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Cell-to-cell tobacco mosaic virus movement protein (TMV MP) mediates viral spread between the host cells through
plasmodesmata. Although several host factors have been shown to interact with TMV MP, none of them coresides with TMV
MP within plasmodesmata. We used affinity purification to isolate a tobacco protein that binds TMV MP and identified it as
calreticulin. The interaction between TMV MP and calreticulin was confirmed in vivo and in vitro, and both proteins were shown
to share a similar pattern of subcellular localization to plasmodesmata. Elevation of the intracellular levels of calreticulin severely
interfered with plasmodesmal targeting of TMV MP, which, instead, was redirected to the microtubular network. Furthermore, in
TMV-infected plant tissues overexpressing calreticulin, the inability of TMV MP to reach plasmodesmata substantially impaired
cell-to-cell movement of the virus. Collectively, these observations suggest a functional relationship between calreticulin, TMV

MP, and viral cell-to-cell movement.

Following initial infection (usually by mechanical
inoculation), many plant viruses, such as tobacco mo-
saic virus (TMV), spread from cell to cell through plas-
modesmata (for review, see Heinlein, 2002; Waigmann
et al., 2004), presumably utilizing the existing cellular
pathways of plasmodesmal transport. In the case of
TMYV, this virus encodes a specific cell-to-cell move-
ment protein (MP), which mediates the transport of the
viral genomic RNA through plasmodesmata (Deom
et al., 1987). To date, MP has been shown to bind TMV
RNA (Citovsky et al., 1990, 1992), associate with the
cytoskeleton (Heinlein et al., 1995; McLean et al., 1995;
Boyko et al., 2000) and endoplasmic reticulum (ER;
Heinlein et al., 1998; Reichel and Beachy, 1999), target
to plasmodesmata within plant cell walls (Tomenius
et al., 1987; Ding et al., 1992a), increase plasmodesmal
permeability (Wolf et al., 1989; Waigmann et al., 1994),
and undergo negative regulation by phosphorylation
(Citovsky et al., 1993; Waigmann et al., 2000; Trutnyeva
et al.,, 2005). To perform many of these functions, TMV
MP most likely cooperates with different cellular fac-
tors, some of which, such as cell wall pectin methyl-
esterases (PME; Dorokhov et al., 1999; Chen et al., 2000),
microtubules (MTs) and actin filaments (Heinlein et al.,
1995; McLean et al., 1995; Boyko et al., 2000), and a RIO
protein kinase (Yoshioka et al., 2004), are known, while
others remain to be discovered. It would be especially
interesting to determine whether cellular proteins exist
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that not only recognize TMV MP but also coreside with
it within plasmodesmata.

Using TMV MP as specific ligand in a biochemical
purification protocol, we showed that it interacts with
plant calreticulin. Calreticulin is a Ca®"-sequestering
protein that is highly conserved between different
species, including plants (Nelson et al., 1997; Borisjuk
et al., 1998, and refs. therein; Michalak et al., 1998).
Functionally, calreticulin is involved in Ca®* storage
and signaling, chaperone activity, cell adhesion, and
regulation of gene expression (Krause and Michalak,
1997). Although calreticulin was originally detected
in the membranes of smooth muscle sarcoplasmic re-
ticulum and nonmuscle ER (Ostwald and MacLennan,
1974), increasing evidence indicates that, in plants,
this protein also accumulates within plasmodesmata
(Baluska et al., 1999, 2001; Laporte et al., 2003),
suggesting its role in cell-to-cell transport. Indeed,
our findings suggest that calreticulin can interact
directly with TMV MP, and, when overexpressed in
transgenic plants, calreticulin interferes with native
targeting of TMV MP and significantly delays cell-to-
cell movement of the virus.

