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Turnip yellow mosaic virus (TYMV) encodes a 206-kDa (206K) polyprotein with domains of methyltransferase, proteinase,
NTPase/helicase, and RNA-dependent RNA polymerase (RdRp). In vitro, the 206K protein has been shown to undergo
proteolytic processing, giving rise to the synthesis of 140-kDa (140K) and 66-kDa (66K) proteins, the latter comprising the
RdRp protein domain. Antibodies were raised against the 66K protein and were used to detect the corresponding viral protein
in infected cells; both leaf tissues and protoplasts were examined. The antiserum specifically recognized a protein of ;66
kDa, indicating that the cleavage observed in vitro is also functional in vivo. The 66K protein accumulates transiently during
protoplast infection and localizes to cellular membrane fractions. Indirect immunoflorescence assays and electron micros-
copy of immunogold-decorated ultrathin sections of infected leaf tissue using anti-66K-specific antibody revealed labeling of

membrane vesicles located at the chloroplast envelope. © 2001 Academic Press
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INTRODUCTION

Turnip yellow mosaic virus (TYMV), the type member
of the tymovirus group, is a small spherical plant virus
that infects members of the Cruciferae (Matthews, 1973).
TYMV possesses a monopartite positive-strand RNA ge-
nome, 6318 nucleotides long, that directs the expression
of two extensively overlapping nonstructural proteins of
69 and 206 kDa (Morch et al., 1988; Weiland and Dreher,
1989). A third ORF encodes the 20-kDa coat protein (CP),
which is expressed from a subgenomic RNA (Pleij et al.,
1976).

The longer 206-kDa (206K) protein shows consider-
able amino acid sequence similarities with nonstructural
putative replication proteins of several positive-strand
RNA viruses. These data unequivocally linked tymovi-
ruses with the “alpha-like” supergroup of viruses, which
also comprises Sindbis virus (Goldbach and Wellink,
1988). The 206K protein has been shown to be necessary
for TYMV RNA replication (Weiland and Dreher, 1989)
and based on sequence comparisons, multiple domains
indicative of methyltransferase, NTPase/helicase, and
RNA-dependent RNA polymerase (RdRp) activities have
been highlighted in the 206K protein (Morch et al., 1988;
Rozanov et al., 1992; Gorbalenya et al., 1989; Kamer and
Argos, 1984). This large nonstructural protein also con-
tains a papain-like cysteine proteinase domain located
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between the methyltransferase and the NTPase/helicase
domains (Bransom and Dreher, 1994; Rozanov et al.,
1995). In vitro translation experiments have demon-
strated that the 206K protein undergoes a cotranslational
proteolytic cleavage (Morch et al., 1989; Bransom et al.,
1991), giving rise to two protein products of 140 kDa
(140K) and 66 kDa (66K). The N-terminus of the 140K
protein is identical to the one of the 206K protein (Béni-
court and Haenni, 1978) and mapping of the cleavage
site (Kadaré et al., 1995; Bransom et al., 1996) revealed
that the resulting 140K protein carries the methyltrans-
ferase, proteinase, and NTPase/helicase motifs while
the C-terminal 66K protein contains the RdRp domain.
Both of these viral proteins are essential for the replica-
tion of the TYMV RNA genome (Weiland and Dreher,
1993). However, since the corresponding protein prod-
ucts have not yet been detected in planta, the mode of
TYMV genome expression in vivo remains poorly under-
stood. Likewise, little information is available on the
temporal accumulation and subcellular localization of
these proteins in infected plants. In addition, previously
purified TYMV replicase fractions were shown to contain
a 115-kDa protein of viral origin that is likely to arise from
the processing of the 206K protein (Mouchès et al., 1984;
Candresse et al., 1986), but whose origin is still unclear.
In this study, we have prepared a potent antiserum to the
TYMV 66K protein and have used it to detect the corre-
sponding viral protein in infected cells, examining both

leaf tissue and protoplasts. These antibodies specifically
recognized a protein of molecular mass ;66 kDa, indi-
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cating that the cleavage observed in vitro also takes
place in vivo. We found that the TYMV 66K protein accu-
mulates transiently during viral infection and localizes to
virus-induced membrane vesicles that are present at the
chloroplast envelope. These data are consistent with
previous observations (Laflèche and Bové, 1969;
Laflèche et al., 1972; Garnier et al., 1986), suggesting that
replication complexes of TYMV are associated with the
chloroplast envelope.

RESULTS

Production of antibodies against the TYMV 66K
protein

To produce a polyclonal antibody against the TYMV
66K protein, rabbits were immunized with purified His-
66K protein, a recombinant protein expressed in insect
cells via a baculovirus system (Héricourt et al., 2000).
This resulted in the production of an antiserum that
strongly recognized the homologous immunogen on im-
munoblots and was able to immunoprecipitate the 66K
protein produced in the rabbit reticulocyte in vitro trans-
lation system (Fig. 2, lane 5). This antibody will be re-
ferred to as anti-66K. Because these preliminary exper-
iments revealed that the antiserum also cross-reacted
with a compound present in the SDS–PAGE loading
buffer (data not shown), the antiserum was first pread-
sorbed to minimize this background signal. The resulting
preadsorbed antiserum was then tested in further immu-
noblot analysis for its capacity to detect viral-specific
proteins in TYMV-infected Chinese cabbage and Arabi-
dopsis thaliana protein extracts.

