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A series of new cowpea mosaic virus (CPMV) RNA-2-based expression vectors were designed. The jellyfish green
fluorescent protein (GFP) was introduced between the movement protein (MP) and the large (L) coat protein or downstream
of the small (S) coat protein. Release of the GFP inserted between the MP and L proteins was achieved by creating artificial
processing sites each side of the insert, either by duplicating the MP-L cleavage site or by introducing a sequence encoding
the foot-and-mouth disease virus (FMDV) 2A catalytic peptide. Eight amino acids derived from the C-terminus of the MP and
14-19 amino acids from the N-terminus of the L coat protein were necessary for efficient processing of the artificial GIn/Met
sites. Insertion of the FMDV 2A sequence at the C-terminus of the GFP resulted in a genetically stable construct, which
produced particles containing about 10 GFP-2A-L fusion proteins. Immunocapture experiments indicated that some of the
GFP is present on the virion surface. Direct fusion of GFP to the C-terminus of the S coat protein resulted in a virus which
was barely viable. However, when the sequence of GFP was linked to the C-terminus by an active FMDV 2A sequence, a
highly infectious construct was obtained. © 2000 Academic Press

INTRODUCTION

As an alternative approach to stable genetic transfor-
mation, autonomously replicating plant viruses have
been modified into vectors to express heterologous pro-
teins in plants. The speed with which a virus infection
becomes established throughout the plant and the high
yield of virus-encoded proteins getting accumulated in
plants make virus-based vector systems, and in particu-
lar those based on RNA viruses, an attractive and cost-
effective route for the overproduction of valuable proteins
in the plants (reviewed in Porta and Lomonossoff, 1996;
Scholthof et al., 1996). Infection with a virus-based vector
is simpler and faster than transformation and subse-
guent regeneration.

The genome of cowpea mosaic virus (CPMV) is dis-
tributed over two different RNA molecules which are
separately encapsidated. RNA-1 (5889 nt) and RNA-2
(3481 nt) are translated into polyproteins which are
cleaved into 15 intermediate and final cleavage products
at specific GIn-Gly, GIn-Ser, and GIn-Met sites by the
24-kDa viral proteinase encoded by RNA-1. All the pro-
teins encoded by RNA-1 are involved in replication.
RNA-2 is translated into two carboxy coterminal proteins
(Fig. 1A) which are processed into large (L) and small (S)
coat proteins, a 58-kDa protein which is probably in-
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volved in replication, and a 48-kDa movement protein
(MP) (reviewed in Goldbach and Wellink, 1996). MP in-
duces tubular structures in  modified plasmo-
desmata, through which virus particles move from cell to
cell (van Lent et al., 1990, 1991). Similar tubules are also
observed in the protoplasts infected with CPMV (van
Lent et al, 1991; Kasteel et al, 1993). The capsids of
CPMV contain 60 copies each of L and S coat proteins
arranged with icosahedral symmetry (Lomonossoff and
Johnson, 1991) and the structure of CPMV has been
resolved to atomic resolution (Stauffacher et al, 1987;
Chen et al,, 1990).

The potential advantages that make CPMV an attrac-
tive vector system are that the virus grows extremely well
in the host plants, attaining yields up to 1-2 g/kg of plant
tissue, virus particles are thermostable, and their purifi-
cation is straightforward. Until now, the exploitation of
CPMV as a vector has concentrated on the expression of
peptides on the surface of virus particles (Usha et al,
1993; Porta et al, 1994, 1996). In an earlier report, we
have demonstrated that the green fluorescent protein
(GFP) gene can be expressed from CPMV RNA-2, when
itis introduced between the MP and L coat protein genes
(Verver et al., 1998). This was achieved by creating two
artificial proteolytic cleavage sites by duplicating a cod-
ing region of 29 amino acids from the N-terminus of the
L coat protein and 11 amino acids from the C-terminus of
the MP. This construct was found to be as infectious as
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wild-type CPMV and processing of the artificial cleavage
sites was highly efficient.

To decrease the number of virus-derived amino acids
linked to the expressed foreign protein and to identify the
minimum number of amino acids needed for efficient
processing, several new constructs were engineered. In
addition, we have used the sequence encoding the foot-
and-mouth disease virus (FMDV) 2A catalytic peptide to
achieve cleavage at defined sites in the RNA-2-encoded
polyprotein. The results obtained with these new con-
structs demonstrate that CPMV can be used as an effi-
cient and stable vector for the expression of whole pro-
teins in plants.

RESULTS

RNA-2 vectors with duplicated Q/M sites

In an effort to minimize the number of virus-derived
amino acids linked to the foreign proteins expressed
between the MP and L proteins and to decrease the
chances of homologous recombinations, we have con-
structed seven new RNA-2-based vectors (Fig. 1C and
Table 1). In these, the size of the duplications used to
create the artificial cleavage sites has been varied. To
analyze the suitability of these vectors for the expression
of foreign genes, the GFP coding region was introduced
as a reporter gene (Fig. 1C). Some of the vector con-
structs were made in pCP2 and plasmid DNA used
directly to infect protoplasts; the remaining constructs
were made in pTM1G, in which case /in vitro transcripts
were used for infection (Table 1). The transcripts or DNA
of these vector constructs when coinoculated with CPMV
RNA-1 initiated infections efficiently. Green fluorescence
was readily detected in an equivalent percentage of
protoplasts, in each case indicating that the insert had
little effect on replication (van Bokhoven et al, 1993;
Verver et al., 1998). Extracts of these protoplasts were
subsequently used as a source of inoculum for cowpea
primary leaves.

With constructs in which the processing of the two
artificial proteolytic sites occurs efficiently, green fluores-

TABLE 1

Expression Characteristics of CPMV RNA-2 Vectors with the
Coding Region of GFP between the MP and L Genes

Vector?® Inoculum® Inoculated leaf® Systemic infection
M19GFP10 DNA Normal 5 days
M14GFP10 DNA Normal 5/6 days
M8GFP10 DNA 10-12 cells No
M19GFP7 RNA Normal 5/6 days
M14GFP7 RNA Normal 6/7 days
M8GFP7 RNA 10-12 cells No
M19GFPO RNA Single cell No
M2AGFP10 DNA 80—-100 cells No
M2AGFP7 RNA 3040 cells No
M19GFP2A RNA Normal 5/6 days
M14GFP2A RNA Normal 6/7 days
M8GFP2A RNA 30-35 cells No

“The numbers in the names of the vectors indicate the number of
amino acids that have been duplicated around the artificial proteolytic
cleavage sites. 2A represents 16-amino-acids length FMDV 2A pro-
tease.

2 With constructs made in the pCP2 background, DNA is used to
inoculate the protoplasts and with constructs made in the pTM1G
background, RNA transcripts are used.