RESULTS
Identification of Calreticulin Binding to TMV MP

Previously, we utilized affinity chromatography on
an immobilized TMV MP column to isolate tobacco
(Nicotiana tabacum) cell wall proteins that bind TMV
MP (Chen et al., 2000). While in these experiments the
major protein species of about 38 kD detected by SDS-
PAGE represented PME, other, less abundant bands in
the 50- to 60-kD range were also detected (Chen et al.,
2000) but remained unidentified. Here, we loaded cell
wall extracts on the TMV MP column and, following
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a wash, eluted the bound protein by applying a con-
tinuous gradient of NaCl (Fig. 1A). Proteins contained
within the elution peak fractions were subjected to
two-dimensional gel electrophoresis, following which
the gel region containing protein species with 50- to
60-kD electrophoretic mobility exhibited two adjacent
spots (Fig. 1B). Both spots were excised and digested
with trypsin, and the resulting peptides were sepa-
rated by HPLC and analyzed by mass spectrometry
for peptide purity and mass. The mass spectrometry
profiles of the four most abundant peptides of the
top spot (Fig. 1B, black arrowhead; Fig. 1C, yellow
highlight) and of the two most abundant peptides
of the bottom spot (Fig. 1B, white arrowhead;
Fig. 1C, green highlight) contained single-peptide
peaks (data not shown), indicating the presence of
one peptide species in each fraction. These peptides
were then subjected to amino acid sequence analysis.
The use of single HPLC peaks in these experiments
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increased the clarity and confidence of obtained pep-
tide sequences as the observed and predicted masses
differed by less than 0.01% (data not shown). All
peptide sequences matched the sequences of calreti-
culin from such diverse plant species as Arabidopsis
(Arabidopsis thaliana), maize (Zea mays), and tobacco
(Fig. 1C). Potentially, the strongest protein spot of
about 50 kD corresponded to the processed form of
tobacco calreticulin, whereas the weaker spot with
slightly lower electrophoretic mobility was a degrada-
tion product or a different isoform of tobacco calretic-
ulin. Thus, calreticulin most likely represents one of
the plant proteins that bind TMV MP.

Because calreticulins are conserved between dif-
ferent plant species (Fig. 1C), we elected to perform
most of our studies using calreticulin proteins from
Arabidopsis to facilitate future studies of TMV MP-
calreticulin interactions in this model plant (Meyerowitz
and Somerville, 1994; Simon, 1994).

A C AtCRT1 1 MA--K-LNPKFISLILFALVVIVSAEVIFEEKFEDGWEKRWVKSDWKKDDNTAGEWKHTA
AtCRT2 1 MA--K-MIPSLVSLILIGLVAIASAAVIFEERFDDGWENRWVKSEWKKDDNTAGEWKHTA
ZmCRT1 1 MAIRKGSSYAVAALLALASVAAVAGEVFFQEKFEDGWESRWVKSEWKKDENMAGEWNHTS
NtCRT 1 --EVFFEESFNDGWESRWVKSEWKKDENMAGEWNHTS
EVFFEESFNDGWESR
AtCRT1 58 GNWSGDANDKGIQTSEDYRFYAISAEFPEFSNKDKTLVFQFSVKHEQKLDCGGGYMKLLS
AtCRT2 58 GNWSGDANDKGIQTSEDYRFYAISAEFPEFSNKDKTLVFQFSVKHEQKLDCGGGYMKLLS
o ZmCRT1 61 GKWNGDAEDKGIQTSEDYRFYAISAEYPEFSNKDKTLVLQFSVKHEQKLDCGGGYVKLLG
& NtCRT 36 GKWNGDANDKGIQTSEDYRFFAISAEFPEFSNKGKNLVFQFSVKHEQKLDCGGGYMKLLS
< FFAISAEFPEFSNK NLVFQFSVK
AtCRT1 118 GDVDQKKFGGDTPYSIMFGPDICGYSTKKVHAILTYNEANHLIKKDVPCETDQLTHVYTF
AtCRT2 118 GDVDQKKFGGDTPYSIMFGPDICGYSTKKVHAILTYNEANHLIKKDVPCETDQLTHVYTF
ZmCRT1 121 GDVDQKKFGGDTSYSIMFGPDICGYSTKEVHTILTKDGENHLIKKDVPCETDQLTHVYTL
Fractions NtCRT 96 GDVDQKKFGGDTPYGIMFGPDICGYSTKKVHAILTYNDTNHLIKKEVPCETDQLTHVYTF
AtCRT1 178 VLRPDATYSILIDNVEKQTGSLYSDWDLLPAKKIKDPSAKKPEDWDDKEYIPDPEDTKPA
AtCRT2 178 ILRPDATYSILIDNVEKQTGSLYSDWDLLPPKKIKDPSAKKPEDWDEQEYISDPEDKKPD
ZmCRT1 181 IIRPDATYSILIDNEEKQTGSIYEHWDILPPKKIKDPEAKKPEDWDDKEYIPDPEDKKPE
NtCRT 156 ILRPDATYSILIDNVEKQSGSLYSDWDLLPPKTIKDPSAKKPEDWDEKEFIDDPEDKKPE
AtCRT1 238 GYDDIPKEIPDTDAKKPEDWDDEEDGEWTAPTIPNPEYNGEWKPKKIKNPAYKGKWKAPM
B AtCRT2 238 GYDDIPKEIPDTDSKKPEDWDDEEDGEWTAPTIPNPEYMGEWKPKQIKNPNYKGKWEAPL
ZmCRT1 241 GYDDIPKEIPDPDAKKPEDWDDEEDGEWTAPTIPNPEYKGPWKQKKIKNPNYQGKWKAPM
ve —50 NtCRT 216 GYDDIPEEITDPDAKKPEDWDDQEDGEWTAPTIPNPEYKGPWKPKKIKNPNYKGKWKAPL
APL
AtCRT1 298 IDNPEFKDDPELYVFPKLKYVGVELWQVKSGSLFDNVLVSDDPEYAKKLAEETWGKHKDA
AtCRT2 298 IDNPDFKDDPELYVFPKLKYVGLELWQVKSGSLFDNVLICDDPDYAKKLADETWGKLKDA
kDa ZmCRT1 301 IDNPDFKDDPYIYAFDSLKYIGIELWOVKSGTLFDNIIITDDPALAKTFAEETWGKHKEA
H3 o = 10 NtCRT 276 IDNPDFKDDPDLYWPNLK?.’?&L:E“I:FQHSGTLFDNIVICDDPEYmIREETWGKQKDB
P R 2 IDNPDFKDDPDLYVFPNLKYVGVELHOVKSGTLFDNIVICDDPEYAK
AtCRT1 358 EKAAFDEAEKKREEEESKDAPAESDAEEEAEDDDNEGDDSDNESKSEETKEAEETKEAEE
AtCRT2 358 EKAAFDEAEKKNEEEESKDAPAESDAEDEPEDDEGGDDSDSESKAEETKSVDSEETSEKD
ZmCRT1 361 EKAAFDEAEKKKEEEDAAKGGDDEDDDLEDEEDDEKADEDKADSDAEDSKDSDDEKQ--—
NtCRT 336 EKAAFEEAEKKREEEESKAAPADSDAEEDDDADDDADDADDKLESKDD-EA-—===—=—===
AtCRT1 418 TDAAHDEL
AtCRT2 418 ATA-HDEL
ZmCRT1 418 ----HDEL
NtCRT 386 ----HDEL

