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Intercellular transport of tobacco mosaic virus (TMV) RNA involves the accumulation of virus-encoded
movement protein (MP) in plasmodesmata (Pd), in endoplasmic reticulum (ER)-derived inclusion bodies, and
on microtubules. The functional significance of these interactions in viral RNA (vRNA) movement was tested
in planta and in protoplasts with TMV derivatives expressing N- and C-terminal deletion mutants of MP fused
to the green fluorescent protein. Deletion of 55 amino acids from the C terminus of MP did not interfere with
the vRNA transport function of MP:GFP but abolished its accumulation in inclusion bodies, indicating that
accumulation of MP at these ER-derived sites is not a requirement for function in vRNA intercellular
movement. Deletion of 66 amino acids from the C terminus of MP inactivated the protein, and viral infection
occurred only upon complementation in plants transgenic for MP. The functional deficiency of the mutant
protein correlated with its inability to associate with microtubules and, independently, with its absence from
Pd at the leading edge of infection. Inactivation of MP by N-terminal deletions was correlated with the inability
of the protein to target Pd throughout the infection site, whereas its associations with microtubules and
inclusion bodies were unaffected. The observations support a role of MP-interacting microtubules in TMV RNA
movement and indicate that MP targets microtubules and Pd by independent mechanisms. Moreover, accu-
mulation of MP in Pd late in infection is insufficient to support viral movement, confirming that intercellular
transport of vRNA relies on the presence of MP in Pd at the leading edge of infection.

Intercellular communication in plants occurs through plas-
modesmata (Pd), gatable channels in the cell wall that provide
symplastic continuity between adjacent cells. Although the size
exclusion limit (SEL) of Pd normally restricts diffusion for
molecules larger than 1 kDa (22, 43, 45, 53), accumulating
evidence indicates that Pd are dynamic and able to increase the
SEL to allow the passage of macromolecules such as proteins,
RNA, and protein-RNA complexes (13, 15, 18, 21, 29, 32, 33,
36, 47, 53). Most compelling evidence for macromolecular
trafficking through Pd is provided by viruses which exploit Pd
to move their genomes from cell to cell and to spread infection
(18, 33). The spread of viruses represents an excellent model to
study the mechanism by which nucleic acid molecules are tar-
geted to Pd. Their trafficking depends on virus-encoded move-
ment proteins (MPs) (12) which can be used to directly probe
the intercellular communication machinery.

Much of what is known about MPs is derived from studies on
the MP of tobacco mosaic virus (TMV). Consistent with its
function in viral movement, this protein is targeted to Pd and
increases their SEL (37, 53). The protein also binds single-
stranded nucleic acids in vitro, which results in the formation
of elongated and unfolded complexes (8, 9). Since the virus
coat protein (CP) is not required for intercellular spread of
TMV infection (10, 42) MP is believed to form a ribonucleo-
protein complex (vRNP) with viral RNA (vRNA) and to facil-
itate its intercellular transport in nonencapsidated form (9).

To elucidate the mechanism by which MP and vRNA are
targeted to Pd, we recently developed recombinant TMV de-
rivatives which encode MP as a fusion with green fluorescent

protein (GFP). Using these constructs, it was possible to per-
form studies in planta and to directly correlate the cell-to-cell
spread of vRNA and the growth of the fluorescent infection
site with the subcellular localization of the MP:GFP fusion
protein (24, 25, 37). These studies demonstrated that during
infection, the virus-encoded MP:GFP fusion protein associates
with Pd, with irregularly shaped endoplasmic reticulum (ER)-
derived inclusion bodies, as well as with microtubules (5, 24).
The ER-derived inclusion bodies contain replicase (25) as well
as vRNA (34) in addition to MP, thus providing evidence that
these bodies represent sites of virus replication and protein
synthesis. During the course of infection, MP:GFP produced in
these sites is conveyed to microtubules (25), indicating a role of
microtubules in the transport of vRNPs from membrane sites
of synthesis toward Pd (25). Recent support for this hypothesis
was provided by in situ hybridization experiments which local-
ized TMV RNA to microtubules (34) as well as by in vivo
observations which indicated that the amount of MP:GFP as-
sociated with microtubules at the leading edge of infection is
positively correlated with the efficiency by which infection
spreads from cell to cell (5). MP also appears to interact with
actin (35). Since actin is a component of Pd (2, 14, 52), it may
be possible that microfilaments and microtubules share syner-
gistic functions in Pd targeting (6, 54).

