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De Gelderlander, 17 oktober 1998
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4. Anders dan Latvala et al. concluderen is het manteleiwit-gen van het nepovirs

"blackcurrant reversion associated virus" niet 1598 nucleotiden lang.
Latvala, S., Susi, P., Kalkinen, N. & Lehto, K. (1998). Characterization of the coat protein
gene of mite-transmitted blackcurrant reversion associated nepovirus. Virus research 53,
1-11.
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Ankri, . & Mirelman, D. (1999) Antimicrobial properties of allicin from garlic.
Microbes and Infection 1 (2), 125-129.
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sativum. Artherosclerosis 144 (1), 237-249.
Siegers, C.P., Steffen, B., Robke, A. & Pentz, R. (1999}. The effects of garlic
preparations against human tumor cell proliferation. Phytomedicin 6 {1}, 7-11.

6. Een antroposofische leefwijze verlaagt de kans op allergieén.
Aim (1999). Atopy in children of families with an antroposophic lifestyle. Lancer 353
(9163), 1485-1488.

7. Het zwart-wit gehalte van de kaft van een proefschrift zegt niets over het zwart-
wit gehalte van de gedachten van de auteur van het proefschrift.

8. Zonder wegwerpluiers was dit proefschrift niet tot stand gekomen.

9. Mobiele telefonie redt levens en leidt tot toename van het aantal werkende
moeders.

10. Het idee, dat zegeltjes sparen iets oplevert is een succesvolle meme.

11. De dood is belangrijker dan het leven.
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GENERAL INTRODUCTION




Introduction

INTRODUCTION

Plant viruses differ widely in particle morphology and genome organization and are classified
accordingly in a considerable number of families and genera {Murphy et al. 1995). Despite these
differences, plant viruses have in common that upon entry and replication in the initially infected
cell they have to spread to surrounding cells to establish a systemic infection. As plant cells have
rigid cell walls, and are oaly interconnected by the plasmodesmata, it is generally accepted that
plant viruses specify “movement proteins” (MPs) that modify these plasmodesmata in such a
way that they allow the passage of viral genomes or even mature virus particles (for reviews see
Atabekov & Dorokhov, 1984, Hull, 1989, Atabekov & Taliansky, 1990, Maule, 1991, Deom et
al., 1992, Citovsky, 1993, Lucas and Gilbertson, 1994, Carrington et al., 1996).

Cell-to-cell movement of plant viruses is an intriguing and complex process that has been
increasingly analyzed over the past two decades. Thusfar, the main effort has been to identify
viral factors involved in movement of viruses and different mechanisms have been postulated,
In this chapter the mechanisms proposed for this particular event in the virus life cycle are
presented, with emphasis on the so-called tubule-guided movement mechanism as this concerns
the transport mechanism that is the central theme in this thesis.

MECHANISMS OF VIRUS MOVEMENT

The distribution of virus through a plant requires two steps (Hull, 1989): movement over short
distance from cell-to-cell and over long distance throngh the vascular system to different parts of
the plant (for recent review see Seron & Haenni, 1996).

Different lines of evidence have led to the identification of specific viral factors that are
involved in cell-to-cell movement of plant viruses. Amongst them are the so-called movement
proteins (MPs) and the capsid proteins {CPs). For some plant viruses the necessity of a MP for
cell-to-cell movement has been conclusively established by mutational analyses {(e.g. cowpea
mosaic virus (CPMV), Wellink & van Kammen, 1989; tobacco mosaic virus (TMV), Deom et
al., 1987; cauliflower mosaic virus (CaMYV), Stratford & Covey, 1989, Thomas et al., 1993,
Perbal et al., 1993). Their localization in situ has been investigated by fractionation studies
and/or immunogold localization studies. The overall conclusion from these studies is that the
MPs are most frequently present in the cell wall of infected plants, at or near plasmodesmata
(e.g. CPMV, Wellink et al., 1987, Van Lent ez al., 1990a; TMV, Tomenius ez al., 1987).

This supports the idea that virus movement occurs via these intercellular channels, which
provide a cytoplasmic continuity between neighbouring cells and play a role in molecular
trafficking (for reviews on plasmodesmata see Lucas & Gilbertson, 1994, Epel, 1994, Lucas,
1995, Lucas et al., 1995, Zambryski, 1995, Overall & Blackimnan, 1996, Waigman et al., 1997).
However, plasmodesmata are too small for free passage of virions or viral genomes. This
problem has already been pointed out in 1968 by Esau and in 1976 by Gibbs and is illustrated in
Fig. 1. Even CPMYV, one of the smallest plant viruses (28 nm in diameter), is too large to pass
unmodified plasmodesmata, which have an effective diameter of approxirnately 3 nm (Lucas &
Gilbertson, 1994). To allow passage of large molecules or structures, plasmodesmata have to
underge modification. Such moditication is mediated by virus-encoded movement proteins
{MPs).
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Two modes of action of the MPs have been proposed in the past (Hull, 1989, Goldbach et al.,
1990); either the MP increases the gating capacity of the plasmodesmata without an apparent
alteration of the plasmodesmata structure and facilitates the movement of viral nucleic acid, or
the MP assembles into tubules which penetrate the plasmodesmata and can accommodate virus
particles.