°Normal movement in the inoculated leaf indicates that the speed of
the cell-to-cell movement is similar to the M19GFP10 construct; in the
other cases, the number of green fluorescent cells at an infection site
is shown, indicating limited cell-to-cell movement.

cence is expected to be present throughout the cyto-
plasm and in the nucleus of the protoplasts (Verver et al.,
1998). Such a pattern of fluorescence was observed for
constructs M19GFP10, M19GFP7, M14GFP10, M14GFP7,
and M19GFPO (throughout this work, the prefix “p" in front
of a construct designation denotes a bacterial plasmid;
this prefix is omitted when progeny virus is being re-
ferred to). With M14GFP10 and M14GFP7, small green
fluorescent tubular structures were observed on some of
the protoplasts, indicating that the processing between
the GFP and the MP is incomplete (data not shown). With
M8GFP10 and M8GFP7, green fluorescent tubular struc-
tures were observed on the surface of almost all of the
infected protoplasts, indicating the presence of substan-

FIG. 1. Schematic representation of CPMV RNA-2 and the vector constructs used in this study. (A) Genetic organization and expression of CPMV
RNA-2. The RNA contains a long open reading frame shown by the open bar. The positions of the start and stop codons are indicated on the RNA.
The RNA is translated into two carboxy coterminal proteins, which are subsequently cleaved into a 58-kDa protein, a 48-kDa MP, and two capsid
proteins L and S by the 24-kDa viral proteinase from RNA-1. The position of the GIn/Met and GIn/Gly cleavage sites is indicated on the polyproteins
with QM and QG. VPg is represented by a black box and the other proteins by single lines. (B) Schematic representation of CPMV RNA-2 with the
position of the restriction enzyme sites used in the constructions indicated above. The region corresponding to nt 1609 to 15695 has been enlarged.
The positions of the primers used to amplify different PCR fragments from pTM1G (as described under Materials and Methods) are indicated with
arrows. (C) Schematic representation of CPMV RNA-2 constructs with GFP placed between two artificial proteolytic cleavage sites. The numbers in
the vector names denote the number of amino acids from the N-terminus of the L coat protein and the C-terminus of the MP that are duplicated for
the GIn/Met cleavage sites. A 0 indicates a direct fusion of the GFP to the viral capsid protein. The underlined amino acids EF, KG, and SR codes
for EcoRl, Kpnl, and Xbal restriction sites respectively. D-F: Schematic representation of CPMV RNA-2 vectors with FMDV 2A protease sequence. (D)
FMDV 2A protease sequence on the N-terminal side of the GFP. (E) FMDV 2A protease sequence at the C-terminal side of the GFP. (F) FMDV 2A
protease sequence at the C-terminus of S coat protein. Two forms of the FMDV 2A protease sequence of 16 and 19 amino acids, respectively, along
with a proline residue that will remain fused to the N-terminus of the protein downstream of the 2A sequence after cleavage have been used.
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FIG. 2. Western blot analysis of membrane fractions isolated from the
protoplasts (lanes 1-8) infected with different constructs as indicated
above each lane. Proteins were separated by SDS—PAGE, transferred
onto nitrocellulose membranes, and immunostained with MP antibody
at 1:10,000 dilution.

tial amounts of MP-GFP fusion protein. Western blot
analysis of extracts of these protoplasts showed the
presence of both a fusion product of MP and GFP (Fig. 2,
lanes 3 and 4) and free MP, in a ratio estimated to be
about 1:1 based on visual observation; thus, the process-
ing efficiency of the artificial proteolytic site with 8 amino
acids from the N-terminus of the L coat protein is around
50%. The transcripts of pM19GFPO (Fig. 1C), in which the
C-terminus of the GFP was directly fused to the
N-terminus of the L coat protein, replicated well in pro-
toplasts, but attempts to reinfect protoplasts with ex-
tracts of these protoplasts failed. Since functional virions
are required for such reinfections, this experiment sug-
gested that no such virions were formed by M19GFPO.
Western blot analysis of the protoplast extracts sup-
ported this interpretation, as only a 70-kDa GFP-L fusion
protein and S coat protein, but no free L coat protein,
could be detected (data not shown).

On plants, M19GFP10 and M19GFP7 induced the de-
velopment of green fluorescent spots visible with a hand-
held UV lamp within 36 h postinoculation (hpi), whereas
with M14GFP10 and M14GFP7, fluorescent spots could
be detected 48 hpi. With all four constructs, systemic
green fluorescence was visible on the first compound
leaf 5—6 days postinoculation (dpi; Table 1) and subse-

quently spread over the leaf and later, the entire plant.
Western blot analysis of soluble proteins from the
M19GFP7-infected leaf material revealed the presence of
a small amount of a 70-kDa GFP-L fusion product esti-
mated to be less than 1% of the amount of free L protein
(data not shown). This indicated that the processing
efficiency of the artificial proteolytic site containing 7
amino acids derived from the C-terminus of the MP is
around 99%. Probably with 8 amino acids, cleavage effi-
ciency will be close to the wild-type efficiency, though
this has not been demonstrated. In contrast to these
observations, with M8GFP10 no green fluorescent symp-
toms were visible with a handheld UV lamp. Rather,
wild-type symptoms appeared after a period, probably as
a result of reversion. No wild-type symptoms were ob-
served with M8GFP7, but the foci of infection consisted
of a maximum of 10—12 green fluorescent epidermal cells
(Table 1). Probably, by decreasing the number of dupli-
cated nucleotides from 30 to 21 downstream of GFP, the
rate of reversions to wild-type as well as the efficiency of
processing has been decreased. With M19GFP0O, GFP
fluorescence was confined to single epidermal cells (Fig.
3D; Table 1), a result consistent with the previous con-
clusion that direct fusion of GFP to the L protein abol-
ished the formation of functional virions.

Overall, analysis of the properties of the seven con-
structs described earlier in both protoplasts and whole
plants indicates that 8 amino acids from the C-terminus
of the MP and 14—19 amino acids from the N-terminus of
the L protein are required to achieve efficient processing
at the two artificial Q/M cleavage sites.

RNA-2 vectors with FMDV 2A catalytic peptide
sequence

As an alternative to the duplication of natural CPMV
cleavage sites the FMDV 2A catalytic peptide sequence
(NFDLLKLAGDVESNPG) (Ryan et al., 1991) was tested on
both sides of the GFP insert (Figs. 1D and 1E). The 2A
peptide mediates a processing event between the 2A
and 2B regions of the FMDV polyprotein by cleaving
between its C-terminal glycine residue and the N-termi-
nal proline residue of the 2B protein (Ryan et al,, 1991).
Hence, 2A-mediated processing requires a proline to
follow the 2A sequence; 2A-mediated processing has
been shown to function in plants in the potato virus X
(PVX) system (Santa Cruz et al., 1996).