This study was undertaken to further dissect the functional
role of associations of MP with microtubules, ER inclusion
bodies, and Pd. Based on the finding that the vRNA transport
function of MP can tolerate large deletions at its C terminus
but not at its N terminus (1), we generated a series of TMV
derivatives in which we introduced N- and C-terminal deletions
into MP fused to GFP. This generated a series of infectious
and noninfectious virus derivatives which allowed us to corre-
late the activity of wild-type and mutant MP:GFP in viral
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movement with their subcellular distribution and to identify
those interactions between MP and host components that are
essential or dispensable in vRNA intercellular transport in
planta.

MATERIALS AND METHODS

Constructs. Plasmid pTf5-nx1, used as a template for in vitro mutagenesis, was
constructed by substitution of the MluI-KpnI fragment of plasmid pLA41, a
pUC119 derivative with an extended polylinker, with the BamHI-KpnI restriction
fragment of pTMV-M:GfusBr (24, 25, 37). BalI-SpeI restriction sites were then
used to replace most of the GFP coding sequence by a PCR fragment encoding
an improved version of GFP (GFP5, without ER targeting sequences) which is
characterized by increased thermostability and by two stabilized excitation ab-
sorbance maxima (395 and 473 nm) (41). Unique NruI and XhoI restriction sites
were then introduced in front of and behind the MP:GFP5 open reading frame
(ORF), resulting in plasmid pTf5-nx1. The BamHI-NotI fragment of pTf5-nx1
was then used to replace the BamHI-NotI fragment of pTMV-M:GfusBr to
create plasmid pTf5-nx2, encoding infectious genomic RNA of TMV-MP:GFP5.
It should be noted that “wild-type MP” refers to the MP as expressed from the
original TMV-M:GfusBr construct (24). In this construct, fusion of the GFP
ORF resulted in the deletion of 30 nucleotides from the 39 end of the MP gene
sequence. Thus, wild-type MP fused to GFP lacks amino acids 259 to 268 from
its C terminus. Moreover, the MP is derived from a TMV variant that is distin-
guished from the published TMV U1 sequence by a replacement of glutamic acid
in position 52 by glycine (27).

In vitro mutagenesis of the MP:GFP5 coding sequence was performed by PCR
in the presence of pTf5-nx1 as the template and specific primer sets for mu-
tagenesis to yield MP sequences encoding MP with specific N- or C-terminal
deletions. The PCR fragments were blunt ended at the 59 end of the correspond-
ing plus strand and had an XmaI restriction site at their 39 end, the latter located
within the hinge region between MP and GFP (24). Following XmaI digestion,
the sequences were cloned into plasmid pTf5-nx1 for in-frame fusion of the MP
sequences with the GFP ORF, replacing the NruI-XmaI fragment. The resulting
pTf5-nx1 derivative plasmids were cut with restriction enzymes BamHI and
Asp718I to subclone the fragments in place of the respective fragment in pTf5-
nx2. Viral infectious RNA was produced by in vitro transcription of plasmid
pTf5-nx2 (wild-type MP:GFP) and its derivatives (dMP:GFP mutants) by using
a MEGAscript T7 kit (Ambion).

Inoculation of plants and protoplasts. Nicotiana tabacum cv. Xanthi nn, N.
tabacum cv. Xanthi NN, and N. benthamiana plants (5 to 6 weeks old) were
mechanically inoculated (in the presence of carborundum) with transcripts de-
rived from in vitro reactions, and the plants were maintained in 70% humidity at
22°C during the 16-h photoperiod and at 20°C during the dark period.

Protoplasts of tobacco suspension cell line BY-2 were prepared and inoculated
by electroporation with infectious transcripts as described elsewhere (51). Fol-
lowing inoculation, protoplasts were resuspended in 10 ml of medium and cul-
tured as 1-ml aliquots in 35-mm-diameter petri dishes in the dark at 28°C.
Actinomycin D (30 mg/ml) was added to the protoplasts to increase MP expres-
sion (3, 25).

Immunoblot analysis. Protoplasts (5 3 105) were harvested at 20 h postinfec-
tion from culture medium by low-speed centrifugation, and pellets were imme-
diately frozen on dry ice and stored at 280°C. Proteins from 125,000 protoplasts
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and blotted onto polyvinylidene difluoride membranes (Amersham, Arlington
Heights, Ill.). The membranes were probed with affinity-purified rabbit antibod-
ies that were raised against synthetic peptides encompassing amino acid residues
6 to 22 (N-terminal anti-MP) or 209 to 222 (C-terminal anti-MP) of MP.

