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The RNA genome of Turnip mosaic virus is covalently linked at its 5’ end to a viral protein known as VPg.
This protein binds to the translation eukaryotic initiation factor iso 4E [eIF (iso)4E]. This interaction has been
shown to be important for virus infection, although its exact biological function(s) has not been elucidated. In
this study, we investigated the subcellular site of the VPg-elF(iso)4E interaction using bimolecular fluorescence
complementation (BiFC). As a first step, elF(iso)4E, 6K-VPg-Pro, and VPg-Pro were expressed as full-length
green fluorescent protein (GFP) fusions in Nicotiana benthamiana, and their subcellular localizations were
visualized by confocal microscopy. elF(iso)4E was predominantly associated with the endoplasmic reticulum
(ER), and VPg-Pro was observed in the nucleus and possibly the nucleolus, while 6K-VPg-Pro-GFP induced the
formation of cytoplasmic vesicles budding from the ER. In BiFC experiments, reconstituted green fluorescence
was observed throughout the nucleus, with a preferential accumulation in subnuclear structures when the GFP
split fragments were fused to VPg-Pro and elF(iso)4E. On the other hand, the interaction of 6K-VPg-Pro with
elF (iso)4E was observed in cytoplasmic vesicles embedded in the ER. These data suggest that the association
of VPg with the translation factor might be needed for two different functions, depending of the VPg precursor
involved in the interaction. VPg-Pro interaction with elF(iso)4E may be involved in perturbing normal cellular
functions, while 6K-VPg-Pro interaction with the translation factor may be needed for viral RNA translation

and/or replication.

One of the initial steps in protein synthesis is the recruitment
of mRNAs by the translation eukaryotic initiation factor 4F
(eIF4F) complex (17). In plants, this complex is composed of
two proteins, eIF4E and eIF4G (4). eIF4E is the cap-binding
protein, while eIF4G is a large polypeptide containing binding
sites for eIF4E, eIF4A, eIF3, and the poly(A) binding protein.
elF4F simultaneously interacts with the cap structure of
mRNA (through eIF4E) and the ribosome-associated elF3
(through eIF4G). Thus, eIF4F executes the pivotal function of
bridging mRNAs with ribosomes. Another cap-binding com-
plex, eIF(iso)4F, has been identified in plants (5) and is com-
posed of a smaller eIF(iso)4E subunit and a larger eIF(is0)4G
subunit relative to the eIF4F subunits. Those two complexes
perform essentially the same task in translation but have dif-
ferent affinities for certain classes of mRNA substrates and
may be involved in different cellular events (14).

Potyviruses have a positive-strand RNA genome of approx-
imately 10 kb (53). The genome codes for a single long
polyprotein that is processed by viral proteinases into 10 ma-
ture proteins. The viral RNA is polyadenylated at its 3" end
and has a covalently linked virus-encoded protein (VPg) in-
stead of a cap structure at the 5’ end. Being derived from a
polyprotein, VPg exists in various forms (i.e., VPg, VPg-Pro,
6K-VPg-Pro) that fulfill specific functions. For instance, VPg-
Pro is one of the three proteinases responsible for maturation
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of the polyprotein (6). 6K-containing forms (e.g., 6K-VPg-Pro)
induce the formation of cytoplasmic vesicles necessary for rep-
lication complex formation (48). VPg is uridylated by the viral
RNA-dependent RNA polymerase (RARP), which may then
act as a primer for negative-strand RNA synthesis (38). VPg
and its precursor forms thus play a central role in the viral
replication cycle. Another function has recently emerged. A
yeast two-hybrid screen has shown that eIF(iso)4E of Arabi-
dopsis thaliana interacts with the VPg of Turnip mosaic virus
(TuMV) (57). This interaction (31) has also been reported to
take place in infected cells (32). Similar interactions are taking
place between the VPg of other potyviruses and either
elF(is0)4E or eIF4E (20, 46). The cap analogue m’GDP and
VPg bound to eIF4E or elF(iso)4E at two distinct sites, al-
though binding of one ligand to the translation factor reduced
its affinity for the other ligand (31, 33, 34). This suggests that
the potyviral VPg interferes with the formation of a transla-
tional initiation complex on cellular mRNAs by sequestering
the translation factor. A similar interaction with elF(iso)4E
has also been shown for the proteinase of the nepovirus To-
mato ringspot virus (30). The interaction of a VPg and eIF4E is
not limited to plant viruses: direct interaction of murine, feline,
and human calicivirus VPgs with eIF4E was recently demon-
strated (18). Several lines of evidence suggest that eIF4E
and/or elF(iso)4E plays an important role in potyvirus repli-
cation. First, knockout A. thaliana plants for elF(iso)4E were
phenotypically indistinguishable from wild-type plants but
were resistant to several potyviruses (29). In lettuce, mol* and
mol? are recessive resistance genes toward common isolates of
Lettuce mosaic virus and code for different alleles of eIF4E
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TABLE 1. Primers used for vector construction
Primer Sequence (5'—3") Comments
EGFP-F TCTAGAGGATCCCCCATGGTGAGCAAGGGCGAG 5" EGFP + BamHI + Ncol
EGFP-R GAATTCGAGCTCCCCCTTGTACAGCTCGTCCAT 3" EGFP + EcoRI
DsRed-F TCTAGAGGATCCCCCATGGCCTCCTCCGAGAAC 5" DsRed + BamHI
DsRed-R TAATTAAAGGAATTCTTACAGGAACAGGTGGTGGCGGCCCA 3" DsRed + EcoRI

