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STELLINGEN

1. De hypothese van Pearl en Taylor dat het retrovirus protease actief is
als dimeer valt moeilijk te rijmen met het proces van autokatalytische
klieving waarmee dit protease zich vrij maakt.

Pearl and Taylor (1987) Nature 328, 351-354,

2. De genen voor de 2A en 3C eiwitten van poliovirus zijn ontstaan door
duplicatie van een enkel protease gen.

Dit proefschrift.

3. Het onderzoek aan proteases van poliovirus en cowpeamozaiek virus toont
aan dat de evolutie van virusonderzoek t{en minste zo interessant is als
de evolutie van virussen.

Franssen et al. (1984) J. Virol. 50, 183-130.
Toyoda et al. (1986} Cell 45, 761-770.
Vos (1887) Proefschrift LU Wageningen.

4. Uit de homologie in aminozuurvolgorden tussen het 250 kilodalton eiwit
van beet necrotic yvellow vein virus en het nsPl eiwit van sindbisvirus
kan geconciudeerd worden dat de furovirussen behoren tot de supergroep
van "sindbis-like" plantevirussen.

Goldbach (1987) Microbiological Sciences 4, 197-202.

5. Hoewel het tot nu toe niet gelukt is een door het cowpea mozaiek virus
M-RNA pgecodeerd 58 kilodalton eiwit te detecteren in met cowpea mozaiek
virus geinfecteerde planten, wordt dit eiwit waarschijnlijk wel door
het virus geproduceerd.

it proefschrift.

6. De eiwitten die Flore bij gekoppeide in vitro transcriptie en translatie
van het sonchus yvellow net virus na 22 uur incubatie in een tar-
wekiemextract gedetecteerd heeft. zijn het gevolg van een bacteriéle
en/of schimmelinfectie.

Flore (1986) Proefschrift LU Wageningen.

7. Het toenemend aantal aanwijzingen dat recombinatie een belangrijk
mechanisme is in de eveluiie van virussen pleit voor het vermijden van
het gebruik van termen als soort, geslacht en familie in de taxonomie
van virussen.




8. Kleren maken niet de mens.

9. De Olympische Spelen dienen in het vervelg onder de naam Wereldspelen
genrganiseerd te worden.

10. Wetenschappelijke doorbraken op medisch gebied hebben niet vanzelf -
sprekend een positieve invioced op het welzijn van de mens.

11. Toerisme leidi tot culturele armoe.

Stellingen behorend bij het proefschrift:

"Polyproetein processing in the expression of the cowpea mosaic virus
genome" .

13 november 1987 Joan Wellink
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CHAPTER 1

SCOPE OF THE INVESTIGATION



Cowpea mosaic wvirus (CPMV) is a plant virus with a genome consisting of two
positive strand RNAs which are separately encapsidated in icosahedral particles
denoted Bottom {B) component and Middle (M} component. While both particles (or
RNAs) are necessary to infect plants, B component RNA (B-RNA) 1s able to repli-
cate independently in isolated cowpea protoplasts. Both RNAs contain a small
protein (VPg) at their 5' end and have a poly(A} tail at their 3' end. Sequence
studies have revealed that each RNA contains a single long open reading frame,
strongly supporting +the concept that the RNAs are translated intoe so-called
poelyproteins that are subsequently cleaved into several functional proteins.
This polyprotein processing takes an important position in the expression of the
CPMV RNAs because the production of proteins involved in replication of the
viral RNAs and virus assembly is regulated by this process.

Several other groups of RNA viruses epg. the animal picorna- and alphaviruses
and, as was more recently shown, the plant poty- and nepoviruses use a strategy
for pgene expression similar to that of CPMV. A common feature of these viruses
iz that they encode the enzyme(s) for the proteolytic activity invelved in the
specific processing of the polyproteins, In chapter 2 different groups of viru-
ses and their specific proteases are reviewed.

In chapters 3, 4, 5 and 6 of this thesis the processing of the CPMV paolyproteins
is studied. Chapter 3 describes the determination of the proteolytic cleavage
gites in the B-RNA-encoded 200K polyprotein. This was established by partial
sequencing of isolated cleavage products.

It was shown that the B-RNA-encoded 24K protein is a protease, able to cleave at
specific sites by expressing cDNA clones, containing both M-RNA and B-RNA-
specific sequences, in Escherichia coli (Chapter 5). Furthermore, by employing
antibodies raised against a synthetic peptide of 25 residues it was shown that
this protease is found in infected cells both as intermediate cleavage products
(170K, 110K, 84K) and as a final cleavage product (24K) (Chapter 4).

A study on the expression of M-RNA in vivo is described in chapter 6. The detec-
tion of the M-RNA-encoded 48K protein and 60K precursor to both capsid proteins
in infected protoplasts definitely proves that, similar as has been observed in
vitro, M-RNA is also in vivo expressed wvia proteolytic processing of a polypro-
tein (Chapter 6).

Finally we have localized viral proteins in an infected cell by staining
ultrathin  sections of CPMV infected protoplasts with specific antibodies and
gold-labeled protein A. It was found that the electron-dense material, which is
a major cytophatic structure Induced in a cell by a CPMV infection, contains
viral non-structural proteins (Chapter 7).
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PROTEASES INVOLVED IN THE PROCESSING OF VIRAL POLYPROTEINS
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1. INTRODUCTION

Various RNA viruses express their genomic RNA by synthesis of a high molecular weight
polyprotein which is post-translationally cleaved by proteases into functional viral gene
products. This mode of gene expression has first been demonstrated for poliovirus (69), but
has then been found with several other animal viruses as well as plant viruses.

The proteases catalyzing the specific cleavages of a polyprotein can either be encoded by
the virus or occur in the host prior to infection. As pointed out by Rice and Strauss (55)
there is a clear difference in the location in the cell of polyproteins cleaved by virus-
encoded and host-encoded proteases. Polyproteins that reside in the cytoplasm are cleaved
by virus-encoded proteases. These polyproteins are usually primary translation products. On
the other hand viral glycoproteins which occur associated with membtranes are cleaved by
host proteases during maturation and/or transport.

In this review we will focus on the processing of cytoplasmic polyproteins catalyzed by
virus-encoded proteases. Some viruses which encode protease(s) for polyprotein processing
use in addition host proteases for the processing of their structural (glyco)proteins. This
is for example the case with alphaviruses and flaviviruses (see sections 2.2. and 2.3.).
Cleavage of polyproteins by virus-encoded proteases into several active polypeptides has
sofar only been found with some RNA viruses and not with DNA viruses. Some DNA viruses
like adenovirus and bacteriophage T4 use proteases in the maturation of their capsid
structures, but these proteaées fall outside the scope of our review since in their case it
is a question of releasing a single mature protein from its precursor. By definition these
precursors are not considered polyproteins.

In the following section we shall describe different groups of viruses for which
polyprotein processing by virus encoded proteases has been studied in some detail. For
each virus group the current model for the expression of the genetic information will be
presented. Some details will be given about the identification and characterization of the
protease(s) such as sensitivity to certain protease inhibitors and the cleavage sites
recognized by the protease(s). Some viruses for which processing by a virus-encoded
protease has not yet firmly been established, but is very likely to occur, will alsc be
described briefly. Finally the different virus-encoded proteases and their specificities will
be compared with each other and with cellular proteases, and the cleavage sites recognized
by these proteases will be discussed. We conclude the review by discussing possible
mechanisms used by viruses to regulate this processing.




2. VIRUSES USING VIRUS-ENCODED PROTEASES IN THE EXPRESSION OF THEIR GENOMES

2:1. Retroviruses

Retroviruses contain a positive strand RNA of molwt. 3.2 x 105 which is replicated via DNA
intermediates by the action of a wvirus-encoded reverse transcriptase. The retrovirus
genome contains three reglons which encode proteins as illustrated in Fig. 1 with the
genetic map of moloney murine leukemia virus (Mo-MuLV) RNA. The gag regicn encodes a
polyprotein that is cleaved to generate four structural proteins, the pol region encodes
the reverse transcriptase and the env region glycoproteins found at the surface of the
virijon. The genomes of some other retroviruses possess additional genes. The gag
polyprotein is cleaved by a wvirus-encoded protease that can be expressed in rather
different ways. Rous sarcoma virus {(RSV)} and related retroviruses have a fifth gag protein,
p15. Actually the first virus-ehcoded protease that was purified and characterized has
been the pl5 protein. It was isolated from virus particles and identified as the protease
able to cleave in vitro the gag polyprotein Pr76582E synthesized by translation of RSV RNA
in a cell-free system of ascites cells (76). Through the use of several inhibitors, the P15
protease of avian myelohlastosis virus (AMV), a retrovirus related to RSV, was characterized

as a cysteine protease showing papain like activity (14). This protease was purified and
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ig. 1. Genetic map of Mo-MulV RNA. Some other retroviruses possess additional genes. The
oh-coding regions of the RNA are showh as single lines and the open reading frames as
hite bars. The coding regions of the individual proteins are shown inside the open
eading frame and the cleavage sites used to produce these proteins are indicated
derneath. Sites which are underlined are cleaved by host proteases. A question mari

indicates that the origin of the protease catalyzing this cleavage is unknown. Readthrough
bf the stop codon between pl0 and p20 which results in Pri180 gag-pol Is indicated by
Polyproteins translated froa the RNA are indicated by single lines. Pro = protease, RT =
reverse transcriptase, endo = endenuclease.




shown to cleave Pr7688E and the readthrough translation product Pr180E3E-POY ohtained by

iemunoprecipitation from infected cells, inte defined viral proteins. The protease was not
able to cleave the env precursor protein (45). The cleavages in the env polyprotein are
probably achieved by a host protease during transport fo the surface membrane of the
infected cell {63). When the nucleotide sequence of RSV was determined, the cleavage sites
in the gag poiyprotein could be identified by sequencing the amino (N)-termini and carboxy
(C)-termini of the pag proteins (pl19-pl0-p27-pl2-pi5). This revealed that small peptides
were removed between pl9 and pl0, and p27 and pl2 and that cleavages occurred between
different amino acid pairs (Tyr His, Gly Ser, Met Pro, Met Ser, Met Ala, Ser Leu, and Leu

Thr}. No homology was present between the sequences surrounding the cleavage sites
{cleavage occurs between the amino acid residues on positions -1 and +1), but on positions
-2, -3, and -4 only amino acids with an aliphatic group (Pro, Ala, Val, Leu, Ile) were found
{61, 63).

For retroviruses related to the murine (Mo-MulV) retroviruses the protease is not one of
the gag proteins but is rather a part of the pol region produced after readthrough of the
gag termination codon (Fig. 1) (83). In the Mo-Mulv gag precursor protein some homology
around the cleavage sites is apparent, e.g. -4 Ser/Thr, -2 Ala‘leu, -1 Tyr/Leun and +1
Pro/Ala/Thr (65, B84). Homology around the cleavage sites also exists between different
viruses in this group and some proteases are able to cleave the gag polyprotein of
several other viruses (84, 85).

A third group of retroviruses encode their proteases in a reading frame independent of
both the gap and pol regions e.g. human T cell leukemia virus 1 (HTLVI) and bovipe
leukemia virus (BLV) (62}. The BLV protease has been purified and sequenced and based on
this information it was proposed that this protease was expressed via a frameshift
suppression of the gag termination codon (85).

Although the proteases of retroviruses can be expressed in different ways, their relative
position in the viral genomes is similar and they show considerable sequence homology with
each other. One of these conserved regions shows homology with the active site of acid
proteases like pepsin (62, 71; see section 3). Furthermore, the processing of the gag
polyprotein seems to be identical in all retroviruses.

It remains to be seen how the active retrovirus protease is generated from its precursor.

Autocatalysis or an initial cleavage by a cellular enzyme may be involved.




2.2. Alphaviruses

Alphaviruses are enveloped viruses with a plus strand RNA genome of mol. wt. 4.3 X 105,
The RNA is capped and contains a poly (A) tail at its 3' end. The genome of several
alphaviruses has been sequenced (67, 70). Genomic RNA is translated into a high molecular
welght protein which is the precursor of the four non-structural proteins. During an
infection a subgenomic RNA is produced which is translated inte a polyprotein from which

structural
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Fig. 2. Genetic map of SV RNA. SFV RNA does not code for a stop codon between nsP3 and
nsP4. The structural proteins are translated from a subgenomic messenger (not shown). C is
the capsid protein, E1, E2 and E3 are the envelope glycoproteins. For explanation of the
symbols see legend to Fig. 1.

the structural proteins are released (see Fig. 2). Since processing of the alphavirus
polyproteins has recently been reviewed by Strauss et al. (68), only a short summary will
be presented here. Sindbis virus (5V) RNA and middelburg virus {MV} RNA are translated into
two polyproteins, the larger being the result of readthrough of an opal termination codon
located behind nsP3 (66). Thus the nsP4 protein is produced in lower amounts compared to
the other proteins (42). The sequence of semliki forest virus (SFV) RNA does not contain a
stopcodon at a similar position (70), but cells infected with SFV yet contain nsP4 in lower
amounts than the other proteins, due presumably to a shorter half life of the nsP4 protein
{36; see section 4). The nsP4 protein shows sequence homology with proteins implicated in
RNA replication (1, 35), but it is not known why the amount of this protein has to be
regulated in this way.

The cleavage sites in the polyproteins of several alphaviruses have been established by
sequencing the cleavage products. A clear consensus is found for these sites, -3
Val/Ile/Ala, -2 Gly, -1 Ala/Gly/Cys, +1 Ala/Gly/Tyr (68). In vitro, the cleavages are
inhibited by 2ZnCl, and TPCK (chymotrypsin inhibitor} and insensitive to PMSF (serine
protease inhibitor) and TLCK (trypsin inhibitor) but this does not determine which type of
protease is invelved (12). One of the non-structural proteins probably is the virus-encoded



protease. By using an in vitro transcription translation system, evidence has been obtalned

that nsP2 is involved in the processing (E. Strauss, VII International Congress of Virology,
Edmonton, August 1987).

The structural proteins probably are translated from a subgenomic RNA as a polyprotein
(see Fig. 2). The capsid protein located at the N-terminus of the polyprotein is released
by an autoprotease activity of the capsid protein, This was first postulated on the basis
of in vitro translation experiments (2) and further evidence was obtained from sequence
studies of temperature sensitive mutants defective in cleaving the capsid protein from the
polyprotein precursor. The mutants mapped into a region of the capsid protein that showed
considerable homeology with the active site of serine proteases (27). Moreover this cleavage
occurs behind a tryptophan residue which is characteristic of chymotrypsin-like serine
proteases (68). The other structural proteins are thought to be released from their common
precursor by host proteases such as signalases and golgi apparatus associated proteases

(24, 55, 68).
2.3. Flaviviruses

Flaviviruses contain a single positive stranded RNA genome of mol. wt. 3.9 x 108, The RNA
is capped and contains no poly (A} tail. Only after the complete nucleotide sequence of
yellow fever virus (YFV) had been determined, revealing the presence of a single large
open reading frame on the RNA, it was established that the flavivirus-encoded proteins
were produced upon processing of a single polyprotein (54). The present knowledge on
processing of flaviviral proteins has recently been reviewed by Strauss et al. (68). A model
for the expression of flaviviral RNA is shown in Fig 3. Sequence data on the structural
proteins and some non-structural proteins have revealed that the primary large-sized
translation product is probably processed by both viral and host proteases (54, 68).

Only limited data are available for the amino acid sequences of the non-structural

structural
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Fig. 3. Genetic map of YFV RNA. The non-structural proteins 2a, 2b, 4a and 4b have not yet
been identified in infected cells. NSi1 is a glycosylated nou-structural protein, with an
unknown function, C is the capsid protein, M is a glycoprotein and E is the envelape
glycoprotein. For explanation of the symbols see legend to Fig. 1.

proteins of different flaviviruses (53) but a consistent set of amino acids is found at

10




known and putative cleavage sites; -2 Lys/Arg, -1 Arg, -1 Gly/Ser/Thr/Ala. Most flavivirus
proteins are associated with membranes (10}, but the cleavagesi are carried out in the
cytosol by a protease which is probably virus-encoded. Furtheﬁyore. it was found that
incubation of flavivirus infected cells with ZnCl; or TPCK resulted in the accumulation of
larger flavivirus specific proteins compared to control infections (11), indicating that the
flavivirus protease probably is a serine protease.

The organisation of the flavivirus structural proteins shows some similarity with the
organisation of the alphavirus structural proteins, and probably in both cases the same
type of proteases are used ie. signalases and golgi apparatus associated proteases. The
cleavages between the envelope plycoprotein E and glycoprotein NS1, and NS1 and NS2a are
probably also carried out by signalases since these cleavape sites show homology to sites
cleaved by signalases (54, 68). The occcurrence of a conserved Cys Trp amino acid pair,
which is part of the active site of thiol proteases, in glycoprotein precursor prM
sequences from several flaviviruses, suggests that prM may function as a protease in the
cleavage of glycoprotein precursor prM to the M protein (13). This cleavage occurs after
two basic residues and consequently it has also been proposed that a trypsin-like golgi
apparatus associated protease catalyses this cleavage (68).

2.4. Picornaviruses

The genome of picornaviruses consists of a single positive strand RNA molecule with a mol.
wt. of about 25 x 10% with a small protein, VPg, covalently linked to the 53' end and a
poly(A) tail at the 3' end. The proteolytic pracessing of the polyproteins encoded by these
viruses has been reviewed by Palmenberg (56) and Nicklin et al. (52) and we refer to these
reviews for additional information. The nuclectide sequence of the genome of various
picornaviruses has been determined including members of each of the picornavirus
subgroups i.e. the enteroviruses, poliovirus (PV), coxsackievirus (C0X), and hepatitis A virus
(HAV), the human rhinoviruses, HRV2 and HRV14, the cardiovirus, encephalomyocarditis virus
{EMCV) and the aphthovirus, foot and mouth disease wvirus (FMDV). The genomes of the
picornaviruses have a similar organisation. As an example the genetic map of PV is shown
in Fig. 4. The RNA contains a single open reading frame encoding for a large polyprotein
which has been divided into three regions, P1 (1ABCD), P2 (2ABC), and P3 {3ABCD} (§ee Fig.
4) from which proteins are derived with similar functions in all picornaviruses.

For PV the N-termini of most of the virus-encoded proteins found in infected cells have

been sequenced and for some of these proteins the C-terminal ends as well. In this way it
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Fig. 4. Genetic map of PV RNA. The genome can be divided in three regions: P1 (1ABCD}, P2
(2ABCD) and P3 (3ABCD). FMDV and EMCV RNA code for one additional protein (L) located at
the 5' end. FMDV possesses three tandemly arranged VPgs and almost completely lacks the
2A coding region. For explanation of the symbols see legend to Fig. 1. Pol = RNA
polymerase,

has been firmly established that the processing of the PV polyprotein happens by eight
cleavages between Gln Gly amino acid pairs, one cleavage between 1D and 2A between a Tyr
Pro pair and one cleavage between 1A and 1B between a Asn Ser pair (38; see Fig. 4).
For FMDV cleavage sites in the polyprotein have also been determined by protein
sequencing but the cleavage sites in the polyproteins of most of the other picornaviruses
have been determined by computer-assisted alignment of sequences using the high degree of
sequence homology shared by all the viruses. There are three types of cleavage sites in
picornavirus polyproteins.
1. Most of the cleavages occur between Gln Gly palrs or between pairs of related amino
acids like GIn Ser, Glu Ser or Glu Gly.
The cleavage between 1A and 1B occurs at Ala Asp or Asn Ser pairs.
The cleavage between 1D and 2A is different from the other two types for most of the
picornaviruses.
Three different proteolytic activities are involved in these cleavages, probably all virus-
encoded.
Protein 3C jis responsible for the first type of cleavage in all picornaviruses. In PV,
protein 3C was identified as a protease by Hanecak et al. (28) using a cell free extract of
PV infected Hela cells and antibodies raised against protein 3C. The antibodies were able
to inhibit all cleavages at Gln Gly sites in the PV polyprotein produced in the extract,
but not at the Tyr Gly site between 1D and 2A. Furthermore the part of the PV genome
coding for the 3C protein and some of the flanking sequences were expressed in E. coli
and it was found that the 3C protein was active as a protease in E. coli cells capable of
removing the flanking sequences by cleavage at the normal Gln Gly sites (29). Introduction
of an insertion in the 3C coding region abolished this activity, confirming that the 3cC
protein was responsible for the cleavages. Also for EMCV and FMDV, the 3C protein has been
shown to possess proteolytic activity (8, 39, 58, 59). For several years it was thought that

12




the Tyr Glvy cleavage between 1D and 2A in the PV polyprotein was achieved by a host-
encoded activity, but recently, following the same approach as described for PV 3C
protease, Toyoda et al. {72) showed that the 2A protein is the protease responsible for
this cleavape.