Immunofluorescent labeling and microscopy. Fixation and immunostaining of
protoplasts was performed as described elsewhere (24). Rhodamine-labeled sec-
ondary antibody was from Pierce (Rockford, Ill.). Fluorescence microscopy was
performed with a Nikon Eclipse E800 microscope equipped with CFI Plan Apo-
chromat objectives (Nikon Corp., Tokyo, Japan) and XF100 (Omega Optical,
Inc., Brattleboro, Vt.) as well as G-2A (Nikon Corp.) filter sets for visualization
of GFP and rhodamine fluorescence, respectively. Whole fluorescent infection
sites on leaves were viewed with 23 or 43 lenses. Leaf disks placed on glass
slides were used for high-magnification microscopy using 1003 oil immersion
objectives. Protoplasts were analyzed with 603 and 1003 oil immersion lenses.
Images were acquired and processed using an ORCA-100 progressive scan in-
terline charge-coupled device camera (Hamamatsu Photonics, Hamamatsu City,
Japan) and Openlab 2 software (Improvision, Coventry, England). Images were
prepared for publication using Adobe Photoshop software (Adobe Systems Inc.,
Mountain View, Calif.).

RESULTS

TMV derivatives replicate and produce DMP:GFP proteins
of expected sizes. The deletion mutations in MP used in this
study (Fig. 1A) include two DMP:GFP mutants with 3 and 28
amino acids deleted from the N terminus (the first two amino

acids, N5 and N30, were not deleted) and four DMP:GFP
mutants with up to 81 amino acids deleted from the C terminus
(C35, C55, C66, and C81) of MP. Except for encoding either
wild-type MP:GFP or DMP:GFP, all viral constructs used in
the analysis were identical and derived from TMV-MP:GFP
(25). To test whether the viruses replicate and produce authen-
tic DMP:GFP mutant proteins, we infected BY-2 protoplasts
and confirmed expression of the DMP:GFP proteins by immu-
noblotting using antibodies raised against N- and C-subtermi-
nal peptides of the MP. As shown in Fig. 1B and C, the
DMP:GFP fusion proteins were comparable to MP:GFP pro-
duced by the wild-type virus with respect to both amount and
stability.

Activity of DMP:GFP mutant proteins in intercellular
transport of vRNA. It was previously reported that MP can
tolerate deletions of up to 55 amino acids at its C terminus,
whereas even very small deletions within the N terminus de-
stroy the function of MP in vRNA transport (1, 20). To test if
this activity profile of MP deletion mutants is reflected by our
DMP:GFP fusion proteins, we tested the infectivity of TMV
variants encoding these mutant proteins by inoculation of N. ta-
bacum cv. Xanthi NN plants. N. tabacum cv. Xanthi NN plants
harbor the N gene, which triggers a hypersensitive cell death
response in infected cells, resulting in the formation of local
necrotic lesions (Fig. 2A). As summarized in Fig. 2B, local
lesion formation on leaves of N. tabacum cv. Xanthi NN plants
was observed when leaves were inoculated with virus express-
ing MP:GFP, C35:GFP, or C55:GFP. Thus, C35:GFP and C55:
GFP are functional and, like MP:GFP, can transport vRNA
from cell to cell. In contrast, no lesions were observed on
N. tabacum cv. Xanthi NN plants when leaves were inoculated
with virus encoding DMP:GFP with larger deletion mutations
at the C terminus of MP (C66:GFP or C81:GFP). Lesions also
did not develop when leaves were inoculated with virus ex-
pressing N5:GFP or N30:GFP. Thus, all mutant viruses except
those that produced C35:GFP or C55:GFP were defective in
local movement. Nevertheless, as summarized in Fig. 2B, the
whole series of mutant and wild-type viruses was infectious on
N. tabacum cv. Xanthi NN plants carrying a transgene for MP
(line 2005 [11]). Thus, all mutant viruses were able to replicate
and to move from cell to cell if complemented by wild-type
MP. Collectively, these tests demonstrated that the DMP:GFP
fusion proteins reflect the activity profiles reported for unfused
DMP mutants (1, 20).

