Compared with pSPM35 transcripts, RNA transcribed
from pSPM5AB8g{I had the same length whereas, as ex-
pected, transcripts obtained from pSPMSA Xhol were slight-

ly smaller (Figure 3). Upon translation of RNA obtained -

from plasmid pSPM5/ABefl}f only the 95-K polypeptide was
produced. The absence of synthesis of the 105-K polypeptide
indicates that the AUG codon of position 16] represents the
initiation codon for this polypeptide. Since the synthesis of
the 95-K polypeptide remained unaffected translation must

have initiated ar the AUG codon at position 512 or 524
(Figure 1). Processing of the 95-K polypeptide produced from
pSPMSABgl1], gave the 60-K coat protein precursor and the
48-K polypeptide, but not the 58-K polypeptide (Figure 4).
The results obtained with mutant pSPMS82Al definitely
demonstrate that the 105-K and 95-K polypeptides are syn-
thesised from two different start codons, and that the 95-K
polypeptide is not derived from the 105-K polypeptide by pro-
teolytic cleavage.

Transiation of the RNA transcript from the second mutant
clone, pSPMS5. A Xhol, resulted in the synthesis of two
polypeptides with significantly lower mol. wt. compared with
the products of pSPMS5 and natural M RNA (Figure 4). This
reduction in mol. wt. of ~7 kd conforms to the langth of the
deleted Xhol fragment. Neither of the two translation pro-
ducts of pSPM5XA0! were cleaved by the protease specified
by B RNA, indicating that the amino acid sequence required
for the release of the 60-K capsid protein precursor was en-
coded by the Xhol fragment. This fits the previous suggestion
that the proteolytic cleavage site in the primary translation
products is located between the glutamine and rnethionine
residues corresponding to positions 1536—1541 of the M
RNA.

Discussion

Here we report the successful in vitro expression of a full-size
DNA copy of CPMV M RNA., Application of thi method to
DNA copies modified by site-directed mutagenesis has con-
tributed 1o a further understanding of the genetic organisa-
tion of the M RNA. First, it has now been definitely
demonstrated that the 105-K and 95-K polypeptides obtained
upon in vitro wranstation of M RNA are synthesized from two
different AUG codons. Secondly, the position of the cleavage
site used by the B RNA-¢ncoded protease to relesise the 60-K
coat protein precursor from the 105-K and 95-K polypeptides
has been determined.

As proposed by the scanning model of Kozak (1978, 1981)
ribosomal subunits attach to the §* end of mRNAs and move
downstream the leader sequence. AUG codons are preferen-
tially recognised as initiator codons when a purine, A rather
than G, is present at position — 3 and a guanine is present at
position +4. The AUG codon at position 161 of the M RNA,
representing the initiator codon for the 105-K palypeptide,
has an adenine residue at position - 3, but a uracil residue at
position +4 and only partially matches the consensus se-
quence for initiator codons. This may account!for the fact
that many ribosomes do not recognise this AUG triplet as in-
itiator codon and start transiation at a second ‘in phase’ in-
itiator codon, presumably the AUG codon at position 512.
This codon matches the consensus sequence very well, since
guanine residues are present at positions —3 and +4. [t may
also explain why, upon in vitrg translation of M RNA, syn-
thesis of 95-K polypeptide is favoured over the synthesis of
the 105-K polypeptide (see Figure 4 and Goidbach et af.,
1981; Franssen ef @f., 1982). The occurrence of two different
translation initiation sites on M RNA might be a general
feature of comoviruses, since the M RNAs of all. comoviruses
tested so far are translated ir vitro into two largeipolypeptides
{Goldbach and Krijt, 1982). Furthermore, it is interesting to
note that in the case of CPMV B RNA (Lomonossoff and
Shanks, 1983), which specifics only one unique precursor
polypeptide, the sequence surrounding the initiator AUG
conforms perfectly to the ‘Kozak rule’.




The large capsid protein VP37 has been shown to possess a
N-acetylated methionine residue at its N terminus (Bruening,
1981). From previous work {(Van Wezenbeek er af,, 1983} it
has been proposed that the coding region of VP37 starts with
the AUG codon of position 1538. This would lead however o
a protein with a mol. mass of 41.2 kd, instead of 37 kd.
Therefore the AUG triplet of position [643 remained an at-
tractive alternative, since it would give a protein with a mol.
mass of ~37.2 kd. Qur results with cDNA clone pSPM3.
X#hol, in which the AUG codon of position 1538 has been
removed and not that of position 1643, demonstrate however
that the N-terminal amino acid of the 37-K protein is encoded
by the AUG codon at position 1538. Recently analysis of the
C-terrninal amino acids of the 48-K polypeptide has confirm-
ed the position-of the cleavage site.

The results presented in this paper show that certain aspects
of the genetic organisation and expression of viral RNA
genomes can be studied by site-directed mutagenesis of futl-
length DNA copies and their subsequent transcription and
translation ir vitro. Finally, the genetic studies on the func-
tions of the CPMYV genome may even be further extended in
vivo by transfection of cowpea cells with mutagenised RNA
molecules obtained by the procedure described here.

Materials and methods

Nucleie acidy and engymes
CPMV was grown in Vigna unguiculaia L., ‘California Blackeve’ and M
components were purified as described previously (Klootwijk er al., 1977).
CPMV RNA molecules were extracted from separated components as
described by Davies ef of. (1978). Plasmid DINA was isolaced as deseribed by
Godson and Vaprek {1973) ar by the method of Klein er af. {1980). Sources of
enzymies were as described previously (Van Wezenbesk er of., 1983). The
16mer d(TATTAAAATCTTAATA} was synthesized by the chemical
phosphotriester method (Van der Marel ef af., 1982).
Moiecvlar cloning
Doublestrardled c¢DINA  was synthesised as described previously (Van
Wezenbeek ef of., 1983). Conditions used for ligation of DNA fragments and
subsequent transformation of compelent Escherickia cofi cells have been
described {Van Wezenkesk er af., 1983). DNA fragments used for ligation
 were purified either by extraction from low-melting aparose {(Weislander,
1979} or by elution fram polyacrylamide gel slices (Maxam and Gilbert, 1977).
Recombinant DINA dones were characterised by restriction enzyme analysis
and/or nuclectide sequencing (Sanger ef of., 1977, 1980).
In vitrg transcription
I vitro transcriptions were carried out in a volume of 100 x4l containing
40 mM Tris-HCI pH 7.5, 6 mM MgCl;, 10 mM dithicthreitol, 4 mM sper-
midine, 0.5 mM of each of four NTPs, 5 sg template DNA, 13 units of SP6
polymerase (New England Nuclear Corp.} and 50 units of RNasin {Biatec
Inc.). After a 30 min incubation at 37°C, 5 pg of DNase 1 (Worthington),
freed of contaminating RNase activily by absorption 1o macaloid (Maniatis ef
al., 1982), was added and incubation was continued for a further 15 min at
37°C. The reaction mixture was extracted once with phenol/chlorofom,
1 passed through Sephadex G-50 and precipitated with ethanal.
In vitro transiation
M RNA extracted from CPMV M corponents and /i viteo transcripts were
translated in rabbit reticulocyte lysate using [*S)methionine as radioactive
amino acid as described previously (Geldbach ef @f., 1981). Translatior mix-
tures were incubated with an equat volume of 30 000 g supernatant fraction
from cowpea protoplasts inoculated with B components as deseribed by
Franssen et al. {1982). fn vitro translaticn products were analysed an a 12.5%
SDS-polyacrylamide gel (Franssen ef af., 1982).
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Double-stranded cDNA was synthesized from B compenent
RNA of cowpea mosaic virus and cloned into appropriate vec-
tors. Using four clones, together representing the entire B
RNA sequence, a full-length DNA copy was constructed and
subsequently positioned downstream of a phage SP6 or T7
promoter. RNA molecules transcribed from this furll-size DNA
copy using SP6 or T7 RNA polymerase were efficiently trans-
tated in rabbit reticulocyte lysates into a 200-kd polypeptide
similar to RNA isolated from viral B components. Moreover
this polypeptide was rapidly cleaved into 32-kd and 170-kd
polypeptides, exactly like the 200-kd polypeptide encoded by
viral B RNA. In vitro transcription and translation of 2 DNA
copy in which an 87-bp-long deletion in the coding sequence
for the 24-kd polypeptide was intreduced revealed that the
24-kd polypeptide bears the proteolytic activity involved in
the primary cleavage of the B RNA-encoded polyprotein.
Key words: cowpea mosaic virus/cCDNA/in virrp transcription/in
vitro translation/viral protease

Introduction

Cowpea mosaic virus (CPMV) is a plant virus with a genome
consisting of two separately encapsidated, positive-sense RNA
molecules designated M and B RNA (for a recent review see

- Goldbach and Van Kammen, 1985}, The viral RNAs are charac-
terized by a small protein, denoted VPg, covalently linked to
their 5'-end (Stanley er al., 1978; Daubert ez al., 1978) and a
poly(A}-tail at their 3'-end (El Manna and Bruening, 1973). They
are both translated into large polypeptides (*polyproteins) from
which the functional proteins are derived by proteolytic cleavages
(Rezelman et al., 1980; Goldbach et al., 1981). In ali these
respects CPMV resembles the animal picornaviruses. The marked
similarity in genome organization and the sequence homology
among their non-structural proteias, moreover, suggest a genetic
relationship (Franssen er al., 1984a).

B RNA is translated both in vive and ir vitro into a 200-kd
polyprotein, which is rapidly cleaved into a 170-kd and a 32-kd
polypeptide. The §70-kd polypeptide is then further processed

" into polypeptides with sizes of 110, 87, 84, 60, 58, 24 and 4 kd
(VPg) (Rezelman et al., 1980; Goldbach and Rezetman, 1983;
Franssen et al., 1984b and Figure 1). These cleavage products
have been mapped on the 200-kd polyprotein by sequencing of
their amino-terminal ends (Wellink er af., 1986; Zabel et al.,
1984). The results revealed that three different types of cleavage
sites are employed during the processing of the B RNA-encoded

© IRL Press Limited. Oxford, England

polyprotein: glutamine —methionine (1x}, glutamine —serine (2x)
and glutamine —glycine (1x) dipeptide sequences.

Inhibition studies using antisera divected against various viral
proteins strongly suggested that the 32-kd protein (see Figure
1) representsea protease involved in the processing of the unique
glutamine — methionine cleavage site in the M RNA-encoded
polyproteins (Franssen er af., 1984c). Hence involvernent of this
protease in cleavage at the glutamine —methionine site of the B
polyprotein is also very probable. Time course translations have
provided indications that the 24-kd polypeptide encoded by a B
RNA represents a second viral protease (Franssen er af., 1984b}.
This suggestion was further supported by the sequence homology
of this polypeptide to the picornaviral protease P-3C (Franssen
et ai., 1984a). We have now constructed and cloned a full-length
DNA copy of B RNA in order to introduce mutations on specific
sites in this copy and to express mutagenized copies in vitro ac-
cording to the approach described previcusly for M RNA (Vos
et al., 1984). Following this approach we have been able o
demonstrate that the 24-kd protein encoded by B RNA indeed
represents a protease involved in the primary cleavage of the
200-kd polyprotein.

Results

Construction and molecular cloning of a full-length DNA copy
of B RNA

Double-stranded ¢cDNA was synthesized from B RNA {Van
Woezenbeek ef al., 1983) using an oligonucleotide homologous
to the first 16 nucleotides of B RNA to prime second-strand syn-
thesis. The DNA obtained was digested with suitable restriction
enzymes at positions which could be deduced from the nucleotide
sequence of B RNA (Lomonossoff and Shanks, 1983). In this

207 B-RNA 5&]05

¥
Y ﬁ ¥ 200k

32K 170K
60K HOK

.
Ba¥ 87K

58K VPg 24K
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Fig. 1. Model for the tranglation of the B RNA of CPMV. The double-lined
bar in the RNA refers (o the long open reading frame running from start
codon at position 207 to a stop codon at pasition 5805 {Lomenossofl and
$hanks, 1983). VPg is indicated as a black square, other protein sequences
as single lines, Cleavage sites are indicated by open circles

{glutamine —methionine}, open triangles (gluamine —glyeine) or closed
riangles (glutamine —serine) (Wellink et af., 1986).




64

J.Verver et al.
207 se0s
el | o2
»> T m T
m‘l:; 5 o
sB € Sac -]

8 smp e Sac BE 8
4|
————— e,
st T pes g A RE TS =
e § Saw Saw AT BF :

Fig. Z. Construction of & full-length DNA copy of CPMV B RNA. Paeel A: cloning strategy for construction of 2 full-size DNA, copy from four smaller
cDNA clones. The uppet line represents the complete B RNA sequence with the double-lined bar indicating the long open reading frame. The positions of
relevant recognition sites of BamBl (B}, EcoRI (E), Hindlll (H), Psil (P), Safl (S), Sacl (Sac) and Smal (Sma} are shown. In the various cDNA dlenss
obiained vector-derived sequences are indicated by a single line, B RNA~derived sequences by open boxes and the poly d(A-T) track of 55 resifues as 3
dashed box. Double-stranded cDNA was syatbesized using oligo(dT) as primer for first strand synthesis and an oligonucleotide homologous 1o the first 16
nucleatides of B RNA as primer for second swrand sythesis. Digestion of the double-stranded ¢<DNA with BamH] and Sacl and subsequeni Ligatioa into pLICS
Hincarized with el and BamHI and pUC12 digested with Sacl and BamHI resulted in cDNA clones pCB9) and pCB22. Clone pCB93 cantained a B RNA-
specific insert from the BamHI site at position 3857 1o the 3'-end including & poly d(A-T} track, cDNA clone pCB22 contained a viral cDNA sequence from
the Sac] recognition sequence at position 2301 to the BamHI site at position 3857, In addition, double-stranded cDNA was digested with Sacl and ZcoRI and
ligated into pUCI2 linearized with See! and EcoRl. One of the ¢cDNA clones obuined, pCB71, contained the EcoRI~Sacl cDNA fragment, cogresponding 10
positions 264 —2301 of the B RNA sequence. To obtain 2 cDNA clone containing the ultimate 5'-cod of the B RNA sequence, first strand syntresis was
peimed with a 388-bp Kpnl fragment {positions 2746—3034), derived from cDMNA clone pCB22. Doubl ded cDNA synthesized in this way was digested
with EcoRl and subsequently ligated into EcoRl- and Smal-digested pUCS resulting in clone pCBS, which comained & ¢cDNA insert correspondibg 1 positions
1~264 of the B RNA sequence. cDNA clones pCBS, pCB?1, pCB22 and pCB93. together tepresenting the entire B RNA-sequence, were used to gonstrict a
full-size DNA capy. For this purpose, first a ¢DMA clone containing the first 2301 nucleotides of B RNA was construcied (pCR814) by joining the cONA
inserts of clone pCB3, obtained upon digestion with Safl and EcoRl, and clone pCB?1, cbtained wpon digestion with £-oRE and Seel, via & i

ligation imte pUCI2 linearized with Safl and Secl. A unigue Sefl site was introduced in clone pCBS3 downstream of the poly d(A-T) track. Fimsdy, the Sall
site already present in this construct was removed by digesting the DNA with Sefl and subsequent religation afier filling-in the recessed ends by the Klenow
fragment of E. coli DNA polymerase 1. Secondly, the resulting clone pCB933 was pertially digested with EcoRJ, made biunt-end with $1 nuclense and the
linearized DNA. obiained by digestion of one of the two EcoRl sites eluted from the gel (Tautz and Renz, 1984). Finally Se/l linkers were coupled to the
DNA, cohesive ends were generaled by digestion with Safl and the DNA was religated. One of the clones obtained in this way, pCB9331, contained a unique
Sall site dowastream of the poly d{A-T) track as intended. The BamHI—Sell fragment from this clone and the Sacl—BanmH] fragment from cloce pCB22
were joined via 4 three-point kigation with Seel and Sall digesied pSPG5 to produce clone pSPR1I9, comaining a cDNA copy corresponding to, the 3'-end of
B RNA from position 2301 downstream, Finally 2 full-size ¢DNA clone wes constructed, denoted pSPB20, by joining of the BamHI—Sacl frag of
pCB814 with the Sacl—Psil fragment of pSPRI19 in a three-point ligation with BamH]- and Prrl-digested pSPSS. pSPB20 has a total length of 8,95 kb and
the B RNA-specific ¢ONA can be eacised from this plasmid with Smal and Sall {see also panel B), This 5.95-kb Smal — SofT fragment, containing the full-
lengtit DMNA copy, was inseried into plasmid pT7-1 digested with Smal and Safl, resulting in cone pTE3 (not shown). Using this clone B RNA-like
transcripts could be synthesized initiated at the T7 promoter present in the construct, Panel B: schematic represemation of the full-length DNA. copy. The
leng open reading frame with the positions of varigus B RNA-specific proteins is indicated by a large open bar, other B RNA-specific sequences s indicated
by doubke lines. The region in the DNA copy used in the construction of a mutant with a deletion in the coding region for the 24-kd polypeptide is presented
enlarged (see Materials and methods). Relevam recognition sites For restriction enzymes are indicated: Hae (HaellD), K (Kpal), Sau (Sau3A), RV (EcoRV),
for other enzymes see panel A




