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Abstract Plant virus-encoded movement proteins promote viral
spread between plant cells via plasmodesmata. The movement is
assumed to require a plasmodesmata targeting signal to interact
with still unidentified host factors presumably located on
plasmodesmata and cell walls. The present work indicates that
a ubiquitous cell wall-associated plant enzyme pectin methyles-
terase of Nicotiana tabacum L. specifically binds to the
movement protein encoded by tobacco mosaic virus. We also
show that pectin methylesterase is an RNA binding protein.
These data suggest that pectin methylesterase is a host cell
receptor involved in cell-to-cell movement of tobacco mosaic
virus.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

During the past decade evidence has accumulated that plant
virus-encoded movement proteins (MPs) are required to me-
diate virus spread between plant cells via plasmodesmata (PD)
(reviewed in [1^3]). The cell-to-cell movement of plant viruses
is a function of both the viral and host genomes, in which
virus-encoded MPs and host-encoded factors (HFs) are in-
volved. Several viral MPs have been localized to PD in vi-
rus-infected plants as well as in transgenic plants expressing
MP genes [4^9]. The best studied MP is the 30-kDa protein of
tobacco mosaic virus common strain U1 (TMV U1). Expres-
sion of TMV MP in plants results in a signi¢cant increase of
the plasmodesmata size exclusion limit (SEL) [10]. Recent
results [11,12] show that TMV MP itself is able to move
between cells suggesting that it contains a unique signal re-
quired for PD targeting, increase of PD permeability and
translocation. It is widely accepted that the ability of TMV
MP to bind single-stranded nucleic acids [13,14] is important
for intercellular translocation of the viral genome. It has been
proposed [15] that TMV MP and RNA form an extended
linear ribonucleoprotein (RNP) complex that is targeted to
and translocated through PD. The molecular mechanisms in-
volved in MP cell wall (CW) localization, PD SEL increase

and intercellular translocation of the TMV genome are still
poorly understood. Once the MP-RNA complexes reach the
PD, they are expected to interact with the HFs that bind the
MP. It has been reported [2] that the TMV MP is able to
interact with tobacco CW-associated 38K protein (p38) sug-
gesting that p38 is a speci¢c CW receptor for TMV MP. p38
was found to function as a protein kinase (PK), phosphoryl-
ating TMV MP at its carboxy-terminus [2]. However, it is not
known whether di¡erent viruses utilize a common receptor
and how many proteins are involved in TMV MP binding.
Here we show that a ubiquitous CW-associated plant enzyme,
pectin methylesterase (PME), of Nicotiana tabacum speci¢-
cally binds the MP encoded by TMV. Our results suggest
that the PME serves as the host cell receptor involved in the
cell-to-cell translocation of the TMV infection.

2. Materials and methods

2.1. Isolation of CW-associated proteins
Fully expanded leaves (2 g) were homogenized in 2 ml of PBS

(7.9 mM Na2HPO4, 1.5 mM KH2PO4, 150 mM NaCl; pH 7.5) plus
1 mM PMSF. The homogenate was ¢ltered through Miracloth (Cal-
biochem) to obtain the CW fraction which was washed by PBS plus
1 mM PMSF three times to remove cytoplasmic contaminants. The
CW fraction was homogenized in 10 volumes of PBS bu¡er plus 1 mM
PMSF and 0.1% Triton X-100 and centrifuged again. This procedure
was repeated ¢ve times followed by ¢ve washes (1000Ug for 5 min at
4³C) in PBS bu¡er plus 1 mM PMSF. The resulting pellet was resus-
pended in LiCl of di¡erent molar concentrations, incubated by rotat-
ing (120 rpm, 4 h) at room temperature and centrifuged (10 000Ug for
10 min at 4³C). The pellet was discarded and the supernatant proteins
were precipitated with 10% TCA plus 0.001% BSA after dialysis.

2.2. Examination of the TMV MP binding ability to the CW-associated
proteins by blot overlay binding assay (BOBA)

2.2.1. Expression and puri¢cation of MPs. The (His)6 fusions of
MPs of two tobamoviruses (TMV U1 and crTMV) [16], potato virus
X (PVX) 25K MP [17] and Escherichia coli DHFR were expressed in
E. coli and puri¢ed using Ni-NTA-agarose (Qiagen) as described in
the manufacturer's protocol (Qiagen). The purity and concentration
of all the proteins isolated from E. coli were veri¢ed by SDS-PAGE.