Intracellular targeting of MP:GFP and mutant DMP:GFP
derivatives. To correlate the activity profiles of mutant DMP:
GFP proteins with their specific subcellular sites of accumula-
tion, we analyzed infection sites formed at 22°C on leaves of
N. benthamiana, a systemic host of TMV. As expected, viruses
encoding C35:GFP or C55:GFP were infectious in N. bentha-
miana, whereas the other viral mutants were dependent on
functional complementation by N. benthamiana transgenic for
MP. Since we did not observe any difference in subcellular
localization of MP:GFP, C35:GFP, and C55:GFP between in-
fection sites on wild-type and MP-transgenic N. benthamiana
plants, subcellular localization of each of the DMP:GFP mu-
tants (Fig. 3) was examined in MP-transgenic plants. Never-
theless, to monitor possible effects of wild-type MP on the
subcellular distribution of the DMP:GFP mutants, especially
those that are impaired in facilitating vRNA movement, we
compared the localization pattern of the proteins in N. ben-
thamiana with their localization pattern in infected, nontrans-
genic BY-2 tobacco protoplasts. The time course of MP:GFP
accumulation in epidermal cells and protoplasts has been de-
scribed in detail elsewhere (25). Therefore, emphasis was given
to the occurrence, absence, or modification of specific patterns,
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although a detailed time course analysis was performed for
each of the viral constructs. Infected protoplasts were analyzed
at 10, 14, 18, and 22 h postinfection; MP:GFP accumulation
patterns in cells of infection sites on N. benthamiana leaves
were carefully examined at high magnification, starting with
cells at the outer leading edge and progressing toward cells
within the center of the infection site.

Consistent with transient expression of MP early during in-
fection (49), infection sites formed in N. benthamiana by virus
producing fluorescent MP:GFP appear in the form of fluores-
cent rings (24, 25) (Fig. 3, A1). Like in previous studies (25),
we observed that the MP:GFP localized to Pd in all cells of the
infection site, including those at its center (Fig. 3, A2 and A3).
Moreover, also as described previously, MP:GFP accumulated
in inclusion bodies in cells at or near the leading edge of the
infection site (Fig. 3, A4) and on microtubules in cells in the
middle and at the trailing edge of the infection site (Fig. 3, A5).
Association of MP:GFP with microtubules and inclusion bod-
ies was also seen in infected protoplasts (Fig. 3, A6). More-
over, protoplasts displayed fluorescent puncta at or near the
plasma membrane (25). However, because a clear relationship
between these puncta in protoplasts and specific sites of MP:
GFP accumulation in epidermal cells could not be established,
we decided not to focus on the puncta.

Infection sites produced by virus encoding C35:GFP ap-
peared as fluorescent rings (Fig. 3, B1) and thus were similar to
those produced by virus encoding MP:GFP (Fig. 3, A1). The
intracellular distribution of C35:GFP was also essentially like
that of MP:GFP and indicated association of the protein with
inclusion bodies at the leading edge of the ring (Fig. 3, B4),

with microtubules at the trailing edge of the ring (Fig. 3, B5),
as well as with Pd throughout the infection site (Fig. 3, B2 and
B3). However, accumulation of C35:GFP in inclusion bodies
was reduced (Fig. 3, B5) compared to MP:GFP (Fig. 3, A5).

FIG. 2. Infectivity of TMV derivatives encoding DMP:GFP fusion proteins.
TMV variants encoding either wild-type MP:GFP or mutant DMP:GFP deriva-
tives were inoculated onto leaves of N. tabacum cv. Xanthi NN plants to test for
local lesion development (A) in response to local virus movement. (B) Results
obtained following inoculation of nontransgenic (NN) and MP-transgenic
(NNMP) plants, showing the presence (1) and absence (--) of local lesion for-
mation. The ability of a virus mutant to induce the formation of lesions on
MP-transgenic but not nontransgenic plants indicates that the virus replicates but
encodes a DMP:GFP fusion protein deficient in TMV RNA transport.

FIG. 1. (A) Schematic representation of DMP:GFP constructs used in this study. MP and GFP sequences are represented by dark grey and white, dashed bars,
respectively. MP:GFP (24) is shown at the top, and DMP:GFP derivatives are depicted below. The DMP:GFP derivatives include mutants with up to 81 amino acids
deleted from the C terminus (C35, C55, C66, and C81) and 3 or 28 amino acids deleted from the N terminus (the first two amino acids, N5 and N30, were not deleted)
of MP. (B and C) Immunoblot analysis of infected tobacco BY-2 protoplasts expressing wild-type MP:GFP and DMP:GFP mutants with antibody directed against amino
acids 6 to 22 (B) and 209 to 222 (C) of MP. Mk, mock-infected protoplasts; M, protein size markers (positions are indicated in kilodaltons).
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This was especially obvious in protoplasts, where the protein
was mostly observed in association with microtubules (Fig. 3,
B6). C55:GFP accumulated on microtubules (Fig. 3, C5) and in
Pd (Fig. 3, C2 and C3) but not in inclusion bodies (Fig. 3, C4).
Moreover, unlike MP:GFP and C35:GFP, C55:GFP was local-
ized to microtubules throughout the infection site, even in cells
at the very leading edge of infection (Fig. 3, C4 and C5).
Similar findings were obtained in infected BY-2 protoplasts,
where C55:GFP was predominantly found in association with
microtubules throughout the time course of infection (Fig. 3,
C6). Since C55:GFP is active in vRNA transport, these obser-
vations indicate that accumulation of MP:GFP in ER-derived
inclusion bodies is not a requirement for its activity.