~template DNA

—B transcripts

Fig. 3, Native 1.2% agrarose gei with reaction products of several in vitro
translation assays using T7 RNA polymerase. On the right-hand side the
positions of tempiate DNA and RNA transcripts are shown. On the lefi-
hand side the positions of M and B RNA isolated from virus panicles are
indicated. Lane 1 shows M and B RNA isolated from virus particles. Lanes
2 and 5 show linearized template DNA of pTB3 and pTB3Al respectively.
Reaction products of in virre transcriptions with pTB3 and pTB3A1 are
shown without DNase treazment {lanes 3 and € respectively) or DNase
treated {lanes 4 and 7 respectively). Reaction conditions were as described
in Materials and methods using 20 units T7 RNA polymerase per gg of
template DNA. Templale DNA was removed by DNase treatment as
described previously (Vos er al., 1984).

way a set of restriction fragments was generated from the cDNA
synthesized which, after cloning in suitable vectors, represented
the entire B RNA sequence. After verifying their integrity by
restriction enzyme and/or sequence analysis the ¢cDNA inseris
of four different clones were selected and ligated to generate a
- full-length ¢cDNA clone of B RNA. The strategy of this multi-
step cloning procedure is outlined in Figure 2A.
The resulting clone pSPB20 had a total length of 8.95 kb with
a unique Sall-site downstream of a poly d(A-T) track of 55 bp
that could be utilized to synthesize rmn-off transcripts initiated
at the SP6-premoter by phage SP6 RNA polymerase (Green et
al., 1983; Vos er al., 1984), Alternatively the viral insert of clone
pSPB20 was positioned downstream of a phage T7 promoter,
resulting in clone pTB3, to allow in vitro transcription by RNA
polymerase from phage T7 instead of SP6 (Figure 2).
In vitro expression
To generate run-off transcripts plasmids pSPB20 and pTB3 were
linearized downstream of their poly d (A-T) track by digestion
with Safl (Figure 2) and trancribed using SP6 or T7 RNA
polymerase, repectively (Vos et al., 1984; Davanloo eral., 1984)
(see Figure 3). Discrete transcripts of 6.0 kb were produced con-
ining, in addition to B RNA-specific sequences, ~35 extra
nucleotides to the 5’ end, derived from the SP6 or T7 promoter
and multiple cloning site, and nine nucleotides at the 3’ end of
the 55 residue-long poly(A) tail. A further difference with B RNA
from virions was the absence at the 3'-end of the genome-linked
protein VPg. Depending on the amount of SP6 or T7 polymerase
" added the efficiency of the ir vitro ranscription reactions could
be increased, yielding up to 20 ug of RNA from 1 ug of template
DNA. Occasionally transcripts were capped by addition of the
<ap precursor m'GpppG to the transcription reaction (Konarska
et al., 1984). The efficiency of capping depended en the ratio
of m'GpppG to GTP in the reaction mixture. In the case of $P6
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Fig. 4. M vitro transiation products of transcripts obtained from various
CPMV.specific cDNA clanes using SP6 or T7 polymerase. Numbers at the
left-hand side indicate the sizes {in kd) of marker proteins used: myosm.
210; phosphorylase b, $00 and 92.5: bovine serem albumin, 68; ovalbumin
46; carbonic anhydrase, 30. Numbers at the right-hand side correspond 0
the positions of relevant viral proteins encoded by narural M or B RNA.
Panel A: in vitro translation products of viral B RNA and of transcripts
synthesized by 5P6 RNA polymerase from pSPB2C or by T7 RNA
polymerase from pTB3, with (+ ¢ap) or withour 1 cap structure at the 5
end. Panel B: in vitro translation products of viral B RNA and of
transcripts synthesized by $P6 or T7 RNA polymerase using “wild type’
DNA copies as template DNA (pSPB20, pTB3) or DNA copies in which a
deletion in te coding region for the 24-kd polypeptide was imroduced
(pSPB20A1 and pTB3al). Panel C: in vitro translation products of viral M
RNA, untreated (control) or incubaled with uniabelled translatior products
of viral B RNA, or of tmnscrigts from pSPB20 or pSB20A1. M RNA was
translated in the presence of [*S]methionine as described previously
(Goldbach et al., 1981 and after | h a 3 times excess of unlabelled
translation products of viial B RNA or B RNA 1ranscript was added and
incubation cominued at 30°C for another 5 h. In the case of the control
sampl¢, incubation was also continued for 5 . The lane berwesn panels B
and C shows the [**S]methionine-labelled proteins extracted from CPMV-
infected protoplasts.

polymerase capping was very efficient giving 50% capped trans-
cripts with equal amounts of GTP and m’GpppG. For the T7
polymerase a four times molar excess of m’GpppG 10 GTP had
to be used to achieve 50% capping (results not shown).

The in vitro transcripts obtained were translated in rabbit
reticulocyte lysates resulting in efficient production of 2 200-kd
protein, co-migrating with the 200-kd polyprotein produced from
natural B RNA (Figure 4A). Moreover this 200-kd polypeptide
was cleaved into two polypeptides with sizes of 170 and 32 kd,
similar to the primary cleavage of B RNA-encoded 200-kd
polyprotein (Figure 44). These results show that the DNA copy
contained a single long open reading frame similar to viral B
RNA and that the translation preduct contains the proteolytic ac-
tivity for cleavage of the polyprotein at the right position. No
differences were observed between the in virro translation pro-
ducts of in vitro RNAs synthesized by T7 or SP6 RNA
polymerase. The presence of the cap structure at the 5° end of
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the in vitro transcripts did not significantly increase the transla-
tional activity of the transcripts, which is in contrast to results
obtained with several in virro synthesized eukaryotic mRNAs
(Krieg and Melten, 1984). The minor differences in the amounts
of translation products obtained (Figure 4A) are probably due
to variations in RNA concentration in the in vitro transiation reac-
tions. The relatively large amounts of smaller translation pro-
ducts obtained with viral B RNA probably resuit from translation
of degraded RNA molecules.

Assignment of proteolytic activity to the 24-kd protein encoded
by B RNA

The availability of a full-length DNA copy of B RNA enabled
us to study the genetic organization of B RNA by in virre ex-
pression of DNA copies, modified by site-directed mutagenesis.
One of the features of CPMV expression that lends itself well
for in vitro analysis is the proteolytic processing of the primary
translation products. This process occurs very reliably upon in
vitro translation in rabbit reticulocyte lysates (Pelham, 1979;
Franssen et al., 1984b,c; Peng and Shih, 1984), The 24-kd
polypeptide encoded by B RNA may have an important role in
the proteolytic processing reactions since this protein shows se-
quence homology to the picornaviral protease P-3c (Franssen er
al., 1984a).

To test whether the 24-kd polypeptide indeed possesses proteo-
Iytic activity we introduced a small deletion in the coding region
for this protein within the DNA copy of B RNA and deterrmned
possibie defects in proteolytic cleavage of the translation product
of this deletion mutant. For this purpose an 87-bp Sau3A frag-
ment, corresponding to positions 3240—3327 of the B RNA se-
quence, was excised from the full-size DNA copy (Figure 2B
and Materials and methods). This deietion did not change the
reading frame, but resulted in the loss of the coding sequence
for 29 amino acids of the 24-kd polypeptide. The resulting dele-
tion mutant, denoted pSPB20A1 or pTB341 depending on the
choice of the promoter, was subjected to subsequent ir vizre
transcription and translation after linearization with Sefl. Com-
pared to the primary translation products of both virai B RNA
and transcripts of clones pSPB20 or pTB3, the translation pro-
duct of the deletion mutant was, as expected, slightly smaller
(see Figure 48). Furthermore this product did not undergo the
faithful proteolytic processing as observed with the translation
products of pSPB20 and pTB3 (figure 4B). This finding indicates
that the 24-kd polypeptide indeed represents a proteolytic enzyme,
involved in the primary cleavage of the 200-kd viral polypro-
tein, which occurs at a glutamine —serine pair (Wellink et al.,
1986).

The 32-kd protein released by the primary cleavage has been
reported to represent also a viral protease, invoived in the cleav-
age of the M RNA encoded polyproteins at a glutamine — meth-
ionine site (Franssen er al., 1982, 1984c), We were interested
in the effect of the deletion in the 24-kd protease, i.e. blocking
of the release of the 32-kd protease, on the activity of this second
protease. For this purpose in vitro translation products of viral
B RNA or of transcripts from the cDNA clones pSPB20 and
pSPB20A1, respectively, were mixed with the M RNA-encoded
polyproteins and incubated for 5 h at 30°C (Figure 4C). Signifi-
cant processing of the M RNA-encoded 95-kd polyprotein to
polypeptides of 60 and 48 kd (Franssen et ai., 1982) was observed
when in vitro transtation products of viral B RNA or of transcript
from clone pSPB20 were added, but upon addition of transla-
tion product from the mutant clone pSPB20A1 processing could
not be detected (Figure 4C). A possible explanation for this effect

of the B RNA-encoded 24-kd polypeptide on the processing of
the primary transkation products of M RNA at a glutamine~
methionine site is discussed below.

Discussion

Various animal and plant RNA viruses use proteolytic process-
ing to synthesize their proteins. Most of the current lmowledge
on viral protein cleavage reactions is derived from studies with
picornaviruses (for recent review see Toyoda e af.. 1986; Nicklin
et al.. 1986: Jacksen. 1986) and CPMV (Goldbach and Van
Kammen, 1985). Unti recemly it was geperally believed that
in the proteolytic processing of the picornaviral polyptoteins, in
addition to the viral protease 3C, a cellular enzyme was invoived
(Korant er al., 1980; Burroughs et af., 1984), By analogy 1o the
picornaviruses a similar involvement of a host-encoded protease
in the cleavage of the CPMV polyproteins may be surmized. In
this paper we repont the construction of a full-length cONA clone
of CPMV B RNA and its subsequent exploitation for studying
the proteolytic processing of the CPMYV translation products. The
in vitro transcription and translation experiments described here
demonstrate that the B RNA-encoded 24-kd polypeptide
represents a viral protease, being invelved in the primary cleavage
of the 200-kd polyprotein, thereby excluding the possible involve-
ment of a cellular enzyme in this process.

Bacteriophage SP6 RNA polymerase has been demonstrated
to be very suitable for in vitre transcription of DNA temnplates
{e.g. Green er al., 1983; Melton et af., 1984; Vos eral., 1984;
Tabler and Siinger, 1985). In addition to SP6 RNA polymerase
we now also have used T7 RNA polymerase to synthesize RNA
from templates provided with a T7 promoter fragment. RNA syn-
thesis by T7 RNA polymerase also appeared to be very efficient,
giving yields comparabie with those of SP6 polymerage-dependent
reactions and, furthermore, efficient capping of the RNA
transcripts could be achieved similar to the SP6| polymerase
(Konarska er al., 1984), The advantage of the use df T7 instead
of SP6 RNA polymerase in in vitro transcription assays may be
the thorough understanding of the genetics of phage T7.
Transcription of T7 genes under the control of T7 promoters has
been extensively studied (see for instance Dunn énd Studicr,
1983). Moreover, plasmids are available containing the T7 RNA
polymerase gene under the control of the APy prompter, permit-
ting simple, large-scale purification of the enzyme: from induc-
ed Escherichia coli cells (Tabor and Richardson, 1985; this
paper).

Recently the proteolytic cleavage sites in the 200-kd polypro-
tein from B RNA have been identified (Wellink & al., 1986).
Three types of cleavage sites are used for processing, i.e. ghut-
amine --serine, glutamine —glycine and glutamine --methionine
dipeptide sequences. For processing of the M RNA-gncoded poly-
proteins only two of these three different cleavage sites are used:
a glutamine ~methionine dipeptide sequence to release the 60-kd
capsid protein precursor, and a glutamine—glycine dipeptide
sequence to release the two capsid proteins from this precursor
(Van Wezenbeek er al., 1983; Vas et al., 1984). Inhibition studies
using antisera raised against various viral proteins and in vitro
processing studies using partially purified proteins from B
component-inoculated protoplasts strongly suggested that the
32-kd protein encoded by B RNA (see Figure 1) is involved in
the cleavage of the M RNA-encoded polyproteins at the glut-
amine - methionine site (Franssen et al., 1984b,c). If this pro-
tein indeed represents a protease recognizing this pite then it is
most probably also involved in cleavage of the single glutamine —




methionine site in the B polyprotein, which is situated at the left
border of the 24-kd polypeptide sequence (Figure 1).

Since we have now demonstrated thar the 24-kd polypeptide
also possesses proteolytic activity, responsible for the primary
cleavage of the 200-kd polyprotein at a glutamine —serine dipep-
tide sequence, the question arises which of the two proteases
recognizes the glutamine —glycine cleavage sites. Comparison
of the three types of cleavage sites used in the processing of the
CPMYV polyproteins shows that they fall into two categories.
Although all cleavage sites share a glutamine residue at the first
position of the dipeptide sequence the nature of the residue at
the second position is quite variable, being either small and polar
(glycine and serine) or large and non-polar (methionine). It is
therefore tempting to assume that the 32-kd polypeptide
fecognizes only glutamine —methionine cleavage sites, while the
24-kd polypeptide may be involved in cleavage of both the
g[um:mne serine and glutamine —glycine cleavage sites. Indeed,

rclu‘mnary expenmems seem to indicate that the 24-kd polypep-
ide is also involved in the cleavage at a glutamine —glycine site
in the M RNA-encoded polyproteins (data not shown).

Surprizingly the small deletion in the coding region of the 24-kd
polypeptide also affected the processing of the M RNA-encoded
polyproteins at a glutamine —methicnine site, which is supposed
to be recognized by the 32-kd protease (Franssen ez af., 1984c).
While such processing was observed upon addition of transla-
tion products from clone pSPB20 this was clearly not the case
with translation products from clone pSPBE20A1. The most plaus-
ible explanation for this inhibitory effzct is that release of the
32-kd polypeptide from the 200-kd polyprotein (by the 24-kd pro-
tease) is a prerequisite for the 32-kd polypeptide to become also
proteoiytically active, Clearly further experiments are necessary
1o confirm this latter hypothesis and 1o understand fully how the
two different B RNA-encoded proteases co-operate in the release
¢f all mawre proteins from the viral polyproteins.

Materials and methods

Nucleic acids and enzymes

CPMYV was propagated in Vigng unguiculaa L., 'Califomza Blackeye' and B
compunents were purified as described previously (Klootwijk e al., 1977). CPMV
B RNA was extracted from purified B components as described by Zimmemn
(1975) or Davies er al. (1978). Plasmid DNA isolations on large or small scale
were performed hy the alkaline lysis method (Bimboim and Doly, 197%). All
gnzymes used were purchased from Boehringsr Mannheim B.V. or Anglian
Biosechnology Corp. and were used according to the manufacturer's indications.
T7 RNA polymerase was isolated as described below. Plasmid pT7-1 was pur-
chased from United States Biochemical Corp. The 16-mer d{TATTAAAAT-
CAATACA) was synthesized by the chemical phosphotriester method (Van der
Marel er af., 1982).