In pM2AGFP10 and pM2AGFP7, the 2A peptide se-
guence along with a proline residue was introduced next

FIG. 3. Green fluorescent symptoms on the inoculated cowpea primary leaves (A) and emergence of green fluorescent symptoms in the first and
second compound leaves (B) as a result of infection with CPMV/S-2A-GFP. Confocal laser scanning microscopic image of a cowpea leaf infected with
M2AGFP7, showing GFP fluorescence in 30—-35 epidermal cells (C), and single fluorescent epidermal cell infected with M19GFPO (D). The bar
represents 20 um in C and 10 um in D. Sucrose density gradient, onto which virus particles isolated from leaves infected with M19GFP2A had been
loaded, illuminated by a handheld UV lamp, showing a bottom zone which is comprised of middle and bottom components and a top zone containing

the empty capsids (E).



DESIGN OF CPMV RNA-2-BASED EXPRESSION VECTORS




164 GOPINATH ET AL.

to the Q/M dipeptide at the N-terminal side of the GFP
(Fig. 1D). As a result of processing by the 2A peptide, a
16-amino-acids tag will remain fused to the MP and the
expressed protein will contain only a single additional
proline. Western blot analysis of protoplasts infected with
these constructs revealed that cleavage did not occur
between the Q and M; however, efficient processing was
observed at the C-terminus of the 2A peptide (Fig. 2, lane
8). M2AGFP10 induced minute green fluorescent spots
just visible to the naked eye on inoculated cowpea
leaves (~80—-100 cells under the fluorescence micro-
scope; Table 1) but failed to move systemically. Wild-type
symptoms were also observed, probably as a result of
reversion. M2AGFP7 spread to about 30—-40 epidermal
cells (Fig. 3C; Table 1) and also failed to give systemic
symptoms; in this case, however, no wild-type symptoms
were visible on the inoculated leaf. Probably the 16-
amino-acids tag, which is fused to the C-terminus of the
MP, has deleterious effects on the cell-to-cell movement.
In pM8GFP2A, pM14GFP2A, and pM19GFP2A, the 2A
peptide was placed at the C-terminal side of the GFP
(Fig. 1E). As a result of 2A-mediated processing, a single
proline residue will remain fused to the N-terminus of the
L protein. Protoplasts transfected with M8GFP2A
showed a 1:1 ratio of MP:MP-GFP fusion product as
determined by Western blot analysis (Fig. 2, lane 5).
Extracts of these protoplasts failed to give fluorescent
spots visible with the naked eye on inoculated cowpea
leaves, a result similar to that observed with M8GFP10
and M8GFP7. A maximum of 30-35 green fluorescent
epidermal cells could be found using a fluorescence
microscope (Table 1). M14GFP2A induced green fluores-
cent lesions on the inoculated leaf 3 days dpi and on
systemic leaves, 7 dpi (Table 1). With pM19GFP2A, bright
fluorescent spots were visible with a handheld UV lamp
on the inoculated leaf within 48 hpi. The spread of symp-
toms on the inoculated leaf was slightly slower com-
pared with that of M19GFP10 and M19GFP7 and sys-
temic green fluorescence could be seen on the first
compound leaf 6 dpi (Table 1). The systemic green fluo-
rescence emerged from the veinal ends and subse-
quently spread all along the leaf. Fluorescent systemic
symptoms were visible throughout the life of the plant.

RNA-2 constructs with GFP downstream of S coat
protein

In pCP2/S-GFP, GFP was fused to the last amino acid
of S protein via a single alanine residue (Fig. 1F). The
rationale of this construct was to take advantage of the
natural cleavage event which occurs between Leu 189
and Leu 190, resulting in the loss of 24 amino acids from
the C-terminus of S protein (Taylor et al, 1999). This
results in the conversion of the slow-migrating form of
the S protein (Ss) into the fast-migrating form (Sf). Fusion
of GFP after Ala 213 could therefore be expected to result

in a sufficient proportion of Sf and free GFP (linked to
amino acids derived from the C-terminal region of Ss) to
allow assembly of virus particles. Coinoculation of pCP1
with pCP2/S-GFP onto cowpea leaves gave rise to
minute fluorescent symptoms which could be detected
only between 3 and 4 weeks postinoculation. Moreover,
sap prepared from leaf tissue comprising these fluores-
cent spots did not induce an infection when passaged
onto new plants. These results suggest that cleavage
between the S protein and GFP was not efficient enough
to produce sufficient free S protein at an appropriate time
to permit virus assembly.

To alleviate the problem of inefficient cleavage, a
FMDV 2A sequence was inserted between Ala 213 of the
S protein and Ser 2 of GFP. A 25-amino-acid sequence
APAKQLLNFDLLKLAGDVESNPGP (Fig. 1F), consisting of
5 amino acids from the FMDV capsid protein 1D, a
19-amino-acid 2A sequence, and a single proline, was
chosen because it has previously been shown to maxi-
mize cleavage (Donnelly et al., 1997). The FMDV-derived
sequences remain linked to the C-terminus of the S
protein, while GFP will contain only an extra N-terminal
proline. Coinoculation of the primary leaves of cowpea
plants with pCP1 and pCP2/S-2A-GFP produced fluores-
cent symptoms after 1-2 weeks. Spread of the infection
to the upper leaves followed 2 to 3 weeks later. After sap
transmission, the time for the appearance of fluorescent
spots on the inoculated leaves (Fig. 3A) was reduced to
less than 72 h and systemic spread (Fig. 3B) of the virus
occurred after about 10 days.

To ascertain whether the phenotype of CPMV/S-2A-
GFP was due to the cleavage activity of the 2A peptide or
merely resulted from the introduction of a spacer se-
qguence between S protein and GFP, the proline in the
conserved motif NPG, required for the processing activ-
ity of 2A (Palmenberg et al, 1992), was mutated to
leucine. The resulting construct, pCP2-S-2A*-GFP, in-
duced small fluorescent symptoms on inoculated cow-
pea primary leaves with a delay of 1 week compared to
inoculations involving pCP2-S-2A-GFP. Although passag-
ing of the infection using plant sap produced new fluo-
rescent lesions, they remained small. Systemic spread of
the infection was never observed and after three pas-
sages, the vast majority of symptoms no longer fluo-
resced under UV light. Fusion of GFP to the S protein via
the inactive 2A sequence, 2A*, therefore appears to
generate a virus with debilitated growth and movement
properties and which rapidly loses the GFP sequence.