Virus encoding C66:GFP could form infection sites (Fig. 3,
D1) only in N. benthamiana transgenic for MP. This was ex-
pected since this virus also was movement defective in N. ta-
bacum cv. Xanthi NN and gave rise to infection and the for-
mation of local lesions only in the presence of wild-type MP
(Fig. 2). The functional deficiency of C66:GFP in vRNA move-
ment was correlated with the lack of association of the protein
with microtubules in epidermal cells of MP transgenic plants
(Fig. 3, D4 and D5) as well as in nontransgenic protoplasts
(Fig. 3, D6). Instead, the protein appeared in the form of thick
bundles of short filaments that accumulated in the center of
the cells (Fig. 3, D4 and D5; Fig. 4). To test if this aberrant
localization of C66:GFP was caused by disruption of microtu-
bules in infected cells, we stained infected protoplasts with
antibodies directed against a-tubulin. As shown in Fig. 4, green
fluorescence of MP:GFP (Fig. 4A) and C55:GFP (Fig. 4D)
aligned rhodamine-labeled, red fluorescent microtubules (Fig.
4B and 4E) and gave rise to yellow-stained microtubules when
images were merged (Fig. 4C and F). C66:GFP formed aber-
rant filaments (Fig. 4G) even though microtubules were intact
(Fig. 4H and I), confirming that C66:GFP does not disrupt
microtubules but is deficient in microtubule association. In
addition to the formation of aberrant filamentous structures in
the center of infected cells, C66:GFP was also characterized by
its lack of accumulation in Pd of cells located at the leading
front of infection (Fig. 3, D2). The protein accumulated nor-
mally in Pd of cells at the trailing edge and in the center of the
infection site (Fig. 3, D3), showing that C66:GFP is not defec-
tive in Pd targeting per se. However, the deletion mutation in
C66:GFP appears either to fully abolish Pd targeting of the
protein early during infection or to reduce the rate of Pd
targeting, thus prolonging the time required for accumulation
and, as infection advances, visualization of the protein in Pd of
cells located behind the infection front.

The finding that C55:GFP, but not C66:GFP, interacted with
microtubules suggested that amino acids 203 to 213 may be
involved in microtubule association of MP:GFP. To test this
possibility, we constructed a virus in which only amino acids
203 to 213 were deleted from MP (C55-66). Like virus encod-
ing C66:GFP, this virus was infectious only when inoculated
onto plants expressing wild-type MP, where it formed normal
ring-shaped infection sites (Fig. 3, E1). Unexpectedly, in epi-
dermal cells as well as in protoplasts, we observed that C55-

66:GFP, unlike C66:GFP, associated with microtubules (Fig. 3,
E4, E5, and E6), indicating that amino acids 202 to 213 are not
essential for microtubule association of MP. However, like
C66:GFP, C55-C66:GFP did not accumulate in Pd at the lead-
ing edge of infection (Fig. 3, E2 and E3). We conclude that
accumulation of MP in Pd behind the infection front is insuf-
ficient for intercellular transport of vRNA. In contrast, vRNA
movement requires the presence of MP in Pd of cells at the
leading front of infection.

Like C66:GFP, C81:GFP failed to associate with microtu-
bules and formed short filamentous structures in epidermal
cells (Fig. 3, F4 and F5) and protoplasts (Fig. 3, F6). However,
in contrast to filaments formed by C66:GFP (Fig. 3, D4, D5,
and D6), filaments formed by C81:GFP were more numerous,
randomly distributed, and devoid of bundle formation (Fig. 3,
F4, F5, and F6). More importantly, in contrast to C66:GFP,
C81:GFP failed to accumulate in Pd anywhere within the in-
fection site (Fig. 3, F2 and F3), suggesting that amino acids 188
to 202 contribute to Pd targeting of MP. Moreover, unlike
virus expressing wild-type MP:GFP or virus expressing DMP:
GFP with deletions of up to 66 amino acids from the C termi-
nus, virus encoding C81:GFP produced disk-shaped rather
than ring-shaped infection sites (Fig. 3, F1). This may suggest
that a normal ring-shaped appearance of the infection site is
linked to the ability of MP to target Pd.