The Asn Ser cleavage between 1A and 1B is different from the previous two types. This
cleavage is linked with the maturation of the virus particles and occurs upen completion
of the assembly of the RNA and capsids into virions. For all picornaviruses this cleavage
is probably an autocatalytic event mediated by a serine residue, located at the N-terminus
of 1B, and the RNA (5). All picornaviruses have the following pattern of processing. The
first cleavage is between the P1 and P2 regions i.e. between protein 1D and 2A and
happens in the nascent polyprotein chain. For several picornaviruses this cleavage is
catalyzed by 2A but in the cardioviruses and aphthoviruses represented by EMCV and FMDV
respectively this cleavage occurs between 24 and 2B and is mediated by a sofar unknown
agent (33). The large majority of the remaining cleavages are catalyzed by protein 3C in
all picernaviruses. The final cleavage occurs during maturation of the virion between 1A
and 1B and appears to be an autocatalytic reaction.

There exists a considerable amount of amino acid homology between the picornaviral 3C
proteases. Especially conserved are a histidine and cysteine residue in the C-terminal part
of the proteins. These residues are possibly part of the active site of the protease (4).
Furthermore Ivanoff et al. (32) have shown that the cysteine is essential since mutation of
this cysteine to a serine residue abolished the proteolytic activity of PV 3C tested by
expression of the corresponding sequence in E. coli. There alsc is some homology between
the PV, HRV and COX 2A proteins and the 3C proteases, especially with regard to the
sequence around the conserved cysteine residue (40; see section 3). This cysteine motive is
not present in the HAV and EMCV 2A or 2B proteins and it remains an open question if in
these viruses 2A (or 2B) is a protease.

All known cleavages carried out by the 3C proteases occur between Gln or Glu and Gly or
Ser {(and less frequently Thr/Ala/Met/Val) amina acid pairs. The surrounding sequences of
these sites do not show ouch homology. Only at position -4 there is usually (but not
always) an amino acid with an aliphatic side chain (52): preferentially Ala in the case of
PV and COX, Val/Ile/Ala in the case of HRV, Leu/Val/Ile in the case of HAV and Pro in the
case of FMDV. For EMCV Phe or Leu are usually present at position -4, and for 8 out of 9
sites a Pro is found at position -2 or +2 (56, 57). The above described characteristics are

usually not present around aminc acid pairs that are not cleaved (see section 4).
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2.5. Comoviruses

Cowpea mosaic virus (CPMV), the type member of the comoviruses, is a plant virus with a
bipartite positive stranded RNA genome of molwt. 2.2 x 105 (B RNA) and 1.2 x 105 (M RNA).
Both RNAs have a VPg (3K) at their 5' ends and poly (A) tail at their 3' ends.

The nucleotide sequences of B-RNA and M-RNA contain each a single large open reading
frame (41, 7;1,). Both RNAs are translated into large polyproteins, which are subsequently
cleaved through a number of successive steps into functional proteins (Fig. 5). The
cleavage sites in the primary trapslation products were established by determining partial
N-terminal sequences of various virus specific proteins found in CPMV infected cells and
locating the coding regions of these proteins on each of the CPMV RNAs. Cleavages were
found to occur between Gln Ser, Gln Gly and Gln Met amino acid pairs (Fig. 5). The
cleavage sites have an Ala at position -4, and an Ala or Pro at poesition -2, but further
show little amino acid homology (81). There are quite a number of Gln Ser, Gln Gly and Gln
Met pairs in the polyprotein which are not cleaved, indicating that secondary and tertiary
structures are probably important in determining the sites used for proteolytic processing

{see section 4).

M RNA BRNA
structural
VPg pro pol
ngAAA veg]mk] sek [Jzak] a7k Jaan
oM QG as 05 OM 66
105K | 200K
—_— 95K 32K 170K
38K __S8OK 84K 87K
a8k 60K _ BOK 10K
_VP37 VP23 58K VPg 24K _ B7K

Fig. 5. Genetic map of CPMV RNAs. All proteins indicated in the figure have been identified
in infected cells, with the exception of the M-RNA-encoded 105K, 95K and 38K proteins
which only have been observed upon in vitro translation of M-RNA. For explanation of the
symbols see legend to Fig. 1 and 4.

Results from in vitro translation studies with both CPMV RNAs suggested that two
B-RNA-encoded proteins namely the 32K and 24K proteins were involved in the proteolytic
processing of the CPMV polyproteins (19. 21, 60). The involvement of the 24K protein in the
proteolytic processing was strongly supported by a strong amino acid sequence homology
between the 24K protein and the picornaviral 3C proteases (20). Direct evidence that the
B-RNA-encoded 24K polypeptide is the protease catalyzing the cleavages at the three types
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Fig. 6. Schematic representation of transcripts derived from complete and mutagenized cDNA
clones of CPMV B- and M-RNAs. The open reading frames are indicated by white bars and
the non-ceding sequences by single lines. The open reading frames derived from M-RNA are
hatched. The construction of these mutants is described by Vos et al. (1987). The positions
and sizes of the deletions are indicated above each RNA. The cleavage sites used to
release the individual proteins from the polyprotein are indicated by symbols which are

explained in the figure.
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of sites in the polyproteins encoded by B- and M-RNA was obtained by experiments using
cDNA clones of both M- and B-RNA placed downstream of the T7 or SP6 promoter. RNA,
transcribed in vitro from these clones produced, upon in vitro translation in reticulocyte
lysates, proteins which were faithfully processed into final cleavage products identical to
the proteins translated from the wviral RNAs (75, 79, 80). Starting with full-length clones,
several deletion mutants were constructed as illustrated in Fig. 6.

A deletion in the 24K coding region prevented proteolytic processing of the primary
translation products completely, whereas deletions in other reglons did not bleck
proteolytic cleavages at the specific cleavage sites. This proves that the 24K pratein, or
proteins containing the 24K polypeptide, is able to catalyze all cleavages in the
B-RNA-encoded polyprotein. It was also demonstrated that the 32K polypeptide previously
thought to be a second B-RNA-encoded protease, did not have any protease activity.

To determine whether the 24K protein was also responsible for the Gin Met and Gin Gly
cleavages in the M-RNA-encoded polyproteins, hybrid DNA copies were constructed which
contained in their open reading frame the coding sequence of the B-RNA-encoded 24K
protein and the M-RNA-encoded capsid proteins including the Gln Met and Gln Gly cleavage
sites (Fig. 6). The results from in vitre translation experiments with transcripts from these
hybrid clones demonstrated that the 24K protein was able to cleave at the Gln Met and Gln
Gly sites occurring in the M-polyprotein part of the hybrid protein as well as the Gln Met
and Gln Gly cleavage sites bordering the 24K sequence and occurring in the B-polyprotein
part of the hybrid protein. The processing of the M-RNA-encoded polyproteins by the 24K
protein is however more complicated than it appeared. Processing of these polyproteins was
also tested by adding the translation products from RNA transcripts of full-size B-cDNA
and of the deletion mutants thereof. If translation products obtained with mutant B-cDNA
lacking an intact 32K polypeptide but having an intact 24K protein were added to
M-RNA-encoded polyproteins no cleavage at the Gln Met site in the M-pelypeptide occurred.
Thus cleavage under native conditions requires not only the 24K protease but in addition
an intact 32K protein. There is no specific proteolytic activity assoclated with the 32K
polypeptide, but this protein is required as a cofactor or helper to achieve the Gln Met
cleavage in the M-RNA-encoded polyprotein (79).

2.6. Nepoviruses
The genome of tobacco ringspot virus (TobRV), type member of the plant nepoviruses,

consists of two specles of plus strand RNA of mol. wt. 2.8 X 10% (RNA 1) and 1.3 x
10% (RNA 2). Both RNAs contain a VPg {4K) at their 5' end and a poly (A) tail at their ¥
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end. In vitro TobRV RNA 1 is translated into a 207K protein which upon prolonged
incubation in the presence of DTT is cleaved into 37K and 180K proteins whereupon the
180K protein is further processed into 128K and 65K proteins (34). RNA 2 has been
translated into a 116K protein, which was processed upon addition of the translation
products of RNAZ2 into smaller products among which the viral coat protein {18, 34). From
these experiments it was concluded that RNA 1 coded for a protease able to cleave the
RNA 2 translation product and probably also the RNA 1 products. A tentative model for the
expression of the TobRV RNAs is shown in Fig. 7.

RNA2 RNA1

VPy pto pol

Vol aok |2sk| cP |-amavPedsok| esk i i 130k |
|

116K 225K
112K 30K 190K
77K B5K 130K

40K 23K 54K

Fig. 7. Genetic map of TobRV RNAs. CP is the capsid protein. The dashed lines bordering the
protease (pro) indicate that until now such a protein has not been identified. The presence
of VPg, pro and pol in the TobRV 130K protein is based on TBRV RNA 1 sequence data (C.
Fritsch, personal communication). For explanation of the symbols see legend to Fig. i and 4.

Translation of the RNA 1 of another nepovirus, grapevine fanleaf virus (GFLV}, resulted in
220K, 195K and 190K proteins (49). In the presence of amino acid analogs only the 220K
protein was synthesized. Purified RNA 2 could be translated into a 125K protein. Addition
of RNA 1 and RNA 2 translation products resulted in processing of the 125K protein into a
68K protein and the 58K coat protein. A 62K protein was also detected but its origin was
not clear,

Recently, the nucleotide sequence of the nepovirus tomato blackring virus (TBRV) RNA 2 was
determined (44). The sequence contained one large open reading frame which could code for
a 150K protein. This is in agreement with jn vitro translation studies with RNA 2 in which
a 160K protein was produced (22}, The 160K protein could not be processed into smaller
products, but antiserum apgainst the coat protein recognized this protein (22). The coat
protein was teptatively located at the C-terminal part of the 150X protein and is possibly
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released from its precursor by cleavage at a Glu Ser or a Glu Thr site (Fig. 7; 44). This
cleavage is probably catalyzed by a TBRV RNA 1 encoded protease similar to what has been
observed for TobRV. The assumption of a protease encoded by RNA 1 is supported by recent
sequence Information obtained for TBRV RNA 1 (C. Fr_itsch, personal communication). A
considerable amount of amino acid homclogy with the CPMV B-RNA-encoded 24K protease was
found at a position in the TBRV RNA 1 sequence corresponding to the position of the 24K
coding seque'nce on the CPMV B-RNA (Fig. 6) (C. Fritsch, personal communication, see section
3).

2.7. Potyviruses

The potyvirus group is the largest among plant viruses and is characterized by rod shaped
virjons with & length of 720-800 nm. The genome of these viruses consists of plus strand
RNA of mol. wt. 3,2 x 108, The RNA contains a VPg (6K) at the 5' end and a poly (A) tail at
the 3' end. In vitro translation of potyvirus RNA has usually resulted in a large set of
proteins. Using antisera raised against several purified potyvirus proteins, and peptide
mapping, a genetic map of the potyvirus genome has been constructed and it was proposed
that potyvirus proteins are produced by proteolytic processing of a polyprotein (17). By
translating soybean mosaic virus RNA in the presence of N-formyl-(39S)methionyl
~tRNAI™EY and amino acid enalogs, additional evidence was obtained that polyproteins were
produced (73). When translation of papaya ringspot virus (PRV) RNA was carried out without
a reducing agent (DTT), a large protein (330K) was produced clearly showing that PRV RNA
can be translated intoe a single large polyprotein which is subsequently processed (82).
Uging the hybrid arrested translation technique the genetic map of tobacce vein mottling
virus (TVMV) RNA was further refined and some evidence was obtained for a proteolytic
activity correlated with a defined region on the genetic map (31). Recently the complete
nucleotide sequence of the RNAs of two potyviruses, tobacco etch virus (TEV) and TVMV
were determined. It was found that the genome of both viruses contained a single large
open reading frame (3, 15).

Protein sequence information was only obtained for the capsid proteins while for TVMV it
was shown that the capsid protein was released from the C-terminal end of the polyprotein
by cleavage at a Gln Ser site. Furthermore, by placing the genetic map on the protein
sequencé, it was possible to propose the cleavage sites most probably used for the release
of the other proteins from the polyprotein {see Fig. 8). Five of these sites show a high
degree of homology (-4 Val, -3 Arg/Lys, -2 Phe, -1 Gln, +1 Gly/Ser) {15). In TEV the capsid
protein is also released by cleavage at & Gln Ser site while other sites have also been
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tentatively identified. The Five sites corresponding to these in TVMV showed a consensus
(-6 Glu, -4 Ile/Val/Leu, -3 Tyr, -1 Gln, +1 Gly/Ser) (3).

¥Pg pro pol
veg—J2gk| wc | a2k | cI [[ N1 | wIn [cp |—asa
r

1 1 s V '
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Fig. 8. Genetic map of TVMV RNA. CP is the capsid protein, NIa and NIb are proteins that in
the case of TEV form nuclear inclusions, CI forms the cytoplasmic inclusions and HC is the
helper component invaelved in vector transmission. VPg has not yet been mapped on the TVMV
genome and its position is based on the analogy with the picorna- and comoviruses and the
presence of suitable cleavage sites (see Fig. 4 and 5). For explanation of the symbols see
legend to Fig. 1 and 4.

Anino acid homology was detected hetween the NIb protein of TEV and TVMV and the CPMV
87K protein involved in RNA replication and between the NIla protein and the CPMV 24K
protease (3, 16). By in vitro translation of in vitro transcripts of TEV cDNA it was shown
that the NIla protein is the protease responsible for at least three cleavages in the
polyprotein (9). Also some evidence has been obtained that the Nia protease is released
from its precursor by autocatalytic cleavages. Furthermore, the proteolytic activity resided
only in the C-terminal 25K region of the NIa protein (9). It appears likely that the
potyvirus Nla protease cleaves at the 5 homologous cleavage sites. Probably a second viral
protease, like the 2A protease in PV or a host-encoded protease is responsible for the
other cleavages. There is some homology between the 42K protein of TEV and the 2A protein
of PV suggesting that this 42K protein might be a second protease. On the other hand, such
homology has not been found with the TVMV 42K protein (16). Therefore it is possible that
the homology of TEV 42K and PV 2A js fortuitous and it seems premature to assume a

protease function for the 42K protein.

2.8. Tymoviruses

Turnip vyellow mosaic wvirus (TYMV), the type member of the tymoviruses, possesses a
monopartite RNA genome of mol. wt. 2.105. The RNA contains a cap at its 5 end and a
t-RNA-like structure at its 3' end (for a recent review see 30). The coat protein (20K) is
translated from a subgenomic messenger corresponding to the 3' region of the genomic RNA.
The genomic RNA is translated in vitro into 150K and 195K proteins, the 150K protein being
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the result of a so-called "stop" signal which is probably not a normal termination codon
(47). Translation inte the 155K protein stops at a UAG codon which can be read through
resulting in the production of a 210K protein which partially overlaps the coat protein
gene coding region (47). Upon translation in different in vitro systems the 195K and 210K
proteins are proteolytically cleaved intoc 120K and 78K and 93K proteins respectively
whereas in each system the 150K protein was found to be a stable product (46, 48, 87). On
the basis of these studies it was proposed that the C-terminal part of the 195K protein
encodes a proteolytic activity which cleaves the 195K polypeptide autocatalytically (48).
Until now nothing is known about the sequence of this putative protease and the nature of

the cleavage sites.

2.9. Other plant viruses

For some other plant viruses there is circumstantial evidence that they use proteolytic
processing in their expression and that this activity is virus encoded. Turnip rosette
virus {TRosV) contains a single RNA species of mol. wt. 1.4 x 108, The RNA contains a VPg
{12K) linked te its 5' end. In vitre translation of this RNA resulted in four products with
mw. 105K, 67K, 35K and 30K (coat protein) and it was shown that the 67K protein was
probably a cleavage product of the 105K protein (50). The protease catalyzing this
cleavage seems to be virus encoded and is of the thiol type, as deduced from the effect of
the inhibitor N-ethylmaleimide on the processing (50).

Pea enation mosaic virus (PEMV) contains two RNAs with positive polarity. The RNAs possess
a VPg (17.5K} and no poly (A) tail. In vitro, RNA 1 is translated into 147K, 88K and 36K
proteins. Tryptic peptide comparisons reveal that the latter two proteins are related to
the 147K protein. Furthermore it has been shown that the 88K protein contains seguences
related to the capsid protein. The capsid protein has a mol. wt. of 22K and therefore it is
very likely that proteolytic processing In involved in the expression of this virus (23).
This is probably also the case for the monopartite luteoviruses. The genomic-RNA of potato
leaf roll virus (PLRV) possesses a VPg (7K} and no poly {(A). Translation of the RNA in vitro
yields 71K and 125K proteins, but no capsid protein (24K) can be detected under these
conditions {43).

Recently the RNA 1 of beet necrotic yellow vein virus (BNYVV), type member of the
furoviruses, was seguenced to reveal one large open reading frame capable of coding for a
protein of 240K (7). In vitro translation of this RNA yields 50K and 150K proteins and a
small amount of a 200K protein (88). Probably these proteins are derived from a 240K
precursor by proteolytic processing but there are no data available about the protease(s)
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involved in this process

3. COMPARISON OF THE VIRAL PROTEASES WITH EACH OTHER AND WITE CELLULAR
PROTEASES

In this section we will discuss the implications of the aminc acid homology between the
different viral proteases on the one hand and between viral proteases and cellular
proteases on the other hand (4, 16, 20, 26, 71). The cellular proteases can be divided into

four main families, the serine-, cysteine-, acid- and metallo-proteases (51).

Table 1, Families of proteclytic enzymes.

family characteristic active representative
site residues* protease

serine proteases I His (57), Asp (102), Ser (195) chymotrypsin

serine proteases II Asp (32), His (64), Ser (221) subtilisin

cysteine proteases Cys (25), Asp (158), His (159) papain

acid proteases Asp (32), Asp (215) pepsin
metallo proteases 1 Zn, Tyr (248), Glu (270) carboxypeptidase A
metallo proteases II Zn, Glu (143), His (231) thermolysin

*The numbers behind each residue correspond to the position in the amina

acid sequence of the enzymes listed in column 3.
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A representative example of each family is given in Table 1 (modified from 51), together
with the amino acids constituting the active site. In the serine and metalle protease
families two groups can be distinguished which bave similar active site configurations but
bear no other structural or evolutionary relation toe each other. They can therefore be
considered examples of convergent evolution. At the other hand a protease with amino acid
sequence homology and an active site configuration similar to one of the six proteases
shown in Table 1 is probably derived from a common ancestor protein. There are still other
families of proteases for which the mechanism of action remains to be elucidated but it
seems likely that a peptide bond can be cleaved in only a few ways. The four families
listed in Table 1 probably represent the most important mechanisms (51).

The survey of virus-encoded proteases presented in the previous section leads us to
distinguish three different groups. First there is a large group of picornavirus 3C-related
(P3CR) proteases which comprises also the virus-encoded proteases of comoviruses,
potyviruses and nepoviruses. The proteases encoded by these viruses show homology in
amino acid sequence and have similar configurations of amino acids presumably invﬁlved in
the active site {4, 16, 20; see alsc Table 2). Probably the protease of the insect (picorna)
virus cricket paralysis wvirus {CrPV) should also be included in this group (37). These
different groups of viruses have moreover a very similar genome organisation and use the
same strategy for the expression of their genetic information. The sequence homclogy is
not limited to the proteases encoded by the viruses but also includes significant amino
acid sequence homology between other proteins with presumably similar functions in viral
RRA replication {for a more elaborate discussion about the implications of these homologies
see 25). Gorbalenya et al. (26) noticed an homology between the active sites of the
cellular serine proteases and the P3CR proteases, and also some homology with cellular
cysteine proteases, and on basis thereof proposed that the P3CR proteases might form an
evolutionary link between the serine and cysteine proteases. In our opinion it is egqually
possible that these homologies are the result of convergent evolution since the location in
the protein of the amino acids forming the putative active site of the P3CR proteases
namely a cysteine and histidine residue (4), is quite different from the location of the
cysteine (or serine}) and histidine forming the active site in the cellular serine and
cysteine proteases (Tables 1 and _?,}. The active center of the serine and cysteine proteases
moreover contains an aspartic acid residue (see Table 1). Although there is less amino acid
homology between the N-termini of the P3CR proteases, the sequence (Lys/Arg, Asp, aliphatic
amino acid) is found in all P3CR proteases around amino acid position 80 (see Table 2). It
seems plausible that this aspartic acid residue is also part of the active center of the
P3CR proteases.
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Table 2.