elF(iso)4E-F
elF(iso)4E-R

Pro-R AGGCCATGGGGGATCCTTGTGCGTAGACTGCCGT

VPg-F TCTGAACCCGTAAAGCTTATGGCAAAAGGCAAGA

NT-F CTATCATTATCCGGATCCAAATGAGTAAAGGAGAA

NT-R TTCAGCGTACCGGAATTCTTGCTTGTCGGCCATGAT

CT-F ATTTGGAGAGGACAGCCCGGGATCCAAGAACGGCATCAAAGCC
CT-R TTTCAGCGTACCGGAATTCTATTTGTATAGTTCATCCAT

NTelF(is0)4E-F
NTelF(iso)4E-R

GCTTTCTAGAGGATCGAGTAATTTAGCTCAACT
TCACCATGGGGGATCCGACAGTGAACCGGCTTCT
6K-F ATGGAGGCAGTTAAGCTTATGAGCACCAACGAA

AACTCAACTGCGGAATTCATGGCGACCGAT
GTGATTTCAGCGGAATTCTCAGACAGTGAACCGGCT

5" elF(iso)4E + Xbal

3" elF(iso)4E + BamHI
5" 6K-VPg-Pro + HindIII
3" 6K-VPg-Pro + BamHI
5" VPg-Pro + HindIII

5" NTGFP + BamHI

3" NTGFP + EcoRI

5" CTGFP + BamHI

3’ CTGFP + EcoRI

5" elF(iso)4E + EcoRI
3" elF(iso)4E + EcoRI

(36). It was also shown that resistance to potyviruses attrib-
uted to the alleles at the pvr2 locus in Capsicum annuum
(44) and the pot-1 locus in Lycopersicon esculentum (45)
resulted from mutations in eIF4E. Complementing those
experiments was the demonstration that the virulence de-
terminant toward these recessive resistances was VPg (35)
and that failure of eIF4E alleles to bind VPg correlated with
resistance in most cases (26).

Although, these experiments clearly indicate that the inter-
action between potyvirus VPg and either eIF4E or elF(iso)4E
is important for virus infection, the aim or consequence of the
interaction has not yet been deciphered. Involvement in viral
RNA translation is likely, but the interaction might also result
in perturbation of some host functions or even be required for
cell-to-cell trafficking (15). Although the interaction domain
has been mapped to the VPg, it is not known if precursor forms
of VPg are capable of interacting with the factor in plants and
in what subcellular compartment the interaction is taking
place. To further investigate the cellular localization of this
interaction, elF(iso)4E, 6K-VPg-Pro, and VPg-Pro were ex-
pressed as GFP fusions in Nicotiana benthamiana, and their
localizations were visualized by confocal microscopy. Bimolec-
ular fluorescence complementation (BiFC) experiments showed
that the interaction of eIF(iso)4E with VPg-Pro took place in
the nucleus, while the interaction with 6K-VPg-Pro took place
in cytoplasmic vesicles. The subcellular interaction sites may
then reflect the role of the interaction in the virus replication
cycle.

MATERIALS AND METHODS

Plasmid constructions. Plasmids for colocalization were constructed as fol-
lows. EGFP and DsRed2 (Clontech) genes were amplified by PCR with primers
EGFP-F/EGFP-R and DsR-F/DsR-R (Table 1), respectively. Amplified frag-
ments were inserted into the BamHI/EcoRI sites located in the multiple cloning
site downstream of the Cauliflower mosaic virus 35S promoter in the pGreen 0029
vector (21), resulting in plasmids pGreenGFP and pGreenDsRed, respectively.
The ¢cDNA for elF(iso)4E was obtained from an A. thaliana mRNA extract with
the eIF(iso)4E-F and eIF(iso)4E-R primers (Table 1) and inserted into the
Xbal/BamHI site of the same vector. The resulting plasmids were identified as
pGreen/eIF(is0)4E-GFP. 6K-VPg-Pro and VPg-Pro were amplified with the
6K-F/Pro-R and VPg-F/Pro-R primers (Table 1), respectively, from the pET/
6K2-NIa Quebec isolate of TuMV, which has been modified at the junction of
6K2 and VPg and at the active site of Pro to prevent Pro-mediated proteolysis
(28). 6K-VPg-Pro and VPg-Pro ¢cDNA fragments were inserted into HindIII/

BamHI sites of the pGreenDsRed (for VPg-Pro only) and pGreenGFP vectors.
The resulting plasmids were identified as pGreen/6K-VPg-Pro-GFP, pGreen/
VPg-Pro-GFP, and pGreen/VPg-Pro-DsRed.

