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Cell-to-cell movement of tobacco mosaic virus (TMV) is used to illustrate macromolecular traffic
through plant intercellular connections, the plasmodesmata. This transport process is mediated by a
specialized viral movement protein, P30. In the initially infected cell, P30 is produced by transcription of
a subgenomic RNA derived from the invading virus. Presumably, P30 then associates with a certain
proportion of the viral RNA molecules, sequestering them from replication and mediating their transport
into neighbouring uninfected host cells. This nucleoprotein complex is targeted to plasmodesmata,
possibly via interaction with the host cell’s cytoskeleton. Prior to passage through a plasmodesma, the
plasmodesmatal channel is dilated by the movement protein. It is proposed that targeting of P30-TMV
RNA complexes to plasmodesmatal involves binding to a specific cell-wall-associated receptor molecule.
This protein, designated p38, also functions as a protein kinase, phosphorylating P30 at its carboxy-
terminus and minimizing P30-induced interference with plasmodesmatal permeability during viral
infection.
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1. INTRODUCTION

Katherine Esau was the first to postulate that viruses
moved throughout the plant via plant intercellular
connections, the plasmodesmata (Esau 1948). Viral
spread through plant intercellular connections occurs in
two distinct steps: local and systemic. Following initial
infection, usually by mechanical or insect-mediated
inoculation, many plant viruses spread from cell to cell
through plasmodesmata until they reach the vascular
system; the viruses are then transported systemically
through the Presumably, spread
through the vascular tissue is a passive process, occurring
with the flow of photoassimilates (reviewed by Leisner &
Howell 1993); in contrast, cell-to-cell movement is an
active function, requiring specific interaction between the
virus and the plasmodesmata. With tobacco mosaic virus
(TMV) and several other viruses, this interaction is
mediated by virus-encoded non-structural movement
proteins, which act to increase plasmodesmatal perme-
ability and transport viral nucleic acids through the
enlarged plasmodesmatal channels (reviewed by Lucas &
Gilbertson 1994; Carrington et al. 1996; Ghoshroy et al.
1997).

The best-studied cell-to-cell movement protein is the
30kDa protein (P30) of TMV (Deom et al. 1987). To
date, four biological activities have been postulated for
P30: (i) binding to TMV RNA, forming an extended
P30-RNA complex that can penetrate the plasmo-
desmatal channel (Citovsky et al. 1990, 19924); (ii) inter-
acting with cytoskeletal elements to facilitate transport of
the P30-TMV RNA complexes from the cell cytoplasm

vasculature. viral
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to plasmodesmata (Heinlein et al. 1995, McLean et al.
1995); (i11) increasing the size exclusion limit of plasmo-
desmata (Wolf et al. 1989); and (iv) interacting with a
cell-wall-associated receptor, which then phosphorylates
the bound movement protein, inactivating its ability to
dilate plasmodesmata. Here, we examine these P30 activ-
ities and integrate them into a model for P30-mediated
intercellular transport of TMV RNA.

2. MOVEMENT PROTEIN-NUCLEIC ACID COMPLEXES

In vitro studies showed that P30 binds both RNA
and single-stranded (ss)DNA, but not double-stranded
(ds)DNA, cooperatively and without sequence specificity
(Citovsky et al. 1990, 1992q). This sequence non-specific
binding explains the observation that coinfection with
TMV can complement cell-to-cell movement of plant
viruses in hosts in which they normally do not spread
through plasmodesmata (reviewed by Carr & Kim 1983;
Atabekov & Taliansky 1990). Electron microscopic obser-
vations revealed that P30 binding unfolds the nucleic acid
molecule, creating an extended protein—RNA complex of
2.0-2.5nm in diameter (Citovsky et al. 1992a). Because
free-folded TMV RNA has been estimated to be 10 nm in
diameter (Gibbs 1976), association with P30 probably
converts it to a thinner form capable of transport through
plasmodesmatal channels.