Viral proteases.

groap

virasi procease ctype of protease as

inferred from protease

putative active site

residues based on

consensus

cleavaye sjite [J)

¢onsensus aaino

acids surrounding

inhibitor studfes (1) homology with other -l -1 the cleavage site
proteases (2}
retroviruses RSV p15 cysteine Asp (30), Aap (95) - - -2, -3. ~4, Pro, Ala
Val, Leu, [le
MoMuLV pi3 - Asp {30), Asp (95} Tyr, Leu Pro. Ala, -4 Ser, Thr
Thr -2 Ala. Leu
alphaviruses nsP2 serine - Ala, Gly, Ala, Gly -3 Ala, val, lle
Cys Tyr -2 Gly
capaid k] His (140), Asp {145), Trp Ser -%, -3 Glu
Ser (215} -2 Glu, Gln
tlaviviruses e serine - Arg Gly, Ser -2 Lys, Arg
Thr. Ala
plecornaviruses 2A (3) - Asp {40}, Cys (110), Tyr, Thr, Gly -4 Leu, [le, Mat
His {118) Ala
at cystelne Asp (80}, Cys (150), Gln. Glu Gly., Ser -4 Ala, Va;.
Hls (165) Leu, 1le, Pro, Phe
comoviruses CPMV 24 K cysteine Asp (80}, Cya (1S0), Gln Gly, Ser, -3 Ala
His {165) Met -2 Ala, Pro
nepoviruses TBRV pro (5) cysteine Asp (90 ?), Cys 2 7 -
{170 7). His (183 ?)
patyviruses TEY Hla cysteine Asp (255), Cys [340), Gln Gly. Ser -8 Glu
-4 lle, Leu, val
Hie {345} -3 Tyr

(4} Only PV. HRY and COX possess a 2A protease,

(3) A gquesation mark indlcates that the cleavage sites are not known.

(1) A question mark jindicates that the use of inhibitors did not revea) the nature of the pratease.

(2) The positicn of the active site residug in the protease Is shown in brackets.

{5) The nepovirus protease ls not yet identified, and 1ts position 13 only based cn amine acid homologles (see section 2.6}.
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The sequence around a conserved cysteine residue in the picornaviral 2A proteases shows
homology with the P3CR proteases (40). A histidine is found to be conserved in the 2A
proteases at about a similar position relative to the cysteine as the histidine of the P3CR
proteases. The 2A proteases contain furthermore a conserved Ser/Arg, Asp, Leu sequence
around amino acid position 40 which also may be a constituent of the active site of these
proteases just as was proposed for the P3CR proteases. In view of the similarities between
the 2A protein of picornaviruses, for which this protein iz a protease, and the 3C protein,
it is possible that the 2A gene is the result of a duplication of the 3C gene.

A second group of virus-encoded proteases is formed by the retrovirus proteases which
contain several conserved regions if compared among each other but show no homology with
the other viral proteases. One of the conserved reglons shows homology with the sequence
around the aspartic acid present in the active site of cellular acid proteases (Leum, Val,
Asp, Thr, Gly, Ala; 71). As there are two aspartic acids involved in the active site of
cellular acid proteases (Table 1) it is of interest that in the retrovirus protease a second
conserved sequence can be observed around an aspartic acid near position 150 suggesting
that these two aspartic acids may constitute the active site of the retroviral proteases.
The sequence around amino acid position 150 (Ile, Leu, Gly, Arg, Asp) bears no resemblance
to the acid protease sequence. If these two aspartic acid residues indeed constitute the
active site, the homology of the sequence around one of the aspartic acids of the
retroviral proteases and that of the acid proteases might be another example of
convergent evolution. Based on inhibition studies the retroviral protease has previcusly
been characterized as a cysteine protease, but a conserved cysteine has not been found in
these enzymes (see 62, 71). The retrovirus protease is therefore probably not a cysteine
protease, but in view of the occurrence of the aspartic acid residues as described above,
an acid protease. This is an example of how cautious one has to be with the interpretation
of the results of studies with protease inhibitors (see Table 2). In cawlimoviruses (plant
DNA wviruses) a protease domain related to the retrovirus protease is present (Ti). This
suggests that protein processing plays a role in the expression of the caulimovirus
genome, but at this time it is not clear whether processing of caulimovirus proteins by
this putative protease really takes place.

A third group of virus-encoded proteases are the alphavirus and flavivirus proteases
involved in the cleavages of thé non-structural proteins of these viruses. The proteﬁses
have sofar not been characterized, but since none of the non-structural proteins of these
viruses show homology to known viral or cellular proteases it seems probable that these
proteases constitute a new group within one of the four main families of proteases.

The alphavirus capsid protease was characterized as a serine protease and was shown to
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have a substantial amount of homology with the trypsin-like serine proteases (27). This
homology is not limited to the amino acids forming the active site and those surrounding
the active site but also includes the relative position of these amino acids in the two
proteins. It is therefore possible that the capsid protease and the trypsin-like proteases
are derived from a common anéestor.

Por the other virus groups described in this review, proteases still have to be identified
and sequenced. It is, however, tempting to assume, based on similarities in genome
organisation and expression, that the TYMV and BNYVV protease may be related to the
animal alphavirus protease and that the proteases of the VPg containing plant wviruses
{(PEMV, TRosV, PLRV) are related to the P3CR proteases.

From the sequence information for cellular and viral pruteaseé available at this moment, it
may be concluded that the virus-encoded proteases of most viruses have evolved rather
independently and that homology with cellular protases is the result of convergent
evolution. A possible exception may be the capsid protease of the alphaviruses.

4. THE CLEAVAGE SITES

-The amino acid pairs that are cleaved by proteases encoded by different virus groups are
shown in Table 2. Almost all viral proteases cleave their substrates between a limited set
of amino acid pairs. The polypeptide chain usually also contains a number of the same
amino acid pairs that are not cleaved, which implies that there are additional factors
involved in determining the sites that are used for proteolytic pocessing.

When the cleavage sites shown in Table 2 are compared with each other, it can be
concluded that the P3CR proteases nat only show amino acid sequence homology with each
other (see section 3) but also catalyze cleavages between related amino acid pairs {Gln or
Glu at -1 and Gly or Ser or less frequently Ala, Met, Thr, Val at +1). Each of the P3CR
proteases is however highly specific for its own polyprotein and not able to cleave
polyproteins from other viruses. The amino acid sequences surrounding the sites cleaved by
the picornavirus 3C proteases show no homology. At position -4 there is a preference for
an amine acid with a hydrophobic group (Ala, val, Leu, Ile, Pro, Phe) the identity of which
can be different for each group (see section 2.4). The sequences surrounding the sites
cleaved by the CPMV and potyvirus proteases show a higher degree of homology (Table 2}.
These proteases also prefer an amino acid with a hydrophobic group at position -4. The
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picornavirus 2A proteases, which show homology with the picornaviral 3C proteases, only

perform a single autocatalytic cleavage at their own N-termini. These proteases cleave
between a different subset of amino acid pairs (Tyr Gly, Ala Gly or Thr Gly) but these
cleavage sites possess again an amino acid with a hydrophobic group at position —4.

From this comparison it appears praobable that the hydrophobic residue at position -4 plays
a role in determining whether a site is used for proteolytic processing by the P3CR
protease.

The cleavage sites in the polyprotein between the non-structural proteins of the
alphaviruses and flaviviruses are very well conserved. Also the amino acids at position -2
{flaviviruses) and -2 and -3 (alphaviruses) are very well conserved (Table 2} which implies
that sites that are substrates for processing by these proteases are clearly defined. The
cleavage sites of the retrovirus proteases show some more variation. The only consensus
found for the RSV gag protein cleavage sites is that only aliphatic amino acids are
present at positions -2, -3 and -4 (Table 2 and section 2.1). On the other hand, the
cleavage sites in the MoMuLV gag protein are rather similar (Table 2), and also show
homology with cleavage sites in the gag protein of other retroviruses. Furthermore,
contrary to the picornaviruses proteases, some retroviral proteases are able to cleave the
gag precursor of related viruses.

In summary, cleavage sites of viral proteases are usually characterized by a preference
for certain amino acids at one or more of the positions -2, -3, -4, -5. It seems that amino
acids at the (+) positions (with the exception of +1) do not have an important role in
determining whether a site is used for proteolytic processing. This conclusion is also
supported by experiments described by Vos et al. {79). By using site directed mutagenesis
on cDNA clones of M-RNA of CPMV, the cleavage site between the two capsid proteins (Gin
Gly) was modified. Insertion of an amino acid at the +2 position (Gln Gly Pro - Gln Gly Arg
Pro} did not change the efficiency of cleavage of this site by the 24K protease in an in
vitro assay (79). However, when the Gly in position +1 was replaced by an Ala, Met or Ser
(amino acids which are found at the +1 position in other cleavage sites, see above), the
cleavages at these sites proceeded with a very low efficiency. Semler et al. {64) modified
the cleavage site between PV 3C and 3D by inserting a Ser in the -3 position. This site
was no longer cleaved by the 3C protease indicating the importance of the amino acids at
the (-) positions in determining a cleavape site.

For cellular proteases, amino acids in the (-) positions are equally important in
determining a cleavage site. Trypsin cleaves after Lys or Arg in the -1 position and V8
protease of Staphylococcus aureus after Glu in the -1 position. Signalases only cleave at

sites where certain subsets of amino acids are present at position -1 and -3 (77, 78) and
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substilisin has a specificity towards certain aminc acids at position -4. However the great
specificity of most viral proteases for their substrates indicates that factors like
secondary and tertiary structure are also important in determining which sites are cleaved
by these proteases.

Interestingly, almost all new N-termini created by viral proteases consist of Gly, Ser, Ala,
Thr, Met or Val (see Table 2). Bachmair et al. (8) recently proposed that proteins present
in the cytoplasm which have at their N-terminus one of these amino acids have a long
half-life {(t% > 20 h}. It is tempting to speculate that viruses have selected for proteins
having one ¢f these amino acids at their N-termini and therefore also for proteases having
specificity towards these amino acids at the +1 position of cleavage sites. A notable
exception is nsP4 of alphaviruses which has a Tyr at its N-terminus. These proteins have
indeed a short half-life (t% ~ 10 m) (38 ; see section 2.2) as predicted by the N-terminal
rule of Bachmair et al. (6).

5. CONCLUSIONS

Many proteins are synthesized as precursor proteins which still require a proteolytic
processing to produce mature active proteins. The final processing reaction is usuvally an
important step in the regulation of the production of the active protein. Likewise a virus
can regulate the processing of a polyprotein, and thus the production of active proteins
in several ways. 1) Some cleavages only bhappen under certain conditions as for example
cieavage of PV IAB into 1A and 1B which can only take place during the last steps in
virus assembly when the RNA jis present in the capsid. This is essentially a maturation
reaction (5). 2) Cleavage products may have very different half iiveé as in the case of the
alphavirus nsP4 which has a much shorter half-life than the other non-structural proteins
{see sections 2.2 and 4). The functional significance of this difference is not yet clear. 3)
A polyprotein can be cleaved via alternative pathways resulting in intermediates with
different activities. The CPMV 170K protein can be cleaved .in 110K and 60K products or
87K and 84K products (see Fig. 5). Presumably the different intermediates possess different
activities or have different roles in viral RNA replication. 4) In most cases the protease
catalyzing the cleavages in a polyprotein is itself part of this protein. This offers the
possibility to regulate the processing, as the protease can cleave intramolecularly {in cis)
and/or intermolecularly (in trans). Usuaily the intramolecular cileavages are rapid for
example the 1D 2A cleavage in the PV polyprotein catalyzed by 2A. Most viral proteases
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are able to release themselves by autocatalytic cleavages at both borders. However some
virel proteases are also able to cleave intramolecularly at other sites, for example the
32K 170K cleavage in the CPMV B-RNA-encoded polyprotein catalyzed by the 24K protein as
soon as during translation the growing polypeptide chain has reached the 24K protein
coding region. 5) Another way to regulate occurs if cleavages take place in a specific
order, i.e. a certain cleavage can only take place after another cleavﬁge has been carried
out. For example, during replication of CPMV (and picornavirus} RNA, VPg becomes attached
at the 5' end of newly synthesized RNA. In the case of CPMV, VPg is probably released from
a 60K precursor which itself first has to he released from a 170K precursor (see Fig. 5).
In that case the activity of the protease is closely linked up with the replication of
viral RNA. This connection is also apparent in the remarkably conserved order of the VPg,
protease and polymerase proteins on the genomes of picorna—, cowo-, poty-and nepoviruses
(see Fig. 4, 5, 7, 8 and ref. 25).

Recently Ypma-Wong and Semler (86) used an in vitro transcription translation system to
show that the Pl region, containing the capsid proteins 1A, B, C and D, first has to be
released from the polyprotein by action of 2A hefore the ather cleavages in 1APCD can
take place. Furthermore they showed that an intact 3C coding region was sufficient to
support cleavages between 2A 2B, 2B 2C and 2C 23A, while the cleavages between the
structural proteins 1B, iC and 1D only took place in the presence of an intact 3CD coding
region (see Fig. 4).

The activity of a viral protease can again be regulated by other viral proteins. This has
recently been described for the 24K protease of CPMV which has to be associated with the
32K protein for cleaving the Gln Met site in the M-polyprotein (see Fig. 5; 79).

In conclusion it is apparent that RNA viruses that express their viral genomic RNA or part
of it by polyprotein synthesis and proteolytic processing encode their own proteases. The
proteclytic processing proceeds in successive steps and appears to have a regulatory role
in the expression of viral encoded functions. There are a number of different viral
encoded proteases, which appear to have evolved independently from each other and from
existing cellular proteases. The viral encoded proteases are highly specific in recognizing
only the polyprotein of its own virus. Usually the proteases are part of the polyprotein
that is proteolytically cleaved by them and presumably the proteases have evolved as a
part of the polyprotein. It provides the virus with a method of regulating the production

of proteins involved in wviral RNA replication and virus assembly.
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The bottom-component RNA (B-RNA) of cowpea mosaic virus is expressed by the production of a
~200,000-dalton polyprotein {200K polyprotein), from which the functional proteins are formed by specific
proteolytic cleavages. Partial amino-terminal sequences of the various B-RNA-encoded proteins have now been
determined. Comparison of the information obtained with the B-RNA sequence allowed the localization of the
coding regions for these proteins on B-RNA, the calculation of their precise molecular weights, and the
determination of the cleavage sites at which they are released from the polyprotein precursor. Sequence
analysis of the 32K protein, which is derived from the amino-terminal end of the 200K polyprotein, indicated
that the AUG codon at nucleotide position 207 of the RNA sequence is the translation initiation codon. Sequence
analysis of the 170K, 110K, 87K, 84K, 60K, and 58K proteins revealed the existence of three types of cleavage
site in the 200K polyprotein: glutamine-serine (two sites), glutamine-methionine (one site), and glutamine-
glycine {nne site) amino acid pairs. The natare of these cleavage sites suggested that two different viral proteases

are involved in the processing of the B-RNA-encoded polyprotein.

The genetic information of cowpea mosaic virus (CPMV?}
is organized in two separately encapsidated plus-strand
RNA molecules which are characterized by a small protein,
denoted VPg, covalently bound to their 3' ends and a
poly(A) tail at their 3’ ends (for a review, see references 4
and 14a). The expression of both RNAs invelves the pro-
duction of large polyproteins that are subsequently proc-
essed by proteolytic cleavage into smaller, functional pro-
teins {7, 8, 11, 23). The nucleotide sequences of the smaller
middle-component RNA (M-RNA) (3,481 nucleotides} and
the larger bottom-component RNA (B-RNA) (5,889 nucleo-
tides) reveal a single, long open reading frame in each of
them, confirming polyprotein processing as their mode of
expression (20, 30). M-RNA has been shown 1o possess itwo
translation initiation sites and is translated in vitro into two
overlapping primary translation products of ~105,000 and
~-95,000 daitons which differ only in their amino-terminal
sequences (Fig. 1; 7, 14, 22). Proteoiytic cleavagé of these
proteins occurs at two different sites. The first cleavage is at
a glutamine-methicnine dipeptide sequence, resulting in
products of 60,000, 58,000, and 48,000 daltons (7, 30; H.
Franssen, Ph.D. thesis, Agricultural University, Wageningen,
The Netherlands, 1984). Subsequent cleavage of the 60,000-
dalton intermediate (60K intermediate} at a glutamine-
glycine sequence releases the two capsid proteins VP37
(37.000 daltons) and VP23 (23,000 daltons) (30; Franssen,
Ph.D. thesis). B-RNA produces a single 200K polyprotein
from which, in addition to 170K, 110K, 84K, and 60K
intermediates, five final cleavage products are derived in the
order NH,;-32K-58K-4K (VPg)-2dK-87K-COOH (Fig. 1;
11).

Information about the nature of the various cleavage sites
in the B-RNA-¢ncoded polyprotein (B-polyprotein) is still
rather poor. Mapping of the amino-terminal end of VPg on
the open reading frame of B-RNA demonstrated that this
protein is released from its precursor at this terminus by
cleavage at a glutamine-serine site (31). Inspection of the

o Conesponding author.
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theoretical sequence of the 200K polyprotein has led to the
suggestion that all cleavages may occur at glutamine-serine
sites (31).

To understand in more detail the proteolytic processing
pathway of the B-polyprotein, we have now determined
partial amino-terminal sequences of its cleavage products by
automated Edman degradation with radiolabeled protein
samples (26). Comparison of the amino acid sequence data
obtained with the nucleotide sequence of B-RNA allowed
the determination of the cleavage sites in the B-polyprotein
and predicted the moiecular sizes of all cleavage products.
The data presented in this paper demonstrate the existence
of three different types of cleavage site and suggest that two
different proteases are involved in the processing of the
B-polyprotein.

MATERIALS AND METHODS

Virus and plants. CPMV (Sb isolate) was propagated in
cowpea plants (Vigna unguiculata L., California blackeye)
as described previousty (18, 29). Purified B-components
were obtained by repeated sucrose gradient centrifugation as
described in detail before (12). :

Infection of cowpea protoplasts and labeling of proteins.
Mesophyil protoplasts were prepared from 10-day-old pri-
mary cowpea leaves and inoculated with purified CPMV
B-components as previously described (15, 25). To label
viral 5proteins, we incubated protoplast suspensions (5 ml, 5
% 10° cells per ml) in the presence of [**SImethionine (1,000
Ci‘mmol; New Engiland Nuctear Corp., Boston, Mass.) or
[*Hlleucine (150 Ci/‘mmol; Amersham Corp., Arlington
Heights, 111.}). Radioactive amino acid was supplied in two
portions ([**S)methionine, 150 wCi; [*Hlleucine, 750 wCi) at
18 h and 25 h after inoculation. At 42 h after inoculation,
cells were harvested by centrifugation (2 min, 600 X g) and
disrupted by suspension in 0.5 ml of TKEDP buffer (56 mM
Tris-acetate [pH 7.4], 10 mM potassium acetate, 1 mM
EDTA, 10 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride). The lysate obtained was centrifuged for 30 min at
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FIG. 1. Model of the proteolytic processing of the primary translation products of CPMV M-RNA and B-RNA. Open reading frames in
both RN As are indicated by double-lined bars, VPg is indicated by a black box, and all other proteins are indicated by single lines. For further

details, see the text.

30,000 X g and 4°C, yielding the 30,000 X g supernatant,
which served as the source of radiolabeled viral proteins.

Immunoprecipitation of viral proteins. As a first step in the
purification of the 32K, 58K, 60K, 84K, and 170K proteins,
these proteins were coprecipitated from the 30,000 x g
supernatant of B-component-inoculated protoplasts with an-
ti-32K serum under nondenaturing conditions (10). For this
purpose, 140 pl of anti-32K serum was mixed with 500 pi of
the 30,000 % g supernatant, and the mixture was diluted with
TKE buffer (50 mM Tris-acetate [pH 7.4], 10 mM potassium
acetate, 1 mM EDTA) to a final velume of 2,000 pl. After
incubation for 4 h at 4°C, 560 pi of a 10% (wt/vol) suspension
of Sraphvlococcus aureus cells (IgGsorb; Enzyme Center
Inc., Boston, Mass.) in TKE buffer was added, and incuba-
tion was continued for 1 h at 4°C. §. awreus cells with bound
immunocomplexes were precipitated by centrifugation
through a sucrose cushion as previously described (7). The
32K, 58K, 60K, 84K, and 170K viral proteins present in the
precipitate were separated by electrophoresis ina 7.5 or 10%
sodium dodecyl sulfate-polyacrylamide gel as previously
described (25). The supernatant left after removat of the
immunaoprecipitate was used for the isolation of the 87K
protein, free of the 84K protein.

Isolation of viral proteins from polyacrylamide gels. Viral
proteins separated in preparative polyacrylamide gels and
localized by autoradiography were eluted from nonstained
gel strips by using an ISCO 1759 sample concentrator (3) at
180 V for 6 h at 4°C. The sample compartment buffer
contained 25 mM Tris, 192 mM glycine, ¢.1% sodium
dodecy] sulfate, and 50 pg of horse heart cytochrome ¢
(Calbiochem-Behring, La lolla, Calif.) per ml as the carrier
protein, Eluates were concentrated by using a Centricon-30
microconcentrator (Amicon Corp., Danvers, Mass.} and
brought to 10 mM Tris hydrochloride (pH 7.2)-0.02% so-
divm dodecyl sulfate.