Plasmids for complementation were obtained as follows. N-terminal GFP
(ntGFP) and C-terminal GFP (ctGFP) fragments were amplified from plasmid
pBin-mGFP5-ER by the NT-F/NT-R and CT-F/CT-R primers (Table 1), respec-
tively, and inserted into the BamHI/EcoRI sites of pGreen0029. pGreen/ntGFP-
elF(iso)4E was obtained by amplification of eIF(iso)4E from plasmid pGreen/
eIF(iso)4E-GFP with the NTelF(iso)4E-F and NTelF(iso)4E-R primers (Table
1) and inserted into the EcoRI site in pGreen/ntGFP. pGreen/VPg-Pro-ctGFP
was obtained by transferring the HindIlIl/BamHI VPg-Pro fragment from
pGreen/VPg-Pro-GFP into the corresponding sites of pGreen/ctGFP. pGreen/
6K-VPg-Pro-ctGFP was derived from pGreen/6K-VPg-Pro-GFP in a similar
manner.

Protein expression in plants. Vectors containing genes for fluorescent and
fusion proteins were introduced into Agrobacterium tumefaciens AGL1 by elec-
troporation. Transformed cells were selected on kanamycin-ampicillin plates.
Cultures of the bacterium containing both plasmids were prepared overnight, the
culture medium was removed, and cells were resuspended in water supple-
mented with 10 mM MgCl, and 150 pM acetosyringone. The resulting prepa-
ration was used to agroinfiltrate leaves from 3-week-old N. benthamiana plants,
along with Agrobacterium containing plasmids allowing the expression of sup-
pressors of silencing P19 or HcPro prepared the same way. Plants were then kept
for 4 days in a growth chamber before observation.

Confocal microscopy. Sections from agroinfiltrated leaves were cut out and
placed in immersion oil on a microscope coverslide. The coverslide was then
inverted over a microscope slide, presenting a depression above which was
placed the leaf section. Individual cells were observed with a 40X oil immersion
objective on a Radiance 2000 confocal microscope from Bio-Rad. Fluorescent
proteins were excited with an Argon-Krypton laser. The data for green and red
channels were collected simultaneously. Images were collected with a charge-
coupled-device camera and treated with Adobe Photoshop or Image J (http://rsb
.info.nih.gov/ij/) software.

Cellular fractionation. Subcellular fractionation from plants was carried out
according to the method of Davies and Abe (10). Brassica perviridis plants
(three-leaf stage) were infected with TuMV or mock inoculated with phosphate-
buffered saline (PBS). At 12 days postinoculation, leaves that developed next to
the inoculated leaves were harvested. Leaf tissue (0.5 g) was minced in 5 volumes
(2.5 ml) of buffer A (200 mM Tris-HCI, pH 8.5-50 mM KCI-25 mM MgCl,).
Nuclei, chloroplasts, cell wall, and debris were removed by centrifugation at
3,700 X g at 4°C for 10 min. The supernatant (S3) was centrifuged at 27,000 X
g at 4°C for 10 min, resulting in soluble (S30) and crude membrane (P30)
fractions. The pellet containing membranes was resuspended in the same volume
as the supernatant in buffer A with 40 mM octyl-B-p-glucopyranoside (Bioshop).
Twenty microliters of total, soluble, and membrane fractions were collected,
diluted 1:5 in protein dissociation buffer, and subjected to immunoblot analysis
following sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Immunoreactions were detected with the enhanced chemiluminescence
(ECL)-based secondary antibody system (Amersham).