0.5 um

Fig. 1. The relative sizes of some plant viruses (top} compared to the size of a plasmodesma (bottom). CTV = citrus
tristeza virus {2 pm x 10 am), TMV = tobacco mosaic virus (300 nm x 18 nm), PVY = potato virus Y (750 nm x i1
nm), LNYV = lettuce necrotic yellows virus (220 nm x 80 nm), TSWV = tomato spotted wilt virus (80 nm), CWTV
= clover wound tumor virus {70 am), CaMV = cauliflower mosaic virus (50 nm), CPMV = cowpea mosaic virus (28
nm).
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The first proposed mechanism (Citovsky & Zambryski, 1991, Deom ef al., 1992) is based on
experimental evidence mainly obtained for TMV. Transgenic plants expressing the TMV-MP
gene can complement movement-defective mutants (Deom ef al,, 1987). As a result of the
expression of the MP gene the gating capacity (size exclusion limit (SEL)) of plasmodesmata is
increased (Wolf ef al, 1989). The TMV-MP binds nucleic acid in vitro (Citovsky et al., 1990,
1992) and transports nucleic acid in vivo, upon microinjection, into adjacent cells (Waigman et
al., 1994). In addition, the MP of TMV has been localized in plasmodesmata, both in TMV-
infected plants and in MP-transgenic plants {Tomenius ez al, 1987, Atkins et al,, 1991, Ding ez
al., 1992, Moore et al., 1992, Lapidot et al., 1993). In the TMV model nucleic acids are moved
from one cell to the other (Dorokhov ef al,, 1984) via functionally modified plasmodesmata.
Viruses that move according to this model do not require their capsid proteins for cell-cell
transport (Dawson ef al., 1988, Takamatsu ef al., 1987).

The second mode] for virus movement (“tubule-guided cell-to-cell movement”) is based
on experimental evidence mainly obtained for CPMV. Electron microscopical observations of
CPMV.-infected plant material revealed a structural modification of plasmodesmata (Van der
Scheer & Groenewegen, 1971, Kim & Fulton, 1975, Kim, 1979, Van Lent ef af,, 1990a), in
particular the assembly of a virion-containing tubule (35 nm in diameter, Van Lent et al.,
1990a), replacing the desmotubule normally present within the plasmodesmal channel (Robards,
1976). These tubules extend from one cell into the cytoplasm of the neighbouring cell (see Fig.
2) and can be labeled with antiserum which reacts with the RNA-2 encoded, in sequence largely
overlapping 48 kDa and 58 kDa proteins of CPMV (Van Lent ez al., 1990a, for translation
strategy of CPMV and additional data see Fig. 3 and also Goldbach & Wellink, 1996). The
particular antiserumn used in these studies however, could not discriminate between the 48 kDa
and the 58 kDa proteins. At the onset of this PhD research it was therefore not clear whether
both 58 kDa and 48 kDa proteins, or only one of them was present in the tubules and represented
the CPMV MP. Evidence for a different location of the 48 kDa and 58 kDa protein has been
presented (Wellink ez al., 1987; Holness et al., 1989; Rezelman et al., 1989). The 48 kDa
protein was present in the cytoplasmic and membrane fraction of infected protoplasts, whereas
the 58 kDa protein was only found in the cytoplasmic fractions (Rezelman ef al., 1989).
Furthermore, the 48 kDa protein is the only non-structural viral protein detected in the culture
medium of infected protoplasts (Wellink et al., 1987). These data suggest that only the 48 kDa
is present in tubules and not the 58 kDa protein.

Fig. 2. Tubular structures containing virus particles in CPMV infected tissue. Bar represents 100 nm. CW = cell
wall. Small arrows indicate the plasmamembrane. Large arrow indicates viruspatticies accumulating near one end of
the wbule.
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Fig. 3. Genomic organization of the bipartite genome of CPMV. Cowpea mosaic virus (CPMYV) is the type member
of the genus Comovirus (Murphy et al., 1995). Comoviruses have small icosahedral particles with a diameter of 28
nm. Three types of particles (B, M and T component) exist that have an identical protein coat (60 copies of each of
the two different capsid proteins, Wu & Bruening, 1971}, but differ in RNA contents. B and M component each
contain a segment of the single stranded bipartite RNA genome (RNA 1 and 2 respectively). T component consists
of empty protein shells. Both B and M component, or their RNA species, are necessary for infection of plants (Van
Kammen, 1968, De Jager, 1976). The genomic RNAs have a small protein (VPg, indicated by black boxes)
covalently linked to their 5'ends and a poly-A tail at their 3’ ends. CPMV RNAs are translated into polyproteins
which are subsequently cleaved into the functional proteins by virus-encoded protease (Goldbach & Van Kammen,
1985, Vos et al, 1988), RNA 1 encodes all the functions necessary for replication of the virus (Goldbach et al,
1980, Eggen & Van Kammen, 1988) and can replicate independently of the RNA 2 in protoplasts. RNA 2 is
cssential for successful infection of plants (Rezelman et al,, 1982) and encodes all the proteins involved in transport
and encapsidation of the virus. It encodes a 48 kDa protein (MP), an overlapping 58 kDa protein and the two capsid
proteins, VP23 and VP37 (Franssen er af., 1982) via two overlapping polyproteins of 95 and 105 kDa. All RNA 2-
enceded proteins are involved in the cell-to-cell movement of the virus (Wellink & van Kammen, 1989). Whenever
these proteins are mutated there is no systemic infection of the plant. The infection is then restricted to the initially
infected cell.
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A major breakthrough in CPMV movement research was the finding that movement tubules are
induced in isolated plant protoplasts upon infection with CPMV (Van Lent et al, 1991). Such
tubules were visualized by immunofluorescence microscopy, using the antiserum against the
overlapping 48 kDa/58 kDa proleins and they appear to extend from the surface of the
protaplasts into the culture medium (Fig. 4). In addition, staining of the nucleus was observed
(van Lent ef al, 1991}). The tubules induced in protoplasts, appear to be morphologically
identical to tubules observed in infected plant tissue. They are approximately 35 nm in diameter,
contain a single row of virus particles and are enveloped by the plasma membrane,

Fig. 4. Immunofluorescent image of a CPMV infected protoplast, labeled with anti-48 kDa/58 kDa serum. Many
tubular structures extend from the surface of the proteplast. Bar represents 10 pm.