Genetic stability of the most efficient constructs

In view of their potential utility as vectors, M19GFP10,
M19GFP7, M19GFP2A, and CP2/S-2A-GFP were ana-
lyzed for their stability and maintenance of the insert
during serial plant passages, by monitoring the fluores-
cence visually and by RT-PCR analysis. With M19GFP10,
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green fluorescence was very bright in the inoculated leaf
as well as in the first compound leaf and subsequently
decreased in the second and third compound leaves.
RT-PCR analysis showed traces of wild-type virus al-
ready in the inoculated leaf and increased amounts of
wild-type virus in the second and third compound leaves,
probably as a result of homologous recombination. With
M19GFP7, green fluorescence was maintained through-
out the plant during the first passage and RT-PCR anal-
ysis showed wild-type virus only after a second passage
(data not shown). When the infected first compound leaf
was used as a source of inoculum to infect fresh plants,
M19GFP10 produced green fluorescent symptoms for
two to three passages, whereas with M19GFP7, green
fluorescence was maintained for three to four passages
before being reduced or lost in subsequent passages.
With M19GFP2A, the green fluorescence was usually
maintained for six to seven passages. RT-PCR analysis
showed that deletions were present in the GFP se-
guence in the sixth passage, probably as a result of
heterologous recombination (data not shown); however,
reversion to wild-type has so far not been detected with
this construct. With CP2/S-2A-GFP, GFP fluorescence
was maintained during five passages and RT-PCR
showed the presence of the intact insert.

Expression levels of GFP from different constructs

The expression levels of GFP in plants infected with
the constructs (whose genetic stability was determined
earlier) were compared by SDS—PAGE analysis of solu-
ble proteins extracted from the primary leaves of infected
plants. On a Coomassie-stained gel, GFP expression
could readily be detected in M19GFP10-infected leaf
material (Fig. 4A, lane 3), and was visually estimated to
comprise around 1-2% of total soluble proteins. With
M19GFP7, GFP expression was slightly lower (Fig. 4A,
lane 4). In the case of M19GFP2A, no clear band repre-
senting GFP was visible (Fig. 4A, lane b5). In the case of
the extract from a plant infected with CPMV/S-2A-GFP, a
diffuse band migrating at the position expected for GFP,
which was not present in the extract from wild-type-
infected leaves, could be seen (Fig. 4B; compare lanes 3
and 4). The identity of this band was confirmed in the
immunoblot probed with anti-GFP serum (Fig. 4B’, lane
4) and the level of GFP produced is estimated to be
about 1% of soluble protein.

Western blot analysis of soluble proteins isolated from
M19GFP2A-infected leaf material revealed both a 70-kDa
fusion protein (GFP-2A-L) and free GFP (Fig. 4A’, lane b)
in about a 1:1 ratio. The combined expression levels of
these two forms of GFP was estimated to be around 50%
of the level of free GFP produced by M19GFP10 and
M19GFP7 (Fig. 4A’; compare lane 5 with lanes 3 and 4).
As a result of the presence of the 16-amino-acids 2A tag,
a slight shift in the mobility of GFP was observed in

M19GFP2A-infected leaf material (Fig. 4A’, lane 5). West-
ern blot analysis of a CPMV/S-2A-GFP-infected leaf ex-
tract revealed that the level of fusion protein (S-2A-GFP)
was about 10% of unfused GFP (Fig. 4B’, lane 4).

Analysis of virus particles

To investigate whether uncleaved GFP-2A-L is actually
incorporated into virus particles, M19GFP2A virus was
purified from infected leaf material. The purified virus
particles resolved into two distinct fluorescent zones on
sucrose density gradients (Fig. 3E), indicating the pres-
ence of GFP associated with the virus particles. The
bottom zone consisted of two barely distinguishable lay-
ers, which probably contain the middle and the bottom
components, and a very thick top fluorescent zone, prob-
ably containing empty capsids. These assignments were
supported by electron microscopy (Fig. 5, panels A and
B) and confirmed by the observation that almost no RNA
could be isolated from the top fluorescent band, whereas
the lower fluorescent band contained RNA-1 and a larger
than wild-type RNA-2 (data not shown). The increased
size of RNA-2 was a consequence of the presence of the
inserted GFP gene.

SDS—-PAGE analysis of the particles from the two sucrose
gradient zones obtained with M19GFP2A virus showed a
70-kDa fusion protein (GFP-2A-L) in addition to the L and S
coat proteins (Fig. 6A, lanes 2 and 3). Western blot analysis,
using CPMV-specific and GFP-specific antisera, confirmed
the identity of the proteins (data not shown). The ratio
between the fusion protein (GFP-2A-L) and the free coat
proteins was visually estimated to be around 1:6, indicating
that each virus particle of M19GFP2A contained, on aver-
age, approximately 10 fusion proteins.

To determine the location of the GFP in the virus parti-
cles, M19GFP2A virus was subjected to immunocapture
electron microscopy. Large amounts of wild-type CPMV
and M19GFP2A (M/B) particles were trapped with antibod-
ies raised against CPMV (Figs. 7A and 7C, respectively). No
wild-type CPMV particles (Fig. 7B) and a substantial num-
ber of M19GFP2A (M/B) particles were trapped with the
GFP-specific antiserum (Fig. 7D), strongly suggesting that
GFP is present on the surface of M19GFP2A virus particles.
Immunotrapping studies with M19GFP2A empty capsids (T)
were unsuccessful, as the particles broke up during the
phosphotungstic acid staining procedure.

When purified CPMV/S-2A-GFP was analyzed on a CsCl
gradient, the resulting three bands did not fluoresce, indi-
cating that the fusion protein (S-2A-GFP) was not incorpo-
rated into virus particles. Unlike the observation made with
M19GFP2A, the top component band of CPMV/S-2A-GFP
was thin and comparable in size to that of wild-type CPMV.
The band corresponding to the middle component of
CPMV/S-2A-GFP had a greater buoyant density than that of
wild-type CPMV, as a result of the presence of the addi-
tional sequence encoding GFP on RNA-2 (data not shown).
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FIG. 4. SDS—-PAGE analysis of leaf soluble proteins extracted from leaves infected with constructs as indicated above the lanes. The gels were
either stained with Coomassie brilliant blue R-250 (A and B) or the proteins were transferred to nitrocellulose and immunostained with anti-GFP
antibody (A" and B’). Equal amounts of soluble proteins were loaded in each lane. Ss is the uncleaved slow form of S, Sf is the cleaved fast form.
We have no explanation for the faster migration of the large subunit of rubisco in the healthy control sample in lane Al.