Following the demonstration that TMV P30 binds
single-stranded nucleic acids (Citovsky et al. 1990, 1992q),
cell-to-cell movement proteins of many other plant
viruses were found to exhibit similar activity. For
example, Pl of cauliflower mosaic virus (CaMV) was
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shown to associate with both ssDNA and RNA to form
long, thin complexes that closely resembled P30—-ssDNA
and P30-RNA complexes (Citovsky et al. 1991; Thomas
& Maule 1995). Furthermore, the affinity of Pl for RNA
was greater than that toward ssDNA, suggesting that P1—
CaMV RNA complexes may be involved in the cell-to-
cell spread of this virus (Citovsky, et al. 1991). This TMV-
like mechanism for cell-to-cell movement may comple-
ment the previously characterized spread of CaMV in the
form of whole viral particles through virus-modified
plasmodesmata (Kitajima & Lauritis 1969). In addition
to TMV and CaMV, the movement proteins of alfalfa
mosaic virus (AMV), red clover necrotic mosaic diantho-
virus (RCNMYV) and several other viruses have been
shown to bind single-stranded nucleic acids (Osman ef al.
1992; Schoumacher et al. 1992; Pascal et al. 1994). As with
TMYV P30, these movement proteins bound nucleic acids
cooperatively (Citovsky et al. 1991; Osman et al. 1992;
Schoumacher et al. 1992); however, the movement protein
of RCNMV did not appear to lengthen bound RNA
molecules significantly (Fujiwara et al. 1993). Thus, trans-
port through plasmodesmata via movement protein—
nucleic acid intermediates may represent a common
mechanism for cell-to-cell spread of many plant viruses.

Although many movement proteins function to trans-
port viral nucleic acids, the degree of transport selectivity
varies. For example, the P30 protein of TMYV can bind
and, by implication, transport any single-stranded nucleic
acid (Citovsky et al. 1990, 1992a). In contrast, the
RCNMV movement protein is capable of trafficking
ssRNA but not ssDNA or dsDNA (Fujiwara et al. 1993),
whereas the bean dwarf mosaic begomovirus (BDMV)
BLI movement protein facilitates transport of dsDNA but
not ssDNA nor ssRNA molecules (Noueiry et al. 1994).
However, transport of BDMV dsDNA seems incompa-
tible with biochemical and genetic evidence obtained with
another bipartite begomovirus, squash leaf curl virus
(SqLCV), for which the transported form is thought to be
genomic ssDNA (Pascal et al. 1994). Although BLI binds
nucleic acids only weakly (Pascal et al. 1994), it interacts
with the second begomovirus movement protein, BRI
(Sanderfoot & Lazarowitz 1995), which directly associates
with the transported nucleic acid molecule (Pascal et al.
1994). Thus, BRI most likely binds the viral nucleic acid
and transports it out of the host cell’s nucleus, where
begomoviruses replicate (Goodman 1981). BR1-ssDNA
complexes (or BRI-dsDNA complexes, in the case of
BDMYV) associate with BLI, which then mediates plasmo-
desmatal transport (see also below).

3. MOVEMENT PROTEIN-CYTOSKELETON
INTERACTION

Because TMV RNA translation, and therefore the
production of P30, occurs in the host cell’s cytoplasm
(Palukaitis & Zaitlin 1986), cell-to-cell transport
complexes of P30 and TMV RNA are most probably also
formed in the cytoplasmic compartment. How, then, do
these complexes arrive at plasmodesmata prior to cell-to-
cell movement? Recent data suggest that P30 interacts
with microtubules and, to a lesser extent, with actin
microfilaments (Heinlein et al. 1995; McLean et al. 1995).
This interaction was inferred from colocalization of P30,
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Figure 1. Functional domains of TMV P30. Domain A

(aa 112-185), single-stranded nucleic acid binding; domain B
(aa 186—268), single-stranded nucleic acid binding; domain C
(aa 65-86), correct protein folding; domain D (aa 258, 261,
265), phosphorylation by a cell-wall-associated protein
kinase; domain E (aa 126-224), increase in plasmodesmatal
permeability; domains F1 and F2 (aa 165 and 185-224),
binding to the cell-wall-associated p38 protein (P30 receptor).