Nucleus isolation. Nucleus isolation from plants was carried out according to
the method of Gaudino and Pikaard (16). Brassica perviridis plants (three-leaf
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stage) were infected with TuMV or mock inoculated with PBS. At 12 days
postinoculation, leaves that developed next to the inoculated leaves were har-
vested. Leaf tissue (5 g) was cut in pieces with a blade and minced in 3 volumes
(15 ml) of nucleus isolation buffer (NIB) (50 mM Tris-HCI, pH 7.2-5 mM KCI-5
mM MgCl,—-1 M sucrose-10 mM B-mercaptoethanol-0.2 mM phenylmethylsul-
fonyl fluoride). The homogenate was filtered through nylon membranes (160 wm
and 41 wm) and subjected to centrifugation at 14,000 X g for 15 min at 4°C. The
pellet was resuspended in 1 volume (5 ml) of NIB and homogenized. Seven
milliliters of nuclei in Percoll 5% was layered on a step gradient of Percoll with
5-ml layers of 15%, 30%, 45%, and 60% and subjected to centrifugation at 530 X
g for 10 min and at 8,500 X g for 20 min at 4°C. Nuclei accumulated between the
60%-45% Percoll layers and the 30%-45% Percoll layers. Nuclei were diluted in
5 volumes of NIB, mixed gently by inversion, and subjected to centrifugation at
1,500 X g for 10 min. Nuclei were gently resuspended in 25 volumes of NIB and
centrifuged again. Nuclei were resuspended in 100 pl of storage buffer (50 mM
Tris-HCI, pH 8-0.3 mM sucrose-5 mM MgCl,-1.5 mM NaCl-0.1 mM CaCl,-5
M B-mercaptoethanol). Proteins from S14 and nucleus preparations were di-
luted 1:5 in loading SDS buffer, separated by SDS-PAGE, and detected by
immunoblot analysis with the ECL-based secondary antibody system (Amer-
sham).

RESULTS AND DISCUSSION

Distribution of VPg precursors and eIF4E isomers among
soluble and membrane-enriched fractions in TuMV-infected
cells. Brassica perviridis plants were infected with TuMV or
mock inoculated, and leaves that developed next to the inoc-
ulated ones were harvested 12 days postinfection. Leaves were
homogenized, and nuclei, chloroplasts, cell wall, and debris
were removed by centrifugation at 3,700 X g. Soluble proteins
were then separated from membrane-associated proteins by
centrifugation at 27,000 X g. To allow a quantitative evaluation
of the distribution of the proteins among the two fractions, the
pellet containing the membrane-associated proteins was resus-
pended in the same volume as that of the supernatant. Total,
soluble, and membrane-associated proteins were separated by
SDS-PAGE and subjected to immunoblot analysis with a rab-
bit serum raised against a recombinant form of elF(iso)4E
from A. thaliana. This antibody also cross-reacts with eIF4E
(32). eIF4E and elF(iso)4E of A. thaliana have calculated sizes
of 26.5 and 22.5 kDa, respectively (32). Although the exact
sizes of the B. perviridis isomers are not known, they are ex-
pected to be very similar, since both plants belong to the same
family. Figure 1A shows that in the total protein fraction of
mock-inoculated plants, only elF(iso)4E was detected, while
both eIF4E and elF(iso)4E were observed in TuMV-infected
leaves, although the eIF(iso)4E signal was stronger than that of
elF4E. The anti-elF(iso)4E serum recognized with equal
intensity the recombinant forms of the two isomers (32),
suggesting that the signal intensity reflected the amount of
the protein in infected cells. After cellular fractionation,
elF(is0)4E was predominantly found in the membrane-en-
riched fraction for both mock- and TuMV-infected leaves. In
contrast, eIF4E was generally found in the soluble fraction.
Because elF4E isomers are associated with ribosomal com-
plexes (22), the results of the subcellular fractionation exper-
iment suggest that elF(iso)4E is mainly associated with the
rough endoplasmic reticulum and that eIF4E is associated with
free ribosomes in TuMV-infected cells. eIF4F functionally dif-
fers from elF(iso)4F in promoting internal initiation, cap-in-
dependent translation, and translation of structured mRNAs
(14); this differential activity may be reflected in the uneven
distribution to free or membrane-bound ribosomes.
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FIG. 1. Immunoblot analysis of soluble and membrane-associated
proteins from healthy or TuMV-infected plants. B. perviridis plants
were mock inoculated or infected with TuMV. Twelve days later, total
proteins (T) were extracted and soluble proteins (S) were separated
from membrane-associated proteins (M) by centrifugation at 27,000 X
g. Proteins were separated by SDS-PAGE and analyzed by Western
blotting using a rabbit serum against elF(iso)4E (A) or VPgPro (B).
The text on the right shows the electrophoretic migration positions of
the indicated proteins.

The subcellular fractions were also analyzed with a rabbit
serum raised against the TuMV VPg-Pro (Fig. 1B). Bands
corresponding to 6K-VPg-Pro, VPg-Pro, the C-terminally de-
leted form of VPg-Pro, and Pro were detected in the total
protein fraction of infected leaves. In addition, several bands of
approximately 100 kDa were detected. The exact nature of
these bands is not known; they may correspond to large
polyprotein precursors or to dimeric forms of 6K-VPg-Pro,
VPg-Pro, and Pro. No polypeptide corresponding to the ma-
ture VPg was detected. A fraction of VPg-Pro, the C-termi-
nally deleted form of VPg-Pro, and Pro were detected in the
soluble fraction. On the other hand, 6K-VPg-Pro and the re-
maining population of VPg-Pro were found in the membrane
fraction. The association of 6K-VPg-Pro with membranes is
explained by the presence of the 6K domain, which contains a
stretch of hydrophobic amino acids. This protein was previ-
ously shown to be an integral membrane protein (48). The
presence of a substantial quantity of VPg-Pro in the mem-
brane-associated fraction is likely the result of its interaction
with 6K-VPg-Pro (27).