Immunodetection of 66K protein and CP
in TYMV-infected plants

Immunological analysis of TYMV-infected A. thaliana
and Chinese cabbage plants was performed by Western
blotting of leaf tissue extracts using the anti-66K antibod-
ies (Fig. 1A). The major immunoreactive protein had an
apparent molecular mass of approximately 66 kDa (lanes
2 and 3) and was absent from extracts of uninfected
plants (lanes 1 and 4). No significant cross-reaction with
host proteins was visible on the blot, but a set of fainter
bands of lower molecular masses was also visible in the
protein extracts from infected plants that may corre-
spond to degradation products of the major 66K protein.
No products of higher molecular mass could be de-
tected. These data provide the first evidence that pro-
cessing of the 206K protein to generate a polypeptide
encompassing the RdRp domain is occurring in planta.
The anti-CP antibody, used as a control, reacted specif-
ically with the 20-kDa TYMV structural protein, in both
infected Arabidopsis and Chinese cabbage plant ex-

tracts (Fig. 1B, lanes 2 and 3), while healthy tissues
exhibited no significant labeling (lanes 1 and 4).
To assess the electrophoretic mobility of the ;66-
kDa protein detected in planta, compared to that of the
in vitro cleavage products, extracts from TYMV-in-
fected Chinese cabbage were loaded in parallel to
35S-labeled proteins obtained through in vitro transla-
tion of TYMV RNA or of a transcript encoding the 66K
protein (Fig. 2). After transfer to nitrocellulose, the viral
proteins were revealed both by Western blotting with
the anti-66K antiserum (lanes 1–4) and by autoradiog-
raphy (lanes 29–49). Because of their similar gel mo-
bility and antibody recognition, we therefore assume
that the species detected in infected plants is similar
to the 66K protein observed in vitro, which corre-
sponds to the C-terminal cleavage product of the 206K
protein (Morch et al., 1989; Bransom et al., 1991). The

FIG. 1. Immunodetection of the TYMV 66K protein and CP in infected
plants. Total proteins from healthy (lane 1) and TYMV-infected (lane 2)
Chinese cabbage leaves, TYMV-infected (lane 3), and healthy (lane 4)
Arabidopsis leaves were analyzed by SDS–PAGE on 7 (A) or 15% (B)
polyacrylamide gels. The gels were electroblotted onto a nitrocellulose
filter and proteins were revealed by Western blotting using the anti-66K
(A) or the anti-CP (B) antisera. The position of molecular weight mark-
ers [b-galactosidase (116K), BSA (66K), ovalbumin (45K), carbonic an-

ydrase (31K) and myoglobin (16K)] is indicated.
viral protein detected in this study will therefore be
referred to as TYMV 66K protein, in accordance with
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the nomenclature of the C-terminal cleavage product
used in earlier studies (Kadaré et al., 1995; Bransom et

l., 1996).

ccumulation of 66K protein and CP in TYMV-infected
lants

The accumulation of the TYMV 66K protein in virus-
nfected Arabidopsis plants was studied in a time course
xperiment. A batch of plants was inoculated with TYMV
nd samples from inoculated plants were taken at vari-
us times postinoculation (p.i.). Total protein extracts
ere prepared and analyzed by Western blotting using
nti-66K and anti-CP antisera (Figs. 3A and 3B). Accu-
ulation of both proteins became detectable in Arabi-

opsis plants at 6 days p.i. (i.e., at the onset of leaf
ymptom development) and both proteins were detected

or the remainder of the experiment. Since the samples
onsisted of whole plant material, it should be noted that
ynthesis of the viral proteins in newly infected apical

eaves that emerge in the course of the experiment could
ompensate for the disappearance of viral proteins from

FIG. 2. The electrophoretic mobility of the 66-kDa protein detected in
planta is similar to the 66K protein translated in vitro. Total proteins
rom TYMV-infected Chinese cabbage leaves (lane 1) and 35S-labeled

proteins obtained through in vitro translation of T7-66K transcripts
(lanes 2 and 29) and TYMV RNA (lanes 3, 4, 39, and 49) were loaded in
parallel lanes of the same gel. The proteins were separated by SDS–
PAGE on a 7% polyacrylamide gel, electroblotted onto a nitrocellulose
filter, and revealed both by Western blotting using the anti-66K anti-
serum (lanes 1 to 4) and by autoradiography (lanes 29 to 49). The
position of prestained molecular weight markers (Biolabs) is indicated.
Lanes 4 and 49 correspond to standard in vitro translation conditions
and the major labeled products synthesized by TYMV RNA [206K, 140K,
69K (apparent molecular mass 75 kDa) and 66K proteins] are indicated
by arrows. Lanes 3 and 39 correspond to C-terminal labeling condi-
tions, under which the 69K is not labeled (Kadaré et al., 1992). Trans-
lation products made from TYMV RNA were immunoprecipitated with
the anti-66K antiserum and protein A–Sepharose and were analyzed by
SDS–PAGE on another 7% polyacrylamide gel (lane 5).
issue infected at earlier times.
To investigate the possibility that the viral proteins
were expressed transiently upon infection, TYMV was
inoculated on the lower leaves of Chinese cabbage
plants. Two months p.i., each leaf from the infected
plants was harvested separately and total proteins ex-
tracts were revealed by Western blotting using the anti-
66K antibodies. As shown in Fig. 3C, the 66K protein was
most abundant in the young, partially expanded system-
ically infected leaves, and its amount was found to de-
cline as the leaf ages. Since the infections that we have
followed were obviously nonsynchronous and cannot be

FIG. 3. Accumulation of the TYMV 66K protein and CP in infected
plants. TYMV-infected Arabidopsis plants (A and B) were collected at
1–17 days p.i. (lanes 1–17) and TYMV-infected Chinese cabbage leaves
(C) were collected at 2 month p.i., with each leaf being collected
separately (lanes L1 to L5). Lane L1 corresponds to the older leaf and
lane L5 to a small emerging one, with all leaves being symptomatic.
Total proteins were extracted and equivalent amounts of proteins were
analyzed by SDS–PAGE on 7 (A and C) or 15% (B) polyacrylamide gels.
The gels were electroblotted onto a nitrocellulose filter and proteins
were revealed by Western blotting using the anti-66K (A and C) or the
anti-CP (B) antisera. Lane 0 corresponds to protein extracts from a

noninfected Arabidopsis plant. The position of prestained molecular
weight markers (Biolabs) is indicated.
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91DETECTION AND LOCALIZATION OF TYMV 66K PROTEIN
interpreted in terms of a single infection cycle, the kinet-
ics of accumulation of the viral proteins was further
studied in TYMV-infected protoplasts.