transiently expressed in tobacco protoplasts, with tubulin
as well as with actin filaments (McLean e al. 1995). The
association of P30 with actin and tubulin was also
demonstrated using iz vitro binding assays (McLean et al.
1995). Furthermore, P30 tagged by translational fusion to
the jellyfish green fluorescent protein (GFP) formed a
filamentous network following transient expression in
plant protoplasts. Interestingly, these filamentous arrays
of GFP-P30 were best detected 18—20 h after expression.
After 48-72h, most GFP-P30 appeared as aggregates
along the periphery of the protoplasts (McLean et al.
1995). Protoplasts from transgenic tobacco plants that
express P30, which represents a steady-state expression
system, contained P30 predominantly near the plasma
membrane and the residual cell walls, where, in intact
tissue, the plasmodesmata would be found (McLean et al.
1995). Finally, GFP-P30 was introduced into the TMV
genome and the resulting modified virus retained infec-
tivity (Heinlein et al. 1995). Fluorescent GFP—-P30
expressed in tobacco protoplasts and leaf tissue following
infection formed an intracellular network that co-aligned
with cellular microtubules; however, no association of
P30 with F-actin was detected in these experiments
(Heinlein et al. 1995). Although the movement proteins of
other plant viruses have not yet been tested for interaction
with the cytoskeleton, it is likely that such an interaction
will be found for many viral species.

4. INCREASE IN PLASMODESMATAL PERMEABILITY

The P30-TMV RNA cell-to-cell transport complex
must transverse plasmodesmata to enter the neighbouring
host cell. Although the estimated diameter of this nucleo-
protein complex (Citovsky et al. 19924) is relatively small
(2.0-2.5nm), it is still too large for the 1.5 nm-diameter
channel through normal intact plasmodesmata (Wolf et al.
1989). 1o allow movement, therefore, P30 induces an
increase in plasmodesmatal permeability. The ability of
P30 to increase the plasmodesmatal size exclusion limit
was first detected by injection of fluorescently labelled
dextrans into leaf mesophyll cells of transgenic tobacco
plants expressing P30 (Wolf et al. 1989). Unlike wild-type
tobacco mesophyll plasmodesmata, which can traffic only
dextrans up to 0.75-1.0kDa, the P30-transgenic plants
exhibited a plasmodesmatal size exclusion limit of almost
10kDa (Wolf et al. 1989). Because the transgenic plant
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Figure 2. A model for production and plasmodesmatal transport of P30-TMV RNA complexes. MP, viral cell-to-cell movement
protein, e.g. P30; vRNA, viral genomic RNA. See text for further details. (¢) Targeting to plasmodesmata; (4) increase in
plasmodesmatal permeability; (¢) translocation, MP inactivation, and decrease in permeability.

tissue represents a steady state of P30 accumulation and
activity, it remained unclear whether the increase in plas-
modesmatal size exclusion limit was due to activation of an
endogenous plasmodesmatal transport pathway or induc-
tion of a specific host response to this viral protein. Direct
microinjection of purified P30 into wild-type tobacco
mesophyll cells resulted in a relatively fast (3—5min)
increase in the size exclusion limit up to 20 kDa, indicating
that P30 functions via the existing plasmodesmatal trans-
port machinery (Waigmann ef al. 1994). The increased size
exclusion limit of 1020 kDa (Wolfet al. 1989; Waigmann et
al. 1994) corresponds to a dilated channel diameter of 5—
9nm, potentially allowing passage of 2.0-2.5 nm-wide
P30-TMV RNA complexes (Citovsky et al. 1992a).

Microinjection experiments provided another important
clue to P30 function. It was noted that large fluorescent
dextrans moved not only into the cells adjacent to the
microinjected cell, but also that they travelled as far as
20-50 cells away from the site of injection (Waigmann et
al. 1994). These observations indicated that P30 itself
must have moved through plasmodesmata to induce the
increase in size exclusion limit in the distant mesophyll
cells, providing the first evidence that plasmodesmata can
allow the passage of protein molecules. An alternative
and unlikely possibility, i.e. that P30 induced an intracel-
lular signalling pathway rather than its own cell-to-cell
movement, was ruled out later by immunolocalization
experiments which showed that microinjected P30 indeed
moves between plant cells (Waigmann & Zambryski
1995).