Cellular localizations of GFP fusions of elF(iso)4E, VPg-
Pro, and 6K-VPg-Pro. To further refine their cellular localiza-
tions, eIF(is0)4E, VPg-Pro, and 6K-VPg-Pro were fused to the
green fluorescent protein (GFP). In order to prevent proteol-
ysis by Pro at the 6K-VPg and VPg-Pro junctions, the glutamic
acid residue preceding the cleavage bond was modified to
histidine. These modifications were shown to prevent process-
ing at the cleavage sites (28). Transient expression of VPg
precursors was performed by agroinfiltration in N. benthami-
ana, which is a host for TuMV. HCPro or P19 was used as a
suppressor of gene silencing; no difference in VPg-Pro expres-
sion or localization (see below) was noticed with either sup-
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FIG. 2. Expression of GFP fusions in N. benthamiana. Leaves were
infiltrated with A. tumefaciens; 4 days later, total proteins were ex-
tracted, separated by SDS-PAGE, and analyzed by Western blotting
using a rabbit serum against VPgPro. A. tumefaciens suspensions con-
tained binary Ti plasmids encoding VPg-Pro-GFP (lane 1), VPg-Pro-
DsRed2 (lane 2), VPg-Pro-ctGFP (lane 3), 6K-VPg-Pro-GFP (lane 4),
6K-VPg-Pro-ctGFP (lane 5), and GFP (lane 7). Proteins from TuMV-
infected B. perviridis were loaded in lane 6.

pressor. Expression of the GFP fusions was assessed by immu-
noblot analyses using a rabbit serum raised against VPg-Pro. In
each case, a signal corresponding to the expected molecular
mass of the analyzed protein was observed, indicating that no
degradation or Pro-mediated processing of the proteins had
taken place (Fig. 2).

GFP fluorescence was visualized between 2 and 4 days
postinfiltration by confocal microscopy. No notable differences
in cellular localization were observed during this time period.
Fluorescence was generally observed in 30 to 50% of the cells
in the infiltrated area. To facilitate the identification of mem-
brane structures, the red fluorescent protein containing ER
targeting and retention signals (ER-DsRed2) (58) was coex-
pressed along with the GFP fusions. In the case of ER-
DsRed2, red fluorescence was not detected before 3 days
postinfiltration. In order to ascertain that the green fluores-
cence that was observed was not emitted by the DsRed2 pro-
tein, control experiments were conducted with the GFP fusions
only. In every case, the patterns of green fluorescence were
similar, whether ER-DsReD2 was coexpressed or not.

Fluorescence associated with elF(iso)4E-GFP was concen-
trated around the nucleus or in the cytoplasm (Fig. 3A). A
similar distribution was observed with the fluorescence emitted
by ER-DsRed2 (Fig. 3B). Merging of the fluorescence ob-
served for eIF(iso)4E-GFP and ER-DsRed2 showed that most
of elF(iso)4E was associated with the ER, although some
green emission was observed in the merged fluorescence (Fig.
3C and D). A similar pattern was observed when elF(iso)4E
was fused to DsRed2 and coexpressed with GFP targeted to
the ER (data not shown). Fluorescence associated with free
GFP was distributed throughout the cytoplasm and the nu-
cleus, to the exclusion of the nucleolus (Fig. 3E). This indicates
that localization of eIF(iso)4E-GFP to the ER was due to the
translation factor and not to the fluorescent protein. This re-
sult is in accordance with the cellular fractionation data, in
which eIF(iso)4E was detected mostly in the membrane-en-
riched fraction.

Although some fluorescence was observed in the cytoplasm,
VPg-Pro-GFP was observed principally in the nucleus (Fig.
3G), which was made evident by the accumulation of ER-
DsRed2 in the perinuclear ER membranes (Fig. 3H and I).

J. VIROL.

FIG. 3. Subcellular localizations of eIF(is0)4E and VPg precursors.
N. benthamiana leaves were infiltrated with A. tumefaciens, and expres-
sion of fluorescent proteins was visualized by confocal microscopy 4
days later. A. tumefaciens suspensions contained binary Ti plasmids
encoding elF(iso)4E-GFP and ER-DsRed2 (A to D), GFP (E), VPg-
Pro-DsRed2 and GFP-ER (F), VPg-Pro-GFP and ER-DsRed2 (G to
I), VPg-Pro-GFP and DsRed2 (J to L), and 6K-VPg-Pro-GFP and
ER-DsRed2 (M to O). Panel M is a “maximum-intensity Z projection”
of 50 1-pm slices stacked on top of each other. Panels A, E, G, and J
show fluorescence emitted by the green channel only; panels B, H, K,
and O show fluorescence emitted by the red channel only. Panel D is
a close-up view of the rectangle depicted in panel C. The arrow in
panel O shows an outgrowth of ER. Bar, 15 pm.