Thus, in the CPMV model (see also Fig. 5) the virus is proposed to move from cell-to-cell as
mature virions, implying that in addition to the MP also CPs are essential for cell-to-cell
movement (Wellink & van Kamimen, 1989).

Recent studies on intercellular movement of other plant viruses suggest that the two above
described mechanisms for cell-to-cell movement no longer sufficiently explain the movement of
all plant viruses. Several plant viruses seem to employ a mechanism of movement which
exhibits properties of both mechanisms described above. CaMV for example forms MP-
containing tubules with virions (Conti ef al., 1972, Linstead et al., 1988) like CPMV, but its MP
also has in vitro nucleic acid binding capacity like the TMV MP (Citovsky & Zambryski, 1991).
For potato virus X (PVX) the MP increases the SEL of plasmodesmata (Angell ef al., 1996), a
characteristic attributed to TMV-like MPs, but its CP is necessary for cell-cell movement and
located in plasmodesmata, as found for CPMV. From these examples it is clear, that more
research on cell-to-cell movement of plant viruses is needed to further define the different
mechanisms. In this thesis, the tubule-guided movement mechanism of CPMV is studied in
more detail.
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Fig. 5. Schematic representation of a normal (left) and a modified plasmodesma (right). The CPMV induced
modification consists of removal of the desmotubule and the formation instead, of a tubule containing virus particles.
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OUTLINE OF THESIS

From the previous paragraphs it has become clear that at the onset of the PhD study presented in
this thesis it was proposed that during systemic infection of host plants comovirus CPMV moves
from cell-to-cell as mature particles through tubules which assemble in plasmodesmata.
However, it was not yet known whether the 48 kDa protein or the 58 kDa protein, or both, have
a function in this process. This, due to the complication that their coding sequences in RNA 2
overlap, which complicates serological distinction. Therefore, as a start, a deletion analysis on
the coding sequence of these overlapping proteins was performed, using a full-length
“infectious” cDNA clone of RNA 2 (Chapter 2). This analysis supported the view that the 48
kDa protein represents the MP of CPMYV, although a role of the 58 kDa protein in intercellular
transport could not be completely ruled out. In Chapter 3 the role of the 58 kDa protein in the
virus infection cycle was analyzed. Further evidence was obtained that this protein is not
involved in viral movement, but no conclusive proof could again be obtained. Therefore full
attention was given to investigations which would demonstrate that only the 48 kDa protein is
essential for cell-to-cell movement. This was done using two different approaches. Firstly, the
48 kDa gene was heterologously expressed using the baculovirus/insect cell system (Chapter 4).
Secondly, the transport tubules were quantitatively isolated and their protein composition
analyzed (Chapter 5). For this latter approach infected cowpea protoplast batches were used, as
previous research frotn our group had shown that on the surface of these single cells large
guantities of transport tubules are assembled. The results obtained in both approaches
demonstrate that only the 48 kDa protein is involved in the tubule-guided, intercellular
movement of CPMV, and thus represents the comoviral MP, whereas a structural role of any
host factor could be excluded. In Chapter 6 the formation of similar tubular structures by two
other viruses, brome mosaic virus (BMV) and alfalfa mosaic virus (AMYV) is described. These
two viruses are genetically more closely related to TMV (a virus which does not move from cell
to cell by a tubule-guided mechanism) than to CPMV. As both BMV and AMV form virus-
containing tubular structures in protoplasts it may be hypothesized that aggregation of MP into
tubules is a more common feature of plant virus MPs than previously thought. This hypothesis is
further supperted by evidence from other viral models and by additional experimental data, as
discussed in Chapter 7.
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THE INVOLVEMENT OF COWPEA MOSAIC VIRUS
RNA-2-ENCODED PROTEINS IN
TUBULE FORMATION

This chapter has been published in a slightly condensed form as: Daniella Kasteel, Joan Wellink, Jan Verver, Jan
van Lent, Rob Goldbach and Ab van Kammen (1993). The involvement of cowpea mosaic virus M RNA-
encoded proteins in tubule formation. Journal of General Virology 74, 1721-1724.
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SUMMARY

On the surface of cowpea protoplasts inoculated with cowpea mosaic virus (CPMV), tubular
structures containing virus particles have been found. Such tubular structures are thought to be
involved in cell-to-cell movement of CPMV in cowpea plants. To study the involvement of
the 58 kDa/48 kDa and capsid proteins of CPMYV in the formation of tubular structures,
mutations were introduced into ¢cDNA clones of RNA-2 from which infectious transcripts
could be derived. No tubules were found on protoplasts inoculated with a mutant that fails to
produce the 48 kDa protein nor with a mutant that has a deletion in the 48 kDa coding region,
suggesting that the 48 kDa protein is essential for this process. However, a possible role of the
58 kDa protein in tubule formation could not be excluded. A mutant that fails to produce the
capsid proteins did produce tubules and therefore the capsid proteins are not involved in the
formation of the tubular structures. Electron microscopic analysis revealed that the tubules
produced by this mutant are, apart from the absence of virus particles, morphologically
identical to the tubules formed by the wildtype virus.

INTRODUCTION

Cowpea mosaic virus (CPMV) has a bipartite plus-strand RNA genome (Eggen & van
Kammen, 1988). The larger RNA-1 encodes the functions necessary for the replication of the
RNAs and is able to replicate independently of the RNA-2 in protoplasts (Goldbach er al.,
1980). The RNA-2 is essential for successful infection of plants and encodes proteins that are
involved in cell-to-cell movement of the virus (Rezelman er al, 1982; Wellink & van
Kammen, 1989). Both RNAs are translated into polyproteins that are cleaved into functional
proteins by a RNA-1-encoded protease (Vos er al., 1988). The RNA-2 is translated into two
polyproteins, of Ms 105 kDa and 95 kDa, that are processed to give the overlapping 58 kDa
and 48 kDa proteins and the 60 kDa precursor of the capsid proteins VP37 and VP23
(Franssen et al., 1982). Using infectious transcripts derived from cDNA clones of the RNA-2
it was shown that the 58 kDa/48 kDa protein pair and the capsid proteins are required for cell-
to-cell movement of CPMYV (Wellink & van Kammen, 1989).