As for single-stranded nucleic acid binding, the ability to
increase plasmodesmatal size exclusion limit is probably a
property of many viral movement proteins. Presently, the
cell-to-cell movement proteins of RCNMV, AMYV,
cucumber mosaic virus (CMV), tobacco rattle virus
(TRV), potato virus X and the BLI movement protein of
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BDMYV have been shown to mediate transport of large fluor-
escent dextrans between plant cells (Derrick et al. 1992; Iyji-
wara et al. 1993; Poirson et al. 1993; Noueiry el al. 1994
Vaquero et al. 1994; Angell et al. 1996). RCNMV, CMV and
BDMYV movement proteins were also shown to move from
cell to cell themselves (Fujiwara et al. 1993; Noueiry et al.
1994; Ding et al. 1995 Waigmann & Zambryski 1995).
Collectively, these experiments have established the use of
large fluorescent dextrans as an assay for interaction
between plasmodesmata and viral movement proteins.
Recent observations, however, questioned the biological
relevance of this approach. P30 was coinjected with fluores-
cent dextrans into tobacco trichomes, which consist of a
linear file of cells and, consequently, allow better visualiza-
tion of intercellular transport (Waigmann & Zambryski
1995). Surprisingly, no increase in size exclusion limit could
be detected, although trichome cells support viral infection
and cell-to-cell movement. However, when P30 was fused
translationally to the reporter enzyme, PB-glucuronidase
(GUS), the microinjected GUSP30 protein, moved effi-
ciently between trichome cells (Waigmann & Zambryski
1995). This result strongly suggests that P30 is a cis-acting
mediator of plasmodesmatal transport. In other words, P30
has to be physically associated with any transported mol-
ecule, such as viral RNA or GUS. This idea is consistent
with most known examples of protein transport and
targeting. For example, the increase in the nuclear pore size
exclusion limit during nuclear import does not allow
passage of protein molecules that are not directly associated
with the nuclear localization signal (NLS) sequence (Gold-
farb et al. 1986). Cell-to-cell transport of large fluorescent
dextrans coinjected with P30 into the leaf mesophyll, then,
may be only an ‘afterglow’ of the P30 biological activity
when mesophyll (but not trichome) cell plasmodesmata
remain open following microinjection or overexpression of
the movement protein. True plasmodesmatal transport,
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however, probably requires direct interaction between the
movement protein and the transported molecule.

5. INTERACTION WITH A CELL-WALL-ASSOCIATED
RECEPTOR

Presently, almost all our current knowledge about the
process of TMV cell-to-cell movement derives from
studies of its viral component, i.e. P30. Other than the
cytoskeleton (Heinlein et al. 1995; McLean ef al. 1995), no
plant cell component that interacts with P30 has been
identified. Recently, we have isolated a plant cell receptor
for P30. Because P30 has been shown to localize to
plasmodesmata within plant cell walls (lomenius et al.
1987; Ding et al. 1992), it may specifically interact directly
with a cell-wall-associated receptor. Thus, we developed a
renatured blot overlay-binding assay for interaction
between P30 and cell-wall proteins. In this technique, a
protein mixture containing a putative receptor is
separated by SDS-polyacrylamide gel -electrophoresis
(Laemmli 1970) and electrotransferred on to a PVDF
membrane, followed by guanidine hydrochloride extrac-
tion of SDS from the blotted proteins. The membrane is
then renatured, incubated with purified P30, washed and
any P30 binding is detected using anti-P30 antibodies.
These experiments identified a single protein band with a
relative electrophoretic mobility of 38 kDa. This protein,
designated p38, was not detected in the absence of P30,
or upon probing an empty PVDF membrane with P30.
Furthermore, no p38 band or any other P30-interacting
proteins were detected in the soluble fractions of tobacco
cells, suggesting that p38 may represent a specific cell-
wall receptor for TMV P30.

To correlate binding of P30 to p38 with its biological
activity, the P30 domains required for interaction with
p38 were determined and compared to the known func-
tional regions of P30. Figure 1 shows that two non-contig-
uous regions of P30 are involved in its association with
p38. The first p38-binding domain, designated Fl, is
located at the amino terminus of the protein; this protein
region has been shown to be essential for the movement
function n vive (Gafny et al. 1992; Lapidot et al. 1993). The
second p38 binding domain, designated F2 and posi-
tioned in the carboxy-terminal part of the protein, over-
laps with the previously identified P30 domain E
required for the increase in plasmodesmatal permeability
(Waigmann et al. 1994). Interestingly, it had been
suggested that the E region interacts with a putative P30
receptor (Waigmann et al. 1994). Thus, P30 binding to
p38 involves protein regions known to be required for the
biological activity of this cell-to-cell transport protein.
Because both F1 and F2 domains are necessary for
binding, these protein regions probably form a single p38
recognition site within the native conformation of P30.
However, it is possible that these major binding domains
are augmented by the context of the native protein.