Immunodetection of 66K protein and CP
in TYMV-infected protoplasts

The accumulation of the 66K protein was analyzed
after PEG-mediated transfection of A. thaliana proto-

lasts with TYMV viral RNA as described previously
Schirawski et al., 2000). Samples were collected at var-
ous times p.i. and equivalent amounts of proteins were
ubjected to Western blot experiments using the anti-66K
nd anti-CP antibodies (Fig. 4). Kinetics experiments

evealed that the 66K protein was first detected at 12 h
.i., reached maximal levels 24–30 h p.i., and then de-
lined (Fig. 4A). A number of bands of higher molecular
ass as well as putative degradation products were also

etected using the anti-66K antibody. These forms were
ost prominent in midstages of infection and displayed

he same transient expression pattern as the 66K protein.

FIG. 4. Immunodetection of the TYMV 66K protein and CP in infected
protoplasts. Samples of TYMV-infected Arabidopsis protoplasts were
collected at 0, 12, 24, 30, 48, and 72 h p.i. (lanes 0, 12, 24, 30, 48, and
72) and equivalent amount of proteins were analyzed by SDS–PAGE on
7 (A) or 15% (B) polyacrylamide gels. The gels were electroblotted onto
a nitrocellulose filter and proteins were revealed by Western blotting
using the anti-66K (A) or the anti-CP (B) antisera. The position of
prestained molecular weight markers (Biolabs) is indicated.
n contrast, the CP was first detected at 24 h p.i. and
emained abundant throughout the experiment (Fig. 4B).
Subcellular fractionation experiments

To investigate the subcellular localization of the 66K
protein, TYMV-infected protoplasts were lysed to yield a
total protein fraction, which was then subjected to frac-
tionation by differential centrifugation, giving rise to P1,
P30, and S30 subcellular fractions (Niesbach-Klösgen et

l., 1990; Hughes et al., 1995). Samples corresponding to
quivalent amounts of fresh tissue were subjected to
DS–PAGE, and after electrotransfer, immunoblots were
robed for 66K protein and CP as before. As shown in
ig. 5A, the bulk of 66K protein was found in fraction P1

containing nuclei, chloroplasts, and associated mem-
ranes) and P30 (membranes from the endoplasmic re-

iculum and dissociated organelles). The 66K protein
as not detected in the cytoplasmic S30 fraction, which,

FIG. 5. Immunodetection of TYMV 66K protein and CP in different
subcellular fractions of infected protoplasts. TYMV-infected protoplasts
were harvested 22 h postinoculation and lysed to yield a total protein
fraction (T) that was then subjected to fractionation by differential
centrifugation, giving rise to a 1000 g pellet (P1) and to 30,000 g pellet
and supernatant fractions (P30 and S30, respectively). Equal percent-
ages of each fraction were analyzed by SDS–PAGE on 7 (A) or 15% (B)
polyacrylamide gels. The gels were electroblotted onto a nitrocellulose
filter and proteins were revealed by Western blotting using the anti-66K
(A) or the anti-CP (B) antisera. The subcellular fractions should be
enriched in the following structures: P1: nuclei, chloroplasts and starch
granules; P30: rough endoplasmic reticulum, Golgi bodies, peroxi-

somes, chloroplast debris and mitochondria; S30: polysomes, large
proteinaceous complexes, soluble proteins, and the cytosol.
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in contrast, was found to contain most of the CP (Fig. 5B).
This finding is consistent with the accumulation of viral
particles within the cytoplasm of the infected cells (Hatta
and Matthews, 1976). CP was also detected in smaller
quantities in the P1 and P30 fractions, possibly due to the
presence of empty protein shells in the nucleus or to the
accumulation of virus aggregates within spaces between
clumped chloroplasts as reported previously (Ushiyama
and Matthews, 1970; Hatta and Matthews, 1976).

Localization of 66K protein and CP in TYMV-infected
protoplasts by immunofluorescence microscopy

To analyze the intracellular sites of accumulation of
TYMV 66K protein, indirect immunofluorescence micros-