The same distribution with VPg-Pro-DsRed2 was observed
(Fig. 3F), indicating that nuclear accumulation was not depen-
dent on the fluorescent protein. Nuclear localization is not
unexpected, as it was shown to be the case for the VPg-Pro of
at least two other potyviruses (47). Nuclear distribution is
possibly the consequence of an active process, since a putative
nuclear localization signal similar to the one identified with the
VPg-Pro of tobacco etch virus (TEV) (40) was found within
the TuMV protein (data not shown). VPg-Pro not only local-
ized to the nucleus, it accumulated preferentially to a sub-
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nuclear structure, possibly the nucleolus. To confirm that VPg-
Pro is effectively distributed in the nucleolus, VPg-Pro-GFP
was expressed (Fig. 3J) along with the soluble form of DsRed2
(Fig. 3K). Red fluorescence was distributed in the cytoplasm
and the nucleoplasm, to the exclusion of the nucleolus. The
presence of free dsRed2 (and free GFP) in the nucleus has
been documented previously and is the result of passive diffu-
sion through the nucleus pore (19). Fluorescence observed
from VPg-Pro-GFP colocalized with that of DsRed in the
nucleus, except for a brighter area exactly where no red fluo-
rescence was observed (Fig. 3L). Similar data were obtained
with the coexpression of VPg-Pro-DsRed2 with GFP (data not
shown). VPg-Pro-DsRed2 was also coexpressed with fibrillarin
1 from A. thaliana fused to GFP, which is a nucleolar protein
(2). Green and red fluorescence were found to colocalize (data
not shown). These experiments then indicate that the TuMV
VPg-Pro accumulated in the nucleus and preferentially in the
nucleolus when synthesized independently of other viral pro-
teins. Nucleolar localization was also noticed for the TEV
homologue (47).

The fluorescence emitted by 6K-VPg-Pro-GFP was associ-
ated with cytoplasmic vesicles distributed throughout the cor-
tical ER membrane system (Fig. 3M) and very often was also
associated with the perinuclear ER (not shown). On average,
there were one to three vesicles of 10 wm in diameter per cell,
although several smaller fluorescing structures were also ob-
served. These vesicles were clearly seen budding from ER
membranes (Fig. 3N and O). This ER association of 6K-VPg-
Pro agrees with our previous observation using sucrose gradi-
ent fractionation of plant cell extracts (32). The membranous
vesicles are reminiscent of those induced by the TEV 6K pro-
tein (48). In the case of TEV, it was suggested that these
vesicles correspond to the replication complexes.

Nuclear localization of the interaction of VPg-Pro with
elF(is0)4E. BiFC (3, 54) was used to determine the subcellular
localization of the interaction between VPg precursors and
elF(iso)4E. In this assay the GFP is split into two nonoverlap-
ping fragments, ntGFP and ctGFP. The ntGFP fragment is
fused to the N-terminal end of one binding protein, while the
ctGFP fragment is fused to the C-terminal end of the corre-
sponding partner. Reconstitution of a fluorescing GFP chro-
mophore takes place upon interaction of the two partner pro-
teins. Consequently, eIF(iso)4E was fused to the N-terminal
portion whereas the VPg precursors were fused to the C-
terminal portion of GFP. Transient expression was achieved by
agroinfiltration in N. benthamiana leaves along with ER-
DsRed2. Fluorescence was observed after 3 or 4 days postin-
filtration by confocal microscopy. The 1-day delay in fluores-
cence observation may be explained by the fact that intact
(full-size) GFP requires several hours to mature in the cell
(51), and it is conceivable that the intermolecular reconstitu-
tion of a split fluorophore may take longer. Immunoblot anal-
ysis with the anti-VPg-Pro rabbit serum showed that no deg-
radation or Pro-mediated proteolysis took place for the VPg
precursors (Fig. 2).