Molecular clonirg

Double-sranded cDNA was synthesized from CPMV RNA as described previously
{Wan Wezenbeck et al., 1983). DNA fragments were joined by T4 DNA ligase
d wansformed into competemt E. coli HBIOL cells as described by Van
ezenbeek #: al. (1983). DNA fragments used for ligation were generally purified
by extraction from agarase gels (Tautz and Renz, 1984; Weislander, 1979)
by elution from potyacrylamide gel slices (Maxam and Gilbert. [977). Recom-
DNA clones were by restriction enzyme mapping andor nucleotide
ing (Sanger e ai., 1977, 1980).

traduction: of a deletion in the full-length DNA copy of B RNA

HaellE—- EcoR] fragment (corresponding Lo positions 2815 —3865 of the B RNA
uence) (see Figure 2B) was isolated from a full-length cDNA clone of B RNA
PB20) and insened in plzsmid pLUCY previously digested with Smal and EcoRI.
resulting clone, pLB2BL, was cut with Kpnt and EcoRV, both having snique
ition sites in this piasmid, yielding a smalt DNA fragment of 301 hp corre-
ponding to positions 3134 (Kpnl) 10 3435 (EcoRV} of the B RNA sequence
Figure 2B), wgether with a largs fragment. The 301-bp fragment was subse-
ntly digested with Sau3A resulting in three fragments of 106 bp (Kpnl, 3134,
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to SaudA. 3240}, B7 bp (Suu3A, 3240. to Sau3A, 3326) and 108 bp (Sau3A,
3327, 1 EcoRY, 3435). In a threc-point ligation the 106-bp Kpnl — Suu3A frag-
ment and 108-bp SaudA —EcoRY fragment were joined together to the large
Kpnl—EcoRV fragment of pLB281. In this way a clone was constructed,
pLB28145aufi7, that contained a Heetll — EcoRI fragment {cormesponding o post-
tions 2815 —3865 of the B RNA sequence}, missing the 87-bp Sau3A fragment
(positions 3240—3327). To construct a fall-length cDNA clone of B RNA cen-
taining this deletion, the Kpnl — EcoRI fragment (pesitions 3134 — 3863} of clcoe
plLB23145au8T was cachanged for the corresponding fragment of pSPR2O,
yielding clone pSPB20A)L. The Smal —Safl fragment of pSPB20AL. containing
the full-size DNA copy of B RNA with the desired deletion was also positioned
downstream of the T7 prometer in plasmid pT7-1 in a similar way as decribed
for clone pTB3 (see Results and Figure 2) yielding clone pTB34l.
Purificarion of T7 RNA polvmerase

As source for the purification of T7 RNA polymerase plasmid pT7P2 was used
in E. cofi strain NEI (Bernurd er al., 1979). Isclation was according to Tabor
and Richardson (1985) with some modifications. Plasmid pT7P2 contained a
Bamiif - EcoRI fragment from the low copy number plasmid pGP L (a kind gift
of Stantey Tabor; described in Tabor and Richardson, 1985) cloned into the high
copy number plasmid pUCS. This fragment contained the T7 RNA polymerase
gene under controi of the AP, promoter. Due 10 a temperamure-sensitive cl
represser gene in bacterial strain NF1 {Bernard & af., 1979) synthesis of T7
polymerase can be triggered by raising the temperature from 28 to 42°C.

Cells were grown at 28°C umil an ODygy, of (.4 was reached and then in-
cubated for 90 min at 2 temperatare of 42°C. Cells were collected by centrifuga-
tion and lysed according to the procedure of Butler and Chamberlin {1982). The
lysate was centrifuged for 30 min at 20 000 g and (NH,);30;, was added 10 the
sepernatant to a samuration level of 30%. The (NH,), 80, suspension was cen-
trifuged for 30 min at 20 000 g and the pellet fraction containing most of the
T7 RNA polymerax: was further purified as described by Tabor and Richardson
(1985).

In vitro trarscriprion and translarion

In vitro transcription using SP6 polymerase was performed as described previously
(Vos er al., 1984). In vire wanscription with T7 RNA polymerase was carried
out in 100 ul conaining 40 mM Tris—HCI pH 8.0, 20 mM MgCl,, 10 mM
DTT, 100 gi/ml BSA, 1 mM of each four NTPs, § g linearized template DNA,

5~50 U of T7 polymerase and 50 U of RNasin. To synthesize capped transcripts
the GTP conoctitration was lowerod 10 0.2 mM and the cap procursor mGpppG
was added o a final concentration of 2 mM.

Aliquots of the transcription mixture were translated directly, without any
purification, in rahbn reticutocyte tymes [*S]methionine as radicactive
amino acid as J iously (Goldbach er al., 1981). In vitro translation
prochmswereamiysdonn 12, 5% SDS— poiyacrylamide gel (Frenssen e al.,
1982).
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ABSTRACT

A set of full-length DNA copies of both N and B REA of cowpea mosaic virus
(CPMV) were cloned downstream of a phage T7 promoter. Upom in vitro
transcription using T7 RNA polymerase M or B RNA-like transcripts were
obtained from these DNA copies with only two additienal non-viral sacleoti-
des at the 5' end and five non-viral ouclectides to the 3' end. In cowpsa
protoplasts the transcripts of several cDMA clonas of B A were able to
replicate leading to detectable synthesis of viral REA and proteiss.
Transcripts of M cDNA clones inocnlated together with theee B RNA
transcripts were aleo expressed, although the nusber of protoplasts, in
which both transcripts were expressed, wus very low. Preliminary infec-
tivity tests with sutagenized RRA transcripts indicate essential reles eof
the B RNA encoded 24K and 32K polypeptides in viral REA replicatioa.
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INTRODUCTION

Cowpea mosaic virus has a genome consisting of two messenger sense RNA
molecules referred to as B RNA and M RNA (for recent reviews see e.g.
Goldbach and Van Kammen, 1985 and Goldbach, 1887). Both RNAs are required
for infectivity in plants but B RNA can replicate independentiy in cowpea
protoplazats (Goldbach et al., 1980). The RNAs have 2 small protein, VPg,
covalently linked to their 5' ends and a pely(A) tail at their 3' ends.

M and B RNA are translated into large polyproteina, which are subsequently
cleaved by a virus encoded proteinase into smaller functional polypeptides
(Vos et al., submitted}. In replication and expression as well as in genome
structure and organisation CPMV resembles the animal picornaviruses. There
is also significant amino acid sequence homology among several proteins
encoded by picornaviruses and CPMV (Franssen et al., 1984a), suggesting
genetic relationship.

The lack of well-defined mutants of RNA viruses has impeded atudies on
the molecular biology of these pathagens. However the recent developssnt of
powerful in vitro transcription systems (Contreras et al., 1982; Green et
al., 1983; Davanloo et al., 1984) now enables generation of such mutants
indirectly by transcription in vitro of DNA copies modified by site-
directed mutagenesis. Such RNA transcripts are particularly useful if they

could be expressed in vive, i.e. are replicated upon inoculation of hoat
cells, For several animal, insect and plant RNA viruses, the construction
of c¢DNA clones from which infecticus transcripts could be synthesized has
been reported {Ahlquist et al., 1984; Mizutani and Colonno, 1985;
Dasmahapatra et al., 1986; Dawson et al., 1986; Meshi et al., 1986: Van der
Werf et al., 1986). For CPMV, full-length DNA copies of both genomic RNAs
have been constructed downstream of phage SP6 and T7 promoters (Vos et al.,

1984; Verver et al., 1987) allowing in vitre synthesis of RNA transcripts

reseabling the viral RNAs. Although these transcripts directed the synthe-
sis of CPMV-specific proteins in vitro (Vos et al., 1984; Verver et al.,

1987}, they were not able to infect cowpea plants or protoplasts. In this
paper we report the construction and molecular cloning of a series of full-
length DNA copies of both M and B RNA of CPMV in transcription vector pXl.
We show that transcripts synthesized from these new cDNA clones, which have
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only few additional non-viral nucleotides at both the 5' and 3' end are

replicated and expressed in cowpea protoplasts.

RESULTS

Molecular cloning

For molecular cloning of full-length DNA copies we employed vector pXl1,
which was specially designed for this purpose {see Figure ia}. This vector

is derived from the T7-based transcription vector pT7-5 (a kind gift of
Stanley Tabor) and has an unique Stul restriction site at the transcription

initiation site in the T7 promoter sequence. Any DNA fragment inserted into
this Stul site by blunt end ligetion can be transcribed using T7 RNA poly-
merase intc RNA molecules with only two additional G-residues at the §°

end.

Initially the approach used by Ahlquist and Janda (1984) for cloning of
the genomic RNAs of BMV was followed for the construction of full-size DNA
copies of M and B RNA in vector pXl1, i.e. synthesis of double-stranded cDNA
with specific primers for first and second strand synthesis and blunt end
ligation of the full-size double-stranded ¢DNA, isolated from preparative
gels, to specific vectors. This approach did not result in full-length clo-
nes of B RNA, while for M RNA several full-size clones were obtained but
these were all orientated in the (-) sense direction with respect to the T7
promoter sequence presumably due to a strong orientation preference for M
cDNA in plasmid pX1.

In view of these results a different method for cloning of the viral
RNAs was employed based cn the procedure described by Okayawa and Berg
(1982). Plasmid pX1 was linearised with HindIII, blunt-ended with
S1-nuclease and provided with oligo d{(T) tails of 50-100 residues (Okayama
and Berg, 1982). The tailed plasmid DNA was digested with Stul to remdve

one of the 4(T) talls and subsequently used as plasmid primer for first
strand synthesis.

The second strand was synthesized using either Klenow pclymerase and a
specific primer after removal of the template RNA {(Vos et al., 1984) or a
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combination of E. coli DNA polymerase I and RNase H (Okayama and Berg,
1982). After second strand synthesis the linear double-stranded cDNA linked
to the plasmid DNA was circularised with T4 DNA ligase and transformed into
competent E. coli HB101 cells. The advantagé of this procedure is that the
cDNA is forced into the desired orientation and that the ligation step
involves only circularization of a linear blunt ended molecule which
warrants efficient cloning. An extra advantage in case of CPMV was that the
minimal length of the poly d{A-T) track in the clones could be determined
by the length of the oligo 4(T) tail linked to the plasmid-primer, which
made it possible to comstruct cDNA clones with long poly d(A-T) tracks.

Using this cloning procedure we were indeed able to construct very long
cDNA clones of both M and B RNA in the desired orientation with poly d(A-T)
tracks ranging from 80 to more than 200 residues. For M RNA several clones
with the complete sequence except for a few nucleotides at the ultimate 3
end were obtained but all cDNA clones of B RNA lacked approximately 1600
nucleotides of the 5' end probably due to a "strong stop" for the reverse
transcriptase at this position. To supply the missing sequences of the cDNA
of M RNA we constructed a set of 5' end clones containing the first 272
nucleotides of M RNA (see figure 1B). For B RNA we conatructed two series
of overlapping cDNA clones using primers for first strand aynthesis homolo-
gous to reglons located more to the 5' end of the RNA (see figure 1bh}.
Together with the long 3' end clones we obtained in this way three dif-
ferent sets of overlapping cDNA clones representing the entire B RNA

sequence.

Construction and selection of full-size cDNA clones

Full-length DNA copies were constructed from the partial cDNA clones in

a single ligation step as outlined in Pigure 1B. To minimize the possibi-
11ty of introducing errors in the sequence DNA fragments used for the
construction of full-size DNA copies were in all cases a mixture of molecu-
les obtained from different cDNA clones. Finally 8 clones with full-length
¢DNA of M RNA (pTM201-208) and 14 clones with full-length cDNA of B RNA
were selected (pTB101-114).
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FIGURE LEGENDS

Fig. 1. {a) Sequences surrounding the transcription Initiation sites in plasmids pT7T-8 and pKi. The
T7 promoter sequence (Dunn and Studier, 1083) 1s boxed with the tramscription injtlation site indi-
cated by a bent arrow. Reatriction sites In the polylinker sequence dosnstream of the T7 promoter
are lndicated. Dashed lines Indicate the region In pT7-5 removed to construct plasmid pXi.

A 312-bp Real-HindIII fragment of plaamid T7-8 {nucleotides -253 to +88 with respect to the
transcription initintion site of the T7 promoter) was inserted into M13mpé digested with and
Bindiil resalting in M13 clone, NI13EG2. Jingle-stranded phage DNA wes leolated from MI3EG2 (Benger
et al., 1080) and snnealed to 30 tlmes exceass of a 20-mer with the sequence
B'-ACTCTAGAGGCCTATAGTGA-3'. The complementary strand was synthesised according to Zoller and Smith
{1082} and the reaction mixture was tranefected into competent E.coll JN103 cells. Recombinant pha-
ges with the desired delstion were selected by hybridization with the oligonucleotide, used es
primer for complementary strand syhthesle {Zoller and Smith, 1982). Finally the desired delgtion was
treneferred to plesmid p17-8 resulting in plasmid pXl by exchanging the normal 94-bp mu-u_ggur-
fragment (positions -36 to +8% with respect to the transcription initiation site of the TT promoter)
for the corresponding DHA fragment obtalazed from M15 clone MI3EK2 containing this deletion.

(b) Schematic representation of ‘the construction of full-length cDNA clonek of CPMY M snd B RNA. On
top K and P RNA are presented with the large open reading frames as open bars and the non-trsnslated
regione as eingle lines. VPg is indicated by a black square and at the 3' end of the RNAs the
poly(A) tell im indicated. In the large open bars the positions of ths coding regions for the
various virel proteins are shown. Relevant positions of recognition sequences for restrictién endo-
nugleouses used in the construction of full-size coples are shown: X = Xbal; Bel = Bell; Sag = $acl:
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H = BlndITI: Cla = Clal. The hatched and dotted bars lndicate ¢cDHA sequences in the various cDNA
clones, with the cross hatched areas indicating the poly d(A-T) tracks. The black box represants the
. TT promoter sequence with the direction of transcription shown by an arrow.
The cUNA clones of M and B RNA containing the poly d(A-T) tracks were constracted using a d(T)
talled plasmid primer s described in the results section, For N RNA cDMA clones containing the
ultimate 6' end wers obtained using olige dT as a primer for first strand synthesis and an oligo-
nuclectide homologous to nucleotides 1-16 of N RNA for second strand synthesis. Double stranded cDNA
synthesized in thie way was digeated with RindIIl and ligated into Stul and HindIIl digwsted pX1.
Por B RNA cDNKA clones having the ultimate B' end were obtained using an oligonuclectide cosplemen-
tary to positions 2289 to 2306 of B RRA as primer for [irst strand syntheeis and an ol lgonucleotide
homologous to the first 18 nucleotides of B RNA as primer for second strand syuthesis. Double-
stranded cDHA obtained in this way was digested with Bgll and ligated into Stul and Bumlil digested
pX2 (note: pX2 is identiecal to pXl, but contains a larger multiple cloning eite with a waique Bami)
site}. Since the overlap between the 5' and 3' end clones of B RNA was rather small saking it dif-
ficult to construct full-size coples, ¢DNA clobes were constructed which overlapped with a large
part of both the 5' snd 3' end clones. Again cDNA wae aynthesized now using an oligonmcleotlds
complementary to positions 3311-3330 of the B RNA am & primer for first etrand synthesis. After
second strand synthesis the double-stranded cDRA was digested with Xbal and ligated to Jbel and
Bmallinearized pUC12 resulting in cDNA clones containing the middle part of the B RNA saquence.
To construct full-mize cDNA clones of N RNA the 3.3 kb Bglil {powition 189)-Clal [dowmstreas the
poly d{A-T} track) fragment of the 3° end clones was inserted into Bglil end Clal digested plasaid
DRA of the clones containing the ultimate 5' end resulting in several cDNA clones with the entire N
RNEA sequence,
Full-size cDNA clones of B RNA were conatructed via a three-polant ligation using the XbaI-site
{position 808), Saci-site (position 2301) and Clal-site (downstream the poly d{A-T) track) as indi-~
cated in the figure, resulting in several cDNA clones having the complets sequence of B RNA.