SDS-PAGE analysis of the viral components isolated
from CPMV/S-2A-GFP revealed the presence of L and Sf
protein only. No Ss-2A-GFP protein could be detected in
any of the three components on a Coomassie-stained
gel (Fig. 6B, lanes 2, 3, and 4). The expression of an
additional sequence at the carboxyl-terminus of S seems
to lead the natural cleavage of S at position 198 toward
completion. Only by Western blotting of purified virus

using GFP-specific antiserum could a faint band of about
58 kDa corresponding to a Ss-2A-GFP fusion protein be
identified (data not shown).

DISCUSSION

In a previous study, the GFP gene was inserted be-
tween the MP and L protein genes and duplications of
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Electron micrographs of
M19GFP2A top component

FIG. 5. Electron microscopic images of purified M19GFP2A top (A)
and bottom components (B), negatively stained with 0.1% PTA. The bar
represents 100 nm.

the coding regions from the L coat protein (29 amino
acids) and from MP (11 amino acids) to allow protein
processing to occur (Verver et al., 1998). In this report, we
have shown that it is possible to reduce the duplications
to 14—19 and 7 amino acids, respectively, without affect-
ing efficient processing at these sites. Furthermore, we
have shown that it is also possible to use the FMDV 2A
catalytic peptide sequence as an alternative to the du-
plications to achieve processing. Using this strategy we
have also been able to express GFP at the C-terminus of
the S protein.

With M19GFP10 and M19GFP7, the expression levels
of free GFP reached approximately 1-2% of the total
soluble proteins (Fig. 4A, lanes 3 and 4), which is com-
parable to those reported for TMV (10 wg/g tissue)

(Hamamoto et al., 1993), and PVX (Chapman et al., 1992).
The main disadvantage of these CPMV vectors, when
compared to viral vectors which express foreign genes
using duplicated promoters for subgenomic RNA produc-
tion, is that the expressed proteins will contain additional
virus-derived amino acids. This has been largely over-
come with CPMV/S-2A-GFP, in which the expressed pro-
tein will contain only a single additional proline residue.
A further advantage of the FMDV 2A-containing vectors
is that foreign genes can be expressed as either free
proteins (CPMV/S-2A-GFP) or as fusion proteins incor-
porated into virus particles (M19GFP2A). Previous de-
scriptions of assembly-competent CPMV constructs car-
rying coat-protein fusions involved the expression of only
small oligopeptide sequences (Usha et al,, 1993; Porta et
al, 1994, 1996; Lin et al., 1996; Dalsgaard et al., 1997).
With M19GFP2A construct we have demonstrated the
ability of the virus to assemble with a protein of 238
amino acids (GFP) fused to one of the capsid proteins.

An unexpected finding is that some GFP-2A-L fusion
proteins are readily incorporated into the virus particles,
resulting in a “green virus” (Fig. 3E). A majority of the
particles in a M19GFP2A virus preparation were empty.
SDS-PAGE analysis showed that both the empty and
RNA-containing particles incorporate about 10 copies of
the fusion protein. Since leaf material contained about
50% of the L protein in a fused form (GFP-2A-L), these
results indicate that not all the GFP-2A-L fusion protein
molecules present in the cytosol can be incorporated
into virus capsids, probably due to structural limitations;
however, this has not been analyzed further. For PVX, it
has been shown that rod-shaped particles containing up
to 50% of fusion proteins can be formed (Santa Cruz et
al., 1996), while for TMV it has been shown that coat
protein and fusion proteins can be incorporated into the
virus capsids at a ratio of 20:1 (Sugiyama et al,, 1995;
Turpen et al, 1995). The experiments with M19GFPO
indicated that in the presence of GFP-L fusion only, no
functional virions are formed. Assembly of CP fusion
proteins into virions is probably facilitated by the pres-
ence of a pool of free CP, as has been demonstrated for
modified forms of the TMV and PVX CP (Hamamoto et al.,
1993; Santa Cruz et al,, 1996).

It is evident from the crystallographic data of CPMV
that the N-terminus of the L coat protein is buried inside
the virus particles (Lomonossoff and Johnson, 1991).
Data obtained with bean pod mottle virus (BPMV) middle
component revealed that the N-terminus of the L protein
interacts with the RNA (Chen et al, 1989). This might
explain the large amounts of empty capsids found in
plants infected with M19GFP2A. The presence of GFP-
2A-L fusion protein molecules could disturb efficient en-
capsidation of the viral RNA. The immunotrapping stud-
ies revealed that at least some of the GFP in the fusion
protein is present on the surface of the virus particles.
More detailed structural analysis of the green virus will
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FIG. 6. SDS-PAGE analysis of (A) purified M19GFP2A top (T) and middle + bottom (M/B) components and (B) CPMV/S-2A-GFP top (T), middle (M),
and bottom (B) components, stained with Coomassie brilliant blue R 250. Lanes A4 and B5 contain purified wild-type CPMV particles.

be needed to determine whether all GFP molecules are
surface exposed. Nevertheless, for the first time we have
demonstrated the incorporation of GFP into spherical
plant RNA virus capsids. Other reports of incorporation of
GFP into spherical capsids have involved herpes sim-
plex virus (Desai and Person, 1998) and hepatitis B virus
(Kratz et al.,, 1999).

In the constructs with the duplicated Q/M sites, the
reduction of the number of repeated nucleotides at the 3’
side of the inserted gene from 30 to 21 greatly improved
the stability of the vector, an observation that is consis-
tent with previous findings. In TMV vectors, direct dupli-
cations have been avoided using the coat protein gene
and promoter sequence from heterologous tobamovi-
ruses in a TMV genomic background (Donson et al.,
1991). In poliovirus-based vectors, a 37% reduction of the
homology of the direct repeats surrounding the foreign
sequences greatly increased the stability (Tang et al,
1997), and the FMDV 2A protease sequence also proved
to be successful in overcoming the problem of homolo-
gous recombinations (Mattion et al., 1996).

In potyviruses, all known processing sites in the
polyprotein cleaved by the 3C-like proteinases are
flanked by conserved sequence motifs, which in the
case of tobacco etch virus (TEV) is E-X-X-Y-X-Q-S/G, with
the scissile bond located between the GIn-Ser or Gly
dipeptide (Carrington and Dougherty, 1988; Carrington et
al., 1988). In TEV, the conserved motif of 7 amino acids
upstream of the cleavage site is sufficient for recognition

and cleavage by the 49-kDa proteinase (Carrington et al.,
1988). Only a very limited sequence homology is found
around the processing sites cleaved by the 3C-like pro-
teinases of the comoviruses (A/P-X-A-Q-M/G/S) and po-
lioviruses (A-X-X-Q-G) (Nicklin et al., 1986; Goldbach and
Wellink, 1996). Our findings with the CPMV vectors with
the duplicated Q/M sites show that at least for the Q/M
site between the MP and L protein, a significant number
of amino acids (14—19) downstream of the scissile bond
and 7 upstream amino acids are required for efficient
processing. The requirement for an extended sequence
to achieve processing of the RNA-2-encoded polyprotein
has also been found for the L-S site in studies using
hybrid comoviruses (Clark et al, 1999). Both that study
and another study on the processing of nepovirus
polyproteins (Carrier et al, 1999) indicate that the re-
quirements for processing in trans are stricter than those
required for cis cleavage. In the case of comoviruses, it
is tempting to speculate that these stricter requirements
are attributable to the involvement of the 32-kDa
polypeptide encoded by RNA-1 as a cofactor for the
24-kDa viral proteinase, in the trans processing of the
RNA-2-encoded polyproteins (Vos et al, 1988; Peters et
al, 1992).