Like C81:GFP, N5:GFP failed to accumulate in Pd through-
out the infection site (Fig. 3, G2 and G3) and produced disk-
shaped infection sites (Fig. 3, G1). However, in contrast to
C81:GFP, this mutant had the ability to associate with micro-
tubules (Fig. 3, G4 and G6) and inclusion bodies (Fig. 3, G5),
indicating that these associations are not sufficient for Pd tar-
geting of MP and for vRNA movement.

We noted that the intracellular distribution of N5:GFP dif-
fered between infected MP-transgenic epidermal cells and in-
fected nontransgenic BY-2 protoplasts. In epidermal cells, N5:
GFP tended to accumulate in the form of very large fluores-
cent inclusion bodies (Fig. 3, G5). Fluorescent filaments were
seen only rarely and, if present, were aberrantly shaped (faintly
visible in Fig. 3, G4). In contrast, in protoplasts N5:GFP was
associated with microtubules and accumulated in inclusion
bodies at much lower levels if at all (Fig. 3, G6). These findings
suggest that N5:GFP may not be able to compete with the
plant-encoded wild-type MP for binding sites on microtubules
and therefore accumulates in inclusion bodies in epidermal
cells. It may also be possible that N5:GFP and plant-encoded
MP undergo an incompatible interaction in which wild-type
MP and N5:GFP mutually interfere with microtubule associa-
tion. Such a mechanism could contribute to MP-derived resis-
tance developed by plants transgenic for a defective MP which
lacks amino acids 3 to 5 (30; G. Kotlitzky, A. Katz, J. van der
Laak, V. Boyko, M. Lapidot, R. N. Beachy, M. Heinlein, and
B. L. Epel, submitted for publication) as is the case for N5:
GFP.

N30:GFP was also impaired in efficient Pd accumulation
(Fig. 3, H2 and H3) and produced disk-shaped infection sites
(Fig. 3, H1). Like N5:GFP, this protein distributed differently

FIG. 3. Intracellular targeting of MP:GFP and of mutant DMP:GFP derivatives. Wild-type MP:GFP and mutant derivatives encoded by the virus used for infection
are indicated on the left. Infection sites in MP-transgenic N. benthamiana are shown in column 1, and the subcellular distribution of the proteins in epidermal cells from
these sites is shown in columns 2 to 5. Images in columns 2 and 3 show the presence or absence of the proteins in Pd of epidermal cell walls at the leading edge (LE)
and trailing edge (TE) of infection; those in columns 4 and 5 show representative patterns of distribution of the proteins within the cytoplasm of cells at the LE and
TE. Localization of the LE and TE of the ring-like infection site is shown in A1. In the cases of infection sites that appeared in the form of expanding disks (F1, G1,
and H1), no TE could be defined and pictures were taken from cells close to the center of the infection site. Column 6 displays representative images of the subcellular
distribution of the proteins in infected tobacco BY-2 protoplasts which are nontransgenic for MP. The size bar in A1 represents 1 mm and applies to all infection sites
shown in column 1; the size bar in A2 represents 5 mm and applies to all images in columns 2 to 5 except for G5 and H5, where the size bar represents 2.5 mm; the
size bar in A6 represents 10 mm and applies to all protoplasts shown in column 6.
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between epidermal cells of MP-transgenic plants (Fig. 3, H4
and H5) and nontransgenic BY-2 protoplasts (Fig. 3, H6).
However, the patterns observed in both systems indicate that
N30:GFP has the capacity to accumulate in inclusion bodies as
well as to interact with microtubules.