2.2.2. Radioiodination of proteins by chloramine T. The mixture
(35 Wl) of MP (0.1 Wg/Wl), 0.5 M phosphate bu¡er, pH 7.5, 3 Wl of
Na-125I (1 mCi/10 Wl), 15 Wl of chloramine T) was incubated at room
temperature for 20 min, then 50 Wl Na2S2O5 (2.4 mg Na2S2O5 in 1 ml
0.05 M phosphate bu¡er, pH 7.5, dissolved ex tempore) was added
and the mixture was incubated for 30 min. In order to stop the
reaction, 15 Wl of 0.1 M NaI and 50 Wl of 1% BSA/PBS were added.
Iodinated proteins were puri¢ed by G-25 Sephadex PD-10 column
chromatography. The speci¢c radioactivity of proteins was 3^5U107

cpm per 1 Wg of protein.
2.2.3. Electrophoresis and electroblotting. Samples were boiled in

electrophoretic sample bu¡er (SB) for 5 min and insoluble material
removed by centrifugation at 5000Ug in a microfuge. Polypeptides
were separated by SDS-PAGE. The gels were either stained with
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Coomassie brilliant blue (CBB) R250 or electrotransferred to Immo-
bilon-P (Millipore, pore size 0.45 Wm).

2.2.4. BOBA experiments. Immobilon-P ¢lters with transferred
proteins were incubated with blocking solution (BS) (3% BSA in
PBS, 0.1% Tween 20, 1 mM CaCl2, 0.5 mM MgCl2) at room temper-
ature for 2 h. Then the Immobilon-P ¢lters were placed into BS con-
taining 1% BSA and 2^3U106 cpm of iodinated proteins and incu-
bated with gentle agitation for 2 h at room temperature. A 500-fold
excess of unlabeled MP was used in the competition assay. Washing
was done in two steps: (1) gentle agitation in PBS, containing 0.1%
Tween 20, 1 mM CaCl2, and 0.5 mM MgCl2 for 15 min; (ii) gentle
shaking in PBS containing 0.1% Tween 20, 1 mM CaCl2, 0.5 mM
MgCl2 and 0.5 M NaCl; this step was repeated three times. The ¢lters
were analyzed using phosphoimager (Fuji¢lm BAS-1500).

2.3. MP a¤nity column (MPAC) puri¢cation of tobacco CW proteins
After washing with 0.5 M NaCl (160 ml) and twice with distilled

water (50 ml), 3 ml of EAH-Sepharose (Amersham-Pharmacia) was
mixed with 5 mg of bacterially expressed (His)6-tagged TMV MP (4.3
ml) and 1 M carbodiimide (0.7 ml), pH 4.5, and incubated with gentle
mixing at 4³C for 18 h, pH 5.0. The MP Sepharose column was
washed with 1 M acetic acid (5 ml) and incubated with it for 4 h at
4³C. Then MPAC was washed six times with 10 ml of 0.1 M acetate
bu¡er, pH 4.0, containing 0.5 M NaCl. The washing step was re-
peated six more times with 10 ml of 0.1 M Tris-HCl, pH 8.3, con-
taining 0.5 M NaCl. Finally, the MPAC was washed and stored with
equilibration bu¡er (EB) (25 mM Tris-HCl, pH 8.0, 1 mM EDTA,
50 mM LiCl) at 4³C. The CW proteins were extracted with 1.0 or
2.0 M LiCl, dialysed and subsequently loaded into MPAC and incu-
bated for 4 h at room temperature. The MPAC was washed ¢ve times
with 2 ml EB and stepwise elution of proteins was performed with EB
containing 0.1 M, 0.25 M, 0.5 M, 1.0 M, and 2.0 M LiCl.