In CPMV-infected plants tubular structures containing virus particles are observed in
the plasmodesmata (van Lent et al, 1990a, 1991). These tubular structures can be labeled
with antiserum against the 58 kDa/48 kDa proteins and are thought to play a major role in
cell-to-cell movement of the virus. Recently, van Lent et al. (1991) showed that these tubular
structures are not only induced in infected cowpea plant cells but also in cowpea protoplasts
inoculated with CPMV. In these protoplasts the tubules are formed at the surface of the cell
and protrude into the culture medium. Since the 48 kDa protein is detected in the medium of
protoplasts inoculated with CPMV (Wellink er al., 1987), it is plausible that the 48 kDa
movement protein is a structural component of the tubular structures. Whether the tubular
structures also contain other viral proteins or host proteins has not yet been established.

In this paper we describe the use of RNA-2 mutants of CPMV to study the involvement
of the 58 kDa/48 kDa proteins and the capsid proteins of CPMYV in the formation of tubular
structures on protoplasts.
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METHODS

Construction and description of RNA-2 mutants

All DNA manipulations were essentially as described by Sambrook et al. (1989). Plasmids
pTMIG and pTBI1G contain full-length cDNA copies of the RNA-2 and RNA-1 of CPMV
respectively, from which infectious RNA can be obtained by transcription with T7 RNA
polymerase (Eggen et al, 1989). Plasmid pBS'M (O. Le Gall, uopublished) contains a full-
length cDNA clone of the RNA-2 derived from pTMIG in pBSKS* (Stratagene). Previous
nomenclature was B RNA and M RNA for RNA-1 and RNA-2 respectively. At the time of
publication of this chapter the nomenclature for RNA 2 was still M RNA, hence RNA mutants
in this chapter are indicated with “M”.

In order to obtain a mutant RNA-2 which coded only for the 58 kDa/48 kDa proteins,
pTM58S was constructed by site-directed mutagenesis of pPBS'M with the oligonucleotide 5'
GGC-AAA-CAA-GTT-TTA-GGC-CTA-TTG-TGG-AAA-AGC 3, as described by Kunkel
(1985). This resulted in the creation of two stop codons (shown in bold) downstream of the 58
kDa/48 kDa coding sequence and a Stul recognition site (underlined) (Fig. 1). Starting from
the plasmid pTM58S a fragment was removed from the newly created Stul site up to Nael
(3172) resulting in pTM588AS (Fig. 1).

The two other RNA 2 mutants used in this study contain mutations in the 58 kDa/48
kDa coding region. MAAUG?2/3 lacks the two start codons used for initiation of translation of
the 95 kDa (48 kDa) protein (construction of this mutant, in which the AUG codons at
positions 512 and 524 have been changed into UUC and AGU respectively, will be described
in detail elsewhere) and MAP RNA has a deletion of 486 nt in the coding region for the 58
kDa/48 kDa proteins (Fig. 1; Wellink & van Kammen, 1989). The integrity of the RNA-2
mutants was tested by ir vitro translation in rabbit reticulocyte lysates. M58S and M358SAS5
RNA produced 58 kDa and 48 kDa proteins, MAAUG2/3 RNA produced a 105 kDa protein
and MAP RNA produced 88 kDa and 78 kDa proteins as expected (data not shown).

Testing of RNA-2 mutants in protoplasts and plants

The infectivity and tubule forming capacity of the RNA-2 mutants was tested by inoculation
of cowpea protoplasts with the transcripts together with the wild-type RNA-1 derived from
pTB1G as described by Eggen ez al. (1989). Infection of the protoplasts was established by an
immunofluorescence test as described by van Lent er al. (1991) using anti-24 kDa serum to
check for the replication of RNA-1 and anti-58 kDa/48 kDa and anti-CPMY sera to detect
replication of RNA-2. Tubule formation was followed by immunofluorescence microscopy
using anti-58 kDa/48 kDa serum and by electron microscopy (van Lent et al., 1991). This
anti-58 kDa/48 kDa serum was raised agains! a synthetic peptide of the 30 C-terminal residues
of both the 48 kDa and 58 kDa proteins (Wellink et al., 1987) and is able to detect both the 48
kDa and 58 kDa protein species simultaneously. However, in immunogold electron
microscopy its reaction with tubular structures is limited to broken and disintegrated tubules
{van Lent et al., 1991).

The replication level of mutants MS58S and MS8SAS was tested by inoculation of
protoplasts with transcripts derived from the plasmids followed by Northern blot analysis of
RNA extracted from the protoplasts at 70h post-infection (Wellink & van Kammen, 1989).
The ability of M585SA5 RNA to support an infection of a whole plant was tested by
inoculation of primary leaves of 10-day-old cowpeas with RNA-1 and this mutant RNA-2,
followed by Western blot analysis (see Wellink & van Kammen, 1989).
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Fig. 1. Schematic representation of RNA-2 mutants used. Open reading frames are indicated as open bars. The
start codons at positions 512 and 524 are medified in MAAUG2/3 and therefore this mutant produces only the 58
kDa protein and the capsid proteins. MAP contains a deletion in the 58 kDa/48 kDa coding region and produces
truncated 48 kDa and 58 kDa proteins, M58S contains two stopcodons downstream of the 58 kDa/48 kDa coding
regicn and fails to produce the capsid proteins. Starting from this mutant the mutant M588A5 was constructed,
which contains a deletion in the sequence coding tor the capsid proteins. The restriction sites used for the
construction of this mutant are indicated. wt, Wild-type.