Figure 1. Purification and identification of TMV MP-interacting protein. A, Purification by affinity chromatography. Protein
amounts in the fractions eluted by the indicated continuous NaCl gradient were measured by A,q,. Fractions pooled for
subsequent analysis by two-dimensional gel electrophoresis are indicated by red circles. B, Coomassie blue-stained two-
dimensional gel of the pooled fractions indicated in A. Molecular mass expressed in thousands of Daltons is indicated on the
right. C, Amino acid sequence of six peptides derived from the purified TMV MP-interacting protein and its alignment with full-
length calreticulin sequences from Arabidopsis (AtCRT1, accession no. NM_104513.2, and AtCRT2, accession no.
NM_100791.2), maize (ZmCRT1, accession no. Z46772.1), and tobacco (NtCRT, accession no. X85382.1). Alignment was
performed by the Clustal algorithm; gaps introduced for alignment are indicated by dashes. Yellow and green boxes indicate
peptide sequences derived from the top and bottom protein spots indicated by black and white arrowheads, respectively, in B.
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Figure 2. Plasmodesmal localization of calreticulin requires signal
peptide. A, Hydropathy profile of AtCRT1. Hydrophobic domains are
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Plasmodesmal Targeting of Calreticulin Requires
Its Signal Peptide

As an ER-based protein, calreticulin carries a hydro-
phobic N-terminal signal sequence, which is clearly
identifiable on a hydropathy profile of Arabidopsis
calreticulin 1 (AtCRT1, accession no. NM_104513.2;
Fig. 2A). We examined the role of this signal peptide in
subcellular targeting of AtCRT1. The full-length pro-
tein and its mutant, in which the first 50 N-terminal
amino acid residues had been deleted (AtCRT1-
del50N), were tagged at their C termini with green
fluorescent protein (GFP) and transiently expressed
following bombardment of their encoding constructs
into Nicotiana benthamiana leaves. Figure 2B shows that
the full-length AtCRT1 accumulated within distinct
puncta at the cell periphery, a pattern characteristic of
plasmodesmal localization (Oparka et al., 1997; Baluska
et al., 1999, 2001; Laporte et al., 2003). In contrast, the
AtCRT1-del50N mutant lacking its signal peptide
remained predominantly cytoplasmic (Fig. 2C), sug-
gesting that the signal peptide and, by implication,
ER translocation are necessary for targeting to plas-
modesmata.