Protein sequence analysis. Sequencing of radiolabeled pro-
teins was performed by the method of Beyreuther et al. (2)
with some modifications (31). Control experiments were
performed to minimize the nonspecific release of radioactiv-
ity, especially at cycle 1 of Edman degradation. This was
achieved with a single complete nondegradative washing
cycle by omitting the delivery of the coupling agent
phenylisothiocyanate. A spinning-cup sequencer (Beckman
Instruments mode! 890) and 2 gas-liquid solid-phase se-

quencer (Applied Systems model 470A) were both used. The
performance of the sequencer was monitored with 1% of the
sample for each degradation cycle by high-performance
liquid chromatography of the phenylthichydantoin deriva-
lives released from a second carrier protein. To do this, we
used performic acid-oxidized lysozyme (1.45 mg for the
spinning-cup sequencer and 0.145 mg for the gas-liquid
solid-phase sequencer), since the carrier cytochrome ¢
added prior to gel elution of the viral proteins is N terminally
blocked. Polybrene (1.5 mg for both sequencers) was added
as the nonprotein carrier. Identification of phenylthiohydan-
toin derivatives by high-performance liquid chromatography
was done as described previously (1). The radioactivity from
90% of the sample released during each degradation cycle
was dissolved in 0.1 ml of methanol and determined in 10 ml
of Aguasol 2 (New England Nuclear Corp.) by uvsing a
Packard Tri-Carb liquid scintillation counter.

RESULTS

Preparation of radiolabeled viral proteins, In previous
experiments we showed that upon inoculation of cowpea
protoplasts with B-components, B-RNA is efficiently repli-
cated in the absence of M-RNA, resulting in the overpro-
duction of B-RNA-encoded proteins (12, 25). This finding
was now used to obtain these viral proteins in quantities
sufficient for radiochemical sequencing. Cowpea protoplasts
were inoculated with purified B-components and labeled
with (PHlleucine or [*>S]lmethionine. A typical 30,000 x g
supernatant fraction obtained from such protoplasts incu-
bated with [**S]methionine is shown in Fig. 2, lane B. While
the 170K, 110K, 87K, 60K, 58K, and 32K proteins were
directly detectable in such extracts, the 84K protein was
mostly marked by host protein bands or present in amounts
tao low to allow its detection. This protein could, however,
readily be detected in immunoprecipitates of 30,000 x g
supernatant fractions obtained with antiserum raised against
the 32K protein {Fig. 2, lane I}. As a first step in the
purification of the 170K, 84K, 60K, 58K, and 32K proteins,
larger quantities of 30,000 % g supernatant fractions from
[*H)leucine- or [*’S]methionine-labeled cells were subjected
to immunoprecipitation with anti-32K serum, and the pre-
cipitates obtained were electrophoresed in preparative poly-
acrylamide gels (data not shown). The viral proteins were
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subsequently isolated from gel slices by electroelution. The
87K protein was simultaneously obtained from the superna-
tant fraction of such immunoprecipitation reactions. The
110K protein, finally, was directly excised and eluted from
preparative gels of an unfractioned 30,000 X g supernatant
fraction. To verify whether the viral proteins thus obtained
were pure and intact, we analyzed aliquots by gel electro-
phoresis (Fig. 2, lanes C 1o D).

Amino acid sequence analysis of the 32K protein. Since
translation studies have already shown that the 32K protein
is derived from the amino-terminal part of the 200K poly-
protein (11), sequencing of this protein would allow the
precise determination of the translation injtiation site of
B-RNA. Radiochemical sequencing revealed that this pro-
tein contains leucive residues at positions 2, 12, 13, 16, 29,
30, and 33 (Fig. 3A) and a methionine residue at position 24
(Fig. 3B). Comparison of these results with the nucleotide
sequence of B-RNA (20} determined a unique amino-
terminal coding location for this protein starting at nucleo-
tide position 210, i.e.. one codon downstream of the AUG
codon which heads the long open reading frame in B-RNA.

Thus, the amino-terminal sequence of the 32K protein
demonstrated that this AUG codon at nucleotide position
207 represents the (unigue) translation initiation site of
B-RNA and that the first methionine residue of the transla-
tion product is posttranslationally removed. There seems to
be one discrepancy between the partial amino acid sequence
of the 32K protein and the nucleotide sequence of B-RNA.
From the triplet sequence in the open reading frame in
B-RNA (20) a valine residue is expected at amino acid
position 33 instead of the leucine residue found {Fig. 3A).
However, a single point mutation at nucleotide position 306
could have occurred, converting the valine tripiet into a
leucine triplet (GUC — CUC().

Amino acid sequence analysis of the 170K, 84K, 60K, and
S8K proteins. Primary cleavage of the 200K polyprotein
yielded a 32K protein and a 170K protein. For localization of
the coding region for the 170K protein en B-RNA | purified
samples of this protein, labeled with either [*Hlleucine or
[**SJmethionine, were subjected to sequence analysis. The
results showed that leucine is present at positions 6, 7, 10,
and 22 {Fig. 4A) and that methionine is present al position 14
(Fig. 4B}. This amino acid arrangement is consistent with a
coding region for the 170K protein beginning at nucleotide
position 1185 in the B-RNA sequence and reveals that the
amino-terminal residue of this protein is serine (Fig. 4).
Further inspection of the B-RN A sequence (20) revealed that
this amino-terminal residue is preceded by a glutamine in the
precursor protein. These data strongly suggest that the 170K
protein is generated by proteolytic cleavage at a glutamine-
serine dipeptide sequence. According 1o the scheme in Fig.
1, further proteolytic cleavage of the 170K protein would
vield 84K, 60K, and 58K proteins, all sharing their amino-
terminal sequences with the 170K protein. To verify this
hypothesis, we carried out additional sequence analyses on
these cleavage products, labeled at either their leucine or
methionine residues. Leucine and methicnine residues were
indeed detected in all three proteins at the same lecations as
in the 170K protein (Fig. 4C to H). These results confirm the
positions of these proteins in the processing map of Fig. 1
and, moreover, demonstrate that their amino termini are
completely identical to that of the 170K protein and not
subject to terminal trimming.

Amino acid sequence analysis of the 110K and 87K proteins.
The 119K and 87K proteins are expected to be derived from
the carboxy-terminal half of the 200K polyprotein, both
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FIG. 2. Electrophoretic analysis of purified viral proteins used
for sequence determinations. Viral proteins labeled in vivo with
[¥*S)methionine were purified from a 30,000 x g supernatant fraction
of B-component-inoculated cowpea protoplasts (lane Bl As a first
step in the purification of the 170K, 84K, 60K, 38K. and 32K
proteins, this supernatant fraction was subjected to immunoprecip-
itation with antibodies raised against the 32K protein {lane ). For
further details, see the text. The proteins obtaiomed were
reelectrophoresed to test their quality {lanes C to [). Lane A
coniains the 30,000 x g supernatant fraction from [**S|methionine-
labeled noninoculated protoplasts. M. W., Molecular weight.

having different amino termini. For the 110K protein, sam-
ples labeled with [PH)leucine or [**Slmethionine were sub-
jected to sequence analysis. The results showed that in this
protein, leucine is present at positions 3 and 18 (Fig. 5A) and
methionine is present at positions 1, 11, and 30 (Fig. 5B and
). These data are consistent with a unique coding region for
the 110K protein beginning at nucleotide position 3048 in the
B-RNA sequence (20) and identify the amino-terminal resi-
due of this protein as a methionine (Fig. 5). It should be
noted that different preparations of this protein showed some
heterogeneity, which could easily be explained by variable
demethionylation in vivo. For instance, the sequence anal-
ysis shown in Fig. 5A reveals that some [*H]leucine label
was released in cycles 2 and 17. Equally, in the analysis
shown in Fig. 5B, some [**SImethionine label was released in
cycle 10, whereas in a second [*S]methionine-labeled pro-
tein sample {Fig. 5C), most of this label was found in cycle
10, with decreased label release in cycles 1 and 11. Inspec-
tion of the B-RNA sequence {20) demonstrated that the
amine-terminal methionine of the 110K protein is preceded
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FIG. 3, Radiochemical amino-terminal sequence aralysis of the 32K protein enceded by CPMV B-RNA. Purified 32K protein labeled with
[*H]leucine (A) or [**S]methionine {B) was subjected to automated Edman degradation as described in defail in Materials and Methods. The
ratioactivity released during each Edmar degradation cycle is plotted versus the cycle number. The predicted amino-terminal sequence of
the 32K protein is given at the bottom of each panel, with the amino acids whose positions are considered proven by the presenied dara being
underlined. (M) refers to the methionine residue encoded by the initiation codon, which is posttranslationally removed. The amounts of
radioactivity applied 1o the sequencer were as follows: A, 39,000 cpm of [*Hleucine; B, 30,000 cpm of [**S]methionine.

by a glutamine in the 200K polyprotein, indicating that the
110K protein is released from its direct 170K precursor by
proteolytic cleavage at a glutamine-methionine dipeptide
sequence. Sequence analysis of purified, radiolabeled 87K
protein samples revealed the presence of a leucine at posi-
tion 9 and a methionine at position 21 (Fig. 6). Combined
with the proteolytic processing map of the 200K polyprotein
(Fig. 1), these analyses allowed the localization of the coding
region for the B7K protein beginning at nucleotide position
3672 in the B-RNA sequence. The mapping of the 87K
protein on the open reading frame of B-RNA indicated
further that the amino-terminal residue of this protein is a
glycine and that it must be derived from longer precursors by
cleavage at a glutamine-glycine dipeptide sequence.

DISCUSSION

Initiation site of B-RNA translation. A summary of the
protein sequence analyses presented in this paper is sche-
matically illustrated in Fig. 7. The exact location of the
amino-terminus of each of the proteins in the B-polyprotein
is indicated by different symbols, depending on the nature of
the cleavage sites used for their release. Analysis of the 32K
protein allowed the identification of the AUG codon at
position 207, the first AUG codon in the open reading frame
of B-RNA (20}, as the initiation codon for the synthesis of

the 200K polyprotein. This initiation codon is also the AUG
codon nearest to the 5° end of the RNA, while the surround-
ing nucleotide sequence CCAACAUGG cenforms almost
perfectly to the consensus sequence around eucaryotic ini-
tiation codons (CCAIGCC_A_UQG). as described by Kozak
(19). The 32K protein lacks the amino-terminai methionine
derived from this AUG codon, apparently because of post-
translational demethionylation, a widely occurring cellular
process. As a consequence, the first residue of the 32K
protein is glycine (Fig. 3).

Proteolytic cleavage sites in the B-polyprotein. Addition-
ally, the protein sequence analyses revealed the presence of
three different types of processing signal in the 200K precur-
sor: a glutamine-serine pair (two sites), a glutamine-
rethionine pair (one site), and a glutamine-glycine pair (one
site) (Fig. 7). While the last two types of cleavage site have
alse been found in the M-RNA polyproteins (30; Franssen,
Ph.T). thesis), the glutamine-serine cleavage sites appear Lo
be unigue to the B-polyprotein.

Cleavage at the glutamine-glycine dipeptide sequence
(Fig. 7) is consistent with computer comparisons which
showed that the two regions within the 200K polyprotein of
CPMV which are homologous to the polioviral protease and
polymerase are separated at this glutamine-glycine pair (9).
However, the glutamine-methionine cleavage site from
which the 110K protein is released was totally unexpected.
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FIG. 5. Partial sequence analysis of the 110K protein encoded by
CPMV B-RNA. Purified 110K protein labeled with |*Hlleucine (A)
or [¥*S)methionine (B and C) was subjected to automated Edman
degradation. For further explanation of the graphs, see the legend to
Fig. 3. The amounts of radioactivity applied to the sequencer were
as follows: A, 74,000 cpm of [*Hlleucine; B, 31,000 cpm of
P*SImethionine; C, 41.000 cpm of [¥S]methionine.

As a consequence, YPg, the sequence of which preceeds
that of the 110K protein within the 200K polyprotein (11, 13),
is not released by cleavages at identical sites (glutamine-
serine pairs}, as proposed by us in a previous paper (31), but
at two different sites: a glutamine-serine pair (at amino acid
positions 919 and 920; Fig. 7) is used te generate its amino
terminus, and a glutamine-methionine pair {at positions 947
and 948; Fig. 7) is now predicted to generate its carboxy
terminus. VPg would thus have a length of 28 residues,
instead of 33 residues, as previously proposed (31), which
indeed is more consistent with the length of VPg found for
the related picornaviruses (21 (o0 24 residues) (5, 6, 16, 17, 21,
24, 27, 28).

Comparison of the amino acid sequences swrrounding al!
cleavage sites in the polyproteins encoded by both CPMV

PROTEOLYTIC SITES IN THE CPMV B-POLYPROTEIN
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FIG. 6. Partial amine-terminal sequence analysis of the 87K
protein encoded by CPMV B-RNA. Purified B7K protein labeled
with [*H]leucine (A) or [**S]methionine (B} was subjected to auto-
mated Edman degradation. For further explanation of the graphs,
sec the legend 1o Fig, 3. The amounts of radioactivity applied to the
sequencer were as follows: A, 140,000 cpm of [*H]leucine; B, 40,000
cpm of [*Slmethionine.

RNAs revealed that these sequences are rather variable,
with similar amino acid residues at only two positions (Table
1). In five of six cleavage sites, alamine is found at position
—4, while either atanine or proline is found at position —2. It
is noleworthy that alanine at position ~4 is also found in
most (five of nine) glutamine-glycine cleavage sites in the
pelyprotein of poliovirus {17). Furthermore, inspection of
the predicted amino acid sequence of the polyproteins
encoded by B-RNA and M-RNA revealed the presence of 11
glutamine-glycine pairs, 7 glutamine-serine pairs, and 4
glutamine-methionine pairs which are not used for
proteolytic processing. For only 3 of these 22 sites, alanine is
found at position —4 (data not shown), further supporting the
idea that the occurrence of such a residue at position —4 may
represent an important signal. Besides, it is very likely that,
more than simply the surrounding sequences, factors like
secondary structure, such as B-turns, and hydrophilicity are
involved in determining the sites used for proteolytic proc-
essing.

Molecular weights of the B-RNA-encoded proteins. Assum-
ing that the cleavage products of the 200K polyprotein do not
undergo any trimming at their carboxy lermini, as is the case
for picornaviral proleins, the mapping of the amino-terminal

FIG. 4. Partial amino acid sequence analysis of the CPMV B-RNA-encoded 170K, 84K, 60K, and 58K proteins. Purified proteins labeled
in vivo with ["Hjleucine (A, C, E, and G) or [**S]methionine (B, [, F, and H) were subjccted to automated Edman degradation. The
radicactivity released during each Edman degradation cycle is plotted versus the cycle number. The predicted amina-terminal sequence of
the 170K, 84K, 60K, and 58K proteins is given at the top of panels A and B, with the amino acids whose pesitions are considered proven by
the presented data being underlined. The amounts of radioactivity applied to the sequencer were as follows: A, 148,000 cpm of [*H]leucine;
B, 145,000 cpm of (*Simethionine; C, 85,000 cpm of {*Hiteucine; D, 37,500 cpm of {*§{methionine; E, 103,000 cpm of ["Hlleucine; F, 17,000
cpm of [**S]methionine; G, 122,000 cpm of [*Hileucine; H, 25,000 cpm of [**S|methionine.
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frame in the RMNA refer to the first nucleotide of the coden specifying the amino-terminal residue of the various proteins released from the
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ends of these products on the B-RNA sequence allows the
calculation of their molecular weights {Table 2). For some
proteins, the difference between their apparent molecular
weights in polyacrylamide gels (on which the nomenclature
of the CPMV proteins has been based) and their calculated
molecular weights was relatively small, whereas for other
proteins, this difference was more significant. The most
striking discrepancy was found for the 87K and 84K pro-
teins, which had calculated molecular weights of approxi-
mately 80,000 and 93,000, respectively (Table 2), suggesting
that the 87K protein would run faster in sodium dodecyl
sulfate-polyacrylamide gels than the 84K protein, which is
not the case. Although additional cleavage or trimming at the
carboxy-terminal end of the 84K protein cannot be ruled out,
it is more likely that one {or both) of these proteins has a
very deviant electrophoretic behavior in polvacrylamide
gels. In this context, it is worthwhile mentioning that the
proteins derived from the carboxy-terminal part of the 170K
protein {110K and 87K) had calculated molecular weights
approximately 7,000 lower than their apparent molecular
weights; on the other hand, the proteins derived from the
amino-terminal part of the 170K pretein (84K, 60K, and
58K) all had calculated molecular weights approximately
9,000 higher than their apparent molecular weights. The
similar deviations in apparent molecular weights found for
these two sets of overlapping proteins indeed provide evi-
dence that the reversed order in apparent sizes of the 87K

and 84K proteins is due to specific conformations of these
products.

Proteolytic activities involved in the cleavages. Another
intriguing question to be resolved is which protease(s) is
involved in the various cleavage steps during processing of
the 200K polyprotein. It has now become clear that this
pelyprotein contains three different types of cleavage site.
Although all cleavage sites share a glutamine residue in the
first position, the residues in the second position have
different properties. Serine and glycine both have small polar
side chains, whereas methionine has a rather large. nonpolar
side chain. It is therefore very umlikely that a single
proteclytic enzyme is responsible for all these cleavages.
Indeed, in vitro translation and proteolytic processing stud-
ies (B, 23) and in vivo inhibition studies with zinc ions (J.
Wellink, unpublished results) suggest that the activity in-
volved in the generation of the 87K and 84K protein pair
{recognizing the glutamine-glycine cleavage site) and the
activity involved in the geperation of the 110K and 60K
protein pair {recognizing the glutamine-methionine cleavage
site) have diffierent identities. In a previous report (10), we
presented evidence that the 32K protein possesses the
proteolytic activity involved in cleavage al the glutamine-
methionine cleavage site in the M-RNA-encoded
polyproteins. It is therefore very tempting to assume that
this protein is alsc responsible for cleavapge at an identical
site in the B-RNA-encoded polyprotein. This remains to be

TABLE 1. Amino acids surrounding the proteolytic cleavage sites in the polyproteins encoded by CPMV B-RNA and M-RNA

Cleavage sites”

Amino acid at position:

in polyproteins

encoded by: -4 -3 -2 -1 1 2 3 4
B-RNA

32K-58K Asn Ala Gin Ser Ser Pro ¥al

S8K-VPg Glu Pro Gin Ser Arg Lys Pro

VPg-24K Asp Ala Gin Met Ser Leu Asp

24K-8TK Gln Ala Gln Gly Ala Glu Glu
M-RNA

S8K-VP37 Phe Pro Giln Met Glu Gin Asn

VPIT-VP3 lle Ala Gln Gly Pro Val Cys

“ See Fig. 1.
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TABLE 2. Molecular weights of the CPMV proteins
Mol wt

Proteins Apparent (from Calculated ifrom mapping
electraphoresis} on RNAs)
B-RNA encoded 200,000 209,667
170,000 173 065
110,000 103,140
87,000 79.970
84,000 93,113
60,000 69,812
58,000 66,292
32,000 36,443
24,000 23,319
4,000 (VPg) 3,538
M-RNA encoded 105,000 116,219
95,000 102,329
58,000 51,847
48,000 37,957
37,000 (VP37) 40,700
23.000 (VP23) 23,708

“ Corrected for removal of the first methionine residue.

verified. Furthermore, since the 24K protein derived from
the amino-terminal part of the 110K protein (Fig. 1) exhibits
sequence homology to protease 3C of picornaviruses (9), it is
the legical candidate for a second protease. Although its
activity still must be determined, we propose that this 24K
protein is involved in cleavages at both ghuitamine-serine and
glutamine-glycine dipeptide sequences.
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A peptide was synthesized that corresponded to a sequence in the cowpea mosaic virus bottom-component
RNA-encoded 200-kilodalton polyprotein showing homology to the picornaviral 3C proteases. By injecting a
rabbit with this peptide, antibodies were obtained that allowed the detection of a novel viral protein derived
from the 200-kilodalton polyprotein. This protein, which had a size of 24 kilodaltons was found in both infected

cowpea leaves and cowpea protoplasts.