RESULTS AND DISCUSSION

In order to obtain a mutant RNA-2 which coded only for the 58 kDa/48 kDa proteins,
pTMS58S was constructed. The infectivity of this RNA-2 mutant was concluded to be very low
because no fluorescent protoplasts could be found with anti-58 kDa/48 kDa serum. We
reasoned that the remaining long non-coding sequence downstream of the 58 kDa/48 kDa
coding region might cause instability of the transcripts derived from pTM38S and therefore
dectded to construct a plasmid (pTM385A5) with a deletion in this sequence.

The results showed that the replication level increased after the deletion in the capsid
protein precursor coding region (data not shown). When judged by immunofluorescence, the
percentage of cells infected with M58SA5 RNA was very similar to the percentage obtained
with wild-type RNA-2, which was arbitrarily set at 100% (Table 1). Therefore MS8SAS5 RNA
was used in further experiments. The infectivity of MAP RNA and MAAUG2/3 RNA was
about 75% and 50% respectively, as determined by immunofluorescent staining (Table 1),

il




Chapter 2

To test whether the M583A5 RNA was still able to support infection of a whole plant, leaves
were inoculated with this mutant. As expected, the mutant was not able to spread from cell to
cell as viral proteins could not be detected in the inoculated leaves.

To study the involvement of the capsid proteins and the 58 kDa/48 kDa proteins in the
formation of the tubular structures on protoplasts, protoplasts were inoculated with the RNA-2
mutants together with RNA-1 and screened for the presence of tubular structures by
immunofluorescence microscopy with the anti-58 kDa/48 kDa serum and electron
microscopy, as described by van Lent ez al. (1991). Using the immunofluorescence test with
anti-58 kDa/48 kDa serum, no tubular structures were found on protoplasts inoculated with
the 58 kDa/48 kDa protein mutants MAP and MAAUG2/3 or RNA-1 alone, whereas the
control protoplasts inoculated with wildtype RNA-2 and the protoplasts inoculated with the
capsid protein mutant MS8SAS did show tubular structures (Table 1). The absence of tubular
structures on protoplasts inoculated with the mutants MAP and MAAUG?2/3 and RNA-1 alone
was also confirmed by electron microscopy. These results suggest that the 48 kDa protein is
involved in tubule formation. However, it is possible that the 58 kDa protein also has a role in
this process.

The 58 kDa protein produced by MAAUG2/3 RNA is modified at three positions due to
mutagenesis of the start codons of the 48 kDa protein (Met512 to Phe, Met524 to Ser and
Ser525 to Thr) which could have resulted in a protein that was no longer able to induce
tubular structures. Mutations in the N terminus of the 58 kDa protein abolish the infectivity of
the RNA (Wellink & van Kammen, 1989; Holness ef al., 1989; van Bokhoven et al., 1993)
and therefore it is not possible, using mutants, to study whether the expression of only the 48
kDa protein results in tubule formation.

Table 1. Analysis of protoplasts inoculated with RNA-2 mutants of CPMV by
immunofluorescence and electron microscopy

Protoplasts stained Protoplasts stained
with anti-CPMV with anti-58 kDa/48 Tubular structures # Staining of the
serum (%) kDa serum (%) nucleusd
RNA
RNA-2 +1 100+ 100 + +
RNA-1 0 0 - -
MS58SAS + RNA-1 0 100 + +
MAP + RNA-1 75 75 - 74
MAAUG2/3 + RNA-1 53 50 - +

+ The proportion of protoplasts inoculated with wild-type RNA-2 and RNA-1 that stained with anti-CPMV
serum and anti-58 kDa/48 kDra serurn was arbitrarily set to 100% and cotresponds to 35 % of the
protoplasts.

& Ags determined by immunofluorescence and electron microscopy.

&4 With the anti-58 kDa/48 kDa serum.

+ Protoplasts inoculated with this mutant showed staining throughout the cytoplasm and pecasional staining of
the nucleus
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Previously, it has been proposed that the 48 kDa protein of CPMV is a structural component
of the tubule (van Lent ef ai, 1991). Aggregation of 48 kDa proteins that are produced in
large quantity during the infection process could be the mechanism that leads to the generation
of the tubular structures. In addition, the 48 kDa protein may induce a host protein to
copolymerize (a cytoskeleton protein for example),

As expected, electron microscopic examination of tubular structures induced by
M58SAS transcripts revealed that these structures did not contain virus particles due to the
absence of capsid proteins (Fig. 2c,d). Besides this they appeared to be motphologically
identical (dimensions of the tubule wall, presence of the plasma membrane) to the tubular
structures present on protoplasts inoculated with wild-type RNA-2 and RNA-1 (Fig. 2). The
capsid proteins therefore have no role in the induction and growth of the tubules. On the other
hand it is very likely that a specific interaction between the virus particles and the tubule wall
takes place because the particles always appear to be neatly arranged in the tubules (Fig. 2a,b;
van Lent et al, 1990a, 1991). An intriguing question which remains to be answered is
whether virus particles actually move through the tubules.