FIG. 6. Localization of TYMV 66K protein and CP in protoplasts using
(A–C9, G–I9) or mock-infected (D–F9, J–L9) Arabidopsis protoplasts. The
rescence labeling using anti-66K (A–F) or anti-CP (G–L) antisera follow
DNA was stained by DAPI. For each cell, the fluorescing protein (green
and DAPI filter settings and the images were digitally superimposed. S
of the boxed areas in the images C, F, I, and L, respectively (scale ba
copy was carried out on mock- or TYMV-infected proto-
plasts. After fixation, the protoplasts were probed with

c
f

the anti-66K or anti-CP antibodies and secondary anti-
bodies coupled to FITC while DNA from the nucleus and
the organelles was counterstained using DAPI. Figure 6
shows representative epifluorescence micrographs of
such cells. TYMV-infected cells displayed a bright fluo-
rescent staining of the 66K protein (green) in the shape of
rings or groups of rings scattered throughout the cyto-
plasm (Fig. 6A). These rings appeared to surround the
chloroplasts, as revealed by the FITC (green) 1 DAPI
blue) overlay (Figs. 6C–6C9). Some weaker fluorescence
ignal was also observed throughout the cytoplasm of
YMV-infected cells as confirmed by confocal micros-
opy (data not shown). Mock-infected cells processed
nd imaged in parallel showed equivalent nuclear and
hloroplastic DNA staining (Figs. 6D–6F9), but negligible

fluorescence labeling. Epifluorescence micrographs of TYMV-infected
lasts were collected 24 h p.i. and processed for indirect immunofluo-
secondary antibodies coupled to FITC. The nuclear and chloroplastic
NA (blue) images were gathered simultaneously using standard FITC
rs are 10 mm. The images C9, F9, I9, and L9 represent an enlargement

2 mm).
immuno
protop
ed by
) and D
luorescence due to the anti-66K antiserum was de-
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93DETECTION AND LOCALIZATION OF TYMV 66K PROTEIN
tected. The anti-CP antiserum revealed that the capsid
protein was localized throughout the cytoplasm of in-
fected cells (Figs. 6G–6I9) but was absent from mock-
infected cells (Figs. 6J–6L9). Occasionally, the CP was
also observed to localize to punctate spots around the
chloroplasts (data not shown).

Localization of 66K protein in TYMV-infected plants
by electron microscopy

To further examine the subcellular localization of the
TYMV 66K protein, we performed electron microscopy
examination of ultrathin sections prepared from apical
leaf tissue of TYMV-infected Chinese cabbage (Fig. 7).
The cytological abnormalities induced by TYMV infection
appeared to be confined to the chloroplasts, confirming
previous reports (Laflèche and Bové, 1969; Ushiyama
and Matthews, 1970; Hatta et al., 1973; Hatta and Mat-
hews, 1974). In healthy control cells (Fig. 7A), the chlo-
oplasts are oblong-shaped, whereas in infected cells

FIG. 7. Cytopathology of TYMV-infected cells. Ultrathin sections of ch
hin arrows indicate vesicles at the chloroplast periphery and the th
onnecting the interior of the vesicle to the cytoplasm. The bar corres
Fig. 7B) they appear swollen, rounded, and clumped
ogether in groups forming “polyplasts” (Laflèche and

g
w

ové, 1969). Adjacent chloroplasts delimit cytoplasmic
ockets that are often filled with TYMV particles. Most
onspicuous is the presence of characteristic virus-in-
uced small vesicles at the chloroplast peripheries (Figs.
B–7D), which are particularly abundant beneath those
reas of the chloroplast surface that are adjacent to
ther chloroplasts in a clump. These double membrane
esicles are morphologically similar to those described
reviously in detail (Laflèche and Bové, 1969; Ushiyama
nd Matthews, 1970; Hatta et al., 1973) and they have
een proposed to result from invaginations of the chlo-

oplast envelope into the organelle (Laflèche and Bové,
969; Hatta et al., 1973).

The intracellular sites of accumulation of the TYMV
6K protein were localized by performing immunogold-

abeling experiments. After ultrathin sectioning, healthy
nd TYMV-infected tissues were probed with anti-66K
ntibody and then with protein A coupled to 10-nm col-

oidal gold beads (Fig. 8). A study of the electron micro-

ts from healthy (A) and TYMV-infected Chinese cabbage leaves (B–D).
ow in D indicates a vesicle in which an open channel is apparently
to 400 nm in A and B and to 100 nm in C and D.
loroplas
raphs of leaf tissue sections that had been gold-labeled
ith anti-66K serum and the counting of the number of
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gold granules present on sections of healthy or TYMV-
infected leaves showed that the distribution of the beads
on the surface of the cell sections was not random, since
the largest amount of labeling was observed at the
periphery of chloroplasts of the infected cells (Table 1).
Thus in the fields from the inoculated leaves, on a total of
3511 beads enumerated, 1363 (38.8%) were associated
with the chloroplast envelope, even though the areas
occupied by these latter structures represented only
5.9% of the total surface examined. The remainder of the
beads were distributed in an apparently random fashion
over the other subcellular components, as in healthy
control cells. Gold label was scarcely observed in the

FIG. 8. Immunolocalization of the 66K protein in TYMV-infected cells
sections of chloroplasts from healthy (A) and TYMV-infected Chinese ca
The bar corresponds to 500 nm in A and B and to 400 nm in C and D
envelopes were selected for examination at higher magnification (E–M
sections of TYMV-infected plants incubated with preim-
mune serum or buffer prior to the secondary antibody
treatment (data not shown), demonstrating the specificity
of the labeling.

Representative images of gold-decorated chloroplast
envelopes observed in TYMV-infected leaves are shown
in Figs. 8B–8D. Cells from healthy plants (Fig. 8A) did not
display colloidal gold labeling at the chloroplast periph-
ery. Crystallized masses of TYMV particles were visible
in the cytoplasm or within cytoplasmic pockets between
clumped chloroplasts in some of the sections from the
infected leaves (see Fig. 8B, V) but no significant immu-
nogold labeling of the viral particles by the anti-66K-
specific antibody was observed. Fields spanning adja-
cent clumped chloroplast envelopes were selected for

l images of immunogold labeling using anti-66K antiserum in ultrathin
leaves (B–D). All the gold beads (10 nm in size) are indicated by arrows.
icates TYMV particles. Fields spanning adjacent clumped chloroplast
bar corresponds to 100 nm.
. Typica
bbage
. V ind
observation at higher magnification and are shown in
Figs. 8E–8M. In the great majority of images, the gold
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beads appeared not to lie inside the vesicles but seemed
rather to be apposed to the part connecting them to the
chloroplast envelope, i.e., in proximity to the vesicle
necks.