Overall, the results presented in this report demon-
strate that CPMV has the potential to serve as a versatile
vector for the expression of high levels of heterologous
proteins in plants. So far we have introduced two GFP
genes (~1.5 kb; data not shown) and the cowpea aphid
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Electron micrographs of immunotrapping studies

CPMV particles trapped
with CPMV antibody

CPMV particles trapped
with GFP antibody

M19GFP2A M/B particles
trapped with GFP antibody

M19GFP2A M/B particles
trapped with CPMV antibody

FIG. 7. Immunotrapping electron microscopy of M19GFP2A middle
and bottom components and wild-type CPMV particles. The grids were
coated with either anti-CPMV (1:1000) or anti-GFP (1:500) antibodies
and virus particles (1 mg/ml) were trapped onto the grids, stained with
0.1% PTA, and examined by the electron microscope. The bar repre-
sents 100 nm.

born mosaic virus HC-PRO coding sequence (~1.3 kb; S.
Mlotshwa, unpublished data) in the M19-7- and M19—
2A-based vectors, and these constructs are as infectious
as the M19GFP10.

MATERIALS AND METHODS
Design and construction of RNA-2 vectors

Two sets of plasmids containing full-length cDNA cop-
ies of CPMV RNAs were used throughout this study. In
the first set, cDNA copies of RNA-1 (pTB1G) and RNA-2
(pTM1G) are linked to the T7 RNA polymerase promoter
sequence, from which the infectious transcripts can be
obtained by /n vitro transcription (Eggen et al,, 1989). In
the second set, the full-length cDNA copies of both
RNA-1 (pCP-1) and RNA-2 (pCP-2) are inserted immedi-
ately downstream of the cauliflower mosaic virus 35S

promoter (Dessens and Lomonossoff, 1993). Both
pTM1G and pCP2 are used in the constructions de-
scribed below. Standard DNA and RNA techniques were
essentially carried out as described by Sambrook et al.
(1989). PCR fragments were amplified with Vent DNA
polymerase (NEB) from pTM1G, pBINm-GFP5-ER (Sie-
mering et al., 1996), and pTXS.GFP-CP (Santa Cruz et al.,
1996) and with Pfu DNA polymerase (Stratagene) from
pPVX208 (a gift from E. Mueller) and pCP2/S-GFP.

pPM19PL10, pM14PL10, and pMB8PL10. These vectors
were constructed by a three-piece ligation with the
2.92-kb Bg/ll (nt. 189 in the RNA-2 ¢cDNA) and Ncol (nt.
3068) plasmid vector portion of pTM1G and two PCR
products (Fig. 1B). The first PCR fragment was amplified
from pTM1G with 5" oligo CCGGAATTCCCGGGTAC-
CCCACGAAATGGGAATGTGGCT (Primer 2; EcoRl, Smal,
and Kpnl sites are underlined) and 3’ oligo GAAGGGAC-
GACCTGCTAAAC (Primer 1), and digested with EcoRI
and Ncol. The second PCR fragment was amplified from
pTM1G with 5" oligo AGAAAACCATGCAGTTCATGC
(Primer 3) and 3’ oligo CCGGAATTCAGAACCACGAACT-
GAGCTTGTATC (Primer 4; EcoRIl site underlined) for
pM19PL10 (Fig. 1B), and 3’ oligo CCGGAATTCGCTTG-
TATCATCCAAAGAAAGGGC (Primer b; EcoRI site under-
lined) for pM14PL10 (Fig. 1B), and 3’ oligo CCGGAAT-
TCAAGGGCAAACAAGTTTTGCTC (Primer 6; EcoRI site
underlined) for pM8PL10 (Fig. 1B), and digested with
Bglll and EcoRlI.

PM19PL7, pM14PL7 and pM8PL7 To construct these
vectors, the 4.3-kb EcoRI and Ncol plasmid vector por-
tion of pM19PL10, pM14PL10, and pM8PL10, respec-
tively, were ligated with a PCR fragment amplified from
pTM1G with 3" oligo (Primer 1) and a 5’ oligo CCGGAAT-
TCCCCGGGTCTAGAGGGAATGTGGCTTTTCCACAAATG
(Primer 7; recognition sequences for EcoRIl, Smal, and
Xbal are underlined; Fig. 1B) that has been digested with
EcoRI and Ncol.

PM19GFP10, pM14GFP10, and pM8GFP10. The 5.8-kb
EcoRIl and Kpnl plasmid vector portions of pM19PL10,
pM14PL10, and pM8PL10, respectively, were ligated with
a PCR fragment amplified from pBINm-GFP5-ER with 5’
oligo (Primer 11) and 3’ oligo CGGGGTACCTTTGTATAGT-
TCATCCATGCCATG (Primer 15; Kpnl site underlined,
which removes the stop codon of GFP) that has been
digested with EcoRl and Kpnl. Subsequently, the 3.2-kb
Bg/ll and Nhel (at nt. 2709) vector fragments of the
resulting clones were introduced into pCP-2 digested
with the same enzymes.

pPM2AGFP10. The 5.0-kb Bgl/ll and EcoRI plasmid vec-
tor portion of pM19GFP10 was used in a three-piece
ligation with two PCR fragments. The first PCR fragment
was amplified from pTM1G with 5" oligo (Primer 3)
and 3’ oligo TGCTCTAGACATTTGTGGAAAAGCCA-
CATTCC (Primer 9; Xbal site underlined) and digested
with Bg/ll and Xbal. The second PCR fragment (70 nt)
was amplified from pTXS.GFP-CP with 5" oligo (Primer
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11) and 3’ oligo CCGGAATTCGGGCCCAGGGTTG-
GACTCGACGTC (Xbal site underlined) and digested with
EcoRl and Xbal. The 3.2-kb Bg/ll and Nhel fragment of
the resulting clone was introduced into pCP-2 digested
with the same enzymes.

pM2AGFP7. The 1.86-kb Bg/ll and Af/ll plasmid vector
portion of pM2AGFP10 was ligated with the 5.3-kb Bg/ll
and Aflll plasmid vector portion of pM19GFP7 described
below.