Fig. 2. Electron micrographs of negatively stained virus patticle-containing tubular structures {surrounded by the
plasma membrane) from protoplasts inoculated with wild-type CPMV RNA (a) or RNA-2 and RNA-1 transcripts
(b}, Empty tubular structures of protoplasts inoculated with M388A5 and RNA-{ transcripts (¢ and ). Rar
markers represent 0.1 m.
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Previously, staining with the anti-58 kDa/48 kDa serum of the nucleus of protoplasts
inoculated with wild-type CPMV has been observed (van Lent et al, 1991). Also, in
protoplasts inoculated with the mutants MAAUG 2/3 and MS58SAS, staining of the nucleus
could be observed which in the case of MAAUG 2/3 was somewhat weaker than for the wild-
type (Table 1). Protoplasts infected with MAP RNA showed staining with the anti-58 kDa/48
kDa serum over the entire protoplast, probably because the 58 kDa and 48 kDa proteins
produced by this mutant are not intact and accumulate in the cytoplasm. Occasionally,
fluorescent staining of the nucleus could be observed as well. The results strongly suggest that
the fluorescent staining of the nucleus is mainly due to the 58 kDa protein. Whether the
presence of the 58 kDa protein in the nucleus of cowpea protoplasts is essential for the
function of this protein or is an artefact of the protoplast system is not clear.
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THE 58 kDa PROTEIN OF COWPEA MOSAIC VIRUS IS
NOT INVOLVED IN TUBULE FORMATION

D.T.J. Kasteel, J-C. Boyer, J.Wellink, R.W. Goldbach, and 1.W.M. van Lent.



58 kDa protein

SUMMARY

The role of the RNA-2 encoded 58 kDa protein of cowpea mosaic virus (CPMV) in the
infection process has not yet been elucidated. Former studies showed that the N-terminal
domain of this protein is required for replication of RNA 2 and that this protein may
accumulate in the nucleus of the infected cells. To further investigate the role of the 58 kDa
protein in the viral infection cycle, it was aimed to obtain a specific antiserum that could
discriminate between the 58 kDa and 48 kDa proteins, despite their overlapping sequences. As
an alternative appreach to study its localization, the 58 kDa protein was produced from a
transient expression vector, to follow its intracellular targeting without the background of a
full infection process. The results obtained fit the view that the 58 kDa protein has no
apparent function in viral cell-to-cell movement.

INTRODUCTION

Mutational analysis (Kasteel ef al., 1993, Chapter 2) showed that the 48 kDa protein encoded
by RNA-2 of CPMYV is essential for tubule formation at the surface of infected protoplasts.
The capsid proteins, and therefore virions, have no role in this process. Furthermore, evidence
was obtained that the RNA-2 encoded 58 kDa protein is not able to induce tubule formation,
although this protein contains the entire 48 kDa sequence (see Chapter 1; Fig. 3 for translation
strategy of CPMV). The exclusive function of the 48 kDa protein as tubule forming protein
was confirmed by transient expression of the 48 kDa gene in protoplasis (Wellink et al,
1993), leading to formation of tubules indistinguishable from those formed during the viral
infection process, except that no virtons are present inside.

The results obtained sofar suggest that the 48 kDa protein represents the single, viral
movement protein (MP), generating a plasmodesma penetrating tubule for transport of virions
from cell-to-cell. The function of the 58 kDa protein has remained unclear, although van
Bokhoven et al. {(1993) showed that the N-terminal domain of the protein is essential for
replication of RNA 2.

Our results (Chapter 2 and Wellink et al., 1993) show that the 58 kDa protein is mainly
located in the nucleus of infected cells, a location which seems not to correspond with a
function in the viral replication cycle, as this process takes place in the cyfoplasm.

Here, we report further studies to characterize the intracellular behaviour of the 58 kDa
protein as to get clues about its possible function(s) during the viral infection process. To this
end a new antiserum against the entire 58 kDa protein was produced, and different approaches
were tested, using both E.coli expressed protein sequences and synthetic peptides, to produce
antibodies which would selectively detect the 58 kDa but not the 48 kDa protein.

METHODS

Expression of CPMV 58 kDa protein and its 10 kDa N-terminus in E.coli

To produce the 58 kDa protein and its 10 kDa N-terminus in E.coli, plasmid pET-38K and
pET-10K were constructed, respectively. The fragment encoding the 58 kDa protein was
synthesized by PCR from plasmid pTMS58S (Chapter 2, Kasteel e al., 1993) using the primers
5' GGCACGTGATCACCATGGCTTCTTTCACTGAAGC 3'and 3° CGAAAA
GGTGTTATCCGGACTAGTGATCCG 5'. The PCR fragments were digested with Neol and
Bell and cloned into a pET! 1t vector (Novagen), digested with Neol and BamHI.
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The fragment encoding the N-terminal 10 kDa part of the 58 kDa protein was synthesized by
PCR amplification from mutant pTMS8S (Chapter 2, Kasteel er a/., 1993} using the primers 5'
GGCACGTGATCACCATGGCTTCTTTCACTGAAGC ¥ and 3’GACGGGTTTAAA
CTTATCCGGACTAGTGATCCG 5°. The PCR fragments were digested with Ncol and Bell
and subsequently cloned into the vector pET11t (Novagen), digested with Ncel and BamHL

Plasmnids pET-58K and pET- 0K were obtained in E.coli strain DH5¢. For synthesis of
protein, E.coli strain BL21 was transformed with either plasmid pET-58K or pET-10K. The
synthesis of protein was induced by adding IPTG (1 mM) to 100 ml culture of E.coli. SDS-
PAGE analysis and Western blot analysis (using the new 48 kDas58 kDa antiserum) was
performed to monitor the production of protein.