The selected clones all had the following features. Firstly they con-
tained a complete viral sequence linked to the T7 promoter in a way that
upon transcription run-off{ RNA transcripts were obtained with only two '
extra nucleotides at the $5' end compared to the viral RMAs. It is
noteworthy that in these clones the sequence downstream the transcription
initiation site (positions +3 to +8) differs from the T7 promoter sequence
reported to be essential for efficient transcription in vivo (i.e.:
GGGAGA-GGTATT; Dunn and Studier, 1983). In vitro transcription by T7 RNA
polymerase however was still very efficient. Secondly the poly d{A-T) track
in the cDNA sequence of all clones was at least 60 residues long and there-
fore transcription resulted in RNA molecules with poly(A) tails of 60
nucleotides or more. At the 3' end of the poly(A} tail the RNA transcripts
contained 4 to 5 non-viral nucleotides originating from the Clal-site used
to linearize the template DNA prior to transcription. The RNAs isolated
from virions contain poly{A}talls of 50-400 residues with an average of 90
for B RNA and 150 for M RNA respectively (Ahlguist and Kaesberg, 1979).
Finally as will be published elsewhere the RNA transcripts gave the same in
vitro translation products as the viral RNA and these translation products
were proteolytically processed exactly like the translatjon products of the
viral RNAs {Vos et al., submitted).
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Transfection of protoplasts

RNA transcripts were synthesized from the full-length cDNA clones of B RNA
using T7?7 RNA polymerase, 100 pg of RNA transcript of each cDNA clone was
inoculated into cowpea protoplasts which were subsequently labelled with
335 petnionine 15 hr post-infection and harvested at 40 hr post-infection.
30,000 x g supernatant fractions were prepared and analysed for the pre-
sence of B RNA encoded proteins by immunoprecipitation with antiserum
directed againat the B RNA encoded 24K polypeptide (Wellink et al., 1887),

Fig. 2, Immuncprecipitation of proteins extracted from protoplasts transfected with RNA-tramecripts
of B cDNA ¢lones or viral B RNA. 30.000 x g supernatant fractions of transfected protoplastp were
prepared immuncprecipitated with antiserum directed against the B RNA encoded 24K polypeptife
(Wellink gt al., 1987) and analysed on a 12.6X SDS-polyacrylamide gel. Numbers at the top ipdicate
the RNA transcripts used to transfect protoplasts, e.g. Bi01 corresponds to RNA transcripts’ deriyed
from cDNA clone pTB10l. For each experiment approximately 100 pg of tranacripts wes waed to trmans-
fect 5 z 109 protoplant. Lanes at the right hand site of the gel correspond to protoplasts
infected with 10 pg of viral B RRA, for which in one case the 30,000 x g supernatant fraction was
diluted ten times with a 30.000 x g supernatant fraction of uninfected protoplast bafore immumwopre-
clpitation. Numbers at the cight hand site of the gel lndicate the positions of the virus spacific
170K, 110K and B4K polypeptides.
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The 170K, 110K and 84K polypeptides, all containing the 24K polypeptide
domain {Goldbach and Rezelman, 1983; Wellink et 21., 1987), which are
characteristically detected in protoplasts infected with viral B RNA were
also found in protoplasts inoculated with transcripts of moat of the B cDNA
clones. The amount of these proteins in protoplasts inoculated with B cDNA
transcripts, however, was much lower than in protoplasts infected with RNA
isolated from B components (Figure 2). The 24K polypeptide itself was not
detected, becanse it is only present in small amounts as a free protein
(Wellink et al., 1987). The amounts of B RNA-specific proteins detected in
the protoplasts varied significantly for transcripts from individual cle-
nes. The transcripts of some cDNA clones did not result in detectable
amounts of viral proteins including the previously described cDNA clone
pPTB3 (Verver et al., 1987). Inoculation with the tranacripts of the other B
cDNA clones led to detectable amounts of B RNA specific proteins. This
indicated that these transcripts were infectious since it has been shown
that replication of viral RNA has to occur before viral protein synthesis
can be detected {Goldbach et al., 1980).

Fig. 3. Dot blot of nucleic agide extracted from transfected protoplasts. Each spot represents the
total nucleic ecide isolated from 105 protoplasts as described in Material and Methods, which was
hybridlzed to a DNA probe specific [or positive-atranded B RNA prepared from & recombinant N13 phage
(Brown et al., 1982). Numbera at the top and bottom indicate timee in hours after transfection. The
top lane shows spots at different times after transfectlon of protoplaste transfected with RNA
transcripts of ¢DNA clone pTB114. The bottom lane shows spots of protoplasts with template DNA or
viral M and B RNA at ¢ and 48 hours post transfection, the latter also ten and bundred times
diluted.
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The infectivity of the RNA transcripts of the B cDNA clones was further
proven by analyzing protoplasts for the presence of viral RNA at different
times after inoculation. Protoplasts were inoculated with RNA transcriptas
of B cDNA clone pTB114 and at various times post infection examined for the
presence of B8 RNA (see Figure 3). For comparison protoplasts inoculated
with total viral RNA and template DNA were similarly analysed. At time zero
about 10 ng of the initial 100 pg transcript RNA could be detected, which
corresponds to about 1000 molecules per cell. The amount of B specific RNAs
decreased rapidly in the first 24 hours and then increased agaln, indi-
cating that after a certain lag period replication of the transcripts
started. These results demonstrate that the RNA transcripts of the B cDNA
are indeed replicated in cowpea protoplasts.

Having demonstrated that transcripts of the B cDNA clones are expressed
in cowpea protoplasts, transcripts of the M cDNA clones were also analyzed
for their capability to infect protoplasts. Unlike B RNA M RNA is not.
replicated and translated independently in cowpea protoplasts and therefore
transcripts of M cDNA clones need to be co-transfected with B RNA. As. viral
B RNA is always contaminated with trace amounts of M RNA irrespective of
the isolation procedure (Goldbach et al., 1980; Goldbach, 1887) infectious
transcripts of one of the cDNA clones of 8 RNA had to be used for co-trans-
fection. In view of the relativgly low infectivity of these transcripts the
sensitivity of detection of M RNA encoded proteins was expected to be
aignificantly lower than that of B RNA encoded proteins. Indeed, when pro-
toplaats were Infected with RNA transcripts of pTB114 together with
transcripts of any of the selected M cDNA clones capeid protein synthesis
could not be detected by immunoprecipitation with antibodies directed
against the capsid proteins.

Therefore as an alternative method for detection of viral proteins in
protoplasts the indirect immuno fluorescent antibody techunique (Hibi, 1975;
Maule et al., 1980) was applied. With this method fluorescent cells could
be clearly detected among protoplasts infected with RNA transcripts of B
cDNA clone pTB114 using antibodies directed against the 24K polypeptide and
in addition the number of intected cells could be determined. Subsequently
RNA transcripts of c¢cDNA clone pTM203 with or without transcripts of pTB114
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RNA tranacripts Hg RRA % fluorascent cells % fluorescent
per 5 x 109 with a-24K serum cells with
protoplaste a-capeid serum
Bl14 100 0.8 0
B114* 100 2.0 0
M203* 100 )] )
Bii4 + ¥203* 200 1.5 0.1
Bl14 Al* 100 0 0
B114 A2* 100 [1) 0
CPMV-RNA
B RNA + M RNA 2 1.5 1.4
" 4 4.0 3.9
" 20 20 20
" 50 30 50

Toble 1. Detection of viral RWA expression in cowpea protoplast with imssunoflioorescent labelling.
Asteriks refers to the presence of the cap structure analog "meGpppG during in vitro transcription,
which resulted under the conditions used in approximately 50% capped tranecripts (Verver gt al..
1807). In all cases about 20.000 protoplazts were examined by the indirect iwmuno fluorescence tech-
nigue (Maule gt al., 1980}, Incubations were carrled out with a mixture of the anti-capeld serus and
the 24K aptiserum and the percentage of protoplasts stained with the anti-24K serum {x-24K) or both
the anti-24K serum and anti-capsid serum (e-capsid} are indicated. The percentages shown represant
ah average of several independent experjiments,

were examined by immuno fluorescence for the presence of ¥ or B RNA-encoded
proteins using a mixture of antibodies directed against thé 24K polypeptide
and the capsid proteins (see Table 1), Following this approach it was also
possible to discrimipate between protoplaste infected with only B RNA
transcripts and protoplasts infected with both M and B RNA transcripts,
since the immuno fluorescence caused by anti-24K serum on one hand and the
antiserum against the capsid proteins on the other hand was quite dif-
ferent. Staining with the anti 24K serum resulted in a bright, localized
immuno-fluorescence, whereas the anti capsid serum produced a more or less
dim fluorescent staining over the whole cell. Infection with 100 ug of both
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RNA transcripts of ¢DNA clone pTB1i4 and pTM203 resulted in the detection
of B RNA specific proteins in about 1% of the protoplasts and of M RNA ape-
cific proteins in about 0.05% of the protoplast (see Table 1). This imsunc
fluorescent was never detected in uninfected cells. This indicates that
tranacripts of the M cDNA clone pTM203 were indeed infectlous and that the
lack of success with the detection of M RNA specific proteins by immunop
precipitation of 35S-methionine labelled cells must be due to the limited
number of infected cells. The low level of infectivity of the cDNA
transcripts compared to viral RNA found in the other experiments seems to
be caused by the limited number of successfully infected cells and not by a
low level of expression in a higher number of cells. If this was taken into
account the infectivity of the transcripts of M cDNA was similar to the
infectivity of the transcripts of B cDNA.

One of the reasons of the low infectivity of the transcripts could be
rapid degradation of the RNA upon infection of the protoplasts (Verver
et al., 1987). The presence of a cap structure at the 5' end is known to
increase the stability of RNA molecules and therefore capped transcripts
were also tested for infectivity (Furuichi et al., 1977; Shimotohno et al.,
1977; Green et al., 1983). The number of infected protoplasts was indeed 2
to 3 times higher when capped RNA transcripts were used, although still low
compared tc viral RNA (see table 1).

It was also tried to infect cowpea plants with transcripts from both M
and B cDNA clones, which should result in systemic infection. Under the
conditions used, so far symptoma in plants infected with transcripts have
not been detected, indicating that detection of infectivity in plants is
even more difficult than in protoplasts.

Effect of deletions on the infectivity of transcripts from the B cDNA
clopnes

Two deletion mutants, previously studied in vitro (Vos et al., submitted)

were tested for their capability te be expreased in vivo.
The first sutant, pTB114A1, contained a 87 bp deletion in the coding
sequence for the 24K protease (Verver et al., 1987). The effect of this "in

frame" deletion iz a complete blocking of proteolytic processing of the
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viral polyproteins (Vos et al., submitted). Because the functional proteins
can no longer be formed this mutant was expected to be defective in repli-
cation. Indeed we were not able to detect expression of the RNA transcripts
of this mutants, neither by immunoprecipitation of proteins from 35g.
methionine labelled protoplasts nor by immuno fluorescent staining (see
Table 1).

The second deletion mutant, pTB114A2, contained a 360 bp in frame dele-
tion in the coding sequence for the 32K polypeptide (Vos et al.,

submitted). In vitro expression studies on this mutant revealed that the

proteolytic processing of this mutant is similar to wild type B RNA. The
only difference is the generation of & truncated 32K polypeptide with a
molecular weight of 18 kilodalton (kD). Since there are no indicationas for
a function of the 32K polypeptide in the expression of B RNA from in vitro
translation studies (Vos et al., submitted), the effect of this mutation
could not be anticipated. Similar to the first deletion mutant we were not
able to detect expression of the RNA transcripta of clone pTB114A2 in
cowpea protoplasts. The lack of infectivity of the RNA tranacripts of this
cDNA clone suggesta that the 32K polypeptide somehow plays & role in repli-
cation of the viral RNAs. Furthermore these experiments again demonstrate
and confirm that for detection of viral proteins replictation of the RNA

transcripts is an absolute requirement.

DISCUSSION

In this paper we have described the construction of a series of full-length
cDNA clones of both M and B RNA of CPMV downstream from the T7 promoter in
plasmid pXl1l. Upon transcription of Clal-linearised template DNAs of these

clones using T7 RNA polymerase RNA transcripts were obtained closely
resembling the viral RNAs. It was demonstrated in several ways that
transcripts of the cDNA clones of B RNA are replicated and expreased in
cowpea protoplasts and that transcripts of the M cDNA clones are also
infectious.

Infectious RNA transcripts synthesized by transcription in vitro of
full-length DNA copies of RNA viruses have been reported for human rhino
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virus and poliovirus (Mizutani and Colonno, 1985; Van der Werf et al.,:
1986), the insect virus black beetle virus (Dasmahapatra et al., 1886) and
two plant viruses, brome mosaic virus (BMV) {Ahlquist et al., 1384) and
tobacco mosaic virus (TMV) (Dewson et al., 1988; Meshi ot al., 1988). The
degree of infectivity of these transcripts varies from virus to virus hut
in general was much lower than that of the corresponding viral RNA, in
agreement with our present results with RNA transcripts of cDNA clones of
CPMV. The RNA transcripts used in our studies had two additional G-residues
at the &' end and 4 to 5 extra nucleotides to the 3' poly(A) tail. These
extra non-viral sequences, which cannot be eliminated using one of the

currently known in vitro tranacription systems, presumably interfere

with replication of the RNAs. In particular extra sequences at the §' end
may dramatically decrease the infectivity of in vitro transcripts of cBNA

clones, as has been found for TMV (Dawson et al., 1986), poliovirus (van
der Werf et al., 1986) and BMV (Paul Ahlquist, personal comsmunication). In
all these cases a limited number of extra sequences at the 3' end did mot
significantly influence infectivity. A further reason for the relatively
low infectivity of the in vitro transcripts from the cDNA clones of CPNV

may be the absence of VPg in such transcripts. Although the function of VPg
is not yet known, one of its functionas might be protection of the RNA
againat ribonucieasea. Transcriptas having a triphosphate at the 5' end as
used in this paper may be very susceptible to degradation. This may explain
the higher infectivity of capped transcripts (although CPMV RNAs isolated
from virions are not capped). On the other hand the higher infectivity of
capped transcripts may be caused by a more efficient translation in the
cowpea protoplasts during the first hours after infection {Shih et al.,
1976), which may indirectly increase the infectivity of the RNA.

Another interesting observation is the difference in infectivity of
tranecripts from each of the full-size cDNA clones of B RNA tested. Such
variation has also been observed among transcripts from cDNA clones of BMV
and TMV (Ahlquist et al., 1984; Dawson 2t_al., 1986; Meshi et al., 1988).
Since sofar further information on the properties of these deviant cDNA
clones is lacking, the reasons for the lower or complete lack of infec~
tivity remains unclear. Possibly these cDNA clones are derived from noms-

infectious RNA mclecules present in the viral RNA population used in the
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preparation of the cDNA. Alternatively errors introduced during synthesis
of the double-stranded cDNA may have led to reduced or even complete loss
of infectivity.

Infection experiments with in vitro transcripts of two different dele-

tion mutants, pTB114Al and pTB114A2, show that both mutations destroy the
infectivity of B RNA. While this was anticipated for mutant pTB114A1, the
lack of infectivity of transcripts from pTB114A2 is less clear. In vitro
translation studies of RNA transcripts of the latter deletion mutant show
noraal pgeneration of the 170K polypeptide and further processing by
cleavage into 110K and 60K or 87K and B4K proteins (Vos et al., submitted).
For replication of the RNAs the 110K polypeptide, the viral RNA dependent
RNA polymerase and the 80K polypeptide (Dorssers et al., 1983; Eggen and
Van Kammen, in press) are considered to he essential. The processing of the
B RNA-encoded polyprotein is achieved by the 24K polypeptide encoded by B
RNA. At this moment no specific function of the 32K protein in the
expression of B RNA is known, but it has been demonstrated that the 32K
polypeptide plays an important role in proteolytic processing of the N RNA
encoded polyproteins (Franssen et al.. 1984b; Vos et al., submitted). The
results obtained in this paper suggest that the 32K polypeptide directly or
indirectly also plays a role in replication of the viral RNAs.
Alternatively the change in the RNA structure due to this deletion may
affect the replication of B RNA.