Previously, we have shown that P30 is phosphorylated
by a cell-wall-associated protein kinase, at its carboxy-
terminal serine and threonine residues (Citovsky et al.
1993). The ability of this protein kinase to phosphorylate
P30 bound on the PVDF membrane was tested. A
similar approach has been used to identify a protein
kinase activity of photosystem II (Race & Hind 1996).
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To detect phosphorylation, P30 binding was followed by
addition of radioactively labelled ATP and autoradio-
graphy. In these tests, protein kinase activity was found
consistently in a single band with electrophoretic
mobility similar to that of p38, following incubation of
the electrophoresed cell-wall proteins with P30. No phos-
phorylation occurred when a P30 mutant, in which
phosphorylation site residues Ser-258, Thr-261 and Ser-
265 were replaced with non-phosphorylatable alanines
(Citovsky et al. 1993), was used as substrate. However,
this P30 mutant retained its ability to bind p38,
suggesting that the receptor and protein kinase activities
are independent and may represent two distinct protein
functions. We also found that this protein kinase activity
required the presence of Mg?* but not Ca?" cations,
indicating that it is not responsible for the general Ca?*-
dependent protein kinase activity of plant cell walls
(Epel 1994).

The possible biological function of P30 carboxy-terminal
phosphorylation was examined using negatively charged
amino-acid substitutions within the phosphorylation site.
Substitution with aspartate or glutamate is known to
mimic the electrostatic effects of phosphorylation (Dean
& Koshland 1990). For example, replacement of serine by
aspartate in the HPr protein has been shown to cause
shifts in two-dimensional NMR spectra similar to those
elicited by phosphorylation (Wittekind et al. 1989). Also,
inactivation by phosphorylation of Ser-113 in isocitrate
dehydrogenase is mimicked when aspartate is substituted
at this site (Thorsness & Koshland 1987). Similarly,
microinjection experiments showed that substituting
Ser-258, Thr-261 and Ser-265 in P30 with aspartate resi-
dues abolished its ability to increase plasmodesmatal
permeability, suggesting that phosphorylation has a role
in down-regulation of the biological activity of P30 (]J. S.
Sheng, L. Waigmann, S. Ghoshroy, J. Hind, P. Zambryski
and V. Citovsky, unpublished data).

The biological function of p38 is probably not limited
to its role in virus movement. Because viruses often adapt
existing cellular machinery for their own needs, TMV
probably makes use of an endogenous pathway for cell-to-
cell transport of proteins and nucleic acids. Indeed, it was
suggested that plasmodesmatal transport of RNA 1is
involved in signalling post-translational gene silencing
(Palauqui et al. 1997). Thus, it is tempting to speculate
that p38 has a natural cellular ligand that may mediate
plasmodesmatal traffic of RNA and/or protein in unin-
fected tobacco plants.

6. POSSIBLE MECHANISMS FOR PLASMODESMATAL
TRANSPORT

Transport through plasmodesmata most likely consists
of two major steps: (i) recognition of the transported
molecule in the cell cytoplasm and its targeting to the
plasmodesmatal channel; and (i1) translocation (figure 2).
In the initially infected cell, P30 is produced by transla-
tion of a subgenomic RNA produced during replication of
the invading virus. Presumably, this protein then associ-
ates with a certain proportion of positive-strand genomic
viral RNA molecules, sequestering them from replication
and mediating their transport into the neighbouring
uninfected host cells.
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P30-TMV RNA complexes destined for cell-to-cell
transport may be recognized by their putative targeting
sequence, the plasmodesma localization signal (PLS).
P30 domains required for interaction with plasmodes-
mata (domain E) and/or binding to p38 (domains F1 and
F2, figure 1) may carry such a signal. Similar transport of
nucleic acids via a protein import pathway has been
proposed for the nuclear import of Agrobacterium T-DNA
associated with the bacterial VirD2 and VirE2 proteins
(Citovsky et al. 19925, 1994; Howard et al. 1992; Citovsky
& Zambryski 1993; Guralnick et al. 1996; Zupan et al.
1996) and for that of the influenza virus genomic
RNANP nucleoprotein complexes (O’Neill et al. 1995).