DISCUSSION

Proteolytic processing of the TYMV 206K protein
in vivo

All RNA viruses known to date encode an RNA-depen-
dent RNA polymerase that is required for replication of
the viral genome (reviewed in Buck, 1996). Our results
indicate that the TYMV RdRp domain is present in planta
within a single major ;66-kDa protein product (Fig. 1).
This confirms that the 206K nonstructural protein under-
goes proteolytic processing in vivo to generate discrete
polypeptides carrying functionally distinct domains pre-
sumably active in viral replication. Based on its apparent

FIG. 8
molecular mass, gel mobility, and antibody recognition
(Fig. 2), we assume that the 66-kDa product identified in
infected plants is similar to the 66K protein previously
described as the C-terminal cleavage product of the
206K protein translated in vitro (Morch et al., 1989; Bran-
som et al., 1991). Considering the importance of the
papain-like proteinase for the in vitro processing of the
206K protein (Bransom and Dreher, 1994; Rozanov et al.,
1995) and its indispensability for TYMV replication in
protoplasts (Bransom and Dreher, 1994), this domain is
likely to be involved in the cleavage process giving rise
to the 66K protein in planta. Alternatively, the cleavage
may be mediated in trans by a host enzyme. Proteolysis
of a large nonstructural polyprotein to yield a “methyl-
transferase-helicase” block as an N-terminal product and
a separate RNA polymerase protein as a C-terminal
product is presumably important in the life cycle of a
number of viruses belonging to the “alpha-like” super-
group since it has been reported to occur in vivo in
members of the rubi-, carla-, and benyviruses (Marr et al.,
1994; Lawrence et al., 1995; Hehn et al., 1997). Similar

inued
proteolytic processing of translation products in vitro has
also been reported for additional members of the tymo-
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96 PROD’HOMME ET AL.
and carlaviruses (Kadaré et al., 1992; Foster and Mills,
992).

Probing of protein blots of infected protoplasts with
nti-66K antibodies (Fig. 4) resulted in the detection of
ultiple bands of higher molecular mass that were most

rominent in midstages of infection and displayed a
ransient expression pattern. We do not know at this time

hether this is due to cross-reactivity of the antibodies
ith host proteins induced upon infection, to alternative
roteolytic cleavage(s), or to posttranslational modifica-

ion(s) of the 66K protein. In any case, the cleavage event
hat generates the 66K protein from the 206K protein

ust occur rapidly in vivo as no 206K species could be
mmunodetected by Western blot even at earlier times
.i. (data not shown).

In the protoplast samples collected at later times
ostinoculation (Fig. 4) as well as in infected plants (Figs.
to 3), the absence of immunoreactive higher molecular
ass species indicates that the 66K protein is the only

iral protein containing the RdRp domain that accumu-
ates in a stable form. We cannot exclude, however, the
ossibility that additional cleavage sites may exist within

he 206K protein and give rise to transiently expressed
pecies that went undetected in the infected plants. In

hat respect, it should be noted that the proteinase do-
ain of alphaviruses is responsible for producing the
ature viral proteins using multiple sequential cis and

rans cleavages (reviewed in Strauss and Strauss, 1994)
hat appeared to play a pivotal role in the temporal
egulation of minus- and plus-strand RNA synthesis of
indbis virus (Lemm et al., 1994). This raises the ques-

ion of whether a similar processing scheme may occur
n TYMV as well. In support of this, it is worth noting that
reviously purified TYMV replicase fractions were shown

o contain a 115-kDa protein of viral origin that is likely to
rise from the processing of the 206K protein (Mouchès
t al., 1984; Candresse et al., 1986). The origin of this

T

66K-Specific Immunogold Labeling of Different Sub

He

ell wall and plasma membrane 117a

Vacuole 1118
Chloroplast envelope 49
Chloroplast stroma and starch grains 622

ucleus, cytoplasm, and other organelles 295
Total 2201

a Total number of gold particles decorating different subcellular stru
b Total surface (mm2) occupied by the corresponding structure (in in

envelope surface).
c Density of gold particles (number per mm2) within the correspondi
15-kDa polypeptide is still unclear although it has been
roposed to contain both the NTPase/helicase and the
dRp protein domains (Deiman et al., 1997). However,
sing the antibody we raised against the TYMV RdRp
omain, we have been unable to detect a protein this
ize in infected plants or protoplasts. It remains to be
etermined whether this apparent discrepancy reflects a
ifference in protein composition between the purified

eplicase fractions and the total protein samples or
hether it is due to differences in antisera specificity. We
re currently raising antibodies against areas in the re-
aining 140K N-terminal region of the polyprotein and

uture studies will focus on the analysis of the products
resent in infected plant cells to determine the process-

ng strategy and the function of the mature protein(s).
his may help clarify the origin of the 115-kDa polypep-

ide found in purified TYMV replicase preparations.