This is the first report of the expression in vivo of cDNA clones of a
plant virus genome with a genome-linked protein and a 3' poly(A) tail. The
infectivity of the in vitro transcripts which lack a VPg demonstrate that

the genome-linked protein is not necessary for the infectivity of the CPMV
RNAs. This finding confirms the conclusion drawn from experiments which
show that the infectivity of CPMV RNA is not lost if VPg is removed by pro-
tease degradation. The availability of infectious RNA transcripts opens the
way to study the expression and genetic organization of CPMV in vivo by
expression of RNA transcripts obtained from DNA copies engineered on speci-
fic sites.
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MATERIALS AND METHODS

Nucleic acids and enzymes

CPMV was propagated in Vigna unguiculata L., "California Blackeye", and N
or B components were purified as described previously (Klocotwijk et al,,
1977). Viral RNA was extracted from purified M or B components as described
by Zimmern (1975). Large or small scale plasmid or M13RF DNA isolationes
were performed according to Birnboim and Doly (1979). T7 RNA polymeraag was
igsolated as described previously (Verver et al., 1987) or purchased from PL
Biochemicals. All other enzymes were purchased from Boehringer Mannheim
B.V. or PL Biochemicals. Al) oligonucleotides used were synthesized by the
chemical phosphotriester method (Van der Marel et al., 1982).

Molecular cloning

Double-stranded cDNA was synthesized from CPMV RNA as described previously
(Van Wezenbeek et al., 1983) or by the method of Okayama and Berg (1982}.
Occasionally single-stranded cDNA was eluted from alkaline agarose gels by
a modified freeze squeeze method (Tautz and Renz, 1983). DNA ligations were
performed as described previously (Verver et al., 1987). Recombinant DNA
clones were analysed by restriction enzyee wapping and/or nucleotide
sequencing (Sanger et al., 1977, 1980; Guo et al., 1983).

Transfection of cowpea protoplasts and detection of viral proteins

Template DNAs were linearized with Clal and run-off transcripts were
syntheaized using T7 RNA polymerase as described previously (Verver et al.,
1987). Occasionally transcripts were capped by addition of the cap struc-
ture anaiogue TwmeGpppG to the reaction mixture (Verver et al., 1987). After
tranacription template DNA was removed by DNase treatment (Vos et al.,
1984) and in vitro transcripts were recovered from the reaction mixture by
precipitation overnight with 2 M LiCl. Cowpea mesophyl protoplasts were
prepared essentially as described by Hibi et al. (1975). Generally 5 x 106
protoplasts were infected with 50-200 pg of RNA transcripts or viral RNA
using the polyethylene giycol (PEG) method (Dawson et al., 1978; Maule et
al., 1980}, Washed protoplasts were incubated at 250C under continuous
tllumation (Rottier et al., 1979). Protoplasts were stained with antiserum
against the P RNA encoded 24K polypeptide and/or anti-capsid protein for
detection of these proteins in infected protoplasts by the indirect
fluorescent antibody technigue (Hibi et al., 1975; Maule et al., 1980).
Immunoprecipitations of 30,000 x g supernatant fractions of protoplasts
labelled with 355-methionine were performed according to Wellink et al.
(1988).

Analysis of RNA

At suitable periods after transfection protoplasts were collected by
centrifugation and disrupted by freezing at -809C followed by resuspeasion
in 100 mM Tris 8.0, 10 mM EDTA, 2% SDS. This mixture was extracted with an
equal volume of phenol:chleroform 1:1 and nucleic acids were collected from
the waterphase by ethanol precipitation. Pellets were directed diasolved in
50% formemide, 2.2 M formaldehyde, 20 mM MOPS pH 7.0, 5 uM NaAc, 0.1 mM
EDTA and incubated for 15 minutes at 560C. For apot hybridisations aliquots
of the RNA samples in the formaldehyde buffer were spotted directly om

Gene Screen + hybridization (New England Nuclear Corp.) membranes and baked
for two hours at 809C. Gene Screen membranes were hybridized to strand spe-
cific M13 probes according to Thomas et al. (1980).
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ABSTRACT

A series of specific deletion mutants derived from a full-length cDNA clone
of cowpea wmosalc virus (CPMV) B RNA was constructed with the aim to study
the role of viral proteins in the proteolytic processing of the primary
translation products. For the same purpose cDNA clones were constructed
having sequences derived from both M and B RNA of CPMV. In vitro
transcripts prepared from these clones with T7 RNA polymerase, were effi-
ciently translated in rabbit reticulocyte lysates. The translation products
obtained were processed in the lysate by specific proteolytic cleavages
intoe smaller products, which made it possible to study subsequently the
effect of various mutations on this process. The results obtained indicate
that the B RNA encoded 24K polypeptide represents a protease responsible
for all cleavages in the polyproteins produced by both CPMV B and M RNA.
For efficient cleavage of the glutamine-methionine site in the M RNA
encoded polyprotein the presence of a second B RNA encoded protein, the 32K
polypeptide, is essential, although the 32K polypeptide itself does not
have protease activity. Some cleavage-site mutants were constructed in
which the coding sequence for the glutamine-glycine cleavapge site between

the two capsid proteins was changed. Subsequent in vitre transcription amnd

translation of these cleavage site mutants show that & correct dipeptide
sequence is a prerequisite for efficient cleavage but that the folding of

the polypeptide chain also plays an important role in the determination of
a cleavage site.
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1. Introduction

The genetic information of cowpea mosaic virns (CPMV) is divided among
two, separately encapsidated, positive-stranded RNA molecules, designated
M and B RNA {for recent reviews see Goldbach and Van Kammen, 1985 and
Goldbach, 1987). The viral RNAs have a small protein, denoted VPg (Daubert
et al., 1978; Stanley et al., 1978}, covalently linked te their 5' end,
and a poly(A) teil at their 3' end {El Manna and Bruening, 1973). Both RNAs
are translated into large polyproteins, from which the functional proteins
are derived by proteolytic cleavages (Rezelman et al., 1980; Goldbach and
Rezelman, 1983),
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Figure 1. Model for the transintion of the RNAs of CPWV and proteolytic processing of the CPMY
polyprotefins. The double-lined bars in the RNAs represent the long vpen reading fremes. for which
the start and stop codons are alsc indicated (Van Wezenbeek 2t al., 1983; Lomonossoff and Shanks,
1983). VPg is indicated by a black square, other protein sequences as single lines. The various
tleavage sites are indicated on the primary translation products.

N.B. At the start of the investigation the clesvage sites on the B proteins were not yet determined.
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CPMV B RNA is translated into a 200 kilodalton (kD) polyprotein whig¢h is
rapidly cleaved into 32 kD and 170 kD polypeptides (see Figure 1). This
primary cleavage is achieved intramolecularly by the B RNA encoded 24K
polypeptide at a glutamine—serine dipeptide seguence (Franssen et al.,
1984a; Verver et al., 1987). The 170K polypeptide is then further cleaved
either at a glutamine-methionine site giving the 110K and 60K polypeptide
or at a glutamine-glycine site giving the 87K and 84K polypeptides (Wellink
et al., 1986). While cleavage of the glutamine-glycine site is performed by
the 24K polypeptide (Garcia et al., 1987) the proteolytic activity respon-
sibie for cieavage of the glutamine-methionine site has not yet been iden-
tified. VPg is released from the 60K polypeptide at a glutamine-serine
dipeptide sequence and the 24K polypeptide can be released either from the
84K polypeptide by cleavage of the glutamine-methiconine site or from the
110K polypeptide by cleavage of the glutamine-glycine site.

CPMV M RNA is translated into two C-terminal overlapping polypeptides of
105 and 95 kD respectively (see Figure 1). These polypeptides are in wivo
immediately cleaved at a glutamine-methionine site releasing the 60 kD cap-
sid protein precursor, which in turn is rapidly cleaved at a glutamine-
glycine site giving the two capsid proteins VP37 and VP23. Cleavage at the
glutamine-methionine pair releasing the capsid protein precursor can be
blocked in vitro by antibodies raised against the B RNA encoded 32K pely-

peptide (Franssen et al., 1984h). Therefore the 32K polypeptide has been
proposed to be the proteinase responsible for this cleavage reaction.

Expression studies in E. coli of cDNA clones containing sequences derived

from both X and B RNA have shown that proteclysis of the cleavage site bet-
ween the two capsid protein at a glutamine-glycine dipeptide sequence is
accompliashed by the 24K protease encoded by B RNA {(Garcia et al., 1987).

In summary at least two proteinases, the B RNA-encoded 24K and 32K poly-
peptides, seem to be involved in the proteolytic processing of the CPMV
polyproteins, at three different types of cleavage sites. In this paper we
have investigated in more detail the role of the 24K and 32K proteins in
the proteolytic processing reactions and have also studied the structural

requiresents for cleavage-sites. For this purpose the in vitro translation

of RNA-tramscripts derived from specifically engineered cDNA clones waB
investigated. The results ohtained reveal that a single virus-engoded pro-
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teinase, the 24K polypeptide, can recognize all three types of cleavage
sites in the CPMV polyproteins, but that the 32K pelypeptide also plays a
role in the proteolytic processing.

2. Results

Construction of mutagenized cDNA clones

As starting material for the analyses described in this paper a full-
length cDNA clone of B RNA, pTB1i4, was used, which recently has been shown
to express infectivity in cowpea protoplasts {Vos et al., 1987). To study
the function of the 32K and 24K proteins encoded by B RNA five different
deletion mutants were constructed: pTi14A1l, pTB114A2, pTB114A3, pTB114A4
and pTB32*. For the same purpose two cDNA clones were constructed pTMB11%
and pTMB120, containing sequences of both M and B RNA.

cDNA clone pTB114A1 was constructed by exchange of a small DNA fragment
of pTB114 for the corresponding fragment of a previously conatructed ¢DNA
clone pTB3A1 (Verver et al., 1987) (see figure 2). The result is an 87 bp
deletlon (positions 3240 to 3327) in the coding sequence for the 24K poly-
peptide leading to deletion of 29 amino acids centrally located in this
polypeptide. In vitro transcription and translation of pTB3Al1 already

showed that this clone encodes a polyprotein, which does not longer achieve
the primary cleavage of the glutamine-serine dipeptide sequence and for
that reason does not release the 32K polypeptide from the polyprotein
(Verver et al., 1987).

Mutant pTB114A2, with a deletion in the coding sequence for the 32K
polypeptide, was constructed by removing an 3756 bp Accl fragment (positions
360-735) from the full-size cDNA clone pITB114 (see Pigure 2}. Clone
pTB114A2 has lost the coding sequence for 125 amino acids of the 32K poly-
peptide and this large deletion is likely to affect the properties of the

32K polypeptide.
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A third deletion mutant, pTB114A3, contains a very large deletion
(positions 346 to 2815 of B RNA) removing almost the complete coding
sequence for both the 32K and 58K pelypeptides inciuding the glutamine-

serine cleaving site between these two proteins (see Figure 2). This ddle-
tion does not affect the reading frame and the in vitro translation

products of RNA transcripts of this clone are expected to have a molecular
weight of approximately 120 kD. This 120 kD product contains only the

complete amino acid sequence of VPg, the 24K polypeptide and the 87K poly~

peptide.
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Fig. 2. Schematic representation of the various mutagenized cDNA clones. The open reading frames are
indicated by double-lined bars, non-coding sequences as single lines, The pozitions of the viral
proteins in the long open reading frames are shown. The.size of the deletions in B cDNA clones
pTBi14A1, pT811442, pTB1144A3, pTB114A4 apd pTB32* are indicated. A1, A2, A3 and 44 refer to DNA
clone pTB114Al, pTB114A2, pTB114A3 and pTBiidAd respectively.
DNA clones pTHBL110 and pTMP120. The positions of the potentisl cleavage sites in all DNA clomes are
indicated. Por details on the congstruction of the clones see Materials and Metheds.

MB110 and MB120 refer to the hybrid
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In cDNA clone pTB114A4 a 1961 bp Pvull-Hpal-fragment (positions 3700 to
5661 of B RNA) is removed from the full-length DNA copy in clone pTBiia
(see Figure 2). The result of this deletion is a frame shift leading to an
expected primary translation product of about 110 kD terminating in the
sequence of the 87K polypeptide 18 amino acids downstream of the glutamine-
glycine cleavage site between the 24K and 87K polypeptides, This mutant
therefore contained the coding seguence for the 24K polypeptide and all B
RNA encoded proteins located N-terminally from thié protein in contrast to
clone pTB114A3, which contained the coding sequence for the 24K polypeptide
and the 87K polypeptide located at the C-terminal side of the 24K polypep-
tide.

For a further analysis of the functions of the 32K polypeptide a cDNA
clone pTB32* was constructed, which allows the syntheais in vitro of the
32K polypeptide as a free protein. Using methods for site-directed mutage-
nesis (see Materials and Methods) the AGT codon fof the serine residue at
the glutamine-serine cleavage site between the 32K and 58K polypeptides was
changed into TGA giving an amber stop codon at this position. Sequences
downstream from this stop codon were removed and exchanged for part of the
non-translated reglon and poly d{A-T) track of a cDNA clone of M RNA. Upon
in vitro transcription of pTB32*, RNA mnlecules are generated with the
exact coding sequence for the 32K polypeptide flanked by the 5' lesader
sequence of B RNA and the 3' non-translated region and poly{A) tail of M
RNA (see Figure 2).

To study the proteclytic activity of the 24K protease with respect to
the cleavage sites in the M polyproteins cDNA clones were constructed
having sequences of both M and B RNA. In clone pTB114A3 the DNA fragment
from the BamHl-site at position 3865 of B RNA to the 3' end was removed and

replaced by coding sequences for the C-terminal part of the M RNA encoded
polyproteins in such a way that the reading frame was not affected. As a
result almost the complete coding sequence for the 87K polypeptide was
exchanged for the coding sequences for the two capsid proteins {see Figure
2). Two such hybrid cDNA clones were constructed, pTMB110 and pTMB120, of
which the latter contained a larpger part of the coding sequeﬁce for the M
RNA encoded polyproteins. In these clones large open reading frame are pre-

sent expected to give rise to translation products of 108 kD (pTMB110) and
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140 KD (pTMB120) respectively. In the expected translation products to two
cleavage sites of the M polyvroteins, glutamine-methionine and glutamine-~
glfclne. are present as well as three cleavage sites of the B RNA encoded
polyprotein (see Figure 2}.

In vitro expression of cDNA clones with deletions in the coding sequenge of
B RNA

The various cDNA clones were tranacribed by T7 RNA polymerase and the
RNA tranzcripts were translated in rabbit reticulocyte lysates (Verver et
al., 1987}. Such transcripts have been shown to be translated very effi-
ciently in vitro and to undergo faithful proteolytic proceasing (Vos et
al., 1984; Verver et al., 1987). Figure 3A shows the PAAGE patterns of the
translation products of RNA transcripts obtained from the various cDNA clo-
nes.

RNA tranacripts of the full-length cDNA clone pTB114 were translated
into a 200 kD polyprotein similar to the primary translation product of
viral B RNA, which was rapidly cleaved into 170K and 32K polypeptides. Upon
prolonged incubation in the lysate the 170K polypeptide was processed
elther (at a glutamine-methionine asite) into 110K and 60K polypeptides or
(at a glutamine-glycine site) into 87K and 84K polypeptides which
comigrated in this gel (Figure 3A and Franssen et al., 1984a; Wellink et
al., 1986). The 60K polypeptide was further processed inte the 58K polypep-
tide and VPg. In comparison with viral B RNA the in vitro synthesized P RNA
was translated more efficient and gave less secondary translation products.
This is probably due to partial breakdown of the viral RNA as a conseguence
of the isolation procedure. As a result an equal amount of viral RNA produ-
ces a lower amount of the complete polyprotein and more smaller translation
products {Kozak, 1983).