For the purification of the 58 kDa protein, the pellet containing the IPTG-induced E.coli
was resuspended in 3 ml of lysis buffer (5% SDS, 50mM Tris pH 7.5) and 3 mt of 2 times
concentrated sample buffer (20mM Tris, 2 mM EDTA, 4% SDS, 20% glycerol, 0.0002 %
bromophenol blue, pH 6.8). After 15 min. boiling, 600 ul 3-mercapto-ethanol was added and
the sample was loaded on a 8% acrylamide gel in a Prep Cell apparatus (Biorad, model 491,
37 mm ID column, 50 ml monomer, length of gel 6 cm). Electrophoresis was performed in 8 h
at 50 mA. After elution of the blue marker dye (5.5 h after starting the electrophoresis), 1 ml
fractions were collected at a rate of 0.5 ml per min. These fractions (7.5 ml) were analyzed on
8% SDS-polyacrylamide gels. Proteins were visualized either by staining with Coomassie
brilliant blue (Fig. 1a} or by Western blot analysis (Fig. 1b) using an antiserum against the 30
C-terminal residues of the 48 kDa/58 kDa proteins (Wellink e¢ al., 1987). Fractions containing
the purified 58 kDa protein (fractions 16, 17 and 18, Fig. 1) were freeze-dried and
resuspended in 120 pl water. The sample was then desalted using Millipore Ultrafree-MC
centrifugal-driven filters. The final protein concentration was determined with a Bio-Rad
protein assay. Two independent purifications gave a total of 230 ug 58 kDa protein.

Production and testing of antisera against the 58 kDa protein

For the production of an antiserum against the entire 58 kDa protein a rabbit was injected
hyperdermically with 80 pg of the E.coli-expressed, purified 58 kDa protein mixed with
Freund (Brunschwig) adjuvant, followed, three weeks later, by injection of another 150 pg
protein. Bleeding of the rabbit took place after two weeks. The specificity of the antiserum
was tested on Western blots of samples of purified 58 kDa protein. Controls consisted of
E.coli cells transfected with the empty pET11t vector.

Although a previous attempt to produce a 58 kDa specific antiserum, using a peptide
corresponding to the N-terminus of the 58 kDa protein, failed, a new attempt was made using
a similar approach. Two peptides corresponding to regions in the 10 kDa N-terminal part
unique to the 58 kDa protein were made (Severn Biotech. Ltd). Both peptides were dissolved
in water and I mg of each peptide was mixed with Freund adjuvant and injected
hyperdermically into rabbits. After two weeks this procedure was repeated. Bleeding of the
rabbits took place after two weeks. The antisera obtained were tested on spotblots, containing
10 ul {1 mg/ml) of the synthetic peptides.

The new antisera, raised against the entire 58 kDa protein and against the peptides, were
all tested by immunofluorescence microscopy on CPMV-infected cowpea (Vigna
unguiculata) protoplasts (van Lent et al, 1991) and by immunogold electron microscopy on
ultrathin sections of CPMV-infected cowpea leaves (van Lent ef al, 1990a). Controls
consisted of mock-inoculated protoplasts and healthy leat material respectively.
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Fig. 1. SDS-polyacrylamide gei stained with Coomassie brilliant blue (2} and Western blot analysis using the
anti-48 kDa/58 kDa serum (&) of the fractions 13 10 19 (lane 3 10 9) of the Prep Cell purification of the 58 kDa
protein. Lane 1 {in a and &) contains proteins of E.coli transfected with pET 11t vector without insert, lane 2 (in a
and b) proteins of E.coli transfected with pET-58K.
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Construction and festing of vector pMon58
For transient expression in cowpea protoplasts the 58 kDa coding sequence was amplified by
PCR from mutant MAAUG2/3 (Chapter 2, Kasteel et al, 1993) using the primers
5’GGCACGTGATCACCATGGCTTCTTTCACTGAAGC 3’ and YCGAAAAGG
TGTTATCCGGACTAGTGATCCG 5'. The PCR fragments were digested with Bell and
cloned into the vector pMon999 (a gift from C. Hemenway, Monsanto Company), digested
with BamHIL. Plasmid pMon58 was obtained in DH5a. The integrity of the plasmid was
verified by sequence analysis.

Expression was studied by transfecting samples of cowpea protoplasts (10° cells) with
10 pg of plasmid pMon58, 10 g of pMon999 or with water. The isolation and transfection of
protoplasts were essentially as described by Wellink er al. (1993). At 24 h p.i. transfected
protoplasts were analyzed by immunofluorescence microscopy essentially as described by van
Lent er al. (1991) using the new anti-48 kDa/58 kDa serum described above.

RESULTS

Testing of a new antiserum raised against E.coli expressed 58 kDa protein

A new antiserum against the overlapping 48 kDa/58 kDa proteins was produced to overcome
the limitations of the existing anti-48 kDa/58 kDa serum raised against the 30 C-terminal
residues of both proteins (see Chapter 2). This latter antiserum reacted only with tubular
structures which were broken or disintegrated (van Lent ef al., 1991), and gave an unexpected
positive signal with nuclei of infected protoplasts using immunofluorescence, but not in
immunogold labeling studies. In view of these, on first sight unexplainable results, a new
antiserumn was produced but now raised against the complete, E.coli expressed, 58 kDa
protein sequence (see Fig. l). After verifying its specificity by Westernblot analysis on
purified 58 kDa protein (result not shown) this new antiserum was tested on CPMV infected
protoplasts, using different dilutions. To allow a comparison, protoplasts were also treated
with the pre-existing antiserum raised against a peptide consisting of the 30 C-terminal
aminoacids of the 58 kDa/48 kDa proteins (Chapter 2).

Fig. 2. Immunofluorescent images of CPMYV infected protoplasts 48h after infection treated with the new

antiserum against the 58 kDa protein produced in E.coli, revealing tubular structures (¢} and the nucleus (6). {c)
Electron micrograph of a tubular structure immunogold labeled with the same antiserum. Bars represent 3 i
(a,b) and 100 nm (c).
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Infected protoplasts treated with the new antiserum showed a clear staining of tubular
structures and nucleus (Fig. 2a,b), whereas mock-inoculated protoplasts did not show any
staining at all. Infected protoplasts treated with the pre-existing antiserum showed the same
pattern of fluorescence, although less bright (as shown in Fig. 3a,b). Note that the two
different patterns of fluorescence (nuclei and tubules) appear at the same time, but as these
patterns are only visible in different focal planes it was not possible to combine the signals in
a single micrograph.