DISCUSSION

This study was undertaken to illuminate the mechanism by
which TMV RNA is targeted to Pd for intercellular spread and
to investigate the functional significance of the previously ob-
served associations between TMV MP and subcellular compo-
nents. We introduced N- and C-terminal deletion mutations
into MP fused to GFP and correlated the activity of the re-
sulting DMP:GFP mutants in mediating vRNA transport with
subcellular localization. With regard to the effect of the dele-
tion mutations on RNA transport, the MP:GFP fusion proteins
behaved as expected from studies on unfused MP (1, 20). Thus,
the GFP is unlikely to account for the subcellular distribution
effects of the mutations reported here. DMP:GFP mutants with
deletions of up to 55 amino acids from the C terminus of the
MP were functional and allowed vRNA to move from cell to
cell. In contrast, DMP:GFP mutants carrying either N-terminal
deletions or deletions larger than 55 amino acids from the C
terminus of MP were dysfunctional, and vRNAs produced
neither lesions on NN tobacco plants nor fluorescent infection
sites on leaves of N. benthamiana. The lack of infection sites
was due to a defect in the vRNA transport function of DMP:
GFP, since the movement-deficient viruses were able to repli-
cate in protoplasts as well as in transgenic plants expressing
functional MP. Using these TMV derivatives expressing func-
tional and dysfunctional MP:GFP mutants together with im-
munolabeling of microtubules in protoplasts, this study shows
that the vRNA transport function of the MP is tightly associ-
ated with specific targeting and accumulation of the protein to
microtubules and to Pd at the leading edge of infection, thus

supporting the involvement of these sites in intercellular trans-
port of vRNA.

vRNA movement does not depend on accumulation of MP:
GFP in ER inclusion bodies. Deletion of the 35 C-terminal
amino acids from MP had no effect on the function and sub-
cellular localization of the protein. Deletion of 55 C-terminal
amino acids also did not abolish the RNA transport function of
the protein but led to a strong reduction, if not absence, of
fluorescence in inclusion bodies. This finding indicates that
accumulation of MP in ER-derived inclusion bodies proposed
to represent sites of viral replication and protein synthesis (25,
34, 39) does not represent a functional requirement for inter-
cellular movement of TMV RNA. The distribution of C55:
GFP in infected cells was strikingly similar to the distribution
of MP:GFP at elevated temperature (5). In both cases we
observed that the lack of fluorescent bodies in cells at the
leading edge of infection was complemented by the presence of
highly fluorescent microtubules. In the case of MP:GFP, the
association with microtubules in cells at the leading edge was
correlated with a strong increase in the rate of intercellular
spread of infection, supporting a role of microtubules in the
trafficking of vRNA to Pd (5). These findings indicate that the
distribution of MP:GFP between replication sites and micro-
tubules is critical for the efficiency of viral movement. Since
C55:GFP, in contrast to C35:GFP, accumulated predominantly
on microtubules, this distribution appears to be controlled by
determinants in MP, most likely by the domain encompassing
amino acids 214 to 233. This domain is adjacent to C-terminal
sequences that harbor phosphorylation sites (50) as well as
host range determinants (17, 19). Moreover, in vivo phosphor-
ylation in the C terminus of the MP was mapped to a peptide
composed of amino acids 212 to 231 (23) as well as to Ser238
within the MP of the closely related tomato mosaic virus (28).
The temperature-sensitive dynamics by which the MP associ-
ates with microtubules (5) following synthesis on the ER may
thus be regulated by multiple phosphorylation and dephos-
phorylation events at the C terminus as well as by host-specific
factors.

vRNA movement depends on accumulation of MP in Pd
early in infection. The observation that the inactivating N5 and
N30 deletion mutations specifically interfered with the accu-
mulation of the MP:GFP in Pd suggests that the N-terminal
portion of the protein is involved in targeting or anchorage of
MP to Pd and confirms that the presence of the protein in the
cell wall channel is essential for intercellular movement of
vRNA. The observations obtained by using these mutations
also demonstrated that the ability of MP:GFP to accumulate in
inclusion bodies and to interact with microtubules is insuffi-
cient for accumulation of the protein in Pd. In fact, microtu-
bules appear not to be involved in the targeting of MP to Pd,
as was shown by temperature-sensitive mutations in MP which
interfere with microtubule association but not with Pd target-
ing at nonpermissive temperatures (4). In addition to the N5
and N30 mutations, accumulation of MP in Pd was also af-
fected by the large C-terminal C66 and C81 deletion muta-
tions, suggesting that almost all domains of MP, except the
C-terminal amino acids 213 to 268, are required for Pd target-
ing or anchorage of the protein. It appears noteworthy that the
C66 and C55-66 mutations interfered with the accumulation of
MP:GFP in Pd at the infection front but not at the trailing edge
and in the center of the infection site. It is possible that the
mutations slow down the targeting of MP:GFP to Pd, thus
requiring a longer time for detectable accumulation. However,
based on this observation one could also speculate that target-
ing of MP to Pd is differentially regulated during early and late
stages of infection and that the mutations specifically interfere