The small deletion in the 24K polypeptide in cDNA clone pTB114A1 has
already been shown to block the primary cleavage of the 200K polyprotein at
a glutamine-serine site by which the 32K polypeptide is released (Verver et
al., 1987). In vitro translation of RNA transcripts of this clope resulted
in accumulation of a translation product of 200 KD migrating slightly
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faster than the 200K polyprotein. Even after prolonged incubaticn of this
translation product remained stable in the reticulocyte lysate and pro-
cessing into smaller polypeptides could not be detected. This indicates
that the 24K protease is involved in all cleavages in the B RNA encoded
polyprotein or that at least generation of the 170K polypeptide is a prere-
quisite for the secondary cleavages to occur. In the latter case another
proteolytic activity may still be Involved.

Fig. 3, In vitro translation of RNA transcripts of the various apecifically modified DNA clones. In
o8t cases (except clone pTB32* and pTMB110A1) the translation products are shown after one hour and
twenty hours incubation in the reticuloacyte lysate, left hand lane and right hand lane respectively,
Marker proteins were from top to bottom: myosin, 210 kD; phospborylase b, 100 kD and 92.5 kD; bovine
serum albumine, 60 kD; ovalbumin, 46 kD and carbonic anhydrase, 30 kD.

Panel A: In vitro translation products of RNA transcripta of deletion mutants derived from the full-
aize B ¢cDNA clone pTB114. At the left the poaitions of the variows B RNA specific proteins are indi-
cated and in addition the 28 kD protefn (38K, see text) and the truncated 32 XD protein (18K). cDNA
clone pTB32* was tranajated for one hour only.

Panel B: In vitro translatlon products of RNA trenscripts of the hybrid BNA clones, contalning
sequences [rom both M and B RNA, To the right the positions of the most abundant transistion and
procesaing products are indicated, VP37 and VP23 refer to the 37 kD and 23 kD capsid proteins. For
BNA clone pTMB110A1 only the 20 hours translation experiment im shown.
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Translation of RNA transcripts of pTB114A2, the cDNA clone with the 375
bp deletion in the coding sequence for the 32K polypeptide, was very ai-l—
lar to tranalation of RNA transcripts of pTBl114. The conly difference was
the generation of a primary translation product of approximately 180 kD,
which was rapidly cleaved into the 170K polypeptide and a truncated 32K
polypeptide with a molecular weight of approximately 18 kD. Purther pro-
ceasing of the 170K polypeptide of pTB114A2 occurred precisely as in the
170K polypeptide encoded by the wild type B RNA. This suggests that the 82K
polypeptide is not involved in any of the cleavages in the 170K polypaptide
but that these cleavages are all catalyzed by the 24K protease. Hence the
24K protease sgems to be capable of cleaving all three types of cleavage
sites used in the CPMV polyproteins, which makes involvement of a second
viral protease, i.e. the 32K polypeptide unnecessary.

This conclusion was confirmed by translation of RNA transcripts of cDNA
clone pTB114A3. The primary translation product of this clone had a molecu-
lar weight of about 125 kD and was efficiently cleaved into smaller pro-
teing. Cleavage of the glutamine-methionine site at the left hand site of
the 24K protease results in the 110K polypeptide and a protein with a size
of 15 kD {not ta be seen in Figure 3A). Cleavage of the glutamine-glycine
aite at the right hand sfte of the 24K protease gives the 87K polypeptide
and a pelypeptide with a molecular weight of 38 kD. Cleavages at both.sites
of the 24K protease released this polypeptide from the polyprotein. These
results confirm that apart from glutamine-serine sites the 24K protease can
also cleave glutamine-methionine and glutamine-glycine dipeptide seguénces.
Surprisingly with this mutant relatively large amounts of free 24K protease
were generated. One of the reasons for this observation may be that the
1i0K polypeptide, a precursor of the 24K protease, is generated in the
reticulosyte lysate much more efficient from the 125 kD translation product
of pTB114A3 than from the viral 170K polypeptide.

Translation of the RNA transcripts of cDNA clone pTB1144A4, lacking
almost the complete coding sequence of the 87K polypeptide, resulted as
expected in a primary translation product with a size of about 115 kI}. The
32K polypeptide is rapidly released from this primary translated product
leaving a polypeptide slightly large than the 84K polypeptide since a few
N-terminal amino acids of the 87K polypeptide are still linked to the 84K
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polypeptide (see figure 2). This extra sequence at the C-terminus of the
84K polypeptide is cleaved off after prolonged incubation in the lysate by
cleavage at the glutamine-glycine dipeptide sequence at the right hand site
of the 24K protease. Translation of RNA transcripts of pTB114A4 did not
result in detectable amounts of the 24K polypeptide in contrast to transla-
tion of RNA transcripts of pTP11443. This may indicate that the 84K poly-
peptide is not the direct precursor of this polypeptide while the 110K
polypeptide is.

In conclusion the results obtained by in vitro expreassion of these
mutant ¢DNA clones of B RNA demonstrate that the 24K protease performs all
four cleavages at three different dipeptide sequences in the B polyproteins
and indicate that involvement of a second proteolytic activity is not

necessary.

In vitroe expression of DNA clones containing cDNA sequences of both M and B
RNA

The proteolytic processing of the M RNA encoded polyproteins was
investigated with two cDNA clones containing sequences of both M and B cDNA
(see Figure 2). The clones, pTMB110 and pTMB120, have a single long open
reading frame and both contain the complete coding sequence of the 24K pro-
tease and the two M RNA-encoded capsid proteins including the twa cleavage
sites to release the structural proteins. The only difference between
pTMB110 and pTMB120 is that the latter encodes & larger primary translation
product in which the two cleavage sites originating from the M polyproteins
are situated at a larger distance from the 24K protease (see Figure 2).

Upon translation of the RNA transcripts of clone pTMB110 a polypeptide
with a molecular weight of about 108 KD was synthesized, which was rapidly
processed into smaller proteins (Fig. 3B). The identity of these processing
products was determined by immunoprecipitation using antisera against the
24K polypeptide, VP37 and VP23 (data not shown).

The two glutamine-glycine sites in the 108K polyprotein of pTMB110 were
efficiently cleaved. Cleavage of the first gintamine-glycine site gave a N-
terminal polypeptide of 38 kD and a C-terminal polypeptide of 70 kD.
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Cleavage of the second glutamine-glycine site resulted in a C-terminal
polypeptide of 85 kD, which was rapidly processed into smaller products and
the small capsid protein VP23. Cleavage at both glutamine-glycine sites
produced a 47 kD polypeptide. The two glutamine-methionine gites in the
translation products of pTMB110 were also cleaved by the 24K protease.
Predominant proteins resulting from cleavage at these glutamine-methionine
sites were the 24K protease itself, resulting from processing at both the
glutamine-methionine and glutamine-glycine cleavage sites bordering this
polypeptide, and the 60K capsid protein precursor. Cleavage of the
glutamine-glycine site jn this capsid protein precursor released both ¢ap-
sid proteins VP37 and VP23.

The results obtained with cDNA clone pTMB120 were very similar to those
obtained with clone pTMB110. The difference between pTMB110 and pTM120 is
that the distance between the glutamine-glycine site at the right hand site
of the 24K protease and the glutamine-methionine site at the left hand site
of VP37 is much larger in clone pTMB120. Therefore all translation products
containing this region are about 30 kb larger than the corresponding
translation products of pTMB110. Accordingly, the primary translation pro-
duct of the RNA tranacripts of pTMB120 had a molecular weight of about 140
kD compared to 108 kD for pTMB110. The major processing products of this
cDNA clone were polypeptides of 100 kKD (70 kD in pTMB110). 77 XD (47 kD in
pTMB110) and further the 60 kD capsid protein precursor, the 38 kD polypep-
tide, the 24K protease and VP23. The 60K capsid protein precursor and both
capsid proteins VP37 and VP23 were present in lower amounts in case of
pTMB120 compared to pTMB110. Processing of the cleavage sites originating
from the M RNA encoded polyproteins was therefore less efficient in the
translation products of pTMB12¢, possibly because in the translation pro-
ducts of pTMB120 these cleavage sites are located further away from the 24K
protease region. Translation of the RNA transcripts of clone pTMB110Al, a
derivative of pTMB110, containing the 87 bp deletion in the coding seguence
of the 24K protease, showed that all cleavages in this hybrid polyprotein
indeed depended on the presence and activity of the intact 24K polypeptide
(see Figure 3B).

The results of the translation and subsequent processing of the RNA
transcripts of these hybrid cDNA clones indicate that all cleavage sites
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present in these chimaeric polyproteins can be cleaved by the 24K protease,
Including the glutamine-methionine and glutamine-glycine dipeptide sequen-
ces originating from the M RNA-encoded polyprotein.

Processing of the M RNA encoded polyproteins by translation products of the

various deletion mutants of B RNA
Although we now have demonstrated that the 24K protease is able to
recognize both cleavage sites of the M polyprotein located on a chimaeric

polyprotein, these cleavage sites are in vivo not located on the same pro-

teln molecule as the 24K protease. To investigate the natural processing at
these cleavage sites (in trans) unlabeled translation products of RNA
transcripts of wild type and mutated B cDNA clones were added to the X RNA
encoded polyproteins labeled with 353_methionine {see Figure 4).

Mg. 4. Proteclytic processing of the M RNA encoded primary translation products by translation pre-
ducts of the various specifically modifled DNA clones. RNA transcripts of M cDRA clone pTHZ03 were
translated in the presence of 33S-methionine and after one hour a 3 times excess of unlabeled
translation products of one of the DNA clones as indicated on top of the gel was added and the incu-
bation was continued at 30°C for anotber 20 hours. Control refers to addition of a 3 times excess of
reticulocyte lyaate to which no RNA was added. B114A2/B32* refer to the addition of a 1:1 mixture of
the tranalation products of DHA clones pTB114A2 and pTB32*. To the left the positions of M RNA
encoded protelns are indicated (Franssen et al., 1982). To the right the positions of marker pro-
teins phosphorylase b (100 kP and 85 kD), bovine serum albumin {88 kD). ovalbumin (48 kb} and car-
bonlc enhydrase (30 kD) are Indicated.
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RNA transacripts of cDNA clone pTM203 {Vos et al., submitted)} were
translated in rabbit reticulocyte lysate resulting in efficient production
of the 105K and 95K polyproteins (see figure 4). Upon addition of the
translation products of viral B RNA or in vitro synthesized B RNA from ¢DNA
clone pTBli4 the M RNA encoded 95K polyprotein was processed into the 48K

polypeptide and the 80K coat protein precursor. The 105K protein is pro-
cessed into the 60K and 68K polypeptides but since the 105K polypeptide is
present in only small amounts the 68K polypeptide is not easily detectable.
Translation products of the deletion mutant in the 24K protease, pTB114A1,
did not give any processing (data not shown). Addition of the translation
products of the RNA transcripts of DNA clones pTB114A2, pTB114A3 or
pTNR110, all lacking an intact 32K polypeptide but having an intact 24K
protease, did not result in processing of the 95K polypeptide at the
glutamine-methionine site but resulted in cleavage of the glutamine-glycine
aite giving the small capsid protein VP23 and a 79 kD polypeptide. Addition
of translation products of RNA transcripts of pTBl114A4, having an intact
24K and 32K polypeptide resuited in release of the capsid protein precursor
indicating that the 32K polypeptide is important for efficient processing
in trans of the glutamine-methionine site in the M polyproteins.

To investigate in more detail the role of the 32K polypeptide in pro-
cessing of the M polyproteins, the translation products of clcne pTB32*
were analysed with respect to their activity on the M RNA encoded polypro-
teins. RNA transcripts of this cDNA clone are efficliently translated into
a free 32K polypeptide (see Figure 3A). Addition of the tramslation pro-
ducts of the RNA transcripts of pTB32* to the M polyproteins did not resalt
in proteolytic cleavage of the 106K and $5K polypeptides. Furthermore the
trnnslat!on'products of pTB32* were not able to complement the activity of
a defective 32K polypeptide in trans. When the M polyproteins were incu-
bated with translation products of pTE114A2 addition of the translation
product of pTh32* (i.e. the 32K polypeptide} to this mixture did not raesult
in cleavage of the 105K and 95K primary translation products. The results
from the processing of the M RNA encoded polyproteins by the translation
products of the various cDNA clones confirm that the 24K protease is
responsible for the proteolytic cleavages in these polyproteins, but indi-
cate that 32K polypeptide is somehow also involved. In the absence of the
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32K polypeptide the 24K protease cleaves the glutamine-glycine site between
the two capsid proteins. When the 24K polypeptide and 32K polypeptide ar
both present proteolytic cleavage is directed to the glutamine-methionine
dipeptide sequence. This activity of the 32K cannot be coamplemented in
trans, probably because for the latter cleavage the 32K polypeptide must be

released from the same polyprotein as the 24K protease.

Proteolytic processing of specifically modified cleavage sites

To analyse the effect of amino acid substitutions at or around cleavage
sites several derivates of cDNA clone pTMB110 were constructed modified at
the glutamine-glycine dipeptide sequence between the two capsid proteins.
This cleavage site was selected because in the coding sequence an Avall
restriction site is present at this site facilitating modification of the

sequence. The restriction enzyme Avall gives a 5' extension of 3 nucleoti-

des. Hence, digestion with Avall and subsequent "filling-in" and religation
results in insertion of 3 nucleotides, while digestion with Avall, followed

by removal of the protruding ends with Sl-nuclease and religation results
in deletion of 3 nucleotides. Employing the Avall-site for site-directed
mutagenesis as indicated does therefore not alter the reading frame of the
modified sequence.

Four different cleavage site mutants of pTMBil0 were constructed, two
employing the Avall restriction site and two by oligonucleotide-directed

nutagenesis (see Materials and Methods). In the translation products of
pTMB110 the amino acid sequence at the cleavage sites between the two cap-
sid proteins is glutemine/glycine-proline-valine. In pTMB113 and pTMBil4
this amino acld seguence is changed into glutamine/alanine-valine and glu-
tamine/ glycine-arginine-proline-valine respectivély. In clones pTMB11i5 and
pTMB1168 the glutamine-glycine cleavage sites is changed into glutamine-
methionine and glutamine-serine respectively. The latter two cleavage sites
are alaso used at other positions in the CPMV polyproteins.

RNA tramscripts of pTMB110 and the four mutants were translated in rab-
bit reticulocyte lysates (see Figure 5). The translation and processing
products of pIMB110 have already been described earlier in this paper (see
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Figure 3B). In Figure 5 in addition the 85kD polypeptide and 48 kD polypep-
tide are indicated, the former resulting from cleavage at only the
glutamine-glycine site between the twe capsid proteins and the latter
resulting from cleavage at only the glutamine-methionine site to the left

of VP37. Normally these polypeptides are rapldly processed in smealler pro-
ducts.

Fig. 5. [n vitro translation of RNA trenscripte of cDNA clone pTMB11C¢ and its devivatives modified
at the glutamlne-glycine cleavage sites between the two capsld protelne. RNA transcripts wers ipcu-—
bated for one hour {left hand lane} and 20 hours (right hand lene} in rabbit reticulocyte lysates.
To the left the positlons of various transiation and processing products are indicated (see mlwso
figure 3B). In clones pINP113, PTHBIS and pTMB116 the coding sequence for the glutamine-glycine
dipsptide sequence is changed to glutamine-alanine, giutamine-methionine and glutamine-serine
respectively. In clone pTNB114 the amine acid to the right of the glutamine-glycioe dipeptide
sequence in changed from proline into arginine. Por detalls on the construction of these mubanta see
Materials and Methods.
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The results obtained with the modified glutamine-glycine cleavage site
can be summarized as follows. Processing at the glutamine-glycine site was
not significantly affected by insertion of an extra amino acid i.e. an
arginine next to the glycine in pTMB114. Changing of the glutamine-glycine
dipeptide sequence in all cases decreased the cleavage efficiency of this
site irrespective of nature of the change. This means that changing of the
glutamine-glycine into glutamine-serine or glutamine-methionine, the twe
other cleavage sites used in the proteolytic processing of the CPMV
polyproteins, alse affected the cleavage efficilency at this position.
Decrease of the cleavage efficiency at this specific site was easlly
detected by lower amounts of the proteing which are released by this
cleavage (i.e. VP23, VP37, the 47 kKD polypeptide and the 85 kD polypeptide)
and the greater stability of precursor proteins having this cleavage site

(i.e. the 70 kD polypeptide and the 60 kD capsid protein precursor) (see
Figure 5).