2.4. Examination of the TMV MP binding to the CW-associated
proteins by BOBA-Western approach

Immunodetection of TMV MP was done with the rabbit antiserum
raised against the (His)6 MP. Immobilon-P ¢lters after electrotransfer
of CW proteins were incubated for 4 h at room temperature with
renaturation solution containing 3% BSA in TL bu¡er (25 mM
Tris-HCl, pH 8.0, 50 mM LiCl) with gentle mixing. Filters were
washed with TL bu¡er three times and incubated in 20 ml of sterile
TL bu¡er, containing TMV MP (20 Wg), 1% BSA, for 2 h at room
temperature. Filter washing with TLT bu¡er (25 mM Tris-HCl, pH
8.0, 50 mM LiCl, 0.1% Tween 20) was done three times for 20 min
each. Then antiserum (diluted to 1/4000) in PBS containing 0.1%
Tween 20 (PBST) for 45 min was added. After washing (2U20 min)
with PBST blots were incubated for 45 min with an alkaline phos-
phatase-conjugated goat anti-rabbit antiserum (Sigma) (diluted to
1/8000) in PBST for visualization.

2.5. Isolation of the 33-kDa protein and its partial sequence analysis
MP binding, CW-associated proteins with Mrs of 33 and 34 kDa

were separated by 12.5% SDS-PAGE. After staining with CBB R250
the two bands were cut out and the proteins digested in-gel with
modi¢ed trypsin (Promega V5111, USA). The resulting peptides
were extracted and analyzed by mass-mapping using MALDI-TOF
mass spectrometry. The obtained mass maps from the two proteins
were very similar suggesting that the two bands represent di¡erent
forms of the same protein. Search with the obtained mass pro¢le
among the existing databases could not give any signi¢cant data to
identity the proteins. To further investigate their identity, the peptides
from the two proteins were separated by micro-reversed phase chro-
matography on a 0.3U150 mm PepMap C18 column (LC-Packings,
The Netherlands) and collected. The obtained peptide chromatograms
from the two bands were very similar con¢rming the suggestion from
mass mapping that the two bands represent di¡erent forms of the
same protein. Selected peptides were subjected to sequence analysis
using a Procise 494 HT sequencer (Applied Biosystems, CA, USA).

2.6. Cloning of the 3P-terminal part of the tobacco PME gene
cDNA encoding the 3P-terminal part of tobacco PME was synthe-

sized from tobacco poly(A)� mRNA with AMV reverse transcriptase
(Promega). The primer designated 33K-SalI-M (5P-ATGGTCGACT-
TACCTGCCAGGAGTATAAGCTTG-3P ; the SalI site is under-
lined), corresponding to seven C-terminal amino acids of peptide IX
(see Fig. 3A), was heated at 70³C with mRNA, and extended at 42³C

for 1 h in 35 Wl reaction mixture containing 4 mM MgCl2, 1 mM
deoxyribonucleoside triphosphates, 25 units of RNasin, 4 mM dithio-
threitol, and 100 units enzyme. The cDNA was puri¢ed by phenol
extraction and ethanol precipitation. The 3P-end of the PME gene was
ampli¢ed by PCR with primers 33K-SalI-M and 33K-NcoI-P. The
latter primer (5P-ATGCCCATGGGCAAGAGGTATGTGATTAG-
G-3P ; the NcoI site is underlined) corresponds to peptide I amino
acids sequence (Fig. 3A) and the remaining eight nucleotides corre-
spond to nucleotides 971^978 of the tomato PME gene. The PCR
generated a major product of 815 bp which was gel-puri¢ed using
Qiagen's protocol and analyzed by sequencing.