ransient accumulation of the 66K protein

The time course of appearance of the 66K protein in
lants (Fig. 3) revealed that the protein is expressed early

n infection and that the level of detectable protein de-
lines steadily as the leaves mature. This observation is
onsistent with the observed peak of RdRp activity puri-

ied from Chinese cabbage leaves (Deiman et al., 1997)
nd the expected role of the 66K protein in viral RNA

eplication. Because of the obvious difficulties associ-
ted with analysis of timing in infected leaves, the accu-
ulation kinetics of the 66K protein was followed during

ynchronous infection of Arabidopsis protoplasts (Fig. 4).
hese results revealed that the 66K protein accumulates

ransiently, reaching the maximal level between 24 and
0 h.p.i. These observations are in good agreement with
arlier studies regarding the kinetics of accumulation of

he replication-related proteins of other plant viruses
rom the alpha-like supergroup (Joshi et al., 1983; Wa-
anabe et al., 1984; Berna et al., 1986; van Pelt-Heerschap

et al., 1987; Hehn et al., 1997).

r Structures in Healthy and TYMV-Infected Plants

aves TYMV-infected leaves
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Several explanations can be proposed to account for
the apparent decay of the TYMV 66K protein. Because
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protoplast samples were adjusted for equivalent protein
concentration before Western blot analysis, it is very
unlikely that the fall-off of the 66K protein at 32–48 h p.i.
simply reflects protoplast mortality. Since the amount of
protein observed is the balance between its synthesis
and its decay, the observed disappearance of the 66K
protein may reflect the cessation of its synthesis.
Changes in the proteolytic processing of the 206K pro-
tein are also conceivable, although no other protein
products encompassing the RdRp domain were recog-
nizable to our antibodies. Alternatively, the 66K protein
could be cleaved by proteases or degraded. Indeed a
number of faint bands, which could correspond to deg-
radation products, are usually visible on our immuno-
blots. In that respect, it should be emphasized that the
TYMV 66K protein has recently been shown to be phos-
phorylated and ubiquitinylated when expressed in insect
cells (Héricourt et al., 2000). Ubiquitinylation is a com-
mon means used by eukaryotic cells to signal unstable
proteins for their subsequent degradation by the 26S
proteasome, a multiprotease complex (reviewed in
Ciechanover, 1998). Experiments in progress should al-
low us to determine whether the metabolic stability of the
TYMV 66K protein may be controlled through the ubiq-
uitin-dependent proteasome pathway in plants.

Localization of the TYMV 66K protein

The observed subcellular distribution of the TYMV 66K
protein in the membrane fraction of infected cells (Fig. 5)
agrees well with that of other RNA virus replication-
associated enzymes, which are most often found asso-
ciated with membranous structures (reviewed in David et
al., 1992; Scholthof et al., 1995; Restrepo-Hartwig and

hlquist, 1996; Schaad et al., 1997; Mas and Beachy,
1999; Erokhina et al., 2000). The assembly of a multipro-
tein replication complex on intracellular membranes thus
seems to be a general aspect of positive-strand RNA
virus replication, in both plants and animals. However,
there also appear to be diversities in the type of cellular
membrane where the viral replication complexes are
localized (reviewed in Buck, 1996). The immunofluores-
cence microscopy experiments presented in this study
(Fig. 6) demonstrate that the 66K protein carrying the
RdRp domain localizes to the chloroplast periphery. This
result is fully consistent with previous in vivo RNA label-
ing observations (Laflèche and Bové, 1969; Laflèche et
al., 1972; Garnier et al., 1980) and immunocytochemical
experiments using anti-replicase antibodies (Garnier et
al., 1986), suggesting that replication of TYMV RNA is
associated with the chloroplast envelope.

The cytopathology induced by TYMV infection as visu-
alized by electron microscopy (Fig. 7) is in remarkable

agreement with the early work on TYMV (reviewed in
Matthews, 1973). The infected cells exhibited formation

t
b

of vesicles that are characteristic of TYMV infection
(Laflèche and Bové, 1969; Ushiyama and Matthews,
1970; Hatta et al., 1973; Hatta and Matthews, 1974) and
that have been proposed to constitute the site of viral
replication (Ushiyama and Matthews, 1970; Matthews,
1973). Based on the examination of leaf tissue by immu-
nocytochemistry (Fig. 8), we present evidence that the
66K protein accumulates preferentially at the edge of
these membrane vesicles. Our present finding therefore
bears out the notion that these vesicular structures are
very likely to represent the actual TYMV replication sites.

The association of viral RNA synthesis with cellular
membranes in eukaryotic cells is an intriguing phenom-
enon, from both a functional and a mechanistic point of
view. Despite their central role in viral pathology, little is
known about the molecular mechanisms allowing the
formation of viral replication complexes and their anchor-
ing in cellular membranes. The vesicles at the chloro-
plast periphery of TYMV-infected cells were first de-
scribed in 1966 (Chalcroft and Matthews, 1966), but in-
formation concerning the origin and biogenesis of these
vesicles is still missing. Defining those mechanisms will
give new insights about the specific virus–host interac-
tions that ultimately determine a successful viral infec-
tion.

MATERIALS AND METHODS

Hosts and virus

Chinese cabbage (Brassica pekinensis cv. Granaat)
and A. thaliana (cv. C24) were grown from seeds at
20–25°C with a 16-h daylength. Plants were mechani-
cally inoculated on four of the lower well-expanded
leaves using an inoculum consisting of infected leaf
tissue freshly homogenized in 20 mM sodium phosphate,
pH 7.5 (4 ml/g). Virus and viral RNA were prepared by
standard methods (Matthews, 1960).