Cowpea mosaic virus (CPMV) is a positive-strand RNA
virus with a bipartite genome. Both RNAs are polyadenyl-
ated and have a small protein (VPg} linked to their 3’ ends.
The RNAs are translated into so-called polyproteins, which
are positranslationally cleaved to give the mature functional
proteins (for a recent review, see reference 11). A detailed
processing pathway of the 200-kilodahon (200K) polyprotein
encoded by the bottom-component RNA (B-RNA) has been
established (Fig. 1) by both ip vitro translation studies (5, 10,
17) and in vivo observations (8, 9, 18). Except for the 24K
polypeptide, all proteins included in Fig. 1 have been de-
tected in B-component-inoculated cowpea protoplasis by
radioactive labeling and immunological methods (9, 18, 19).
The 24K protein was included in the model since it could
easily be generaled by further cleavage of the 84K or 110K
proteins (18). After the discovery of sequence homology
between nonstructural proieins from CPMV and
picornaviruses (6), the sequence of the putative 24K protein
was found 1o exhibit homology to the picornaviral 3C
proteases. These proteases have been found in infected host
¢ells as stable products (12, 13, 15, 16). Hence, the CPMV
24K protein could likewise be expected to occur as a stable
protein, the existence of which had always escaped our
attention. Moreover, the homology suggests that this protein
may possess proteolytic activity.

To demonstrate the existence of such a 24K protein in
vivo, we decided to synthesize a peptide corresponding Lo
part of this protein. A region was chosen that was well-
conserved among CPMYV and the picornaviruses and repre-
sented the putative active site of the picornaviral proteases
(1, 6). The peptide (Fig. 2) was synthesized by the solid-
phase method of Barany and Merrifield (2) and after purifi-
cation was characterized by amino acid analysis and high-
performance liquid chromatography (data not shown). It was
injected in free form into a New Zealand whiie rabbit at
14-day intervals (14a). Serum collected 8 days after the fifth
injection showed a high titer against the peptide, as mea-
sured in an enzyme-linked immunosorbent assay (data not
shown) and will be referred to in this paper as anti-24K
serum. In a first experiment, cowpea protoplasts inoculated
with only B components were analyzed for the presence of a
24K protein, since B-RNA-encoded proteins are known to
be overproduced in these cells by the absence of middle-

* Conesm;ding author.
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compeonent RNA (M-RNA) (20). The protoplasts were la-
beled with [**S]methionine from 16 to 40 h after incculation
(18}, and a 30,000 X g supernatant fraction {S30[7]) was
prepared from these cells which was used for immunological
analyses. With the anti-2dK serum, a protein of approxi-
mately 24,000 daltons was precipitated (Fig. 3, lane 4)
together with the B-RNA-encoded 170K, 110K, and 84K
proteins, which are all known to contain the 24X protein
sequence (Fig. 1). The preimmune serum only showed a faint
reaction with the 170K and 110K proteins, probably due to
nonspecific aggregation of these proteins (Fig. 3, lane 1). The
specificity of the immunoreactions was confirmed by adding
excess peptide (100 pg) to the anti-24K serum prior to the
immunoprecipitation. This pretreatment almost completely
inhibited the precipitation of the 170K, 110K, 84K, and 24K
proteins (Fig. 3, [ane 5). To test whether the 24K protein was
produced at the same time as the other viral proteins and
whether it was a stable cleavage product, S30 fractions of
protoplasts inoculated with B component or with complete
virus (M + B) were prepared at different times after inocu-
lation. With these fractions, a protein blot was prepared
which was subsequently incubated with anti-24K serum and
5] protein A as described previously (21). It was found
(Fig. 4) that the 24K protein appeared at the same time after
inoculation as the other viral proteins and that its concen-
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FIG. 1. Mcdel for the protealytic processing of the primary
translation praduct of CPMV B-RNA. The RNA consists of 5,889
nucleotides, excluding the poly(A) tail, and has a molecular weight
of 2.02 x 10°. VPg is indicated by a black box and all other
polypeptides as lines,
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FIG. 3. Detection of the viral 24K protein in CPMV-infected
cowpea protoplasts. The S30 supernatant fractions were prepared
from protoplasts inoculated with B components (B) or complete
virus (B+M) or uninoculated (7). Immuncprecipitations of these
fractions were carried out with preimmune serum (PI) (lane 1),
anti-24K serum (lanes 2 (o 5), anti-VPg serum (lane €), or anti- 170K
serum {lane 7} as described previously {4, 7). The immunoprecipi-
tates were analyzed on a 12.5% polyacrylamide gel. For the immu-
noprecipitation shown in lane 5, 5 pl of anti-24K serum was
pretreated with 100 pg of peptide for 3 h at 4°C in phosphate-
buffered saline-TDS (4). Antiserum against VPg was prepared as
described previously (21). This serum also reacted with both capsid
proteins, which contaminated the ¥Pg preparation used for immu-
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FIG. 4. Time course experiment with cowpea protoplasts inocu-
lated with CPMV components. $30 fractions of cowpea protoplasts
inoculated with complete virus (M + B) or with B components alone
(B) were prepared at different times after inoculation as indicated at
the top. Afier electrophoresis in a polyacrylamide gel, the fractions
were blotted onto nitrocellulose, and the resulting blet was subse-
quently incubated with anti-24K serum and **1-protein A. Sizes are
irdicated in kilodaitons (K).

tration remained low. The stability of the 24K protein was
approximately similar to that of the 84K protein, and it did
not accumulate with time,

To test whether this 24K protein was also detectable in
intact infected cowpea leaves, a protein blot was made
containing cytoplasmic and membrane fractions from in-
fected and noninfected leaves prepared as described in detail
previously {3). Treatment of this blot with anti-24K serum
and 12 protein A revealed that the 24K protein was detect-
ably synthesized in cowpea leaves, being present mainly in
the cytoplasmic fraction (Fig. 5, lane 5). A competition
experiment with ¢xcess peptide again demonstrated the
specificity of the reaction of the 24K, 84K, 110K, and 170K
proteins with the anti-24K serum (data not shown).

Clearly, by using antibodies raised against a synthetic
peptide, we were able to detect a novel viral protein in
CPMV-infected protoplasts and leaves. This protein, which
has a size of 24,000 daltons, has not been detected before
and formed a “‘gap” in our processing model of the 200K
polyprotein (Fig. 1). This protein is of particular interest
since it shows sequence homology to the picornaviral 3C
proteases (1, 6) and therefore probably also represents a
protease. Indeed, in vitro translation ¢xperiments in which
transcripts of modified cDNA clones of B-RNA were used,
indicate that the 24K protein is involved in the cleavage of at
least one glutamine-serine and two glutamine-glycine
proteolytic cleavage sites in the CPMV polyproteins (J.
Verver, R, Goldbach, J. A. Garcia and P. Vos, manuscript in
preparation). It will be of interest to test whether the 24K

nization of rabbits (21). Antiserum against the 170K protein was
prepared as described previously (7) and showed affinity for the
170K, 110K, and 87K proteins. Sizes are indicated in kilodaltons (K).
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FIG. 5. Detection of the 24K protein in CPM V-infected cowpea
leaves. Cytoplasmic (cyt} and membrane (mem) fractions from
cowpea leaves were isolated as described before {3). These frac-
tions, together with 830 fractions from cowpea protoplasts, were
run ¢n a polyacrylamide gel, blotted onto nitrocellulose, and probed
with anti-24K serum (see the legend to Fip. 4). Lanes 2, 3, and 4
contain S30 fractions from uvninoculated, B-, and B+ M-inoculated
protoplasts, respectively. Lanes 5 and § contain cytoplasmic and
membrane fractions from infected leaves; lanes 7 and 8§ contain
similar fractions from vninfected leaves. Lane 1 coatains an S30
fraction of [**S]methionine-labeled CPMV-infected protoplasts.
Sizes are indicated in kilodaltons (K).

protein in its free form has enzymatic activity or whether
only precursor proteins containing its sequence (i.e., the
200K, 170K, 110K, and B4K proteins, see Fig. 1) are
involved in proteolytic cleavage reactions.
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The function of the 24-kilodalton (24K) protein encoded by cowpea mosaic virus (CPMV) has been studied by con-
structing a bacterial expression plasmid that contained a cloned chimeric segment consisting of partial DNA copies
of CPMV M-RNA (including sequences coding for both capsid proteins) and B-RNA (including sequences coding for
the 24K protain). Viral sequences were transcribed from the phage T7 promoter ¢10 of piasmid pT7-6 using T7-RNA
polymerase expressed from plasmid pGP1-2 present in the same cells. Upon inducing the synthesis of T7-RNA poly-
merase several new polypaptides that contained CPMV-specific sequences were expressed, as demonstrated by
immunoprecipitation and immunoblotting. Furtherrmore a proteolytic activity was detected in induced cells which cleaved
the viral protein sequences specifically at two glutamine—glycine sites. One of the cleavage products represented
capsid protein VP23, The proteolytic activity was absent when an 87-bp deletion was introduced in the coding region
for the 24K protein, indicating that this protein represented the protease involved in the proteolytic processing at

those specific sites. @ 1987 Academic Preas, Inc.

INTRODUCTION

Cowpea mosaic virus (CPMV), the type member of
the comoviruses, has a bipartite genome consisting of
two separately encapsidated plus-stranded RNA mol-
ecules which possess a genome-linked protein (VPg)
at their 5'-terminus and are polyadenylated (El Manna
and Bruening, 1873, Daubert et /., 1978; Stanley et
al,, 1978). Both RNAs are translated into large poly-
peptides from which the functional proteins are derived
by proteclytic cleavages (for a recent review, see Gold-
bach and Van Kammen, 1985}, The larger of the two
genomic RNAs, the B-RNA (6889 nucleotides; Loma-
nosscff and Shanks, 1983) is translated into a 200-
kilodaftan (200K) polyprotein which is first cleaved to
give 32K and 170K polypeptides (Pelham, 1979; Gold-
bachet af., 1981). The 170K polypeptide is then further
cleaved following two different pathways to give four
final cleavage products in the order NH,-58K-VPg-24K-
47K-COOH (see Fig. 1 and Rezelman et af., 1980;
Goidbach et &/., 1982; Wellink ef al., 1987). The smaller
of the two RNAs, the M-RNA (3481 nuclectides; Van
Wezenbeek et o/, 1983) is translated in vitro into two
polypeptides of 95K and 105K with overlapping amino
acid sequences (Pelham, 1879; Franssen et a/., 1982).
These polypeptides are proteclytically cleaved at the
same position o give two polypeptides of 58K and 48K,
derived from the amino-terminal parts of the polypro-

' Present address: Centro de Biologia Molecular {CSIC-UAM),
Universidad Autonoma, Canto Blanco, 28042 Madrid, Spain.
2 To whom requests for reprints shoukd be addressed.
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teins, together with a BOK polypeptide which represents
the precursor to both capsid proteins VP37 and VP23
{Fig. 1).

The proteolytic cleavages by which the M- and B-
RNA-encoded polyproteins are processed occur be-
tween three different dipeptide sequences, ie., be-
tween glutamine—-methionine, glutamine—serine, and
glutamine—glycine residues (Fig. 1 and Wellink et al.,
1986). The 32K protein, the amino-terminal cleavage
product fram the 200K polyprotein encoded by the B-
RNA, has been proposed by Franssen et /. (1984b} to
represent the protease involved in the cleavage at the
glutaming-methionine site in the M-RNA-encoded
106K and 96K polyproteins (Fig. 1). Recently, evidence
has been obtained that the 24K protein, also encoded
by the B-RNA, represents a second protease, raspen-
sible for the primary cleavage (at a glutamine—serine
site) in the 200K polyprotein which gives rise to the
32K and 170K proteins (Verver et al., 1887). This con-
clusion is supported by the observation that the 24K
protein shows amino acid sequence homology to the
picomaviral 3C proteins (Franssen er a/, 1984a) in-
volved in the proteolytic processing of the polyproteins
encoded by these viruses.

In this report we describe the expression in Esche-
richia coli of a chimeric cDNA segment consisting of
both CPMV M- and B-RNA-specific sequences, by us-
ing the phage T7 promoter-BNA polymerase binary
system described by Tabor and Richardson (1985).
Following this approach we have been able to show
that the CPMV B-RNA-encoded 24K protein can be

0042-6822/87 $3.00
Copyright © 1987 by Academic Press, Inc.
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FiG. 1. Model of the expression of CPMVY M- and B-RNA. The open reading frames in M- and B-RNA are indicated with open bars. VPg is
indicated by a black box, other proteins by single lines. Cleavage sites are indicated as follows: 4, GIn-Met, A, GIn-Gly, and a, Gin-Ser,

produced in £. cofi as an active protease. The experi-
ments presented show that this protease is responsible
for the proteolytic cleavages at the two glutamine—gly-
cine sites present in the CPMV polyproteins. One of
the cleavage products released by the protease rep-
resents the capsid protein VP23,

MATERIALS AND METHODS

Bacterial strains and plasmids

E. coli strain 1M 109 (Yanish-Perron et &/., 1985) was
used during the censtruction of the expression plas-
mids. E. cofi strain K38 (Russel and Mcdel, 1984) was
used for all expression experiments. Plasmid pT7-6,
related to pT7-1 {Tabor and Richardson, 1986), was a
kind gift of S. Tabor. Plasmid pGP1-2 has been ge-
scribed by Tabor and Richardson (1988}, plasmids
pSPMB401 and pSPMB373 by Vos et al. (manuscript
in preparation), plasmid pINII'"®ompA2 by Ghrayeb et
al. (1984), and pUCB by Vieira and Messing {1982).
The construction of the plasmids pTMBA1 and
pTMBA1d is described under Results. All DNA manip-
ulations were essentially as described by Maniatis et
al. (1982).

Labeling of proteing

E. coli K38 cells, harboring the diffarent expression
plasmids, were grown at 30° in Luria broth containing
50 wg/ml ampicillin and kanamycin 10 Aggo = 0.5. A
sample of 0.2 ml was collected by centrifugation and
the cell pellet was washed once with 1 ml of M8 me-
dium and resuspended in 1 ml of the same medium
supplemented with 20 pg/ml thiamine and 0.01%
amino acid mixture (minus cysteine and methionine).
After a 60-min incubation at 30° the temperature was
shifted to 43° for 15 min (at this temperature the ¢l857

repressor, which controls the expression of the T7 RNA
polymerase, is inactivatedj. Rifampicin (Sigma, St.
Louis) was added to a final concentration of 400 ug/
mi and the incubation was continued for an additional
10 min. The temperature was then lowered to0 30° and
20 min later 10 uCi of [¥*S]methionine (1050 Ci/mmol,
NEN, Boston) was added. After & min of labeling the
cells were collected by centrifugation, resuspended in
120 pi of sample buffer (10 mAf Tris—RCl, pH 8.0, 1
mif EDTA, 10% glycerol, 2% SDS, 5% S-mercapto-
ethanol and 0.001% bromphencl blue}, and boiled for
2 min. Aliquots were either directly analyzed by SDS-
polyacrylamide gel electrophoresis or first subjected to
immunoprecipitation.

Pulse-chase labsling of proteins

For puilse-chase analysis £. cofi cells were treated
as described above, except that cells were pulse ia-
beled with [**S)methionine for anly 1 min, followed by
a chase with excess nonlabeled methionine (1 mg/ml).
Samples were collected at different times, adjusted to
20 mM sodium phosphate, pH 7.0, 1% formaldehyde,
and 1 mg/ml methionine, and placed on ice. The prep-
aration of bacterial extracts suitable for immunological
analysis was as described above.

Accumulation of proteins in E. coli

Cells were grown in enriched medium (2% tryptone,
1% yeast extract, 0.5% NaCl, 0.2% glycerol, 50 mM
potassium phosphate, pH 7.2, 50 pg/ml ampicillin and
kanamycin} at 3C0°. At an Asqg of 0.6, the temperature
was raised to 42° for 25 min. After this periad rifampicin
was added to a final concentration of 100 ug/ml and
the temperature was shifted to 37°. Cells were har-
vested at desired times and prepared for analysis on
SDS-polyacrylamide gels as described ahove.
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Immunological methods

Cell pellets were prepared for immunological analysis
by boiling in 120 ul of sarmple buffer, Aliguots of 30 gl
were diluted to 500 ul in TNETDS (50 mAM Tris—HCI,
pH 7.8, 160 mAf NaCl, 5 mAM EDTA, 1% Triton X-100,
0.5% DOC, 0.1% SDS) and immunaprecipitations were
carried out on these samples as described previously
{Franssen et al., 1984k). Precipitates obtained were
analyzed on SDS-polyacrylamide gels. Western blots
of bacterial extracts, electrophoresed in 12.5% poly-
acrylamide gels, were prepared and subsequently in-
cubated with antiserum and '2%l-protein A as has been
described before (Zabel et &/, 1982).

RESULTS

Construction of plasmids pTMBA1 and pTMBA1d

The construction of the ptasmids pTMBA1 and
pTMBA1d is schematically shown in Fig. 2. A fragment
containing both an M-RNA-specific cDNA sequence
(from nuclectide 1446 10 nuclectide 3498 of M-RNA)
and a B-RNA-specific cDNA seguence {from nucleotide
2820 to nucleotide 3865 of B-RNA} was obtained by
digestion of plasmid pSPMB401 (Fig. 2 and Vos et &,
manuscript in preparation) with 8amHI (partially) and
EcoRl. After the sticky ends were filled in using Klenow
fragment of £. colff DNA poiymerase |, this 3-kb fragment
was inserted in the Smal site of pUCSE, resulting in
pU410. This plasmid was digested with BamH| (par-
tially) and EcoRl and the 3-kb fragment thus released
inserted in pININ' *ompA2 (Ghrayeb er al., 1984), pre-
vicusly linearized with 8amH| and EcoRl. Thus, plasmid
pompA2ZMB349 was obtained, in which the chimeric
virigl cDNA segment, fused 10 the seguence coding
for the signal peptide of the £. colf OmpA protein, was
under the control of Lpp/Lac promoters {Grahyeb et
al, 1884). As synthesis of CPMV-induced polypeptides
could not be detected in £, coli harboring this plasmid
either by labeling with [**SImethionine or Western blot-
ting {results not shown), we decided to make use of
the T7-RNA polymerase/promoter system (Tabor and
Richardson, 1985) which combines high level expres-
gion from the T7 ¢10 promoter with very low back-
ground synthesis of bacterial proteins. Hence, plasmid
pompA2ZMB349 was digested with Xbal, which cleaved
between the Lpp/Lac promoters and the OmpA signal
sequence {Gnrayeb et al., 1984), and with SamHI (par-
tial), and the 3.1-kb fragment containing the chimeric
cDNA sequence was inserted in the palylinker region
of plasmid pT7-6 (S. Tabor, unpublished). The resulting
plasmid was called pTMBA1. Plasmid pTMBA1d was
constructed by exchanging the 740-bp Kpnl-BamHI
fragment {from nucleotide 3138 to 3857 in the B-RNA
sequence} of pTMBA1 by the equivalent Kpnl-BamHI
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Fia. 2. Construction of the expression plasmids pTMBA1 and
rTMBAI1 . For details of the construction see the text. Complemen-
tary DNA sequences derived from viral M- and B-RNA are indicatad
by white bars and cONA sequences derived from B-RNA by hatched
bars. The 24K protein is encoded by the B-RNA from nucleotide
3048 to nucleotide 3672. The SP6 prormeter and the T7 $10 promoter
are indicated with black boxes and the OmpA signal sequence with
a dotted box. Next to plasmid pSPBM373 the Sauv3A fragment, de-
leted in this plasmid, is shown. Only relevant restriction sites are
shown: B = BamH|, € = EcoRl, H = Hindlll, K = Kpnl, § = Sau3A,
and Xb = Xbal.
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FiG. 3. Expression of plasmid pTMBA1 in £. coli. Bacteria harboring
ditferent plasmid combinations were either not induced (lanes 1, 4,
7) or induced in the absence {lanes 2, 5, 8) or presence (lanes 3, 6,
9) of nfampicin and |abeled with [**S]methionine for 5 min. Bacterial
pellets were beiled in sample buffer and the extracts were analyzed
on & 12.5% polyacrylamide gel containing SDS. Lanes 1, 2, and 3
contain extracts of cells harboring enly pGP1-2, lanes 4, 5, and 6
extracts of cells harboring pGP1-2 and pT7-6, and lanes 7, 8, and.9
extracts of cells harboring pGP1-2 and pTMBA1.

fragment from pSPMB373 (Vos et af, manuscript in
preparation) in which an 87-bp Sau3A fragment {from
nucleotide 3240 to 3327 in the B-RNA sequence} was
deleted as has been described in detail elsewhere (Fig.
2, Verver et af.,, 1987).