3. Results

3.1. Binding of the TMV MP to CW-associated proteins
Two experimental approaches were used to address the

question of to which host CW-associated proteins TMV MP

Fig. 1. Detection of interaction between TMV U1 125I-MP and to-
bacco CW-associated proteins by BOBA. A: SDS-PAGE analysis of
tobacco CW-associated proteins extracted with di¡erent molar con-
centrations of LiCl: 1.0 M (lane 1), 2.0 M (lane 2), 4.0 M (lane 3)
and 8.0 M (lane 4). The gel was stained with CBB R250. Molecular
weight marker is on the left. B: BOBA for CW-associated proteins
using iodinated TMV U1 MP as a probe: (lane 1) TMV U1 MP
used as a positive control; (lane 2) protein markers of di¡erent Mr
indicated on the left; (lane 3) tobacco CW-associated proteins. C:
BOBA competition assay: (lane 1) tobacco CW-associated proteins;
(lane 2) BOBA of CW-associated proteins after addition of an ex-
cess (1:500) of non-labeled TMV MP to the 125I-MP probe.
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binds. Firstly, the bacterially expressed, 125I-labeled MPs of
two tobamoviruses di¡ering in their host ranges were used as
speci¢c probes to identify the MP binding CW polypeptides.
In addition to TMV U1 MP, a MP preparation of the second
tobamovirus systemically infecting cruciferous plants
(crTMV) [18] was used. The CW proteins of N. tabacum L.,
Brassica napus L., Hordeum vulgare L, hosts and non-hosts
for TMV and crTMV were used. The CW proteins were frac-
tionated by SDS-PAGE, transferred to nitrocellulose mem-
brane and incubated with 125I-labeled (His)6-tagged MPs.
Complexes formed by MPs and CW proteins were detected
by autoradiography. Secondly, a similar series of experiments
was carried out using a BOBA-Western approach. The CW
proteins were again separated by SDS-PAGE, transferred to
nitrocellulose membrane and renatured. Then the membrane
was incubated with non-labeled (His)6-MP and the CW-pro-
tein-MP complexes were detected by antibodies to the MP.
SDS-PAGE analysis of tobacco CW-associated proteins ex-
tracted with di¡erent molar concentrations of LiCl revealed
several major proteins including 33-kDa, 42-kDa, and 55-
kDA proteins and smaller products in the range of 14^20
kDa (Fig. 1A). Subsequent BOBA experiments showed that
the 125I-labeled MP of TMV U1 (Fig. 1B, lane 3; Fig. 1C,
lane 1) binds to the 33-kDa protein and to two small proteins
of 14 kDa and 19 kDa. Washing of ¢lters in solutions con-
taining 2.0 M NaCl did not remove these radioactive bands
showing that the MP binding of these proteins is tight. 125I-

MP did not bind to either of the marker proteins used (Fig.
1B, lane 2), whereas it was e¤ciently bound to non-labeled
TMV MP preparation (Fig. 1B, lane 1). A 500-fold excess of
unlabeled TMV MP completely blocked the binding of 125I-
MP in BOBA (Fig. 1C, lane 2). In a series of BOBA experi-
ments it was found that the 125I-labeled MPs of TMV U1 and
crTMV revealed similar MP binding proteins (33 kDa,
14 kDa, 19 kDa) in CW fractions from di¡erent plant species
including N. tabacum, B. napus and H. vulgare (data not
shown). On the other hand, no interaction between 125I-la-
beled 25-kDa MP of PVX or DHFR with proteins of
33 kDa, 14 kDa, and 19 kDa could be detected (data not
shown). It is noteworthy that non-labeled (His)6-fused TMV
MP associated e¤ciently with the 125I-MP probe (Fig. 1B,
lane 1), showing that TMV MP can form oligomers.

Since TMV MP was able to interact with certain CW pro-
teins, the TMV MPAC chromatography approach was used
to purify these proteins. Fig. 2A shows that at LiCl concen-
trations of 0.25 and 0.5 M 33-kDa and 34-kDa proteins were
eluted from MPAC. At least two additional TMV MP binding
proteins of about 55 kDa and 42^45 kDa were detected (Fig.
2A). A similar 33- and 34-kDa double band was revealed by
BOBA-Western in a fraction of MPAC-puri¢ed CW proteins
(Fig. 2B). It can been seen from Fig. 2B that, in addition to
the 33- and 34-kDa double band, BOBA-Western readily re-
vealed the 42-kDa protein as a major band in the fractions of
CW proteins extracted by 1.0^8.0 M LiCl. Therefore, the

Fig. 2. BOBA-Western and Northwestern analyses of MPAC-puri¢ed CW proteins of N. tabacum. A: SDS-PAGE analysis of MPAC-puri¢ed
CW proteins of N. tabacum. MPAC-fractionated proteins eluted with: (lane 1) 0.25 M LiCl; (lane 2) 0.5 M LiCl. B: BOBA-Western analysis
of MP binding to CW-associated proteins of N. tabacum which were extracted by di¡erent LiCl consentrations. C: Analysis of the RNA bind-
ing ability of the CW-associated 33-kDa protein by Northwestern blotting as described [18]. (Lane 1) the 33^34-kDA protein; (lane 2) BSA as
a negative control; (lanes 3 and 4) MPs of TMV U1 and crTMV, respectively, as positive controls.
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42-kDa protein can be regarded as a second major MP bind-
ing CW-associated protein.