Tissue extraction

Healthy or TYMV-infected leaf samples were collected
at various times postinoculation and total proteins were
isolated by grinding the plant material with a mortar and
pestle with 5 ml of extraction buffer (150 mM Tris–HCl,
pH 6.8, 8% SDS, 2 M b-mercaptoethanol, 30% glycerol)
per gram of fresh weight. Whole Arabidopsis plants and
ndividual leaves of Chinese cabbage plants were col-
ected. Samples were clarified by centrifugation for 5 min
t 13,000 g, boiled for 10 min, and subjected to SDS–
AGE.

ntisera

The polyclonal antiserum against the TYMV 66K pro-

ein was raised by injecting rabbits with purified recom-
inant histidine-tagged 66K protein (His-66K) expressed
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in the baculovirus insect cell system (Héricourt et al.,
2000). The protein was solubilized in 8 M urea and
purified on Ni-NTA resin as described previously (Héri-
court et al., 2000). The generation of rabbit antiserum
was performed by Eurogentec according to the standard
immunization protocol using 100 mg of purified His-66K
per injection.

To eliminate any nonspecific reactions, in particular
against compounds present in the extraction buffer, the
anti-66K antiserum was preadsorbed by overnight incu-
bation at 4°C with a nitrocellulose membrane on which
extraction buffer had been spotted.

The antiserum against the TYMV capsid was de-
scribed previously (Garnier et al., 1986) and was kindly
provided to us by T. Candresse, INRA Bordeaux, Bor-
deaux, France. To remove nonspecific reactions in West-
ern blotting experiments, the anti-CP antiserum was
preadsorbed by overnight incubation at 4°C with a nitro-
cellulose membrane on which total protein extracts from
uninfected A. thaliana cells had been electrotransfered.

Preparation and inoculation of protoplasts

Protoplasts were prepared from a cell suspension
culture of A. thaliana and transfected as described pre-
viously (Schirawski et al., 2000). Viral RNA (2 mg) was

sed to inoculate approximately 106 protoplasts. Follow-
ing inoculation, the protoplasts were incubated in the
dark at 24°C for the periods indicated. The protoplasts
were collected by centrifugation at 80 g for 10 min at
room temperature (RT) and rinsed in PBS containing a
mixture of protease inhibitors (Complete protease inhib-
itor cocktail, Roche) prior to further analyses.

Subcellular fractionation

TYMV-infected protoplasts were harvested for subcel-
lular fractionation at 18–24 h posttransfection. Following
the washing step, ;5 3 106 protoplasts were resus-

ended in 1 ml of buffer E (100 mM Tris–HCl, pH 7.5, 10
M KCl, 5 mM MgCl2, 400 mM saccharose, 10% glycerol,

0 mM b-mercaptoethanol) containing a mixture of pro-
tease inhibitors (Complete protease inhibitor cocktail,
Roche) and were lysed by 20 passages through a 23-
gauge syringe needle. Subcellular fractionation was per-
formed by differential centrifugation according to Nies-
bach-Klosgen et al. (1990), giving rise to a 1000 g pellet
(P1) and to 30,000 g pellet and supernatant fractions (P30
and S30, respectively). Proteins in the P1 and P30 pellets
were solubilized in extraction buffer and samples of each
subcellular fraction corresponding to the same amount
of fresh tissue were subjected to SDS–PAGE.

Immunofluorescence labeling
6
TYMV- or mock-infected protoplasts (;10 cells) were

arvested for immunofluorescence staining at 18–24 h
i
b

osttransfection. The protoplasts were allowed to settle
n poly-L-lysine-coated coverslips for 20 min at RT and

were then fixed by immersion of the slides in cold 95%
ethanol for 20 min. After incubation for 45 min at RT in
blocking solution (5% BSA in PBS), the cells were incu-
bated for 1 h at 37°C with the primary antibody diluted
1/500 in PBS, 1% BSA. After three washes for 5 min in
PBS, 0.2% Tween 20, the cells were incubated in the dark
for 30 min at 37°C with a FITC-conjugated goat anti-
rabbit IgG (Jackson ImmunoResearch Laboratories) di-
luted 1/150 in PBS, 1% BSA. After incubation with 1024 M
DAPI for DNA staining, the cells were washed once in
PBS, 0.2% Tween 20 and the coverslips were mounted on
microscope slides using citifluor. Fluorescence micros-
copy was carried out with an epifluorescence micro-
scope (Leica HBO 100) or with a confocal microscope
(Leica TCS 4D) equipped with a 633 objective. Standard
ilters for FITC and DAPI were used to detect fluoro-
hromes. Images were captured with a CCD camera

Princeton Instruments Inc.) driven by the software Meta-
iew (Metaview Imaging System). They were processed
y Photoshop (Adobe Systems) for color level and con-

rast adjustment.

rotein analysis

The protein concentration was determined by disrupt-
ng samples corresponding to ;105 protoplasts in 40

M Tris–HCl, pH 8, 100 mM NaPi, 6 M guanidinium–HCl
or 1 h at RT, followed by a 503 dilution in Coomassie
rotein Assay Reagent (Pierce) and reading the absor-
ance at 595 nm using BSA as a reference.