Green fluorescence was observed throughout the nucleus,
with a preferential accumulation in subnuclear structures when
VPg-Pro-ctGFP was coexpressed with ntGFP-eIF(iso)4E (Fig.
4A to D). The subnuclear structures were of the same size as
those observed for the localization of VPg-Pro-GFP. Thus, the
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FIG. 4. Subcellular localizations of the interaction between
elF(iso)4E and VPg precursors. N. benthamiana leaves were infiltrated
with A. tumefaciens, and expression of fluorescent proteins was visu-
alized by confocal microscopy 4 days later. A. tumefaciens suspensions
contained binary Ti plasmids encoding VPg-Pro-ctGFP, ntGFP-
elF(iso)4E, and ER-DsRed2 (A to D); ctGFP and ntGFP-elF(iso)4E
(E); or 6K-VPg-Pro-ctGFP, ntGFP-elF(is0)4E, and ER-DsRed2 (F to
I). Panel F is a “maximum-intensity Z projection” of 13 1-wm slices
stacked on top of each other. Panels B to D and I are close-up views
of the rectangles depicted in panels A and H, respectively. Panel B
shows fluorescence emitted by the green channel only; panels C, H,
and I show fluorescence emitted by the red channel only. Bar, 15 pm.

cellular localization of VPg-Pro coincides with that for the
interaction with the translation factor. No fluorescence was
observed for the following combinations: ntGFP-eIF(iso)4E
with ctGFP (Fig. 4E) or VPg-Pro-ctGFP with ntGFP (data not
shown). Nuclear import of mammalian eIF4E is an active pro-
cess mediated by the eIF4E transporter (11). Since eIF(iso)4E-
GFP was not observed in the nucleus when expressed alone, it
maybe because the N. benthamiana transporter complex does
not recognize the fusion protein or is not expressed when
agroinoculation is applied. eIF(iso)4E nuclear interaction with
VPg-Pro suggests, however, that the viral protein may act as
a transporter protein. This was confirmed by the fusion of
elF(iso)4E with Ds-Red2 and of VPg-Pro with GFP. elF(iso)4E-
DsRed?2 expressed alone was observed exclusively in the cyto-
plasm but was also observed in the nucleolus along with VPg-
Pro-GFP (data not shown).

Nuclear localization of the interaction between VPg-Pro and
elF(iso)4E was visualized in the absence of other viral pro-
teins. In an attempt to confirm the presence of VPg-Pro and
elF(iso)4E in the nucleus of TuMV-infected cells, nuclei were
purified from mock-inoculated and TuMV-infected leaves as
described in Materials and Methods. Isolation of nuclei was
confirmed by phase-contrast microscopy and 4',6-diamidino-2-
phenylindole staining (data not shown). The S14 fraction and
the purified nuclei were analyzed by immunoblot assay using
antibodies raised against BiP, which is a marker of the ER (7).
For the postnuclear fraction, 1/1,000 of the preparation was
loaded on the acrylamide gel, whereas one-fifth was loaded for
the nuclear fraction. A strong signal for BiP was detected in the
S14 fraction, while a faint band was observed in the nuclear
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FIG. 5. Immunoblot analysis of nuclear and postnuclear fraction
proteins from healthy or TuMV-infected plants. B. perviridis plants
were mock inoculated or infected with TuMV. Twelve days later,
leaves were homogenized and centrifuged at 14,000 X g to separate the
“soluble” fraction (S) from crude nuclei, which were further purified
by Percoll gradient centrifugation (N). Proteins were separated by
SDS-PAGE and analyzed by Western blotting using a rabbit serum
against Bip (A), VPg-Pro (B), or elF(is0)4E (C). The text on the right
shows the electrophoretic migration positions of the indicated pro-
teins.

preparation of mock- and TuMV-infected cells (Fig. 5A), sug-
gesting that the purified nuclei were essentially free of ER
membranes.

These fractions were analyzed with a rabbit serum raised
against VPg-Pro. Bands corresponding to 6K-VPg-Pro and
VPg-Pro were found in both fractions (Fig. 5B). However, Pro
was detected in the S14 fraction only. This suggests that the
nuclei were free of cytoplasmic proteins, since the viral protein
is a soluble cytoplasmic protein (Fig. 1) and does not contain a
nuclear localization signal. Consequently, a fraction of VPg-
Pro is localized to the nucleus of infected cells, which confirms
the GFP fusion and BiFC experiments. The presence of 6K-
VPg-Pro in the nuclear fraction is explained by its often pe-
rinuclear localization, as observed in the GFP fusion experi-
ments. The purification of nuclei probably resulted in the
copurification of some of the 6K-VPg-Pro-induced vesicles.

When the postnuclear and nuclear fractions were analyzed
with a serum raised against eIF(iso)4E, the signal for the trans-
lation factor was detected in both fractions with similar inten-
sities. In contrast, the BiP signal was observed at a much lower
level in the nuclear than in the postnuclear fraction, indicating
that the detection of eIF(iso)4E in purified nuclei was not the
result of impurities in the preparation. The presence of VPg-
Pro and elF(iso)4E in nucleus-enriched fractions of infected
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cells provides additional support for the suggested interaction
of these two proteins in the nucleus. Interestingly, eIF4E was
found mainly in the S14 fraction. Again, this differential local-
ization might reflect differential activity of the two isomers.