Expression of CPMV-specific sequances from
piasmid pTMBA1

Plasmid pTMBA1 was introduced into the £. coff
strain K38 harbering plasmic pGP1-2 which contained
the gene for the T7 RNA polymerase under the ¢centro
of the APL promaoter (Tabor and Richardson, 1985). Af-
ter induction of the T7 RNA polymerase by raising the
temperature to 43° and addition of rifampigin, the bac-
terial proteins were labeled with [**S]methionine for 5
min (see Materials and Methods). Bacterial extracts
were prepared, and labeled proteins were subjected
to analysis on a SDS-polyacrytamide gel (Fig. 3). In the
presence of rifampicin, the synthesis of proteing by
heat-induced bacteria containing pGP1-2 or pGP1-2
and pT7-6 decréased dramatically (Fig. 3, lanes 3 and
6). On the other hand, under these conditions several
labeled polypeptides were synthesized in cells con-
taining both pTMBA1 and pGP1-2 {Fig. 3, lane 9). Im-
munoprecipitation of the induced proteins demon-
strated their viral nature. Anti-VP23 serum precipitated
polypeptides of 105K, 90K, and 7CK and a polypeptide
with the same mobility as the mature capsid protein
VP23 (Fig. 4, lanes 3 and 7). Anti-VP37 serum afso

immunoreacted with the 105K, 90K, and 70K proteins
but a pelypeptide with the size of capsid protein VP37
was not detected (Fig. 4, lanes 4 and 8). Antiserum
against the B-RNA-encoded 24K protein precipitated
the 106K and 90K products as well as 35K, 33K, and
20K polypeptides, whereas anti-VPg serum recognized
the 106K, 35K, and 33K proteins {Fig. 4, lanes 5
and 6).

Pulse-chase analysis

The results presented above suggested that, in cells
harboring plasmid pTMBA1, viral polypeptides were
synthesized, which were proteclytically processed to
produce a series of smaller products. To verify this as-
sumption, pulse-~chase experiments were performed.
Heat-induced cultures of bacteria containing the plas-
mids pGP1-2 and pTMBA1 were labeled for 1 min with
[**SImethionine in the presence of rifampicin and then
chased by adding an excess of unlabeled methionine.
Samples removed after different chase pericds were
subjected to immunoprecipitation using several anti-
sera and analyzed on SDS-polyacrylamide geis.

The analyses indicated that'the palypeptides of 105K
and 90K, immunoprecipitable with both anti-vP23 and
anti-24K serum, represented primary translation prod-
ucts from pTMBA1, The amount of these praducts rap-
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Fia. 4. Immunological analysis of polypeptides expressed from
plasmid pTMBA1. Extracts of cells harboring both pGP1-2 and
pTMBA1 were prepared after induction in the presence of rifampicin
and labeling for & min with PAS)methionine. After immunoprecipitating
aliquots with different antisera the pracipitates obtained were analyzed
on a 12.5% pelyacrylamide gel containing SDS (lanes 5 to 8). As s
control, immunoprecipitations were carried out on [**S]methionine-
labeled, CPMV-infected cowpea protoplast fractions using the same
antisera {lanes 1 1o 4). Antisera used are indiczied above each tane.
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Fie. B. Pulse—chase analysis of polypeptides expressed from pTMBA1 or pTMBAI1d. £. coli cells were induced in the presence of rifampicin
and labeled with [**S]methicnine for 1 min followed by a chase with unlabeled methicnine, Extracts from bacteria contsining pTMBA? and
pGP1-2 (lanes 1 10 & and lanes 2 to 13) or pTMBA1d and pGP1-2 {lanes 6 1o 8 and lanes 14 to 16} were subjected to immunoprecipitation
using ant-VP23 serum {lanes 1 to 8} or ant-24K serum {lanes 9 to 16) and the precipitates were analyzed on a 12.5% polyscrylamide gel
containing SDS. The chase times are indicated at the top of the figure. The positions of molecular weight markers in the gels are indicated in
the center of the figure. The origin ¢f the 30K protein that appeared in these experiments as & minor processing product from the polyproteins

expressed from pTMBA1 was not determined.

idly decreased after 15 min of chase, while at the same
time the amounts of 70K protein, reactive with anti-
VP23 serum, and the 35K proatein, reactive with anti-
24K serum, increased (Fig. 5, janes 1-4 and 9-13),
indicating that proteclytic processing occurred in these
ceils. After longer chase periods the amount of free
VP23 increased considerably (Fig. B, lanes 1-4),
whereas some decrease in intensity of the 70K band
after longer chase periods was observed. The 33K,
30K, and 20K preteins, which all immunoprecipitated
with anti-24K serum, appeared after 15 min of chase
(Fig. 5, lanes 9—13).

The disappearance of the 108K and 90K proteins
and the simultaneous appearance of the smaller prod-
ucts unequivocally demonstrate that two primary
translation products (105K and 80K}, which undergo
proteolytic processing, are expressed from pTMBAT1.

Effect of a deletion of 87 nuclectides in the coding
sequence of the 24K protein on
proteolytic processing

Previgus experiments have indicated that the 24K
polypeptide is the protease which cleaves at a gluta-
mine-serine site in the 200K primary translation product
of B-RNA, thus giving rise 1o the 32K and 170K poly-
peptides (Verver et &/, 1887; see also Fig. 1). To test
whether this 24K polypeptide is also responsible for
the proteolytic activity detected in E. coli cells harboring
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plasmid pTMBAT1, we constructed plasmid pTMBA1d
which was similar to pTMBA1 but contained a small
deletion of 87 nucleotides in the coding region for this
protein. Bacteria containing this plasmid and pGP1-2
were subjected 1o pulse-chase analysis as described
above. This resulted in the detection of twe polypep-
tides of 100K and 85K which run slightly fasterin SDS-
polyacrylamide gels than the 105K and 80K proteins,
respectively, produced in cells harboring plasmid
pTMBA1 (Fig. 5, lanes 6-8 and 14-18). These differ-
ences in size are in agreement with the deletion intro-
duced in the open reading frame from pTMBA1d. After
longer chase periods the amounts of both polypeptides
decreased, indicating some degradation (Fig. 5, lanes
8 and 16). However, no distinct smaller products ap-
peared, demonstrating that the specific proteolytic ac-
tivity was eliminated by the small deletion in the 24K
protein coding region.

Accumulation of CPMV-specific polypeptides in
E. cofi ag detected by immunoblotting

To analyze the siability and possible accumulation
of the CPMV-specific poiypeptides detected in £. coff,
bacteria harboring plasmids pGP1-2 and pTMBA1 or
pTMBA1d were grown in enriched medium, heat-in-
duced, and subsequently cultured in the presence of
rifampicin. At different times after heat induction, sam-
ples were collected and subjected to SDS—polyacryl-
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‘Fia. 6. Accumulation of CPMV-specific nolypeptides in £, cofi.
Bacteria were grown in enriched medium, induced in the presence
of rifampicin, and collected at different times after induction, &s in-
dicated at the top of the figure. Extracts from cells containing pTMBAT1
and pGP1-2 {lanhes 1 to 6) or pTMBA1d and pGP1-2 {lanes 7 1c 12)
were separated in a 12.5% polyacrylamide gef containing SDS, blotted
anto nitroceliulose, and probed with anti-vP23 serum and '2|-protein
A. A cytoplasmic fraction of CPMV-infected cowpea leaves was run
as a marker in the same ge! {lane 13}.

amide gel electrophoresis. The separated proteins were
blotted onto nitrecellulose paper and screened with
anti-VP23 serum for the presence of mature capsid
protein VP23. Protein VP23 could be detected 30 min
after heat induction and increasing amounts were found
after longer periods of incubation {Fig. 8). Two and three
hours after heat induction the major CPMV products
were the 70K protein (see Fig. 8) and 3BK and 33K
proteins {as detected with anti-24K serum, data not
shown}. Although these data indicate a reasonable
stability of the various polypeptides derived upen pro-
teolytic processing from the primary translation product
frem pTMBA1, their amounts were too low to be vi-
sualized by Coomassie brilliant blue staining (data not
shown). in extracts of cells containing the plasmid
oTMBAI1d only the 100K and B5K proteins could be
detected, confirming the effect of the daletion in the
24K protein in abolishing the proteolytic activity (Fig.
6, lanes 7-12).

DISCUSSION

Using the binary T7 expression system (Tabor and
Richardson, 1285} we have been able to express in £.
coli cells a chimeric cDNA construct (pTMBAT) con-
taining sequences derived from both CPMV B- and M-
RNA under control of the T7 promoter ¢10. Upon in-

duction of the T7 RNA polymerase, long precursor pro-
teing were produced which-enabled us ta study the
activity and specificity of the 24K protease of CPMV,
residing in the precursor.

After heat induction, bacteria harboring plasmid
pGP1-2 (supplying the T7 RNA potymerase) and plas-
mid pTMBA1 produced a 105K polypeptide that cor-
responded to the full coding capacity of the CPMV-
specific cONA segment in pTMBA1 {Fig. 7; this poly-
peptide should not be confused with the 106K protein
encoded by CPMV M-RNA that is shown in Fig. 1). In
addition a second large polypeptide of 930K was de-
tected which in contrast to the 105K protein did not
react with anti-VPg serum. Since the region coding for
VPgis located at the 5"end of the chimeric cONA insert
of pTMBA1 (see Fig. 7), and since it appeared con-
currently with the 105K protein in pulse-chase exper-
iments, the 90K polypeptide may have originated from
an internal intiation site, possibly at nucleotide 3210 of
the B-RNA sequence, where a Shine- and Dalgarno-
like sequence is found between nuclectides 3201 and
3205 (GGA, see Lomonosscif and Shanks, 1983). This
idea is further supported by the finding that expression
of pTMBA1d resulted in the procuction of a similar
second product (of 80K) which, in view of the presence
of a deletion in the 24K protease coding region in this
plasmid, was very unlikely to be & proteolytic processing
product (see later}. Pulse—chase experiments and im-
munological analysis showed that the primary products
from pTBMA1 were cleaved giving rise 1o a 70K protein,
corresponding to the carboxy-terminal pert of the 90K
and 105K polypeptides (since it precipitated with anti-
VP23 and anti-VP37 serum} and to several small pep-
tides correspending to the aming-terminal portion of
these proteins. The 35K polypeptide which reacted with
both enti-24K and anti-VPg serum probably corre-
sponded 1o the aminc-terminus of the 105K polypep-
tide, while the 20K polypeptide, reactive only to anti-
24K serum, most likely correspended to the amino-
terminal part of the 80K protein (see Fig. 7). Furthermore
a protein comigrating with the capsid protein VP23 and
reactive with anti-VP23 serum was found in hacteria
harboring pTMBA1.

In E. cofi cells harboring plasmid pTMBA1d contain-
ing a small deletion in the 24K protein coding region,
the proteclytic activity was completely abolished and
only high-mclecular-weight polypeptides {of 100K and
85K} could be detected (Fig. &, lanes 6-8 and 14-18).
This finding demonstrates that the 24K protein repre-
sents the protease responsitle for the cleavages in the
viral proteins produced in cells carrying pTMBA1.

The occurrence in bacteria harboring pTMBA1 of the
70K, 35K, 33K, and 20K proteins indicates that the
105K and S0K proteins are proteolytically cleaved at
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Fia. 7. Model for the processing of polypeptides expressed from pTMBA1 in £, cofi The CPMV-specific cDNA fragment in pTMBA] is
represented by a white bar with the relevant viral protein-coding regions and the poesition of the Sau3A fragment deleted in pTMBA 1d indicated.
Polypeptides are indicated by single lines. The dotted line at the N-terminus of the 90K protein illugtrates that this N-terminus is not precisely
known. The presence of the OmpA signal sequence at the N-termini of the 105K and 35K proteins was not analyzed. The 47K protein is
represented as a broken line, since this protein was found in very low amounts. Cleavage sites are indicatec by A, Gln-Ser, A, GIn-Gly, and

&, Gln-Met.

the glutamine—glycine dipeptide cleavage site at the
right border of the 24K protein {see Fig. 7). We have
not been able to determine whether this cleavage oc-
curred intra- or intermolecularly. /i vitro translation ex-
periments with B-RNA seem 1o indicate that the cor-
responding cleavage reaction in the 170K protein (see
Fig. 1) is intramolecular {(Peng and Shin, 1984). In view
of the efficiency of the reaction this could also be the
case in the artificial protein expressed from pTMBAT1.
The fate of the OmpA protein signal peptide in the chi-
meric viral polypeptides has not been analyzed, but the
detection of a 33K protein immunoprecipitable with
both anti-24K and anti-VPg serum suggests that prob-
ably this signal peptide seguence (of 22 amino acids)
was removed from sorne of the 35K polypeptides. This
would also agree with the observation that the 33K
protein is the only protein detectable in the periplasmic
space, the signal sequence being removed during
transport (data not shown).

We have obtained direct evidence of cleavage at the
glutamine—glycine site that is used to separate the
capsid proteins from each other by detecting free VP23
both by immunocprecipitation and Western blotting. The
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resulis do not allow us to conclude whether VP23 is
directly cleaved from the primary translation products
from pTMBA1 or from the 70K intermediate (Fig. 7).
The observation that the 70K protein appeared in
pulse-chase experiments prior to VP23 and the in-
crease of VP23 at chase times in which the amount of
the 70K product remained consiant suggests that the
primary translation, proteing are first cleaved into the
35K and 70K polypeptides and that VP23 is subse-
quently released from the 70K proguct. Thus this
cleavage most likely occurs intermolecularly as is also
the case upon expression of the natural RNAs of CPMV
{Goldbach and Van Kammen, 1985). Immunclogical
detection of the amino-terminal counierparts of this
cleavage reaction proved to be difficult. With anti-VP37
serum only a small amount of a 47K protein was de-
tected (Fig. 4, lane 8) that, passibly because of its hybrid
nature, was highly unstable in E. cof.

In a previous report we have presented evidence that
the 32K protein encoded by B-RNA also represents a
protease that cleaves at a glutamine-methionine pair
in the two M-RNA-sncoded polyproteins thus giving
rise to the 58K and 48K polypeptides together with a




60K precursor to the capsid proteins VP23 and VP37
(Fig. 1, Franssen et al,, 1984b). The chimeric protein
expressed from the cDNA segment present in the
ptasmid pTMBA? containg this glutamine-methionine
dipeptide and, additionally, a similar cleavage site at
the left border of the 24K protein (Fig. 7). Cleavage at
both these sites could not be detected in the experi-
ments described in this paper, which is in agreement
with our previous results.

It has been reported that the 24K protease cleaves
the B-RNA-encoded 200K polyprotein at the glutamine-
serine site by which the 32K and 170K proteins are
released (Verver et al., 1987). Cleavage at the gluta-
mine-serine site bordering the left side of the VPg se-
quence in the CPMVY fusion protein expressed from
pTMBA1 was not observed. This result is in agreement
with the fact that synthesis of free VPg has never been
detected in vivo or Jn vitro. A possible explianation couid
be that the cleavage at this glutamine-serine site
(probably catalyzed by the 24K protease} can only take
place in close association with the linkage of VPg to
the 5’ end of the RNA during RNA replication (iaegle er
al., 1987).

For poliovirus two virus-encoded proteases have also
been described (Hanecak et al., 1982; Toyoda et al.,
19886). Both proteins showed specific proteglytic activ-
ity when they were produced by expression of their
ceding regicons in £, colf {Hanecak et a/., 1984; Toyoda
ef al., 1986). Since protease 3C of poliovirus shows
sequence homology to the 24K protease of CPMV
(Franssen et a/., 1984) and both recognize glutamine—
glycine sites (Hanecak et al., 1982; this paper), these
| two proteases may be functionally closely related.

Thirteen glutamine-glycine and 9 glutamine-serine
sites are present in the CPMV polyproteins, while only
two of each group are recognized by the 24K protease.
The ability of this protein to be functional in a bacterial
system and to be able to recognize genuine cleavage
sites in artificial precursor proteins very different in size
and structure from the natural substrates will permit
the study of the structural requirements around the
cleavage sites by mutagenesis of these protein pre-
cursors,
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SUMMARY

Upon infection of cowpea mesophyll protoplasts with cowpea maosaic virus (CPMV),
the only M RNA-encoded proteins detected so far have been the two capsid proteins
VP37 and VP23, We now report the detection of a M, 60000 (60K} precursor to both
capsid proteins in infected protoplasts cultured in the pressence of zinc ions.
Furthermore a M RMNA-encoded 48K protein was detected in the membrane (raction
of infected cells using antisera raised against synthetic peptides. The resvlts obtained
indicate that, jusl like the bottom component RNA, the M RNA of CPMV is
teanslated i sive into a polyprotein [rom which proteins are derived by proteolytic
cleavage.

INTRODUCTICN

The genome of cowpea mosaic virus (CPMYV) consists of two polyadenylated plus-strand
RINAs which are separately encapsidated. Previous studies on the viral proteins encoded by the
larger bottom (B) component RNA, 5889 nucleotides long excluding the poly(A) tail
(Lomonossoff & Shanks, 1983), have revealed that the expression of this RNA invalves
transiation into a Af, 200000 (200K) polyprotein which upon proteolytic processing gives rise to
six final cleavage products {for a recent review, see Goldbach & Van Kammen, 1985). The
expression of the smaller middle (M) component RNA, 3481 nucleotides long excluding the
poly(A)tail (Van Wezenbeek et af., 1983), is less well understood. Although a translation model
for this RNA has been proposed, this model {Fig. 1) is almost entirely based on transiation
studies in vitro.

In both the wheat germ system and rabbit reticulocyte lysates, M RNA is transiated into two
overlapping proteins of 105K and 95K (Pelham, 1979, Franssen et al., 1982), the 105K protein
being initiated at an AUG codon at position 161 and the 95K protein at an AUG codon at
position 512 andfor 524 (Vos et al., 1984; Van Wezenbeek er al., 1983). Both pritnary translation
products are processed by a B RNA-encoded protease to give 58K and 48K proteins
respectively, together with a 60K precursor to both capsid proteins VP37 and VP23 (Fig. 1,
Pelham, 1979; Franssen et af., 1982, [984). All attempts to achieve cleavage of the 60K
precursor into mature capsid proteins have so far failed. Since the mature capsid proteins are the
only M RNA-enceded proteins detected in infected cells {Goldbach er al., 1980) it is not knewn
whether the translation model presented in Fig. 1 1s also valid in vive. [n this paper we report the
occurrence of a 60K capsid precursor protein and an M RNA-encoded 48K protein in CPMV-
infected cells. These results definitely show that the M RNA is also expressed in vive by
polyprotein processing. ’

METHODS

Virus and plants. CPMY (Sb isolale) was propagated in cowpea plants (Vigne unguicvigta L. ‘California
Blackeye’} as described by Klootwijk et af. (1977) and Van Xammen (1967}, and B and M components were
purified as described by Rezelman ¢1 of. (1980).

t Present address: Plant Breeding Institule, Maris Lane, Trumpington, Cambridge CB2 2L.Q, U.K.
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Inocalation of protoplasts arul labelling of proteins. desophyll proloplasis were prepared from 10-day-old primary
cowpea leaves and inoculaied and incubated as described by Rezelman &1 of. (1980). When labelled proicins were
required, protoplasts were supplied with [*3S|methionine (1000 Cifmmol : New England Nuclear) as described by
Franssen ¢! al. (1984). Prowoplasts were collecied by ceatnifugalion and frozen. Frozen pelleis, corresponding 1o
portions of 10¢ protopiasts, were resuspended in 100 pl of HB bufler {50 mu-Tris—acetate pH §-2, |0 mM-potassivm
acetate, | mM-EDTA, 5 mu-dithioerythritol, | my-phenylmethylsulphonyi fluaride, 109 sucrose) and centrifuged
at4 °C for 30 min at 30000 ¢ yiclding 2 supernatant (S30) fraction and a pellet fraction. In some cases the medium
in which the protoplasts had been incubated was also analysed.

Fractionation of cowpea leaves. CPMV-infected and non-infected cowpea leaves were (ractionated into nuclear,
membrane and cytoplasmic fractions, as described by Zabel of af. {1982).

FPreparation of antiserum against synthetic peptides. Two pepiides (of nine and 30 amino acids) were synthesized
by the solid-phase method (Barany & Merrifizld, 1980). The peptides were characierized by amino acid analyses
and high performance liquid chromatography. The shorier peplide, peptide S, was coupled 10 keyhole Limpet
haemocyanin using gluraraldehyde (Baron: & Baltimase, 1982), and the longer peptide, peplide L, was not coupied
to a carrier protein. To oblain monospecific antibodies the coupled peptide S and free pepuide L. were injecied into
New Zealand white rabbirs at 14 day intecvals (Mulber 21 al., 1986). Secum was collecied 8 to 10 days after the third,
fourth and filth injections.

Transtation in vitro. CPMV 3 RN A was translaled in rabbil reticulocyte lysates {a generous gift from r R T
Jackson} at 30°C for | h as described by Pelham {1979). The 105K and 95K translation products were
proteolytically processed into 58K, 48K and 66K proleins by the addition of 1 vol. of an §30 fraction from B RNA-
inoculated protoplasis as described by Franssen er al. (1982).