Proteins for Western blot analysis were prepared by
ixing pelleted protoplasts corresponding to identical

mounts of total proteins with 1/3 vol of extraction
uffer followed by boiling for 3 min immediately prior

o electrophoresis. For detection of the 66K protein,
amples consisting of 10 mg of total proteins or 2 mg

of fresh plant material were separated by 7% SDS–
PAGE (Laemmli, 1970), while for detection of the CP, 2
mg of total proteins or 10 mg of fresh plant material

as separated by 15% SDS–PAGE. After electrotrans-
er to nitrocellulose membranes using a semidry ap-
aratus, the protein blots were allowed to react over-
ight at 4°C with preadsorbed anti-66K or anti-CP
ntibodies (dilution 1/1000) in PBS, 0.05% Tween 20,
nd 5% nonfat powdered milk. After washes in PBS,
.05% Tween 20, the membranes were incubated for

h at room temperature with PBS, 0.05% Tween 20,
nd 5% nonfat powdered milk containing a 1/30,000
ilution of goat anti-rabbit IgG coupled to alkaline
hosphatase (Sigma). After additional washing steps
n PBS, 0.05% Tween 20, the membranes were incu-
ated with NBT-BCIP as substrates.
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In vitro translation and immunoprecipitation

The cDNA sequence encoding the 66K protein product
(nt 3872–5629 according to Morch et al., 1988) was am-
plified by PCR using the cDNA clone p17AE (Héricourt et

l., 2000) as a template, with the positive-sense primer,
9 TAATACGACTCACTATAGGGAGACCACATGGGCACC-

CCCAGCGCATCCCCCACC 39, which provided a T7 pro-
moter (underlined) at the 59 terminus of the gene and the
negative-sense primer, 59 CGGGATCCGGTACCCTATTG-

ACGTAGTGAAGCAATTC 39. The resulting DNA frag-
ent (T7-66K) was in vitro transcribed and translated in

he TNT T7 Quick Coupled Transcription/Translation sys-
em (Promega) according to the supplier’s instructions.
he standard translation conditions of TYMV RNA (250
g of RNA in a 10-ml total volume) using a nuclease-

treated rabbit reticulocyte lysate were described previ-
ously (Morch et al., 1989) except that 530 MBq of a

ixture of L-[35S]methionine and L-[35S]cysteine (Pro-Mix,
Amersham) was used to label the proteins. Incubations
were performed at 30°C for 60 min. C-terminal labeling
experiments were performed as described in Kadaré et
al. (1992). Briefly, the translation reactions were initiated
in the absence of radiolabeled amino acid and after 10
min, edeine (20 mM, final concentration) was added to

lock further initiation of polypeptide chains. Thirty min-
tes after the onset of incubation, L-[35S]methionine and

L-[35S]cysteine were added to label the C-terminal re-
ions of the proteins, and incubation was continued for a

otal of 90 min. The 35S-labeled products were separated
by 7% SDS–PAGE, transferred to nitrocellulose, visual-
ized by autoradiography, and then processed for immu-
noblot analysis using the anti-66K antiserum.

For immunoprecipitation, the translation mixture (10
ml) was mixed with an equal volume of extraction buffer
and boiled for 3 min. The sample was then diluted with
180 ml of IP buffer (50 mM Tris–HCl, pH 7.5, 150 mM

aCl, 5 mM EDTA, 0.1% SDS, 1% Triton X-100, and 0.1%
SA) and 0.5 ml of the anti-66K antiserum. After overnight

incubation at 4°C, the antigen–antibody complexes were
precipitated with protein A–Sepharose (Amersham) that
had been preadsorbed with unprogrammed rabbit reticu-
locyte lysate. After several washes in Super-wash buffer
(50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 2 mM EDTA, 0.5%
SDS, 2% Triton X-100), the immunoprecipitates were re-
moved from the protein A–Sepharose by boiling in ex-
traction buffer, separated by 7% SDS–PAGE, and visual-
ized by autoradiography.

Processing of leaf tissues

For ultrastructure observation, systemically infected
Chinese cabbage leaf tissue and a noninoculated control
were harvested and tissues were cut into 2 3 0.5 mm
trips under fixative (3% glutaraldehyde and 1% tannic
cid buffered to pH 7.4 with 0.1 M sodium cacodylate
uffer) and left for 3 h at 15°C in the fixative. They were
hen postfixed in 2% osmium tetroxide, stained with 0.5%
ranyl acetate for 2 h at 4°C, dehydrated with a graded
eries of ethanol, and embedded in Spurr resin. Polymer-

zation was carried out at 60°C for 24 h. Ultrathin serial
ections were cut with a diamond knife on an ultramic-
otome and were mounted on copper grids. After staining
ith 2% uranyl acetate for 15 min and 2% lead citrate for
min, electron microscopy was carried out in a Philips

M410 electron microscope.
For immunogold experiments, the samples were fixed

ith a mixture of 4% paraformaldehyde and 0.5% glutar-
ldehyde in 0.1 M sodium cacodylate buffer at pH 7.4,
ehydrated by increasing ethanol series, and embedded

n LR white resin at low temperature in Leica EM AFS.
olymerization was carried out for 3 days at 220°C
nder long-wavelength UV light. Ultrathin serial sections
ere cut with a diamond knife on an ultramicrotome and
ere mounted on formvar-coated nickel grids for immu-
olabeling.

mmunogold cytochemistry

Indirect immunogold labeling was carried out by float-
ng the grids carrying serial tissue sections for 30 min at
T in PBS, 50 mM NH4Cl. After incubation for 30 min at

RT in blocking solution (5% BSA and 1% fish gelatin in
PBS), the grids were incubated for 2 h at 4°C with the
primary antibody diluted 1/300 in PBS, 1% BSA, 0.2% fish
gelatin. The grids were washed three times for 5 min
with PBS, 0.5% BSA, 0.1% fish gelatin and incubated for
45 min with protein A conjugated to 10-nm colloidal gold
particles that had been diluted in PBS, 1% BSA, 0.2% fish
gelatin. Preimmune serum was used at the same dilution
as its corresponding antiserum (1/300). After extensive
washing with PBS and ultrapure water, sections were
stained with 2% uranyl acetate and 2% lead acetate, and
electron microscopy was carried out in a Philips EM410
electron microscope. Counting of colloidal gold particles
was done on 12 randomly chosen areas from healthy and
TYMV-infected tissue.
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