pM19GFP7, pM14GFP7, and pM8GFP7 The GFP b
gene contains a Clal restriction site, which is also used
to linearize plasmid pTM1G for making runoff transcripts.
To allow its insertion into pTM1G-based vectors, the Clal
site of GFP 5 was eliminated by primer-derived mutation.
A PCR fragment was amplified from the pBINm-GFP5-ER
with a 5" oligo CGGGAATTCATGAGTAAAGGAGAACTTT-
TACAT (Primer 11; EcoRlI site underlined) and a 3’ oligo
CGGTCTAGATTTGTATAGTTCATCCATGCCATG  (Primer
12, Xbal site underlined), digested with EcoRIl and Xbal
and ligated into pUC 19 cut with the same restriction
enzymes that resulted in pUC-GFP. Subsequently, the
3.48-kb Aflll and Xbal fragment from pUC-GFP was li-
gated with a PCR fragment amplified from pUC-GFP with
5" oligo GAGCTTAAGGGAATAGATTTCAAGGAG (Primer
13; Aflll site underlined and mutated nucleotide is shown
in bold) and 3" oligo CGGTCTAGATTTGTATAGTTCATC-
CATGCCATG (Primer 14; Xbal site underlined) and di-
gested with Aflll and Xbal, resulting in pUC-GFPAC. The
5.89-kb EcoRI and Xbal plasmid vector portions of
pM19PL7, pM14PL7, and pM8PL7, respectively, were li-
gated with a PCR fragment amplified from pUC-GFPAC
by 5’ oligo (Primer 11) and 3’ oligo (Primer 12) and
digested with EcoRI and Xbal.

pM19GFPO. The 5.3-kb Xbal and Nhel plasmid vector
portion of pM19GFP7 was ligated with a PCR fragment
amplified from pTM1G with 5" oligo CCGTCTAGAATG-
GAGCAAAACTTGTTTGCCCTT (Primer 10) and 3’ oligo
(Primer 1) and digested with Xbal and Nhel (Fig. 1B).

PM19GFP2A, pM14GFP2A, and p8GFP2A. The 5.09-kb
Xbal and Ncol plasmid vector portions of pM19GFP7,
pM14GFP7, and pM8GFP7, respectively, were used in a
three-piece ligation with two PCR fragments. The first
PCR fragment was amplified from pTM1G with 5" oligo
AACAACCCGGGGCCCATGGAGCAAAACTTGTTTGCCC
(Primer 8; Apal site underlined; Fig. 1B) and 3’ oligo
(Primer 1) and digested with Apal and Ncol. The second
PCR fragment (63 nt) was amplified from pTXS.GFP-CP
(Santa Cruz et al,, 1996) with a 5’ oligo (Primer 11) and a
3" oligo TGTGCTCGCGGGCCCAGGGTTGGACTCGAC
(Apal site underlined) and digested with Xbal and Apal.

pCP2/S-GFP. To allow expression of GFP as a fusion
protein to the C-terminus of S, vector pCP2-CVW was
generated. A 2-kb BamHI-EcoRl fragment from pCP2
was subcloned into M13mp18, resulting in M13-CP1/
Aatll (after an Aatll site had been engineered by a silent
mutation at position 2740). Using the method of Kunkel et

al. (1987) and primer CACACTGCTACTGCTGCAGAAG-
GCCTTTAACTCTGGTTTCATTAAATTTTC (Pstl site under-
lined, Stul site double-underlined) a mutagenesis cas-
sette was introduced at position 3298, i.e., overlapping
the codon for the last amino acid of S. From pPVX208 (a
PVX clone with a GFP insert), a PCR fragment was
amplified using 5’ sense primer, which comprises GFP
nucleotides 1 to 19 (CCCCTGCAGCGATGAGTAAAG-
GAGAAGAAC; Pstl site underlined) and 3’ antisense
primer, which anneals to GFP nucleotides 694 to 714
(GGGAGGCCTTTATTTGTATAGTTCATCCATGCC; Stul site
underlined). The PCR product harboring the sequence
for wild-type GFP (Prasher et al., 1992) was digested with
Pstl and Stul and ligated to the large Pstl-Stul fragment
of pCP2-CVW, to form pCP2/S-GFP.

pCP2/S-2A*-GFP. A PCR fragment was amplified from
pCP2/S-GFP. The 5’ sense primer comprised the coding
sequence for 24 amino acids from FMDV serotype A10,
encompassing a mutated 2A region, and GFP nucleo-
tides 3 to 23 (CCCTGCAGCGCCTGCAAAACAGCTCTTA-
AACTTTGACCTACTTAAGTTAGCAGGTGACGTTGAGTC-
CAACCTTGGGCCCAGTAAAGGAGAAGAACTTTTGC; Pstl
site underlined, Apal site double-underlined, mutation
shown in italics). The 3’ antisense primer was comple-
mentary to GFP nucleotides 478 to 497 (TTGAAGTTA-
ACTTTGATTCC; Hpal site underlined). The resulting
0.57-kb product was digested with Pstl and Hpal and
ligated to the large fragment of similarly digested pCP2/
S-GFP.

pCP2/S-2A-GFP. The small Pstl-Apal fragment from
pCP2/S-2A*-GFP was excised and replaced by a pair of
complementary oligonucleotides encoding the native 2A
sequence from FMDV serotype A10 + strand primer
GCGCCTGCAAAACAGCTCTTAAACTTTGACCTACTTAA-
GTTAGCAGGTGACGTTGAGTCCAACCCTGGGCC-strand
primer CAGGGTTGGACTCAACGTCACCTGCTAACTT-
AAGTAGGTCAAAGTTTAAGAGCTGTTTTGCAGGCGCTG-
CA (Pstl-compatible ends underlined; Apal-compatible
ends double-underlined; reverse mutation shown in ital-
ics).

In vitro transcription and protoplast transfections

Cowpea protoplasts were isolated as described by
Rezelman et al. (1989). Prior to protoplast infections,
plasmids were purified by Quiagen miniprep spin col-
umns (Quiagen). Viral RNAs were transcribed from dif-
ferent vector constructs as described previously (Vos et
al, 1988) and the quality and yield of the transcripts was
assessed by agarose gel analysis. In general, 1-2 ug of
RNA-1 and 1-2 ug of mutant RNA-2 transcripts or 8-10
rg of mutant pCP-2 DNA in 50-70 ul of sterile distilled
water were used to transfect 10° protoplasts by the
polyethylene glycol method as developed by van Bok-
hoven et al. (1993). Protoplasts were incubated under
continuous illumination at 25°C. After 36 h, an aliquot of
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the protoplast sample was used for immunofluorescence
analysis, while the reminder was harvested by centrifu-
gation at 3000 rpm and stored at —80°C until further use.
Immunofluorescence was used to determine the per-
centage of infected protoplasts for every construct using
110-kDa antibody to detect RNA-1-infected protoplasts
(van Bokhoven et al,, 1993) and anti CPMV or anti 48/58-
kDa MP antibodies to detect protoplasts in which RNA-2
has been replicated (Wellink et al., 1993).