Immunoiogical methods. For immunoprecipitalion, samples were either directly adjusied 1o 1 x RIA bufier (50
mut-Tris-HCl pH 7-5, 150 mu-NaCl, 5 mm-EDTA, 15 Triton X-100, 0-55%; sodium deoxycholaie, 0-1%;, SDS), or
first brought 1o 2%; SDS, 5% 2-mercapioethanol, boiked fof ! min, diluted a1 least 10-fold and then adjusied to
I X RIA bufier. [mmunoprecipitation was as described by Franssen et af. {1982). For protein blol analysis,
fractions from cowpea protoplasts or leaves were separated in 12-5% SDS-polyacrylamide gels, blotied onio
nitrocelulose filiers and probed with aniisera (1500-fold dilution in RIA buffer) and '251-labelied Protein A as
described by Zabel er af. (1982).

RESULTS
Detection of @ M, 60K precursor io the capsid proteins

According to the translation model for M RNA in vitro (Fig. 1) the two capsid proteins VP37
and VP23 are generated from a 60K precursor protein. To verify the existence of such a
precussor in wive, immunoprecipitations using anti-V P23 serum were carried out in extracts from
CPMV-infecired [**Slmethionine-labelled cowpea protoplasts. However, only mature VP23
was detected in such extracts (Fig. 2, lane 3). In an altempt 10 accumulate possible precursor
proteins by blocking or slowing down the proteolytic processing, CPM V-infecled protoplasts
were labelled in the presence of ZnCl,, since zinc ions are known to inhibit i sitro the
processing of both the M RN A-encoded polyproteins (Pelham, 1979; Franssen ez al., 1982) and
the B RNA-encoded | 70K protein (Peng & Shik, 1984). Sixteen b afier inoculation, a solution of
ZnCl, was added i0 infected protoplasis to a final concenration of 2 mM-Zn?~ and | h later
[*3S}methionine (15 wCi/ml) was added. After a further 7 h (i.e. 24 h after inoculation) the
protoplasts were collected by centrifugation and extracts were prepared for immunological
analysis. In protoplasts incubated in the presence of ZnCl,, but not in untreated ones, a 60K
protein was precipitated with anti-VP23 serum (Fig. 2, lanes 4 and 5). This protein comigrated
with the 60K capsid precursor protein generaled in vitro by processing of the translation
products from M RNA in vitro with viral protease (Fig. 1) (Franssen er al., 1982). The 60K
protein was also precipitated with anti-VP37 serum (data not shown) and was only delectable in
protoplasts inoculated with B and M components and not in protoplasts inoculated with B
component alone (Fig. 2, lanes 7 and 9). These data are consistenl with the idea that the 60K
protein detected in vivo contains the sequences of both M RNA-encoded capsid proteins and
represents a precursor to Lhese praducts,

Detection of an M RNA-encoded 48K protein in infected protoplasis

To enable the deteciion of M RNA-encoded 48K andfor 58K proteins in infected cells,
antisera were prepared against lwo peptides corresponding to the theoretical carboxy-terminal
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Fig. | Fig. 2

Fig. 1. Modei for the sxpression of CPMV M RNA. The long open reading frame of M RNA is
indicated with an open bar an which the positions of the initiation codons nsed for translation are
shown. The proteins are represented by sinple iines and the cleavags sites indicated by O, glutamine-
methionine and V/, glutamine-glycine.

Fig. 2. Detection of the 60K prscursor to both capsid proteins in CPMV-infected protoplasts.
Protoplasts inoculated with whole virus {lanes 2 10 3, ? and 8} or B component alone {Janes 9 and 10)or
mock-inoculated (lane 6) were labelied with {325)methioning in Lhe presence {lanes 4, 5, 7 and 9) or
absence (lanes 2, 3, 6, 8 and 10) of 2 mm-ZnCl,. Immunoprecipitations were performed using 5 pl anti-
VPg serum (lane 2, this serum also reacted with both capsid proteins, see Zabel er al., 1982} or 5 pl anti-
¥P23 serum (lanes 4 10 10}, The precipitates were analysed in a 12-3%, polyacrylamide gel and the
protewns visualized by fluorography. Lane 1 shows the products of translation in vipe of CPMV M
RNA. The immuncprecipitaiion with anti-VPg seram was performed 10 show (he difference between
the B RNA-encoded 60K protein ((B)6OK, ¥Pe precursor] and the M RNA-encoded 60K capsid
protein precursor,

amino acid sequence of these proleins, as deduced from the M RNA nucleotide sequence (Van
Wezenbeek ef al., 1983). The primary structure of Lhe peptides S and L is schematically shown in
Fig. 3. The reactivity of the antisera obtained afler the fourth injection was 1ested by
immunoprecipitation of the products of M RNA translation in vitro. Both antisera appeared to
be able to recognize the 58K and 48K proieins as well as Lthe 105K and 95K primary transtation
products (Fig. 4, lanes 1 and 2), The binding to the latter products was less pronounced probably
because the antibodies bind 1o an inlernal region of these proteins. Preimmune sera did not react
with any of the translation products of M RNA (data not shown). After verification of their
reactivity and specificity, 1he 1wo antisera were used 1o investigate the possible occurrence of M
RNA-encoded 48K and 58K proteins in infected cells.

At first, antibedies against pepiide S were used to detect these proteins. Two identical protein
blots were prepared containing both cytoplasmic (S3G) and petlet fractions {from protoplasts
inoculated wilh whole virus or with B component alone and from uninoculated protoplasis. The
antiserum appeared to react with various proieins, mainly present in the cytoplasmic fraclien
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1 12 4591460 833&834 1046 . Amino acid
L H h 4 } position
[T S . 4BK yPar [—_vPas ]

20" e

REGASAAPKQYDEILGRVL.DPANGNVAFPQ

48K Peptide L (30 residues}

NGNVAFPQ {A)
-

48K Peptide S {9 residues)
Fig. 3. Structure of the synthetic peptides and their position in the M RNA-enceded proteins. The
primary structure of the peptides is shown using the singlc letter code for amina acids. Prolines, thought
la make a large contribution to the struclure of the peptides, are underlined. The alanine at the carboxy
terminus of peptide S is in parentheses since it is not present at the putative carboxy-termini of the 48K
and 53K prateins. %7, giutamine-giycine; W, glutamine-methiotine.

{Fig. 5, lanes 10 to 15). The reaction with a number of these proteins was non-specific as these
proteins also reacted with antiserum pretreated with excess (100 pg) peptide S (Fig. 3, lanes 2 to
7). Further inspectton of these blots revealed a protein reacting specifically with anti-peptides §
serum and comigrating wilk the 48K product produced in virre by M RNA {compare lanes 7, 15
and 16 in Fig. 5). This 48K protein was only found in the pellet fraction of protoplasts inoculated
with whole virus and was missing in a similar fraction from protoplasts inoculated with the B
component alone (Fig. 5, lane 14). Furthermore a 90K protein, present in low amounts in the
same fraction as the 48K protein, reacted specifically with the antiserum. Surprisingly, three B
RNA-encoded proteins (170K, 110K and 27K) present in the cytoplasmic fraction also
appeared 1o reacl specifically with the anti-peptides 8 serum (Fig. 3, fanes 3 and |1} although
there is no amino acid homology between these proteins and the peptide used to prepare the
antiserurm.

The association of the 48K protein with the pellet fraction was rather strong as it was not
possible 1o solubilize this protein by treatment of the peéilet fraction with 1 %, Triton X-100 (data
not shown). Since one of the plant proteins that reacted non-specifically with the anti-peptide S
serum had a size of approximately 60K (see Fig. 5) it was not possible to determine whether an
M RNA-encoded 58K protein as predicted by the model of transtation in vitro (Fig. 1) was
present in CPMV-infected protoplasts as well. However, with the antiserum raised against
peptide L, which did not show the non-specific reaction with a 60K plant protein, only a 48K
protein could be detected in the pellet fraction of CMP V-infected protoplasts (see Fig. 6). Again
a 90K protein also reacted with this antiserum (Fig. 6, lane 1). The anti-peptide L serum did not
react with the B RNA-encoded proteins {data not shown).

Detection of the 43K protein in the membrane fraction of CPMV-infected cowpea leaves

Infected cowpea leaves were also tested for the presence of 48K and 58K proteins, CMPV-
infecied and uninfected leaves were fractionated into cytoplasmic and membrane fractions
(Zabel et al., 1982} which were incubated with anti-peptide L serum. The immunoprecipilates
were separated in a 12-5%; SDS-polyacrylamide gel and subsequently blotied onto nitracellulose
filters. When the blot was treated with dnti-peptide L serum and !23[-labelled Protein A (Fig. 7)
a 48K protein was detected in the membrane [raction of tnfected leaves in agreement with the
results obtained with protoplasts, but the 58K protein was again not found {(Fig. 7, lanes 4 and 5).
Proteins of about 90K and 130K, present in the same [ractions as Lhe 48K protein, also appeared
Lo react with this antiserum. Neither the 48K nor the 58K protein couid be detected in low-speed
peliet fractions {nuclear fraction) or cell wall lractions prepared as desccibed by Godelroy-
Colburn ¢t af. (1986) of inlecled leaves (data not shown).
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Possible excretion of the 48K protein from cowpea protoplusts

It has been suggested that the 48K protcin may have a [unction in the cell-to-cell transport of
virus (or virat RNA) in cowpea leaves (Rezelman ef al., 1982). Therefore we examined whether
this protein was excreled by infected protoptasts. Considerable amounts of the 48K protein
could indeed be precipitaled by anti-peptide L serum from the culture medium (Fig. &, lane 3).
Some larger products ol about 90K and 130K were also detected in this medium. To test {or
proteins in the medium originating from damaged protoplasts, the culture medium was tested
for the presence of other viral proteins. No proteins were detecied using the anti-24K serum
which specifically reacts with B RNA-encoded 170K, 110K, 84K and 24K proteins (Wellink er
al., 1987) (Fig. &, lanes 4 and 5). It is possible thal the 48K protein was much more stabie in
medium than other viral proteins, but it appears more plausible that the 48K protein was
specifically excreted by the protoplasts into the mediom.

DISCUSSION

Of the two RNAs thai make up the genome of CPMYV, the expression of B RNA has been
extensively studied in vivo as well as in vitro (Goldbach & Van Kammen, 1985). Analyses of the
translation in vive of M RNA have been hampered because the only M RNA-specified products
found in vive were the two mature capsid proteins VP37 and VP23. As a result the expression of
M RNA has almost exclusively been studied'in translation systems in virro. The in vitro data (Fig.
1) have now gained substantial support by the detection in infected cells of a CPMV M RNA-
encoded 48K protein and a 60K precursor to both capsid proteins similar to the proleins
produced in sitro by proteolytic processing of the M RNA-encoded 95K primary translation
product.

The 60K precursor was only detectable in CPMV-infected cowpea protoplasts when they
were incubated in the presence of 2 mu-ZnCl,. It is possibie that normally the 60K capsid
precursor is rapidly cleaved in vivo into the mature capsid proteins VP23 and VP37, while in the
presence of Zn?* ions the protease (or alternalively the production of the protease) responsible
for this cleavage is inhibited, thus causing {he accumulation of the unstable precursor. Zn?* ions
are indeed known o inlerfere with the processing of the CPMY polyproteins by inhibiting the
cleavage of the B RNA-encoded 170K precursor into 110K and 60K proteins (Peng & Shih,
1984; }. Wellink, unpublished resulis) as well as the cleavage of the M RNA-encoded
polyproteins in vitro (Petlham, 1979, Franssen ef al., 1982).

Two initiation sites are used during the translation of M RNA in vitro resulting in primary
translation products of 105K and 95K (Pelham, 1979; Franssen er af., 1982, Vos er of., 1984).
These proteins are cleaved by a B RNA-encoded protease into 58K and 48K proteins together
with the 60K capsid precursor protein discussed above (see Fig. t; Pelnam, 1979; Franssen e/
al., 1982, 1984). By employing antibodies raised against synthetic peptides the 48K but not the
38K protein has now been delected in infected cowpea leaves and protoplasts. Since the 58K
and 48K proiein have identical carboxy termini it is not very likely that only the carboxy
terminus of the 58K protein is processed (this would make it impossible for our antisera to react
with this protein). Therefore such hypothetical modification does not provide the reason for our
failure to detect this protein in infected cells. This raises the question whether the AUG codon at
position 161 at the beginning of the long open reading frame of M RNA is actually used for
translation i vive. When M RNA is translated in vitro, the 95K protein is always produced in
greater quantities than the 105K protein, thus indicating that, in vitro, there is a preference for
the iniernal initiation codons (at positions 512 andfor 524) over the 5 proximal AUG a1 position
161. Both internat initiation codons indeed conform better to the Kozak rule (Kozak, 1984; Yan
Wezenbeek et al., 1983). 1t is therefore possible that in pive the AUG codon at position 161 is
rarety or never used. Alternatively the 105K and 95K proteins may be produced in more or less
the same proporlion as in witre, bul upon processing the 58K protein is rapidly degraded,
whereas the 48K protein is accumulaied. This idea is supported by the amino-terminal rule
described by Bachmair ef of. (1986}, il one assumes that the amino-terminal methionine, coded
for by the iniliation codon, is removed from the 58K and 48K proteins [as is the case with the
amino-terminal methionine of the CPMV B RNA-encoded 200K polyprotein (Wellink e¢ al.,
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1986)]. This would result in a 538K protein with an amino-terminal phenylalanine (predicted to
be unstable ; Bachmair ef al., 1986) and a 48K protein with an amino-terminal serine (predicted
to be stable. Bachmair er o/., 1986) when the AUG codon at position 524 is used as the initiation
coden. Since all comoviruses tested so [ar produce two polyproteins upon translation in vitre of
their M RNAs (Goldbach & Krijt, [982), it is possibie that they all foliow this strategy. This idea
is Merther supported by the sequence of the M RNA of red clover mottle virus (RCMY), another
comovirus (Shanks ef af., 1986). A considerable amount of amine acid homology was detected
between the proteins encoded by the M RNAs of CPMY and RCMYV, except for the region
coding for' the amine terminus of the CPMV (05K protein. In [act, the homology with the
RCMYV proteins starts just behind the AUG codon of the 95K protein (Shanks et al., 1986). Also
for RCMY, the amino-terminal rule predicts an unstable 58K protein and a stable 48K protein.
But why do comoviruses use two initiation sites on their M RNA resulting in a stable and an
unstable protein with partially overlapping sequences? It may be possible that by the use of
several initiation sites, the M RNA of these viruses is transtated more efficiently, thus producing
the large amounts of capsid proteins needed to encapsidate the viral RNA.

A 95K primary lranslation product has not been detected in cowpea teaves or in protoplasts,
either with antisera against the capsid proteins or with antisera against the synthetic peptides,
presumably because it is rapidly cleaved into the 48K protein and the 60K capsid precursor. In
fractions that contained the 48K protein, proteins of 90K and 130K were also found 1o react
specifically with the anti-peptide L serem. Although their origin is unknown, their sizes suggest
that they are dimers and trimers of the 48K protein.

The 48K protein was detected by antisera directed against both peptide S and peptide L. Both
antisera reacled non-specifically with several plant-encoded proteins. The anti-peplide $ serum
also reacted specifically with three CPMV B RNA-encoded proteins, but at the moment we
cannot explain this reaction.

The 48K protein was found to be present in the membrane [raction of both infected leaves and
protoplasts. The association wilh membranes was strong since treatment of the membranes with
19, Triton X-100 did not solubilize the protein. Additionally the 48K protein and its
presumplive multimers were detected in medium in which infected protoplasts had been
cultured, whereas no other non-structural proteins could be detected in this medium. The
presence of free 48K prolein seems not Lo be due simply to leakage of damaged protoplasts, but
may be the result of specific excretion. 1t has been suggested that the 48K protein is involved in
transport ol virus pacticles or RNA throughout leaves (Rezelman er al., 1982). The presence of
this protein in membranes ol infected cells as well as in culture medium is consistent with this
idea. Furthermore the 48K protein shows limited homology te the 30K protein of tobacco
mosai¢ virus {Meyer er of,, 1986) which is thought to be involved in celi-to-cell transport
{Leonard & Zaitlin, 1982; Chno et al., 1983; Zimmern & Hunter, 1983).

We thank Job Tielens for photography and artwork, and Geé Heitkdnig for typing the manvscripl. This work
was supported by the Netherlands Foundation for Chemical Research (5.0.N.) with financial aid from the
Netherlands Organization for the advancement of Pure Research (Z. W.0.). M.). was the recipient of a fellowship
from the Commission of the European Communities in the molecular biclogy and radiobiology program.
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SUMMARY

Infection of cowpea (Vigna ungniculata) cells with cowpea mosaic virus (CPMV)
is accompanied by the appearance of characteristic cytophatic structures. A major
constituent of these cytophatic structures represented by the electron-dense
material, was shown to contain wviral non-structural proteins by an immunocytochemical
technique using colloidal gold labelled protein A as a marker. With this same technique

virus particles were found to accumulate mainly in the cytoplasm.

The genome of cowpea mosaic virus (CPMV) consists of two positive strand RNAs which are
separately encapsidated in identical protein shells. Both RNAs (denoted B and M RNA) have
a small protein (VPg) linked at their 5' end, are polvadenylated and possess a single long
open reading frame (for a recent review see Goldbach and van Kammen, 1985). Figure 1
schematically shows how the large polyproteins encoded by these RNAs are processed into
functional polypeptides. Infection with CPMV is accompanied by the appearance of
characteristic cytopathic structures (Assink et al., 1973; De Zoeten et al., 1974). These
structures consist of amorphous electron-dense material and numerous membranous vesicles,
Autoradiography performed on sections of jisolated cytophatic structures treated with [31{]
uridine provided evidence that the replication of the CPMV RNAs was associated with these

vesicles {De Zoeten et al., 1974), but the nature of the electrondense material has remained

unknown.
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Fig. 1. Model for the expression of the CPMV RNAs. The open reading frames in both RNAs are

indicated by white bars. Proteins are represented as single lines and VPg as a black square. The
positions of the translational start and stop codons are indicated.
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In CPMV infected cells large amounts of virus particles are produced {(up to 1 mg per g
leaves). Besides, most of the non-structural proteins are also easily detectable in infected
protoplasts by labelling with [355] methionine (Rezelman et al., 1980). In an effort to
localize sites within the infected cell where these structural and non-structural viral
proteins accumulate we used an immunocytochemical technique based on colloidal gold
labelled protein A.

Preparation of protein A-gold complexes with gold particle diameter of 7 nm and
immunogold labelling were as described by Van Lent and Verduin (1988). The antisera used
for the experiments described in this paper have been characterized for their reactivity
with CPMV specific proteins presented on protein blots. The anti-24K serum recognized the
24K protein and all proteins containing the 24K sequence namely 170K, 110K and 84K
proteins (fig. 1; Wellink et al., 1987). Anti-170K serum recognized the 170K, 110K and 87K
proteins (Dorssers et al, 1984). Anti-VPg serum, obtained after injection of a rabbit with
synthetic VPg (Jaegle et al., 1987), reacted with 170K, 84K and 60K proteins on a protein
blot (J. Wellink, unpublished results). The anti-CFMV serum was obtained by injecting a
rabbit with purified CPMV components. Gamma globulins {IgG) were purified from the antisera
by affinity-chromatography on columns of sepharose CL-4B-protein A.

Cowpea mesophyll protoplasts were isolated, inoculated with CPMV components or RNA and
cultured under continuous light as described by Rezelman et al. (1980) and Maule et al.
(1980). At different times after inoculation (t = 0, 12, 24 and 48 h) samples of these cells
were fixed, dehydrated and embedded at low teperature in lowicryl K4M as described by Van
Lent and Verduin {1986).

The sections of embedded protoplasts showed that cell organization and organelles were
preserved, however, preservation of membranes was poor due to extraction during the
embedding procedure. Infection of protoplasts was first recognized at t = 12 h after
inoculation by the presence of electron-dense material in the -cytoplasm. No vesicles were
found at this time. At t = 24 and 48 h cytopathic structures had developed consisting of
electron-dense material and an increasing number of vesicles. Similar results were reported
by Rezelman et al. (1982).

In sections of protoplasts, isclated at t = 12, 24 and 48 h after inoculation and treated
with anti-24K IgG and protein A-pgold, gold label was exclusively located on the electron-
dense material of the cytopathic complex (see Fig. 2). Similar results were obtained with
anti-vVPg serum (data not shown) and anti-170K serum {(Fig. 3). No gold label could be
detected in or near the vesicles of the cytopathic complex, the cytoplasm and cell
organelles when antisera against the non-structural proteins were used (Fig. 2,3). However,

with anti-CPMV IgG and protein A-pold, label was found throughout the cytoplasm of
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Fig. 2. Section of cowpea mesophyll protoplasts, isolated 48 h after inoculation with CPMV RNA, and
incubated with anti-24K IgG and protein A-gold. Gold label {(black dots) is mainly present over the
electron-dense material.(ED); €, chloroplast; V, vacuole. Bar marker represents 200 nm.
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Fig. 3. Section of cowpeaz mesophyll protoplast, isolated 48 h after inoculation with CPMV, and
incubated with anti-170K IgG and protein A-gold. Goid label is mainly present over the electron—
dense material (ED) but not over and between the vesicles (Vs). €, chloraoplast: V, vacuole. Bar
marker represents 400 nm.
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Fig. 4. Section of cowpea mesophyll protoplast, isclated 48 h after inoculation with CPMV RNA, and
incubated with anti-CPMV IgG and protein A-gold. Gold label is present over the cytoplasm and
between the vesicles (Vs) but is almost absent over the electron-dense material (ED); N, nucleus.
Bar marker represents 200 nm.
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protoplasts isclated 48 h after inoculation {Fig. 4). Similar occurrence of virus particles
was reported for another comovirus, red clover mottle virus, in pea leaf cells (Tomenius et
al., 1983).