As found with the peptide antibodies, no immuno-gold signal was obtained using the
new anti-58 kDa serurn in ultrathin sections of both infected protoplasts and tissue.

As for performance in immunogold labeling of the 48 kDa protein in transport tubules,
the antiserum against E.coli expressed 58 kDa protein gave a better reaction than the pre-
existing anti-48/58 kDa peptide serum. The gold label was obtained alongside the entire
tubule (Fig. 2¢) and not only at places where the tubules were broken (Fig. 3c).

Fig. 3. Immunofluorescent images of infected cells treated with the peptide anti-48 kDa/58 kDa serum (a) tubular
structures extending from the surface of the cell () fluorescence in nucleus. (c) Electron micrograph of a wbular
structure immunogold labeled with the peptide antiserum against the 48 kDa/58 kDa proteins. Bars represent 5
um (e, b) and 50 nm (c).

Attempts to obtain antiserum specific for the 58 kDa protein
In all immunological analyses sofar done, no discrimination between the 48 kDa protein and
the 538 kDa protein could be made, due to the fact that antisera contained antibodies against
their overlapping parts. Two approaches were tested to obtain an antiserurn able to make this
distinction. One approach was to synthesize peptides with sequences from the N terminus
unique to the 58 kDa protein, and selected on their potentially high immunoreactivity, The
other approach was to express the entire (10 kDa) N terminus of the 58 kDa protein in E.coli.
In the first approach two predicted antigenic regions of the 10 kDa N-terminal part of
the 58 kDa protein were selected by computer analysis using the GCG program. Peptide 1
consisted of amino acids 33 to 57 and peptide 2 of amino acids 86 to 105 of the 58 kDa
protein (for their exact sequence see Fig. 4).
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33- GLGKRKLAGGCCSAPYITCYDSADE-57

58 kDa 48 kDa VP37 VP23

86- KKSSIFFETEFSRGFRTWRK-105

Fig. 4. Sequence and positions of the peptides used to raise 58 kDa specific antisera.

Antisera raised against these uncoupled peptides, reacted positively with the corresponding
peptides, but not with the reciproke peptides, indicating their specificity (result not shown).
Both antisera were then tested on E.coli-produced, purified 58 kDa on a Western blot using
the pre-immune sera and the 58 kDa serum, raised against the E.coli produced 58 kDa protein,
as a control. Both peptide antisera reacted with 58 kDa protein (result not shown) and were
further tested on samples of infected protoplasts and on ultrathin sections of CPMV-infected
leaf material. However, in these tests no reaction of either peptide antiserum was observed
{results not shown).

As a second approach the entire sequence corresponding to the 10 kDa encoding N-
terminal part of the 58 kDa gene was cloned into a pET vector and expressed in BL21 cells.
However, upon SDS-PAGE and Westernblot analysis no 10 kDa peptide species was
observed despite various repeated expression experiments, suggesting a very low stability of
the expressed sequence.

Immunolocalization of the 58 kDa protein of CPMV

As no antiserum was obtained that would detect the 38 kDa specifically (i.e. without co-
detection of the 48 kDa), the intracellular location of the 58 kDa protein was studied by
transient expression in cowpea protoplasts. To this end cowpea protoplasts were transfected
with vector pMon58 in which the entire 58 kDa open reading frame was expressed under the
control of a CaMV 35S promotor. Controls consisted of mock-inoculated protoplasts or
protoplasts transfected with the empty vector (pMon999). Protoplasts were analyzed by
immunofluorescence microscopy using the antiserum raised against the E.coli expressed 58
kDa protein, at 24 h after transfection. Five % of the protoplasts transfected with pMonS8
showed a bright staining of the nucleus (Fig. 5). The mock-inoculated and empty vector
transfected protoplasts never showed this fluorescence confirming that the signal observed in
the nucleus is caused by the 58 kDa protein.
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Fig. 5. Immunoflucrescent image of a protoplast 24 h after transfection with pMon58 and treated with anti-58
kDa serum. Bar represents 5 jum.

DISCUSSION

By transient ir vivo expression of the 58 kDa protein it has now become clear that the 58 kDa
protein of CPMV is not able to form tubular structures on its own, but rather that this protein
is targeted to the nucleus. This was already suggested from previous experiments (Kasteel et
al., 1993, Chapter 2). The inability of the 58 kDa protein to form tubules on its own is a rather
unexpected result as it contains the entire tubule forming domain of the 48 kDa protein. The
presence of the extra N-terminal part of the protein must be responsible for this very different
behaviour and for the targeting of this protein to the nucleus of protoplasts.

The nuclear localization of the 58 kDa protein was also previousty observed (Kasteel er
al., 1993, Chapter 2) using a peptide antiserum against the overlapping 48 kDa/ 58 kDa
proteins. This phenomenon has now been confirmed using a better antiserum, i.e. raised
against the entire 58 kDa protein. This localization does not correspond with the essential
involvement of the N-terminal domain of this protein in the replication of RNA 2 (Van
Bokhoven er al., 1993). It should be noted, however, that the nuclear localization has not yet
been confirmed in protoplasts and tissue using immunogold electron microscopy. This might
be caused by the fixation method used, which potentially destroys epitopes. Alternatively, the
amount of 58 kDa protein in the nucleus might be below the detection limit of this method.

Several attempts were made to obtain 38 kDa specific antibodies that would allow
discrimination between the 58 kDa and the smaller, overlapping 48 kDa protein in vivo.
Antisera were made against peptides corresponding to computer predicted antigenic regions of
the 10 kDa N-terminus of the 58 kDa protein and these could detect the 58 kDa protein on
western blots. However, they failed to detect the protein in situ, possibly the epitopes are not
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