3.2. Examination of the RNA binding ability of the
CW-associated proteins

Fig. 2C presents the results of Northwestern analysis of
RNA binding to the MP-binding 33-kDa protein of N. taba-
cum. The 30-kDa MPs of TMV U1 and crTMV were used as
positive RNA binding controls, whereas BSA, which lacks
RNA binding ability, was taken as a negative control. Fig.
2C reveals that labeled TMV RNA transcripts clearly bind to
the 33-kDa CW protein of N. tabacum.

3.3. Isolation and amino acid sequence analysis of the TMV
MP binding proteins

In the ¢rst series of experiments the 14-kDa and 19-kDa
proteins detected by BOBA and BOBA-Western were isolated
and sequenced (see Section 2). The sequences of two peptides
derived from the 19-kDa protein (RIIPRHVLLAVRNDEEL

and LAQESSRLARYNL) and one peptide from the 14-kDa
protein (RQGRTLYGFG) were screened in SwissProt/Protein
Data Base databanks. Examination of the amino acid se-
quence databanks allowed us to identify the 14-kDa protein
as H4.2 and the 19-kDa protein as H2a. This observation
indicated that the CW extracts were contaminated with nu-
clear proteins. Next we focused on the analysis of the 33- and
34-kDa proteins. These MPAC-puri¢ed 33- and 34-kDa pro-
teins were shown by microsequencing to represent two iso-
forms of the same protein. The MPAC-puri¢ed 33-kDa pro-
tein was digested in gel by trypsin. Nine tryptic peptides of the

Fig. 3. Peptide analysis of CW-associated tobacco PME and nucleo-
tide sequence of its gene. A: Amino acid sequence comparison of
the tobacco CW-associated 33-kDa protein-derived peptides and to-
mato PME. The peptides derived from the 33-kDa CW-associated
and MP binding protein are underlined, marked by Roman numer-
als and aligned on the tomato PME amino acid sequence. The num-
bers of the last tomato PME residue in each line are indicated on
the right. Bold letters indicate homologous amino acids of 33-kDa
peptides and tomato PME. B: Nucleic acid sequence comparison of
the 3P-terminal part of tobacco PME (33-kDa protein) (lower line)
and tomato PME (upper line). Numbering on the right corresponds
to the tomato PME gene [19]. The tomato PME start codon AUG,
and the NcoI and SalI sites derived from primers 33K-NcoI-P and
33K-SalI-M, respectively, are underlined. Bold letters indicate non-
identical nucleotides. The nucleotide sequence of the 3P-terminal
part of tobacco PME has been submitted to the EMBL Nucleotide
Sequence Database and has accession number AJ249786.
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33-kDa protein were microsequenced. The amino acid sequen-
ces of these peptides were screened in the GenBank/EMBL
data banks. Fig. 3A shows that amino acid sequences of pep-
tides derived from the 33-kDa MP binding protein are highly
homologous to the reported tomato PME sequence [19].

3.4. Isolation and cloning of the PME gene of N. tabacum
The results presented above indicate that the 33-kDa MP

binding protein represents the C-terminal part of tobacco
PME. In order to con¢rm this conclusion the 3P-terminal
part of PME mRNA was ampli¢ed by RT-PCR, isolated,
cloned and sequenced (Fig. 3B). Sequence identity between
the tomato PME gene and that encoding the tobacco CW-
associated TMV MP binding 33-kDa protein is 85.9% in an
803-nucleotide overlap providing further evidence to conclude
that the 33-kDa protein represents the tobacco PME.