Calreticulin-TMV MP Interaction in Vivo and in Vitro

That calreticulin was biochemically isolated using
TMV MP affinity chromatography suggests that these
two proteins bind each other. Consistent with this
notion, Arabidopsis calreticulin 2 (AtCRT2, accession
no. NM_100791.2) and TMV MP were observed within
similar subcellular punctate structures, likely the plas-
modesmata due to the presence of MP, when tagged
with yellow fluorescent protein (YFP; AtCRT2-YFP)
and with GFP (TMV MP-GFP) and constitutively
expressed in transgenic Arabidopsis plants (Fig. 2, D
and E, respectively). To directly demonstrate the
calreticulin-TMV MP interaction, we utilized three
independent experimental approaches.

First, we used fluorescence resonance energy trans-
fer (FRET) microscopy, which allows direct detection
of protein interactions in planta, within living cells, as
well as determination of the subcellular localization
of the interacting proteins (Hink et al., 2002; Jares-
Erijman and Jovin, 2003). AtCRT2-YFP and TMV MP
tagged with a cyan fluorescent protein (CFP) spec-
tral variant of GFP (TMV MP-CFP) were transiently
coexpressed in N. benthamiana leaf tissues. FRET

indicated by a positive index and hydrophilic domains by a negative
index (Kyte and Doolittle, 1983). Dotted rectangle delineates the signal
sequence. B, AtCRT1-GFP transiently expressed in N. benthamiana. C,
AtCRT1-del50N-GFP lacking its signal peptide transiently expressed in
N. benthamiana. D, AtCRT2-YFP stably expressed in transgenic Arabi-
dopsis from its full-length gene with native regulatory elements. E, TMV
MP-GFP stably expressed in transgenic Arabidopsis. YFP, CFP, and GFP
signals are indicated in green, and plastid autofluorescence is indicated
in red. Images in B and D are single confocal sections; images in C and
E are projections of several confocal sections. Bars = 10 um.
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between these proteins was detected by acceptor pho-
tobleaching in which energy transfer is reduced and
donor (i.e. CFP) fluorescence is increased when the
acceptor (i.e. YFP) is bleached; such elevated fluores-
cence is characteristic of FRET because normally
bleaching decreases rather than enhances fluorescence
(e.g. Kenworthy, 2001; Karpova et al., 2003). Another
advantage of acceptor photobleaching is that donor
fluorescence cannot be attributed to a bleed-through
signal of the acceptor because the latter has been
bleached. Figure 3 shows a representative cell coex-
pressing both tagged proteins; images collected in three
separate channels, i.e. the CFP signal (Fig. 3A), the YFP
signal (Fig. 3B), and the FRET signal (Fig. 3C), indicate
colocalization of and energy transfer between these two
proteins at punctate locations at the cell periphery.
Quantification of the CFP signal after photobleaching
of YFP (Fig. 3D) revealed an increase in the intensity
of the donor fluorescence with FRET efficiency (Eg)
of 19.0% = 0.4%, which is indicative of FRET (e.g.
Kenworthy, 2001; Karpova et al., 2003). Interestingly,
this FRET efficiency was higher than that reported for
a direct translational fusion between CFP and YFP
(7.96% = 0.38%; Karpova et al., 2003). Based on the
FRET efficiency values, we calculated the distance
between the interacting molecules of TMV MP and
calreticulin to be about 6.4 nm, assuming freely rotating
CFP and YFP fluorophores (Gadella et al., 1999).

Next, we used the yeast (Saccharomyces cerevisiae)
two-hybrid system (Fields and Song, 1989; Hollenberg
et al., 1995) to confirm the interaction between TMV
MP and calreticulin. Figure 4A shows the interaction
between TMV MP and full-length AtCRT1 (lane 1). No
interaction was observed between lamin C, known as
a nonspecific activator in the two-hybrid system
(Bartel et al., 1993), and calreticulin (Fig. 4A, lane 2)
or TMV MP (data not shown). An AtCRT1 mutant that
lacked its N-terminal signal peptide and thus mim-
icked the processed form of the protein still bound
TMV MP (Fig. 4A, lane 3). Similar results were ob-
tained with MP of another tobamovirus, turnip vein
clearing virus (data not shown).