3. Discussion

In this paper we have investigated the proteolytic processing reaétions
in the CPMV polyproteins by in vitro expression of specifically modified
¢DNA clones. The results obtained clearly demonstrate that the B RNA
encoded 24K polypeptide catalyses all cleavages in the CPMV polyproteins.
However, proteclytic cleavage of glutamine-methionine site in the M RNA
encoded polyproteins by the 24K proteinase requires the presence of the B
RNA encoded 32K polypeptide, indicating an essential role of the latter
polypeptide in the cleavage reactlion at this site. This confirms the
earlier finding that antibodies raised against the 32K polypeptide can
block the primary cleavage reaction of the M RNA encoded pelyproteins
(Franssen et al., 1986).

Proteclytic cleavage of the M RNA encoded polyproteins differs from
cleavage of the B RNA-encoded polyprotein because the proteinase respon-
gible for the cleavage reactions is located on a different protein molecule

and therefore the proteolytic cleavage reactions are always bimolecular. It
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is interesting tc note that the glutamine-methionine cleavage site of the M
polyproteins is ufficlently cleaved by the 24K protease without involwement
of the 32K polypeptide when this sites 1s part of a hybrid MB polyprotein
(cDNA clones pTMB110 and pTMB120) in which the 24K protease is also pre-
sent. This 18 not due to a different conformation of this site in the
hybrid polyprotein, because for cleavage in trans of the hybrid proteim,
e.g. the translation product of pTMB110A1, the 32K pelypeptide is again
tequired (data not shown). The stimulatory effect of the 32K polypeptide on
cleavage of this glutamine-methionine site therefore seems to be limited to
cleavage in trans and plays no role in intramolecular cleavage reactlions.
It is not clear how the 32K polypeptide is involved in this cleavage
reaction. A preprequisite for efficient cleavage of the glutamine-
methionine site in the M polyproteins is that both the 24K protelinase and
the 32K polypeptide originate from the same precursor protein. The specific
effect of the 32K polypeptide was absent if this polypeptide was supplied
in trans e.g. by the translation products of clone pTB32*. An explanation

for this may be that the 32K polypeptide produced from clone pTB32* has a
different conformation compared to a 32K polypeptide that is released from

the B RNA encoded 200K polyprotein. This possibility was investigated by
addition of the translation products of a cDNA clone producing an active
24K protease to the translation products of cDNA clone pTB114A1, which
gives a non-processed 200 kD polyprotein due to a deletion in the 24K
coding region. The 32K polypeptide was freed from this aberrant 200 kD
polyprotein but did not stimulate the cleavage of the glutamine-methionine
gite in the M polyproteins (data not shown). Probably the 32K polypeptide
has to remain associated with the 170K polyprotein after its release from
the 200K polyprotein and enhances the glutamine-methionine cleavage in the
M polyprotein only in this conformation. This conforms to previous data
indicating that the 32K polypeptide occurs in infected cells in complexes
with the B RNA encoded 170K and 84K polypeptides (Franssen et al., 1984b).
When the M RNA-encoded polyproteins are incubated with the translations
products of cDNA clones producing the 24K protease but lacking the 32K
polypeptide cleavage takes place predominantly at the glutamine-glycime
site between the two capsid proteins. When the 32K poclypeptide is alse pre-

sent cleavage takes place predominantly at the glutamine-methionine site
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and even after long incubation free capsid proteins can hardly be detected.
Again when the M polyproteins are incubated with extracts from B infected
cowpea protoplasts only the glutamine-methionine site seems to be attacked
(Franssen et al., 1882). Probably the 32K polypeptide has a regulatory
function in processing of the M polyproteins and directs in its presence
cleavage to the glutamine-methionine site while in its absence the
glutemine-glycine site is cleaved.

While the cleavages in the M RNA encoded polyproteins must occur inter-
molecular, the cleavages in B polyprotein may occur either intramolecular
or intermolecular. Time course translations have demonstrated that the
glutamine-serine dipeptide sequence releasing the 32K polypeptide occurs
intramolecular (Franssen et al., 1984a). We have studied this issue by
following the proteolysis of the translation product of clone pTBil44l,
having a deletion in the 24K domain, by the translation products of several
other cDNA clones (data not shown). The results obtained indicate that the
glutamine-serine aite releasing the 32K polypeptide and glutamine-glycine
site releasing the 87K polypeptide can also be efficiently cleaved in
trans. The glutamine-methionine site in the translation product of pTB1i441l
was not cleaved in trans. This suggests that this cleavage only occurs in
cis, although it cannot be excluded that the deletion in the abberant 200
kD polyprotein of pTB114A1 influences this cleavage reaction. The azK
polypeptide does not enhance any of the cleavages of the B polyproteins in
trans and thus its stimulatory effect seems be limited to the glutamine-
methionine cleavage in the M polyproteins.

The question arises in which conformation the 24K polypeptide carries
out the cleavage reactions: as a free protein or as part of a larger
polypeptide. Alternatively different polypeptides containing the 24K domain
may have different cleavage speclficities. The results presented here do¢
not give a clear answer to these questions, however some observations are
noticable in this respect. Firstly, the DNA clones producing the most free
24K polypeptide 1.e. pTB114A3 and pTMB110 give the best cleavage in trans
of the glutamine-glycine sites in hoth the M and B polyprotein {(P. Vos,
unpublished results and Figure 4). Secondly the translation products of DNA
clone pTB114A4 can efficliently cleave the glutamine-methionine site in the
M polyprotein indicating that the 84K polypeptide together with the 32K
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polypeptide can perform this cleavage reaction. Finally the 84K polypeptlde
jtself is not further cleaved into the 60K and 24K polypeptides by cleavage
of the glutamine-methionine site at the left border of the 24K protease,
while the 110K polypeptide is efficiently cleaved at the glutamine-glytine
site to the right of the 24K protease into this polypeptide and the 87K
polypeptide.

The cleavage sites in the CPMV polyproteins are characterized by a spe-
cific dipeptide sequence: glutamine-glycine, glutamine-serine or glutamine-
methionine (Wellink et al., 1988). Apart from this dipeptide sequence the
folding of the protein at the position of the dipeptide sequence 1s pro-
bably very important and also surrounding amino acids could play a role.
For CPMV there is a weak consensus sequence for the amino acids surrounding
a cleavage site having an alanine at position -4 and an alanine or proline
at position -2 (Wellink et al., 1986).

In this paper we have inveatigated the effect of several amino acid
changes at the glutamine-glycine dipeptide sequence between the two capsid
proteins. The results obtained are very interestimg since changing of the
glutamine-glycine dipeptide sequence into either of the two other employed
dipeptide sequences, glutamine-serine or glutamine-methionine, resulted in
a dramatic decrease of cleavage efficliency. On the other hand the insertion
of a basic amino acid i.e. an arginine next to the cleavage site did not
have a significant effect on the cleavage efficiency. Furthermore chanpging
the glutamine-glycine into glﬁtamine—alunine did decrease the cleavage
efficiency but did not completely bleck the cleavage reaction. The results
obtained are very interesting but demonstrate that a detalled bjochemical
anglysis of the cleavage reactions and investigation of the three-
dimensional structure of the polypeptide domains surrounding the cleavage
sites must supplement molecular genetic studies for complete understanding
of the proteolytic processing reactions.
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4. Material and Nethoda

Molecular cloning

Plasmid DNA isolations on large and small scale were performsed by the
alkaline lysis method (Pirnboim and Doly, 1979). Alle enzymes were
purchased from Boehringer Mannheim B.V. or New Encland Biolabs Corp. and
used according to the manufacturers indications. DNA fragments were joined
by T4 DNA ligase and transformed into competent E. coli HB101 as described
previcusly (Van Wezenbeek et al., 1983). DNA fragments used for ligation
were generally purified by extraction from agarose gels by a modified
freeze-squeeze method (TFautz and Renz, 1983} or by eluticn from polyacryla-
mide gel slices (Maxam and Gilbert, 1977). Recombinant DNA clones were ana-
lyzed by restriction enzym mapping and if necessary nucleotide sequence
analysis (Sanger et al., 1977, 1980). Oligonucleotide-directed mutagenesis
using single-stranded recombinant M13 DNA was performed essentially as
described by Zoller and Smith (1984).

In vitro transcription and translation

In vitro transcriptions using T7 RNA polymerase were performed as
described previously {(Verver et al., 1987) and the RNA was recovered from
the reaction mixture by precipitation overnight with 2M LiCl at 4°C.
Rabbit reticulocyte lysates were purchased from Green Hectares (Oregon,
Wiaconsin) and made messenger RNA dependent by treatment with micrococcai
nuclease as described by Jackson (1983). 0.5 ug of RNA transcript was
translated in a volume of 10 pl using 35S-methionine (New England Nuclear
Gorp.) as radioactive amino acid (Goldbach et al., 1981). In vitro transla-
tion products were eanalysed on 12.5% SDS-polyacrylamide gels {Franssen et
al., 1982).

Construction of modified cDNA clones

CcDNA clone pTB114A1 was constructed by exchanging the Kpnl-BamH1l-
fragment (positions 3134 to 3857 of B RNA) in clone pTBl114 for the
corresponding fragment of clone pTB3Al (Verver et al., 1987).

For construction of cDNA clone pTB114A2 a PatI-Xbal fragment (positions
346 to 899 of B RNA) was inserted into pUC19 linearized with Pstl and Xbal,
thereby removing the unique Accl-site in this vector. From the recombinant
clone obtained a 375 bp Accl fragment {corresponding to position 360-735 of
B RNA) was removed by digestion with Accl and subsequent religation. The
Psti-Xbal fragment with de deleted AccI-fragwent was isolated from this
clone and exchanged for the corresponding fragment in the full-size cDNA
clone of B RNA pTB114, generating pTB114A2.

For construction of clone pTB114A3 first a Haelll-EcoRI fragment
{(positions 2815 to 3865 of B RNA} was inserted into pUCY digested with Smal
and EcoRI, introducing several unique restriction sites in front of the
HaelIl-site. The DNA fragment was then recovered from this clone by
digestion with PstI (polvlinker region) and BamH1l (position 3857 of B RNA)
and inserted into Pstl (position 346 of B RNA) and Bamil digested pTB114.
Due to the construction nuclectides 346 to 2815 of B RNA were removed and
replaced by 14 nucleotides of the multible cloning site of pUCS, however,
the open reading frame was not disturbed.

cDNA clone pTB114A4 was constructed by deletion of a Pvull-Hpal fragment
(positions 3700 to 5661 of B RNA) from pTB114. pTB114 DNA was partially
digested with Pvull and completely digested with Hpal. A 6.4 kb DNA
fragment containing the desired sequences was isolated and the DNA reli-
gated generating clone pTBi114A4. Due to the construction the reading frame
in this mutant downstream the Pvuil-site was disturbed resulting in a
translation stop 18 amino acids downstream of this site.
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For constructing of cDNA clones pTMBi10 and pTMB120 the BamHi-Clal
fragment of pTB114A3 (postions 3857 to poly(A) tail of B RNA) was replaced
in case of pTMB110 for a BamHl-Clal fragment of pTM203 (positions 1504 to
3' end tail aof M RNA) and in case of pTMB120 for a Pvull-Clal fragment ;of
pTM208 {positions 699 to 3' end of M RNA) {Vos et al., submitted). In the
latter case the BamHl-site of pTB114A3 was "filled in" prior to ligation to
the Pvull-Clal fragment of the c¢DNA of M RNA. The constructions were
designed in such a way that long open reading frames were formed expected
to result upon translation in chimaeric proteins containing amino acid
seqguences of M and B polypeptides.

cDNA clone pTB32* was constructed using a specific oligonucleotide
deaigned to change the glutamine-serine dipeptide sequence in a glutamine-
stop codon sequence. This oligocnucleotide, a 22-mer with the seguence
5-CAAUGCACAGTGAGCTCAGAGA-3 is homologous for the first 10 nucleotides to
positions 1173 to 1187 of B RNA and for the last 10 nucleotides to posji-
tions 1340 to 1350 of B RNA. Nucleotides 11, 12 and 13 of the oligo~
nucleotide do not hybridize to B specific sequences and are necessary to
change the AGT serine codon into a TGA stop codon. Apart from creating a
stop codon the oligonucleotide should create a specific deletion in the B
RNA specific cDNA in the M13 clone. As a result immediately downstream the
TGA atop codon a GAGCTC Sstl restriction site is created.

A 726 bp Xbal-Pvull fragment (positions 899 to 1625 of B RNA) was
inserted into M13mpl10 previcusly digested with Xbal and Smal. The recom-
bipant single-stranded DNA was annealed to the oligonucleotide and the
complementary strand was synthesized (Zoller and Smith, 1982). The reaction
mixture was transformed into competent E. coli JM103 cells and desired
mutants were selected by selective hybridization to the oligonucleotide
(Zoller and Smith, 1982). Finally clone pTB32* was constructed via a three-
point ligation employing a 3.3 kb Clai-Xbal fragment from pTBil4 containing
vector sequences the T7 promoter and nucleotides 1 to 899 of B cDNA, the
292 bp Xbal-Satl fragment from the mutagenized Mi3 clone and a Sstl-c;a;
fragment of approximately 200 bp containing the 3' non-treanslated reglon
and poly d(A-T) track of the M cDNA clone pTM203.

Constructing of derivates of clone pTMB11¢ modified at the glutamige-
glycine dipeptide sequence between the two capsid proteins

For manipuletions with the coding sequence of the glutamine-glycine
dipeptide sequence a DNA fragwent from a full-length cDNA clone of M RNA
was inserted into M13mp10. This recombinant M13 clone, called M13EC1, con-—
tained a HindIII-Sstl fragment correspending to positions 2576 to 3428 of M
RNA. After mutagenesis RF DNA of the engineered clone was isclated and the
mutant cDNA fragment exchanged for the wild type DNA fragment in clone -
pTMB110.

For construction of clones pTMB113 and pTMB114 RF DNA was isolated of
M13 clohe N13EC1 and partially digested with AvallI. M13EC1 contains two
Avall-sites, one in the vector sequence and another in the cDNA fragment,
the latter one at the position of the glutamine-glycine dipeptide sequence.
Linearized M13EC1 was isolated from gel and the protruding ends were either
filled in with the Klenow fragment of E. coli DNA polymerase I or digested
with S1 nuclease. Subsequently the DNA obtained in this way was religated
and tranaformed into competent E. coll JM103 cells. Recombinant phages were
selected by dideoxy sequencing. Filling-in of the Avall-site alters the
glutamine-glycine-proline sequence into glutamin-glycine-arginine-prollne
i.e. CAA-GGA-CCT into CAA-GGA-CGA-CCT. Digestion with Sl-nuclease of the
Avall-site alters the gleutamine-glycine-proline sequence into glutamine—
alanine i.e. CAA-GGA-CCT into CAA-GCT. The DNA fragment containing 3 'addi-
tional nncleotides was transferred to pTMB110 resulting in pTMB114, the DNA
fragment missing 3 nucleotides was transferred to pTMB110 resulting in
pTMB113,
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For construction of clones pTMB115 and TMB116 single-stranded DNA was
isolated of M13EC1 and annealed to specific oligonucleotides. The comple-
mentary strand was synthetized using the Klenow fragment of E. coli DNA
polymerase I in the presence of T4 DNA ligase to repair the single-stranded
gap in the full-length complementary DNA annealed to the circular template
DHA. The reaction mixture was directly transformed into competent E. coli
JM103 cells and mutagenized phages were selected by hybridization with the
oligonuclecotides. The oligonucleotide for construction of pTMB115 was a
24-mer with the sequence 5'-CTATAGCACAAATGCCTGTTTSTG-3', changing the
glutamine-glycine sequence into glutamine-methionine, the oligonucleotide
for construction of pTMB116 was a 24-mer with the sequence
5'-CTATAGCACAATCACCTGTTTGTG-3' changing the glutamine-glycine sequence inte
glutamine-serine.
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Concluding remarks

The experiments described in this thesis were designed to unravel varioua
aspects of the mechanism of gene expression of cowpea mosaic virues (CPMV).
For this purpose full-length DNA copies of both genomic RNAs of CPMV were

constructed. Using powerful in vitrc transcription systems RNA transcripts

closely resembling the viral RNAs were prepared from these clones, which
were efficiently translated in vitro and were able to infect cowpea
protoplasts. Mutations were introduced in specific regions in the cDNA clo-
nes using methods for site-direced mutagenesis. Investigation of the effect
of these mutations on viral gene expression has increased our insight in
the multiplication cycle of CPMV.