4. Discussion

BOBA, BOBA-Western and MPAC were used to identify in
the CW fraction of N. tabacum proteins that were able to bind
the bacterially expressed (His)6-tagged MPs of TMV U1 (Fig.
1B,C and 2A,B) and of crTMV (data not shown). MP binding
proteins of 33 and 34 kDa (Fig. 2A,B) were shown by amino
acid sequencing to represent the same protein. Formation of
double bands by one protein in SDS-PAGE in not an unusual
phenomenon (e.g. see [20,21]). This type of heterogeneity
could be due to the aberrant mobility of the protein isoform
conformomers. This protein was one of the major TMV MP
binding CW-associated proteins of N. tabacum isolated by
MPAC (Fig. 2A). BOBA-Western experiments of MPAC-pu-
ri¢ed CW proteins (Fig. 2B, left lane) provided additional
evidence for the MP binding ability of the 33-kDa protein.
However, even without the MPAC puri¢cation procedure this
protein was readily identi¢ed by BOBA-Western in the total
mixture of the proteins extracted from the CW fraction by
LiCl (Fig. 2B). In a separate Northwestern experiment it
was found that the 33-kDa CW-associated protein exhibited
RNA binding activity in addition to its MP binding proper-
ties. However, the RNA binding e¤ciency of the 33-kDa pro-
tein was considerably lower than that of a tobamovirus MP
(Fig. 2C). The functional signi¢cance of RNA binding ability
of the 33-kDa protein is obscure. One can speculate that both
the MP binding and RNA binding abilities of this protein
may be involved in targeting the TMV MP-RNA complexes
to PD.

Microsequence analysis of the 33-kDa protein-derived tryp-
tic peptides indicated that this protein is highly homologous
to tomato PME (Fig. 3A). In order to con¢rm this conclusion
the 3P-terminal end of the PME gene, encoding the amino acid
sequenced part of tobacco PME, was isolated using RT-PCR,
cloned and sequenced. It was found that the sequence homol-
ogy between the tomato PME gene and that encoding the
tobacco 33-kDa TMV MP binding protein was extremely
high (Fig. 3B). These results con¢rms the identity of this pro-
tein to be tobacco PME. It is apparent that CW targeting of a
natural PME in the cell is mediated by the signal sequence
that is present at the N-terminus of non-processed PME. This
conclusion follows from the nucleotide sequence reported for
tomato PME ([19], see also Fig. 3B of this paper).

PME is known to be a ubiquitous enzyme in the plant
kingdom (for review, see [22]). It is noteworthy that the

33-kDa protein could be detected by BOBA in CW fractions
from plants species belonging to di¡erent families including N.
tabacum, B. napus and H. vulgare. PME catalyzes the deme-
thoxylation of pectins and is considered to be responsible for
chemical modi¢cations of pectin embedded in the plant CW.
PME has been suggested to be involved in CW growth and
regeneration [19,23]. The ability of the CW-associated PME to
speci¢cally bind the virus-encoded MP is a novel functional
property of this protein suggesting that PME has a role as the
virus receptor in virus cell-to-cell movement. It is obvious that
the biological function of this tobacco PME is not limited to
its role in virus infection.

At least two additional CW-associated MP binding pro-
teins, about 42 kDa and 55 kDa in size, could be isolated
by MPAC (Fig. 2A). It could be noted that when the total
mixture of CW-associated tobacco proteins extracted by LiCl
was examined by BOBA-Western, the 42-kDa protein pro-
duced a major band (Fig. 2B), whereas the MPAC-puri¢ed
CW proteins contained a very small amount of the 42-kDa
protein (Fig. 2B, left line). It could be hypothesized that the
33-kDa and 42-kDA proteins competed for the TMV MP
immobilized on MPAC suggesting that the a¤nity of the
33-kDa protein for the MP is considerably higher than that
of the 42-kDa protein.

As mentioned above, it has been reported [2] that the to-
bacco CW-associated 38-kDa protein kinase (PK) serves as
the CW receptor for TMV MP. It is obvious that the
38-kDa PK and 33-kDa PME are two distinct proteins. How-
ever, the CW fractions may contain several di¡erent MP bind-
ing proteins including 38-kDa PK not detected by the meth-
ods used in this study and the proteins of 33-kDa PME,
42 kDa, and 55 kDa revealed in this study. It is also not ruled
out that the 38-kDa PK studied in [2] actually corresponds to
the MP binding protein identi¢ed in our work as the 42-kDa
protein.

While this article was in preparation we became aware that
V. Citovsky and colleagues had experimentally shown that
TMV MP is able to bind tobacco PME.
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