The results obtained with the antisera against the 24K and 170K proteins and VPg show
that the electron-dense material from the CPMV-induced cytopathic structure contains CPMV
B RNA-encoded non-structural proteins, So far we have not been able to determine whether
all B RNA-encoded proteins are present in this structure, since the three antisera used
for these experiments each react with a set of overlapping proteins (Fig. 1). The vesicles
that are also present in the cytopathic structure have beén implicated in viral RNA
replication (De Zoeten et al., 1974), but It remains to be established whether the electron
dense material also fulfils a function in this process. It has been proposed that the viral
proteins active in the replication of the CPMV RNAs are only able to synthesize one RNA
strand (Van Kammen and Eggen, 1988). It is therefore possible that these used up proteins

accumulate in the electron-dense material.

The authors thank Gré Heitkinig for typing of the manuscript. This work was financially
supported by a grant from the Netherlands Organisation for Biological Research (BION} to
J.w.L.
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In our study on the proteolytic processing of the 200K polyprotein encoded by
CPMV B-RNA we first examined the +types of cleavage sites present in this
polyprotein. Previously Zabel et al. {1984) had shown that VPg is released from
its 60K precursor by cleavage between a glutamine-serine dipeptide seguence, and
the question was whether all cleavages in the 200K polyprotein occurred at
glutamine-serine sites or not. The determination of partial amino acid sequences
of isolated B-RNA-encoded proteins and alignment of these sequences with the
open reading frame in B-RNA revealed that three types of cleavage sites are used
ta process the 200K polyprotein namely glutamine-serine (2x), glutamine-glycine
and glutamine-methionine amino acid pairs {Chapter 3). A glutamine-methionine
and glutamine-glycine site are also present in the M-RNA-encoded polyprotein, as
revealed by partial amino acid sequencirig of the capsid proteins (Franssen et
al., 1986). A common feature of the seguences surrounding the different cleavage
sites 1s that they have alanine at position -4 and alanine or praoline at posi-
tion -2, but beyond that there is no obvious homology among the cleavage sites.
Since there occur several glutamine-glycine, glutamine-serine and glutamine-
methionine dipeptide sequences in the polyproteins which are not cleaved, pro-
bably the secondary and tertiary structure of the polypeptide chains are also
important factors in determining the cleavage sites involved in the processing.

The processing model of the 200K polyprotein, based on analysis of B-RNA-encoded
proteins found in wvivo and in wvitro translation studies, postulated the for-
mation of a 24K protein as a final cleavage product (Rezeiman et al., 1980;
Franssen et al, 1984a). Te demonstrate the actual presence of such protein in
infected cells we have used antibodies raijsed against a synthetic peptide with
an amino acid sequence corresponding to part of this hypothetical protein. The
antibodies indeed reacted with a 24K protein in CPMV infected protoplasts and
also with the 84K, 110K and 170K precursors which contain the sequence of the
24K protein (Chapter 4). In view of the results of processing of the in vitro
translation products of B-RNA and its homology to the picornavirus encoded pro-
teases it was previously suggested that the 24K protein possesses proteolytic
activity. The protease activity of the 24K protein, was examined by expressing a
hybrid cDNA construct, containing the 24K coding region linked to the coding
region of both capsid proteins, in E. coli wusing the T7 promoter/polymerase
gystem of Tabor and Richardson (1985) (Chapter 5). This resulted in the produc-
tion of several virus-specific proteins which were characterized wusing specific

antibodies. Pulse-chase experiments showed that two primary products were pro-
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duced (the smaller one was probably the result of internal initiation of
translation) which underwent faithful cleavage at two glutamine-glycine sites.
One of the cleavage products represented the small capsid protein VP23, When a
construct was used in which the 24K coding sequence contained a small deletion
only two large proteins could be detected. These results unequivocally indicate
that the 24K protein catalyzes the cleavages at the glutamine-glycine sites in
the CPMV polyproteins (Chapter 5).

Recent experiments described by Verver et al. (1987} have shown that the 24K
protein {or proteins containing the 24K sequence) is also able to cleave one of
the glutamine-serine sites in the 200K polyprotein. Furthermore, Franssen et al
{1984b) had obtained evidence that the B-RNA-encoded 32K protein was involved in
the cleavage at the glutamine-methionine site in the M-RNA-encoded polyprotein.
Therefore it was proposed that the 24K protein 1s probably catalyzing the
cleavages at all glutamine-serine and glutamine-glycine sites, while on the
other hand the 32K protein would be involved in the cleavage of both glutamine-
methionine sites in the CPMV polyproteins. Indeed, serine and glycine are simi-
lar amino acids with respect to their side groups {smali pelar} whereas
methionine is very different (large non-polar side group), further supporting
the idea that two different proteases would be necessary toe cleave all cleavage
sites. However, recently Vos et al. {1987a) have definitely shown that the 24K
protein is able to catalyze all cleavages in the CPMV polyprpteins but that for
the cleavage of the glutamine-methionine site in the M-polyprotein the 32K pro-
tein is essential as a cofactor (see Vos et al, 1987a).

Another question we have addressed in our study on the expression of the CPMV
RNAs is the expression of M-RNA in wvivo. In vitro, M-RNA is translated into two
carboxy-terminal overlapping polyproteins (105K and 95K) the smaller one as a
result of initiation at an internal AUG codon (Vos et al, 1984). These proteins
are cleaved by a B-RNA-encoded activity into 58K and 48K proteins and a 60K cap-
sid protein precursor (Franssen et al., 1982). At the other hand in
CPMV-infected cells the +two capsid proteins VP23 and VP37 are the only
M-RNA-encoded proteins readily detectable. To elucidate the expression mechanism
of M-RNA in vivo we have searched for the 60K capsid precursor and for the 58K
and 48K proteinse in CPMV-infected cells. Using antibodies against the capsid
proteing  and ZnCl, the 60K capsid precursor protein was detected in
CPMV-inoculated protoplasts incubated in the presence of InCly (Chapter 86). Zntt
ions are known to inhibit the proteolytic processing of several viral polypro-
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teins and probably this hes caused the 60K protein to accumulate 1in these
cells.

Using antibodies against synthetic peptides, corresponding to the common
carboxy-terminus of the 48K and 58K proteins, a 48K protein was detected in the
membrape fractions of infected cells. A viral 58K protein could not be detected
{Chapter 6). The presence of the 48K and 60K proteins in infected cells links
the in vitro translation results with the in vivo situation and shows that also
in vive CPMV M-RNA is expressed via proteclytic processing of a polyprotein. 4s
sofar direct evidence for the occurrence of a M-RNA-encoded 58K polypeptide in
vivo is Ilacking it remains unknown whether in vivo M-RNA, besides being
translated into a 95K polypeptide starting at the Initiation codon at position
524, is also expressed by translation, starting at the AUG codon at position
161, into a 105K polypeptide. In witro the 105K protein is usuvally produced in
considerable smaller amounts than the 95K protein and it seems plausible that
this also occurs jin vivo and perhaps the amount of 58K protein iz very low and
remains below the present level of detection. Another possibility 1s that the
58K protein is unstable and rapidly degraded in infected cells. It is a striking
fact that the M-RNAz of all comoviruses studied sofar produce two polyproteins
upon in vitro translation {Goldbach and Krijt, 1982), supporting the idea that
the presence of two AUG initiation codons in the same reading frame has some
functional significance. In our opinion it seems therefore likely that in yvivo
some 58K protein will be produced.

Previously it was suggested that the M-RNA-encoded 48K (and 58K) protein has a
function in cell to cell transport of the virus (Rezelman et al., 1982). We have
now shown that the 48K protein is present in the membrane fraction of infected
cells and 1is excreted iIn the incubation wmedium of CPMV infected protoplasts
{Chapter 6). These findings are consistent with a possible function of the 48K
protein in virus transport.

Infection of cells with CPMV is accompanied with the production of membranous
vesicles and electron-dense amorphous material. We have demonstrated that the
electron-dense material contains (if not represents) non-structural

B-RNA-encoded proteins, This was established by immunocytochemical labeling of
sections of CPMV infected protoplasts with specific antibodies and protein A-
gold (Chapter 7). The data collected correlate well with the observation that
during a CPMV infection a considerable amount of non-structural proteins is pro-
duced (Goldbach and Van Kammen, 1985). Apparently these proteins are located in
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the cytophatic structure as a part of the electron-dense material. The membra-
nous vesicles have been implicated with wviral RNA replication {De Zoeten et al.,
1974) but the question whether the electron-dense material also has a function
in virus multiplication remains to be answered.

With the detection of the 60K, 48K and 24K proteins in infected cells probably
all major proteins expressed from the CPMV RNAs have now been Iidentiffed. It is
also clear now that all these proteins are produced by proteclytic processing of
twe polyproteins between three different pairs of aminoe acids and that the 24K
protein is the protease catalyzing these cleavages. Future research will con-
centrate on the functions of these proteins. The synthesis of infectious
transcripts from complete cDNA clones of both M- and B-RNA as recently described
by Vos et al. (1987) opens the way to iIntroduce specific mutations in the RNAs
and this will, together with the techniques which have bheen described in this
thesis, form the basis feor further research on the elucidation of the replica-

tion mechanism of CPMV and its pathogenic action in the host plant.
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CHAPTER ¢

SAMENVATTING
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Cowpea mozaiek virus (CPMV) is een virus dat als voornaamste gastheer de cowpea
boon {(Vigna unguiculata L., in Nederland beter bekend als kouseband) infecteert.

De symptomen die op een cowpea plant ontstaan door een infectie met dit virus

kunnen afhankelijk van de wvirusstam variéren wvan mild mozaiek, hevig mozaiek en
bladvervorming tot afstervingsverschijnselen. Het gencom wvan het virus bestaat
uit twee lange RNA moleculen die in een cel direct als boodschapper RNA kunnen
dienen., De RNA's zijn elk afzonderlijk verpakt in identieke eiwitmantels en vor-
men aldus de zg. Bodem (B} en Midden (M) component. Hoewel beide deeltjes nood-
zakelijk zijn om planten succesvol te infecteren, kan het RNA uit de B component
{B-RNA) zich zelfstandig vermenigvuldigen in geisoleerde cowpea  bladcellen
{protoplasten). De RNA's bezitten ieder een Kklein eiwit (VPg) aan het 5'
uiteinde, een poly A staart aan het 3' ulteinde, en é&én enkel open leesraam
waaruit zg. poly-eiwitten vertaald worden. Deze poly-eiwitten worden direct, of
zelfs tijdens hun synthese door proteolytische klievingen in verscheidene func-
tionele eiwitten geknipt.

Eén van de voornaamste doelen van het in dit proefschrift beschreven onderzoek
was meer inzicht te Kkrijgen in het proces van deze px.'oteolvtische klievingen.
Hierbij ging de meeste aandacht uwit naar het 200K poly-eiwit dat door het B-RNA
gecodeerd wordt. Als een eerste stap is uitgezocht welke klievingsplaatsen
gebruikt worden in dit 200K eiwit. Door het bepalen van gedeeltelijke aminozuur-
volgorden van het amino-uiteinde van gezuiverde, door het B-RNA gecodeerde
eiwitten, en het vergelijken ervan met de aminozuurvolgorde die afgeleid is wvan
de nucleotidenvolgorde wvan het B-RNA, werd vastgesteld dat er 3 soorten
klievingsplaatsen <ziin inm het 200K eiwit, namelijk tussen de aminozuurparen
glutamine-serine (op twee plaatsen), glutamine-glycine en glutamine-methionine
(hoofdstuk 3). Eerder was al vastgesteld dat glutamine-methionine en glutamine-
glycine klievingsplaatsen ook voorkomen in het poly-eiwit dat gecodeerd wordt
door het M-RNA.

Het klievingsmodel van het 200K eiwit, dat gebaseerd is op analyses van de door
het B-RNA pecodeerde eiwitten, voorspelde dat er ook een 24K elwit gevormd Kon
worden. Om het 24K eiwit aan te tonen in geinfecteerde cellenm, hebben we anti-
licham‘en opgewekt tegen .een synthetisch peptide met een aminozuurvolgorde die
overeenkomt met een deel van dit hypothetische 24K eiwit. Het voorkomen van het
24K eiwit in CPMV-geinfecteerde protoplasten kon daadwerkelijk vastgesteld wor-

den met dit antiserum, Het antiserum reageerde ook met de al langer bekende 84K,
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110K en 170K eiwitten die allen de 24K sequentie bevatten (hoofdstuk 4).

Op grond van de resultaten van in vitro vertalingsexperimenten met B-RNA en op
grond van de homologie die het 24K eiwit vertoont met een protease van picor-
navirussen, was het vermoeden gerezen dat dit 24K eiwit een protease is.- De
mogelijke proteolytische activiteit ervan werd onderzocht door een cDNA
fragment, coderend voor dit efwit, te hkoppelen aan een ¢DNA fragment dat
codeerde voor de beide manteleiwitten en dit geheel tot expressie te brengen in
de bacterie Escherichia coli (hoofdstuk 5). Dit resulteerde in de aanmaak van
een aantal virusspecifieke elwitten die gekerakteriseerd werden met verschil-
lende antisera. Uit de resultaten van een ‘"pulse-chase" experiment bleek
dat er twee grote eiwitten werden gesynthetiseerd, waarvan het kleinste
waarschijnlijk het resultaat van interne initiatie was. Beide eiwitten bleken
vervolgens op twee glutamine-glycine plaatsen gekliefd te worden in kleinere
producten, waaronder het kleine manteleiwit VP23, In E. c¢oli cellen die een
vergelijkbaar construct met een deletie in de sequentie, die codeert vogr het
24K eiwit, bevatten werden alleen de twee grote virusspecifieke elwitten gevormd
en vonden geen verdere klievingen plaats. Deze resultaten toonden aan dat het
24K eiwit verantwoordelijk is voor beide glutamine-glycine klievingen.

Tegelijkertijd werd In ons laboratorium aangetoond dat het 24K eiwit {of 24K
bevattende eiwitten) ook verantwoordelijk is wvoor é&én van de glutamine-serine
klievingen in het 200K eiwit. Verder zijn er al eerder proeven beschreven
waaruit bleek dat het 32K eiwit, dat gecodeerd wordt door het B-RNA, betrokken
is bij de Kklieving van een glutamine-methionine dipeptide sequentie in het poly-
eiwit dat gecodeerd wordt door het M-RNA. Al deze resultaten maakten het
waarschijnlijk dat het 24K eiwit verantwoordelijk was wvoor alle glut;anine—
glvcine en glutamine-serine Kklievingen en het 32K eiwit voor de beide glutamine-
methionine klievingen. Omdat serine en glycine aminozuren zijn met een kleine
pelaire zijgroep terwijl methionine een grote apolaire zijgroep bezit, was het
inderdaad niet onaannemelijk dat twee verschillende proteases betrokken zouden
zijn bi} de diverse Kklievingen. Deze aanvankelijke veronderstelling bleek echter
een misvatting te =zijn omdat later is aangetoond dat het 24K eiwit {(en/of 24K
bevattende eiwitten} verantwoordelijk is wvoor alle Kklievingen in de M- en B-
poly-eiwitten {(P. Vos, J. Verver, M. Jaegle, J. Wellink, A, van Kammen en R.
Goldbach, manuscript in  voorbereiding). Alleen bij de glutamine-methionine
klieving in het M-poly-eiwit is ook het 32K elwit betrokken, echter niet als

protease maar als cofactor.
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Een ander interessant probleem bij de expressie van de CPMV-RNAs is de expressie
van M-RNA in vivo. De nucleotidenvolgorde wvan het M-RNA bevat é&én lang open
leesraam, maar in vitro wordt het M-RNA vertaald in twee eiwitten, van 105K en
95K, die alleen verschillen in hun amino-terminale ufteinden. Het kleinste eiwit
is het resultaat van initiatie van de vertaling op een intern AUG codon. Beide
eiwitten worden gekliefd in 58K en 48K eiwitten en een 60K precursor voor de
beide manteleiwitten. In geinfecteerde cellen zijn echter de beide manteleiwit—
ten de enig bekende eiwitten die door het M-RNA gecodeerd zijn. Dit heeft ons er
toe gezet om op zoek te gaan naar de 60K, 58K en 48K eiwitten in geinfecteerde
cellen. Het bleek mogelijk om met behulp van antiserum tegen de manteleiwitten
de 60K precursor voor de beide manteleiwitten ook in vivo te detecteren door de
geinfecteerde protoplasten te behandelden met ZnCly (hoofdstuk 6). Zink-ionen
staan bekend als remmers van de klieving wvan virale poly-eiwitten en hierdoor
kan de 60K precursor zich kennelijk ophopen. Door gebruik te maken van anti-
lichamen gericht +tegen synthetische peptiden, corresponderend met het gemeen-
schappelijke carboxyl-uiteinde wvan de 58K en 48K eiwitten, was het mogelijk het
48K eiwit te detecteren in de membraanfractie van CPMV-geinfecteerde cellen. Een
58K eiwit werd niet aangetroffen. Met de detectle van de 48K en 60K eiwitten in
de geinfecteerde cel =zijn nu de resultaten van de in vitro vertalings-experimen-
ten grotendeels in overeenstemming te brengen met waarnemingen in vivo en |is
aangetoond dat het CPMV M-RNA ook in de geinfecteerde cel wvia proteolytische
klievingen van een poly-eiwit tot expressie komt (hoofdstuk 6).

Omdat tot pu toe het voorkomen van een door het M-RNA gecodeerd 58K eiwit in
geinfecteerde cellen niet aangetoond kan worden, is het nog steeds een open
vraag of het M-RNA in vivo al dan niet vertaald wordt in een 105K eiwit. In in
yitro vertalingen wordt meestal minder 105K dan 95K eiwit ‘gemaakt en als dit
ook in vive het geval is dan 2zal dit product met deze methode niet detecteerbaar
zijn. Het 1is daarnaast ook mogelijk dat het 58K eiwit minder stabiel is dan het
48K eiwit en snel wordt afgebroken. Het is opvallend dat de M-RNA's van alle tot
nu toe onderzochte comovirussen in vitrg vertaald worden in twee poly-eiwitten,
Dit is een aanwijzing dat het gebruik van twee startcoedons in hetzelfde leesraam
een functionele betekenis heeft en het is dan ook waarschijnlijk dat er in vivo
58K eiwit wordt gemaakt.

Uit eerdere experimenten is geconcludeerd dat de door het M-RNA gecodeerde 48K
{en 58K) eiwit mogelijk een functie heeft bij het transport van het virus (of
virale RNA) van cel npaar cel. We hebben aangetoond dat het 48K eiwit wvoor-
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namelijk aangetroffen wordt in de membraanfractie van de geinfecteerde cel en
dat dit eiwit uitgescheiden wordt in het voedingsmedium van protoplasten ge-
infecteerd met CPMV (hoofdstuk 6). Deze waarnemingen =zijn in oversenstemming met
het idee dat het 48K eiwit betrokken is met het transport van het virus,

Verschillende wvirussen induceren 2zg. cytopathologische structuren in de cellen
die ze hebben geinfecteerd. Zo veroorzaakt een CPMV infectie de productie wvan
vesiculaire membraanzakjes (vesicles) en electronendicht, amorf materiaal. De
electraonendichte structuren blijken nu niet-structurele door het B-RNA geco-
deerde eiwitten te bevatten. DIt is met behulp van elektronenmicroscopie
vastgesteld door coupes van met CPMV geinfecteerde protoplasten te incuberen met
specifieke antilichamen en deze wvervolgens te voporzien van goudbolletjes gekop-
peld aan proteine A (hoofdstuk 7). Gedurende een CPMV infectie worden vrij grote
hoeveelheden niet-structurele eiwitten geproduceerd en het is dus zeer goed
mogelijk dat deze eiwitten 2zich ophopen in deze electronendichte structuren.
Verder onderzoek is nodig om te bepalen of deze electronendichte structuren een
functie hebben in de virusvermenigvuldiging, of dat deze structuren het gevolg
2zijn van ophopen van "verbruikte" en/of niet-functionele virale eiwitten.
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