FIG. 4. Intracellular distribution of MP:GFP (A to C), C55:GFP (D to F),
and C66:GFP (G to I) in relation to the pattern of microtubules in infected BY-2
protoplasts. Microtubules were immunostained with antibody directed against
a-tubulin followed by rhodamine-labeled secondary antibody. Bar 5 10 mm. The
strong red fluorescence in the center of protoplasts shown in panels B and H may
be caused by insufficient fluorescence filtering and bleed-through from areas of
very strong GFP fluorescence.
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with the targeting of MP:GFP to Pd early in infection. The
results obtained with viruses encoding C55-C66:GFP and C66:
GFP indicate that MP found in Pd only behind the infection
front is unable to compensate for the lack of MP in Pd at the
leading edge of infection. Thus, it is tempting to speculate that
the protein may exist in two forms, an active form that is
targeted to Pd early in infection and able to support viral
movement and an inactive form which is targeted to Pd late in
infection and not able to perform this function. This interpre-
tation is consistent with microinjection studies which have
shown that MP increases the SEL of Pd within the fluorescent
halo of the infection site but not in its center (37). This view is
also consistent with the proposal that MP which stays in Pd
behind the infection front may be downregulated to reduce the
level of interference of MP with normal intercellular commu-
nication (7). Regardless of whether active MP is replaced by
inactive MP or active MP residing in Pd is downregulated,
blocking Pd behind the infection front may represent an im-
portant strategy evolved by TMV to interfere with the spread
of a virus-specific gene-silencing signal (40, 46) and therefore
merits further investigation.

Involvement of microtubules in vRNA transport. The mu-
tants carrying N-terminal deletion mutations demonstrated
that accumulation of MP:GFP in Pd is not a prerequisite for
association of the protein with microtubules. Thus, the inability
of C66:GFP to associate with microtubules is caused not by
disruption of Pd accumulation at the leading edge of infection
but rather by an independent effect of the mutation. In fact, the
two effects could be separated when the C terminus of the MP
was retained and only amino acids 203 to 213 of MP were
deleted from MP:GFP (C55-66). It is intriguing that deletion
of amino acids 203 to 268 interfered with microtubule associ-
ation of the protein although neither the deletion of amino
acids 203 to 213 nor the deletion of amino acids 214 to 268 had
this effect. It thus appears that amino acids 203 to 268 do not
provide a microtubule binding activity but that deletion of this
stretch of the protein sequence affects a microtubule associa-
tion domain located in another region of the MP. This conclu-
sion is consistent with other studies indicating that microtubule
association is mediated by the core region of the protein (4,
27). Nevertheless, the observation that the inactivating C66
mutation interferes with microtubule association of MP:GFP is
consistent with a role of microtubules in intra-and intercellular
transport of vRNA. A role of microtubules in vRNA move-
ment is further supported by (i) temperature-sensitive muta-
tions in MP that were used to directly correlate microtubule
association of MP with its activity in intercellular movement of
vRNA (4), (ii) a positive correlation between the amount of
MP:GFP associated with microtubules and the efficiency of
intercellular transport of vRNA (5), and (iii) the colocalization
of viral genomic RNA with microtubules (34).

The appearance of the infection site is linked to the presence
or absence of MP:GFP in Pd. During infection, the tobamovi-
rus MPs are transiently produced and then degraded (3, 16, 26,
31, 38, 44, 49), and a ring-shaped infection site develops be-
cause infection spreads radially, away from the origin of infec-
tion. We observed that several mutations in the MP gave rise
to a change in the appearance of the infection site from the
normal ring shape to a disk shape. Notably, disk-shaped infec-
tion sites are formed by viruses encoding defective MPs that
have lost the ability to accumulate in Pd but still can associate
with microtubules and accumulate in inclusion bodies (N5:
GFP; N30:GFP, and C81:GFP). This suggests that the dynam-
ics of MP production and degradation may be tightly linked to
the successful targeting and anchorage of MP to Pd. Since the
ability of MP to move by itself (48) likely contributes to its

distribution within the infection site, it is also possible that
MP:GFP mutants that have lost the ability to interact with Pd
overaccumulate in infected cells, thus changing the appearance
of the fluorescent infection site. Finally, DMP:GFP mutants
that are not targeted to Pd may fail to downregulate Pd con-
ductivity late in infection, thus perturbing the regulation of
macromolecular trafficking, including that of vRNA.
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