Most of the mutagenized cDNA clones described in this thesis were
designed to study the proteolytic processing of the CPMV polyproteins. The
proteolytic processing of CPMV lends itself very well to be studied in
vitro because it reliably mimicks the processing in vivo upon translation
of the viral RNAs in rabbit reticulocyte lysates (Pelham, 1978; Franssen et
al., 1984}. The results obtained here clearly indicate that the B RNA
encoded 24K polypeptides is the proteinase involved in all cleavage reac-
tions in the CPMV polyproteins. The question remains however how to pro-
cessing of the CPMV polyproteins is regulated in vivo. Some cleavage

reactions which occur slowly in vitro occur so rapidly in vive, that the

precursor polypeptides cannot be detected. In the proteolytic processing of
the M RNA encoded polyproteins the 32K polypeptide alsoc plays a role,
because in its absence the glutamine-methicnine site is cleaved very oorly
by the 24K proteinase (chapter 6). Furthermore jt is not clear whether the
24K polypeptide js proteolytically active in infected cells in the form one
or mroe of the precursor polypeptides: the 170K, 110K and 84K polypeptides
or as a free protein. It may therefore be expected that the proteoytic
cleavages in vivg are strictly regulated depending on the different pro-
cesses in the life cycle of the virus, like RNA multiplication and virus
assembly.

The only way to gain more insight in the regulation of the proteolytic
cleavage reactions is to study the expression of specifically modified cDNA
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clones in vivo. In view of that the expression of RNA transcripts of full-
length cDNA clones in cowpea protoplasts is very promising. The expression
of such tranacripts in protoplasts was successful, but their infectivity in
comparison to viral RNA was rather low and therefore the usefulness of
these tranacripts at this moment is limited. Besides the infection of whole
cowpea plants could not be achieved. It is obvious that the infectivity of
the RNA transcripts needs to be improved to increase their applicability.
The difference In infectivity between viral RNA and the in vitro sunthe-
sized RNA msut originate from the different properties of the RNA

mclecules. Compared to viral RNA the in vitro synthesized RNAs lack the
genome-linked protein VPg and have two additional nucleotides at the 5' end
and 4 to 5 extra nucleotides to the 3' end of the RNA. The in vitroc synthe-
aized RNA tranacripts of full-length cDNA clones of tobacco mosaic virus
{TMV) and bromo mosaic virus (BMV} have a relatively high level of infec-
tivity {Dawson et al., 1986: Meshi et al., 1986; Ahlquist et al., 1984),
but these transacripts have exactly the same 5' end as the viral RRAs; il.e.
a cap atructure. Using one of the currently known in vitre transcription
ayatems it seems difficult to synthesize in vitro transcripts from DNA
copiea of CPMV RNA, which have exactly the same 5' end aa the viral RNAs.
It may be hoped that the infectivity of the transcripts will increase it
the number of extra nucleotides at the 5' end is reduced, but the asynthesis
of such transcripts will most likely be less efficient (Kang and Wu, 1987;
Dunn and Studier, 1983). It is also possible that the extra nucleotides at
the 3' end affect the infectivity, although in case of other viruses for
which the in vitro transcription of cDNA clones has heen reported sofar a
limited number of extra nucleotides added to the 3' end did not signifi-
cantly lnflﬁence infectivity (Ahlquist et al., 1984; Van der Werf et al.,

1986; Dasmahapatra et al., 1986; Meshi et al., 1986; Dawson et al., 1986).

It should be possible to conatruct cDNA clones, which allow the in vitro

synthesis of RNA transcripts terminating in a poly{A) tail without extra
nucleotides at the 3' end using a restriction enzym for linearization of
the template DRA, which restricts the DNA upstream of its recogntion
sequence like e.g. BspMi.

The possibilities for ipvestigating the various aspects of the multipli-
cation cycle of CPMV and of virus-host interaction will increase signifi-
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cantly when RNA transcripts can be synthesized which are much more
infectious than the present ones. Since B RNA replicates independently in
cowpea protoplasts because it encodes all proteina necessary for replica-
tion of the viral RNAs and proteolytic processing of the polyproteins,
various mutations can be introduced in M RNA transcripts without affecting
the multiplication and expression of B RNA. The infection of cowpea pro-
toplasts with B RNA transcripts together with specifically modified M RNA
transcripts may lead to a better understanding of the proteolytic pro-
cessing of the M RNA encoded polyproteins in vivo and to the elucidation of
sequences involved in viral RNA replication.
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Samenvatting

Onderwerp van het hier beachreven onderzoek was het cowpea mozaiek virus
{CPMV), een plantevirus, waarvan de genetische informatie verdeeld is over
twee enkelstrengs RNA-moleculen, M- en B-RNA. Deze RNAs bezitten een klein
elwit, VPg gencemd, covalent gebonden aan het 5'-uiteinde en eer poly(A)
staart aan het 3'-uiteinde en kunnen direct als boodschapper-RNAs fungeren.
De baide RNAs worden vertaald in grote polyproteinen, die vervolgens worden
gesplitst in. kleinere functionele eiwitten door proteolyse van specifieke
dipeptide sequenties (zle Figuur 1),
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Figuur 1. Schema voor de vertaling van de RNAs van CPNV en proteclytische processing van de CPMV
polyproteinen. De dubbele lijnen in het RNA geven de lange open leesramen aan; stop- en startcodons
¢1in ook aangepeven, VPR fs anpgeduld met een zwart vierkantje, andere eiwitten door enkele lijnen.
be verschilliende klievingsplaatsen op de poiyproteinen ziin sangegeven.

Het B RNA wordt vertaald in een 200 kilodalton (kb} polyproteine, dat
vrijwel onmiddellijk wordt gesplitst in twee eiwitten van respectievelijk
32 kD en 170 kD. De overige B RNA specifieke eiwitten ontstaan allen uit
het 170 kD eiwit (zie Figwur 1). Het M RNA wordt vertzald in twee elkaar
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overlappende polyproteinen van respectievelijk 105 en 95 kD met een zelfde
C- terminus maar een verschillende N- terminus. Van deze grote polypro-
teinen wordt eerst de 60 kD mantelejwitprecursor vrijgemaakt, die ver-
volgens wordt gesplitst in de capsideéiwitten VP37 en VP23.

Het B RNA is in staat onafhankelijk van het M RNA te repliceren en zijn
genetische informatie tot expressie te brengen in cowpea protoplasten. Voor
systemische infectie van intacte planten, waarbij het transport vam cel tot
c¢el essentieel is, moet het M RNA ook aanwezig zijn. Er is dus een duide-
lijke verdeling van gegetische functies tussen de beide RNAs: het B RNA
bevat de informatie voor de virale RNA replicatie en voor de proteolytische
spliteing van de virale polyproteinen en het M RNA codeert voor de beide
manteleiwitten en mogelijk voor een transportfunctie.

De bijzondere manier van genexpressie en de duidelijke verdeling van'
functies tussen de beide RNAs maakt het CPMV een interessant
onderzoeksobject. Daarnaast is CPMV ook evolutionair gezien zeer
interessant, aangezien het sterk verwant is aan de dierlijke picor-
navirussen (poliovirus, mond- en klauwzeer en het verkoudheidsvirus zijn
hiervan beksnde vertegenwoordigera). Mogelijk 2ijn al deze virussen uit een
gemeenschappelijk voorouder ontstaan.

Het doel van de experimenten, die in dit proefschrift zijn beschreven,
wae het inzicht in de levenscyclus van CPMV te vergroten. Het idee was om
de genetische expressie van virale cDNA klonen te bestuderen, die op speci-
fieke plaatsen veranderd waren. Voor DNA zijn verschillende methodes
beschreven voor het introduceren van specifieke mutaties, terwijl het niet
mogelijk is om gericht mutaties in RNA aan te brengen. Voorwaarde was
echter wel dat het mogelijk zou zijn om op de &&n of andere mwanier
expressie van virale DNA-kopién te béwerkstelligen.

In eerste instantie werd begonnen met de konstruktie van een volledige
DNA-kopie van de kleinste van de twee virale RNA's, het M-RNA, omdat bij de
aanvang van het onderzoek hier een groot aantal onvolledige cDNA-klonen wan
aanwezig was, die gezamenlijk de complete cDNA-sequentie bevatten
{Hoofdstuk 3). Stap voor stap werd van deze subklonen een volledige
cDNA-kloon van het M-RNA gekonstrueerd in plasmidevector pBR322. Omdat
gebieken was dat voor het verwante diervirus peliovirus dubbelstrengs
DNA-kopleén infectie van gastheercellen konden bewerkstelligen, is dit ook
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voor de cDNA-Kloon van het M-RNA van CPMV geprobeerd. Net zoals bij andere
planten-RNA-virussen echter, waren de DNA kopieén van CPMV zelf niet direct
"infectleus", dat wil zeggen dat bij inoculatie van planter of van suspen-
sies van bladcelprotoplasten met de DNA-kopieén geen virus vermenig-
vuldiging plaatsvond.

Tijdens het onderzoek kwamen efficiénte in vitro transcriptiesystemen
beschikbaar, die het mogelijk maakten om met behulp van bacteriofaag poly-
merases in vitro ug hoeveelheden enkelstrengs RNA over te achrijven van
gekloneerd dubbelstrengs DNA. Een dergelijke in vitro transcriptie systeem,

gebaseerd op de promoter en het RNA-polymerase van bacteriofaag SP8, is
gebruikt om RNA-transcripten te maken van een volledige cDNA-kloon van
M-RNA, De aldus verkregen transcripten hevatten de volledige sequentie van
M-BENA en bovendien nog een gering aantal extra nucleotiden aan zowel het
5'- als 3'-uiteinde. Daarnaast misten deze transcripten het VPg, het kleine
eiwit dat covalent gebonden is aan het 5'-uiteinde van de virale RNA's.
Infectieproeven met deze RNA-transcripten waren helaas niet succesvol, maar
de transcripten bleken wel efficiénte boodschapper-RNAs in een in vitro
translatiesysteer en gaven daarin dezelfde translatieproducten als viraal

M RNA. Daardoor werd het mogeliik om bepaalde aspecten van de expressie van
de virale RNA's, die zich leenden om in vitro te worden bestudeerd, nader
te onderzoeken. Aldus werd aangetoond dat de 105 kD en 95 kD polyproteinen
ontstaan door initiatie van eiwitsynthese op verachillende startcodons
{hoofdstuk 3).

Net zoals van M-RNA werd vervolgens ook van B-RNA een volledige DNA-
kopie gekonstrueerd en gekloneerd in een plasmide achter een SP6 promoter
sequentie. Bovendien werd van deze klioon een volledige cDNA-kloon afgeleid
met een bacteriofaag T7 promoter in plaats van SP6 pronotef. Met behulp van
SP8 of T7 RNA polymerase konden van deze klocons RNA-transcripten worden
gesynthetiseerd die een volledige B-RNA sequentie bevatten. Ook deze
RNA-transcripten werden in vitro efficiént vertaald in eiwitten, die iden-
tiek waren aan de translatieprodukien van viraal B-RNA (Hoofdatuk 4). Door

de in vitro expressie van specifieke deletiemutanten van de volledige B

cDNA-Kloon werd veel nieuwe informatie verkregen over de proteolytische
processing van de CPMV polyproteinen. Al eerder was aangetoond dat de pro-

teolytische processing van de virale polyproteinen in een celvrij transla-
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tiesysteem vergelljkbaar is met de processing in vivo, zodat deze
processing bij uitstek geschikt is om in vitro te bestuderen. Deze speci-
fleke proteolyse vindt plaats op drie verschillende soorten knipplaatsean.
Nader onderzoek leerde dat het B-RNA gecodeerde 24 KD eiwit verant-
waordelijk is voor alle splitsingen in het B polyproteine {hoofdstuk 6).
Dit roept vragen op betreffende de regulatie van de processing. Het is mniet
uitgesloten dat het 24 kD eiwit in verschillende configuraties {vrij eiwit,
84 kD, 110 kD) verschillende specifieke activiteiten bezit. Door de jin
vitro expressje van een hybride cDNA-Kloon met de genetische informatie' van
het B-RNA geccdeerde 24K protease en de M-RNA gecodeerde manteleiwitten kon
worden aangetoond dat de beide splitsingen in het M polvproteine op respec-
tievelljk een glutamine-methionine en glutamine-glycine plaats ook door het
24K eiwit worden gekatalyseerd (hoofdstuk 6). Bij de klieving van de M RNA
gecodeerde polyproteinen door de translatieprodukten van verschillende
mutante B cDNA-klonen bleek echter dat voor efficiénte splitsing van de
glutamine-methionine knipplaats "in trans" de aanwezigheid van het B RNA
gecodeerde 32 kD polypeptide essentieel is. Dit eiwit werd tot voor kort
aangezien voor het protease dat deze glutamine-methionine dipeptide sequen-
tie splitste, gebaseerd op remmingsproeven met antilichamen tegen
verachillende B-RNA gecodeerde eiwitten. Het is nu gebleken dat het 32 kD
elwit wel bij deze splitsing betrokken is, maar dat het 24 kD eiwit toch
verantwoordelijk is voor de proteolytische splitsing op de plaats van deze
dipeptide sequentie. Het 32 kD eiwit blijft waarschijnlijk nadat het 200 kD
polyproteine gesplitst is in het 170 kD en 32 kD eiwit gecomplexeerd aan
het 170 kD of na verdere splitsing aan het 84 kD eiwit. Deze eiwitcomplexen
voeren de glutamine-methionine aplitéing veel efficiénter uit dan het 170
kD of het 84 kD eiwit alleen.

Nedat diverse aspecten van de genetische expressie van CPMV in vitrg
waren bestudeerd, werd gestreefd naar de constructie van "infectieuze” .
cDNA-klonen om ook in vivo mutanten van het virus te kunnen onderzoeken. In
hoofdstuk 5 wordt beschreven hoe uiteindelljk cDNA klonen ziin gemaakt,
waarvan infectieuze RNA-transcripten konden worden verkregen. Deze RNA-
moleculen verachilden van de eerder geﬁoelde niet-infectieunze RNA-
transcripten door veel minder extra nucleotiden aan het 5'- en 3'-uiteinde:

twee extra G-residuen aan het $'-uiteinde en 4 &4 5 extra nucleotiden achter

——————
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de poly(A) stmart. Ze waren echter toch nog een factor 100 minder infec-

tieus dan RNA geisoleerd uit virusdeeltjes. Deze lage infectiositeit wordt
wearschijnlijk veroorzaskt dcor het verschil, hoe gering ook, in de struk-
tuur van viraal RNA in vergelijking met in vitro RNA. Bit verschil bestaat

naast de extra nucleotiden ook uit de afwezigheid van VPg in de in vitro

gesynthetiseerde RNAs.

De constructie van de hier beschreven infectieuze cDNA-klonen is veelbe-
lovend en laat zien dat van een plante-RNA-virus met een VPg infectieuze
klonen kunnen worden gemaakt. Voorlopig is de infectiositeit van de
transcripten van deze klonen te laag om de expressie van cDNA-klonen met
specifieke mutaties in vivo te bestuderen. Het is daarom van het grootste
belang om cDNA-klonen te konstrueren, die transcripten opleveren met een
hogere infectiositeit. Als dit lukt, betekent dat een aanzienlijke
uitbreiding van de mogelijfkheden om onze kennis over de levenscyclus van
CPMV te vergroten.
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