The putative PLS potentially interacts with specific
cytoplasmic receptors (figure 2). These, as yet unidenti-
fied, receptor proteins may function to transport the
PLS-containing protein to the plasmodesmatal annulus.
Alternatively, the transported protein may be guided to
a plasmodesma simply by association with cytoskeletal
fibres (see above). In the latter case, the question of
specific targeting remains to be resolved, 1.e. whether or
not there are microfilaments and microtubules that lead
only to plasmodesmata.

Once at the plasmodesmatal channel, the transported
protein or protein—PLS receptor complex must increase
plasmodesmatal permeability to allow translocation. By
analogy to nuclear import, GTPase and/or ATPase
activities may be involved. Indeed, an ATPase activity
has been localized to plasmodesmata (Zheng et al. 1985;
Didehvar & Baker 1986), but further studies are necessary
to ascertain the molecular nature of this enzyme. It is
also possible that interaction of the transported protein
with the cytoskeleton directly ‘relaxes’ the plasmodes-
matal annulus, increasing its size exclusion limit for
translocation. Elucidation of the mechanism of plasmo-
desmatal gating will depend on successful purification
and characterization of the protein components of this
channel.

Interaction of viral movement proteins with plasmodes-
mata may interfere with normal intercellular communi-
cation, and thus be detrimental to the physiology of the
host plant. It is likely, therefore, that a mechanism exists
to regulate the activity of P30 and, possibly, cellular
proteins capable of plasmodesmatal transport (Lucas et al.
1995). Potentially, P30 phosphorylation is involved in
such regulation, minimizing P30 interference with
plasmodesmatal permeability during viral infection.
Thus, two distinct biological functions may be required
for the TMV cell-to-cell transport process. First, a specific
receptor mediates P30 targeting to the host cell wall and,
probably, to plasmodesmata. This function may be essen-
tial for plasmodesmatal transport; therefore, P30
domains involved in p38 binding are required for its
biological activity. Second, a cell-wall-associated protein
kinase phosphorylates P30 that has already performed its
function within plasmodesmata (figure 2). This activity may
play a role in down-regulation of P30, but is not directly
required for its function. Indeed, the phosphorylation
domain D of P30 (figure 1) is dispensable for the activity of
this protein since its removal results in slightly, but consis-
tently, enhanced viral movement (Gafny et al. 1992).

By analogy to nuclear import, another possibility for
plasmodesmatal regulation is cytoplasmic anchoring.
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Interaction of P30 with the cytoskeleton may serve such a
function by immobilizing P30 in the cell cytoplasm. This
interaction may also mask the putative PLS sequence on
the transported protein. Similar regulation by cytoplasmic
anchoring has been described for nuclear import of the
NF-kB transcription factor (reviewed by Dingwall 1991).

7. FUTURE DIRECTIONS

In recent years, the previously dormant field of plas-
modesmatal macromolecular traffic has gained much
impetus. Characterization of plasmodesmatal transport
mechanisms will have a profound effect on our under-
standing of intercellular signalling and plant—pathogen
interactions. Undoubtedly, biochemical and structural
characterization of plasmodesmata and microinjection
studies will continue to enhance our knowledge of inter-
cellular communication and its role in plant development
and morphogenesis. The greatest progress, however, may
come from applying a genetic approach to dissect the
molecular pathway for plasmodesmatal transport. For
example, Arabidopsis mutants may be isolated that are
resistant to systemic and/or cell-to-cell virus spread,
potentially due to specific blockage in transport through
plasmodesmata. One such mutant resistant to systemic
spread of tobamoviruses has already been identified
(Lartey et al. 1998). In addition, Arabidopsis mutants
(Mahajan et al. 1998) and ecotypes with altered systemic
movement of other plant viruses have been reported
(Leisner et al. 1993; Lee et al. 1994; Simon 1994). Ulti-
mately, isolation of additional mutants will identify most
genes involved in plasmodesmatal transport and reveal
the functional components of this pathway.
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