Although positive-sense RNA viruses replicate in the cyto-
plasm, there are several examples of proteins from such viruses
that have been found in the nucleus, often in the nucleolus (for
reviews, see references 23 and 24). The general hypothesis that
has been presented is that the presence of these viral proteins
is required for disruption of nuclear functions and/or inhibition
of antiviral responses (56). However, the exact mode of action
of these proteins in the nucleus remains to be fully described.
Nuclear interaction with eIF(iso)4E may thus offer a novel
perspective for the mode of action of VPg-Pro in this or-
ganelle. The traditional role of elFs is to initiate protein syn-
thesis in the cytoplasm, which requires the coordinated activ-
ities of a large number of elIFs (37). However, a wide variety of
studies showed that a number of “classical” translation ma-
chinery components are located in the nucleus of mammalian
cells, including eIF4E (for a review, see reference 49). eIF4E
controls the expression of certain growth stimulatory proteins
by regulating mRNA export from the nucleus (42, 43). Addi-
tionally, nuclear eIF4E might be involved in nuclear transla-
tion, possibly required for proofreading of transcripts before
they are transported to the cytoplasm (25). Consequently, nu-
clear/nucleolar interaction of VPg-Pro with eIF(iso)4E may
perturb the nuclear role of the factor by sequestration. Inter-
estingly, VPg-Pro possesses DNase and RNase activities (1, 8).
Association with eIF(iso)4E might thus target VPg-Pro to par-
ticularly sensitive areas for DNA and RNA degradation. This
possibility may then explain the host gene shutoff that has been
observed in Pea seedborne mosaic virus-infected cells (55).

Vesicular localization of 6K-VPg-Pro and elF (iso)4E inter-
action. Green fluorescence was observed in cytoplasmic vesi-
cles when 6K-VPg-Pro-ctGFP was coexpressed with ntGFP-
elF(iso)4E. Figure 4F represents a “maximum-intensity Z
projection” of 13 1-wm slices stacked on top of each other for
one interaction event. One vesicle is clearly depicted: it was
oblong, with a length of 15 wm, a height of 7 wm, and a depth
of at least 13 pm. It was embedded on the surface of the ER,
which was seen as a convoluted web-like reticular network of
interconnected tubules. Smaller vesicles around ER mem-
branes were also observed. Possibly, these structures were in
transit for the formation of the larger vesicles. The ~10-pm
vesicles were an outgrowth of the ER membrane system (Fig.
4G to I). No fluorescence was observed when ntGFP-
elF(iso)4E was expressed with ctGFP or when ntGFP was
expressed with 6K-VPg-Pro-ctGFP (data not shown). This re-
sult suggests that the vesicles induced by 6K-VPg-Pro are the
site for interaction with eIF(iso)4E.

The interaction of eIF(iso)4E with 6K-VPg-Pro in cytoplas-
mic vesicles points to a direct involvement of the translation
factor in virus replication. The very first events upon entry of a
positive-strand RNA virus into a cell are uncoating of the
virion, followed by translation of the genome. This leads to the
production of viral proteins that induce the formation of cyto-
plasmic vesicles (48, 52). Upon maturation, these vesicles
house replication complexes for virus RNA replication to take
place (12). However, it is not clear yet whether translation and
replication are physically separate events or whether they are
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tightly coupled processes. 6K-VPg-Pro is a likely component of
the replication complex and interacts with the viral RARP (9).
The 6K domain of TEV has been shown to be an integral
membrane protein (41) responsible for the formation of ER-
derived cytoplasmic vesicles sheltering replication complexes
(48). The vesicles induced by TuMV 6K-VPg-Pro (this study)
are very similar in size and origin to those described for the
TEV replication complex (48). The presence of elF(iso)4E in
these vesicles thus suggests a close physical relationship be-
tween translation and replication of the viral RNA. The pres-
ence of host translation factor in highly purified replication
complexes has been described for other plant viruses. For
instance, Tobacco mosaic virus and Brome mosaic virus repli-
cation complexes include a subunit of eIF3 (39, 50). Also, it has
been shown that functional poliovirus replication complexes
are formed in cis in a coupled process involving viral transla-
tion, membrane modification, vesicle budding, and viral RNA
synthesis (13). Our results raise the possibility that 6K-VPg-
Pro not only induces the formation of cytoplasmic vesicles that
house replication complexes but may also be responsible for
the coupling of viral RNA translation and replication through
interaction with both eIF(iso)4E and the viral RARP within a
single vesicle.

This study thus provides a fine example that precursor pro-
teins derived from a polyprotein can have quite different
functions. In the case of TuMV, VPg-Pro interaction with
elF(iso)4E may be involved in perturbing normal cellular func-
tions, while 6K-VPg-Pro interaction with the translation factor
may be required for viral replication, which is a complex pro-
cess involving translation and replication of the RNA genome.
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