Plant infections

For plant infections, extracts of different protoplast
samples transfected with DNA and runoff transcripts
were prepared by adding 200 wl of PBS (100 mM sodium
phosphate; 1.5 M NaCl, pH 7.2) to the pellet of 10° pro-
toplasts and disrupting the protoplasts by repeated up-
take in a syringe through a small needle. These extracts
were used for both protoplast reinfections as well as for
cowpea primary leaf infections as described by Wellink
and van Kammen (1989).

For pCP2/S-GFP, pCP2/S-2A-GFP, and pCP2/S-2A*-
GFP, plasmid DNA was directly used to inoculate the
cowpea primary leaves. For this, 10 ug of pCP1 linear-
ized with Mlul and 10 wg of mutant pCP2 linearized with
EcoRI were coinoculated onto one primary leaf. Follow-
ing symptom development, infected plant tissue was
macerated in the presence of 0.1 M sodium phosphate
buffer, pH 7.0. After centrifugation at 10,000g, the super-
natant (crude plant sap) was used for passaging of the
infection onto new plants.

Detection of fluorescence in the protoplasts
and plants

Protoplasts transfected with GFP constructs were an-
alyzed by fluorescence microscope equipped with
FITC/UV filters (Nikon Optiphot 2). Infection process and
green fluorescence of different GFP constructs on the
inoculated leaves and whole plants were analyzed daily
by a handheld UV lamp (B100AB; Ultraviolet Products)
and the leaves were analyzed by fluorescence micros-
copy as well as by confocal laser scanning microscopy
as described by Baulcombe et al. (1995).

Virus purification

Virus particles from infected cowpea leaf material
were partially purified by the polyethylene glycol method
as described by van Kammen (1967). In the case of
M19GFP2A, the partially purified virus preparations were
layered onto preformed 10-40% sucrose density gradi-
ents buffered with 10 mM sodium phosphate buffer, pH
7.0, and subjected to ultracentrifugation for 3 h at 26,000
rom in SW28 rotor at 4°C. Viral bands corresponding to
top, middle, and bottom components were visualized by
passing through a monochromatic light beam from top to
bottom of the gradient tube or by illumination with a

handheld UV lamp. Top and Bottom/Middle components
were collected separately by a syringe with a long nee-
dle. Separation of the components of CPMV/S-2A-GFP
virus was achieved by centrifugation on 43-65% (w/v)
CsCl gradients buffered with 100 mM Tris—ClI, pH 8.3, for
20 h at 35,000 rpm at 15°C using a Sorvall TH641 rotor.
The three individual viral components were visualized
under visible light and collected as described earlier.

RNA extraction and RT-PCR analysis

RNA was isolated from purified virus particles or from
leaf material by phenol/chloroform extraction and etha-
nol precipitation and either analyzed directly on agarose
gels or by RT-PCR. For amplication of sequences around
the N-terminus of L the method of Sijen et al. (1995) was
followed. First-strand cDNA was synthesized with Super-
script reverse-transcriptase (Gibco) and an oligo (dT) 15
primer. The cDNA was amplified by using 5" oligo
AGAAAACCATGCAGTTCATGC (1414+) and 3’ oligo GC-
CTTGGACAACAAAACTCG (1641—). The PCR reaction
contained 250 uM of each dNTPs, 1 unit 7Taq polymerase
(Boehringer), the accompanying enzyme buffer, and 2 ul
cDNA reaction mixture.

For amplification of sequences at the C-terminus of the
S, synthesis of first-strand cDNA was performed using
Superscript reverse-transcriptase (Gibco) and a primer
complementary to nucleotides 3436—3456 of wt RNA2
(CTTGCTGAAGGGACGACCTGC). PCR amplification was
carried out using a 5’ sense primer corresponding to
nucleotides 3101-3120 (TGTGTTGCTACCAATCCCAG)
and the same 3’ antisense primer as that used for the
cDNA synthesis. The PCR reactions contained dNTPs at
200 uM each, 2.6 units of Amplitag DNA Polymerase
(Perkin—Elmer), Gene Amp PCR buffer, and varying
amounts of 1:100 dilutions of cDNA.

Protein analysis and Western blotting

For M19GFP10, M19GFP7, and M19GFP2A, tissue from
first-passage plants was analyzed, while for CP2S-2A-
GFP material from a fifth-passage plant was used. Leaf
tissue was frozen in liquid nitrogen and macerated into a
fine powder before extraction of the proteins in TB buffer
containing 50 mM Tris—acetate (pH 7.4), 10 mM potas-
sium acetate, 1 mM EDTA, 5 mM DTT, and 0.5 mM PMSF
(12 ml TB/g tissue). The homogenate was pressed
through miracloth (Calbiochem), centrifuged at 3000g for
15 min and the supernatant subjected to a further cen-
trifugation of 30,000g for 30 min. The final supernatant
fraction contains the soluble proteins and the pellet frac-
tion contains the membrane-bound proteins. Equivalent
amounts of protein samples from the supernatant and
membrane fractions were boiled with sample buffer
(Laemmli, 1970). Proteins were separated on 12.5 or 15%
polyacrylamide/SDS gels and either stained with Coo-
massie brilliant blue R 250 or blotted onto nitrocellulose
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membranes (Koenig and Burgermeister, 1986). The mem-
branes were blocked with 5% (w/v) nonfat milk powder
and probed with either polyclonal antibodies raised
against the CPMV, the 48/568-kDa movement protein, or
GFP and antirabbit igG coupled with alkaline phospha-
tase. Frozen protoplast samples resuspended in TB
buffer and purified virus particles were analyzed on poly-
acrylamide/SDS gels as described earlier.

Electron microscopy and immunotrapping studies

The purified virus particles were coated onto the car-
bon-coated electron microscopic grids and stained with
0.1% phosphotungstic acid (PTA), pH 5.5, and examined
by electron microscopy using a Philips CM12 micro-
scope. For immunotrapping studies, the EM grids were
initially coated with coat protein (1:1000) or GFP (1:500)
antibodies in PBS containing 1% BSA and incubated at
room temperature for 45 min. The grids were washed
with 20 drops of PBS and purified virus particles (1
mg/ml) were applied and incubated for 45 min. Subse-
quently, the grids were rinsed with 20 drops of PBS
followed by 5—10 drops of water, stained with 0.1% PTA,
and examined as described earlier.
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