Finally, the binding of calreticulin to TMV MP was
examined directly using a renatured-blot overlay assay
for protein-protein interactions (Dorokhov et al., 1999;
Chen et al., 2000). In this approach, calreticulin-
containing cell extract is electrophoresed, immobilized
on a polyvinylidene difluoride membrane by electro-
blotting, reacted with purified TMV MP or with an
unrelated protein, e.g. VirD2 of Agrobacterium, as a
negative control, and binding is detected using anti-
TMV MP or anti-VirD2 antibodies. To better approx-
imate the native, processed form of calreticulin, we
utilized calreticulin overexpressing transgenic N. ben-
thamiana plants as the source of this protein. From
a total of five independently transformed transgenic
lines, we present a detailed analysis of one represen-
tative line. Figure 4B shows that reverse transcription
(RT)-PCR analysis of total RNA obtained from the
transgenic plants detected high levels of the calreticulin-
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Figure 3. FRET microscopy of cells coexpressing TMV MP-CFP and
AtCRT2-YFP. A, CFP channel. B, YFP channel. C, FRET channel. D,
Acceptor (YFP) photobleaching. a and b, CFP (donor) channel before
and after the bleach, respectively. After the bleach, CFP fluorescence
increases in the bleach areas indicated by red rectangles. Quantifica-
tion of donor fluorescent intensity in a representative sample also
shows an increase in CFP fluorescence after the bleach. This effect was
reproducible over a set of 10 different cells. Circles and triangles
indicate the intensity of CFP and YFP signals, respectively; arrow
indicates execution of the bleach; and large circles indicate time points
immediately before and after the bleach. CFP signal is in blue, YFP
signal is in yellow, and FRET signal is in green; plastid autofluorescence
was filtered out. All images are single confocal sections. Bars = 10 um.
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Figure 4. Interaction between calreticulin and TMV MP and effect of
calreticulin overexpression on TMV MP subcellular localization. A,
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specific transcript (lane 1, top band); this product
was not detected in wild-type plants (lane 2); this
specific detection of the transgenically expressed calre-
ticulin, but not the endogenous calreticulin, was pos-
sible because we used maize calreticulin (ZmCRT]1,
accession no. Z46772.1) as the transgene. Comparable
efficiency of RT-PCR in all samples was indicated by
similar amounts of actin-specific RT-PCR product in all
lanes (Fig. 4, bottom band). Western-blot analysis of the
same samples revealed high levels of calreticulin in the
overexpressing transgenic plants (indicated by arrow-
head in Fig. 4C, lane 1), whereas only low amounts of
this protein were detected in the wild-type plants (lane
2). Interestingly, the relative electrophoretic mobility
of calreticulin detected in these experiments was ap-
proximately 50 kD, corresponding to the processed
form of the protein, while its unprocessed form was not
detected under our experimental conditions. The over-
expressed calreticulin localized to the ER and plasmo-
desmata in a pattern indistinguishable from that of the
endogenous protein (data not shown).

Figure 4D shows that TMV MP specifically inter-
acted with immobilized calreticulin contained within
the transgenic cell extracts (lane 1); no interaction was
detected using wild-type plant extracts (lane 2), most
likely due to low amounts of endogenous calreticulin,
which are below the sensitivity of the blot overlay
assay. The TMV MP-calreticulin interaction was spe-
cific because, when the blot was probed with an
unspecific ligand, i.e. purified Agrobacterium VirD2,
no binding to calreticulin was observed (Fig. 4D, lane
3). These results strengthened the notion that TMV MP
binds calreticulin.

Overexpression of Calreticulin Results in
Mislocalization of TMV MP and Impairs TMV
Cell-to-Cell Movement

Potentially, high amounts of calreticulin in trans-
genic plants may interfere with the normal targeting

Interaction in yeast two-hybrid system. Lane 1, AtCRTT + TMV MP;
lane 2, AtCRT1 + lamin C; lane 3, AtCRT1 lacking signal peptide +
TMV MP. B, RT-PCR analysis of ZmCRT1 overexpression in transgenic
N. benthamiana. Lane 1, Plants transgenic for ZmCRT1; lane 2, wild-
type plants. Top and bottom bands correspond to the ZmCRT1- and
actin-specific products. Fragment size in base pairs is indicated on the
right. C, Western-blot analysis of ZmCRT1 overexpression in transgenic
plants. Lane 1, Plants transgenic for ZmCRT1; lane 2, wild-type plants.
Molecular mass expressed in thousands of Daltons is indicated on the
right. D, Interaction in renatured-blot overlay assay. Lane 1, Plants
transgenic for ZmCRT1 + TMV MP; lane 2, wild-type plants + TMV
MP; lane 3, plants transgenic for ZmCRT1 + VirD2. Arrowhead
indicates the position of calreticulin. Molecular mass expressed in
thousands of Daltons is indicated on the right. E, GFP-TMV MP
transiently expressed in wild-type N. benthamiana. F, GFP-TMV MP
transiently expressed in transgenic N. benthamiana plants overexpress-
ing ZmCRT1. GFP signal is in green; plastid autofluorescence is in red.
Images in E and F are projections of several confocal sections; plastid
autofluorescence in E was filtered out. Bars = 10 um.
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