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Evidence for Proteolytic Processing of
Tobacco Mosaic Virus Movement Protein

in Arabidopsis thaliana
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Two ecotypes of Arabidopsis thaliana were transformed
with the gene encoding tobacco mosaic virus (TMYV)
movement protein (P30). P30 accumulated largely in a
subcellular fraction containing cell wall components and
as a soluble protein. The protein migrated in denaturing
gels with an M, of 30K, significantly faster than P30 (M,
approximately 34K) accumulating after expression in
transgenic tobacco, Escherichia coli or Spodoptera
Jfrugiperda cells, or after virus multiplication in tobacco.
The P30 from A. thaliana infected with TMV for 14 days
comigrated with that from E. coli, but that from A. thali-
ana infected for 49 days was of the smaller size. The use of
antisera specific for the N- or C-termini of P30 showed
that in A. thaliana P30 was proteolytically processed at the
N-terminus, a region essential for P30 function. The fail-
ure of these plants to complement a TMV P30 mutant in-
dicated that processed P30 was nonfunctional, although
the processing was not so rapid that it prevented the de-
velopment of systemic infections with wild type TMYV., The
absence of detectable P30 phosphorylation in A. thaliana
demonstrated that phosphorylation was not essential for
movement protein function and suggested that this species
may use proteolytic cleavage of the N-terminus as an al-
ternative strategy to tobacco for deactivating P30.

Additional keywords: protein phosphorylation, protein proc-
essing, transgenic plants.

The 30-kDa protein (P30) encoded by tobacco mosaic virus
(TMV) is essential for cell-to-cell spread (Deom et al. 1987)
of the virus (for review, see Deom et al. 1992). Several bio-
logical activities have been identified for P30, including the
binding to single-strand nucleic acids (Citovsky et al. 1990)
and localization in tobacco plants to plasmodesmata (Atkins
et al. 1991b) with an increased size exclusion limit
(Waigmann et al. 1994; Wolf and Lucas 1994). The functional
domains of P30 responsible for conferring these activities to
the protein have been determined from a comparison of the
behavior of wild-type and mutant forms of P30 (see Waig-
mann et al. 1994). The analysis of P30 with small deletions
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near the N-terminus of the protein has shown this region to be
essential for maintaining the function of P30 in tobacco plants
(Gafny et al. 1992). It has also been implied that the N-
terminal region of P30 is capable of modulating activities as-
sociated with the C-terminus of the protein (Waigmann et al.
1994).

Although the calculated size of P30 from the predicted
amino acid sequence (Goelet et al. 1982) is 30 kDa, the pro-
tein behaves anomalously under denaturing gel conditions
(see Oliver et al. 1986; Citovsky et al. 1990). Also, when ex-
pressed in some eukaryotic expression systems, P30 is phos-
phorylated (Atkins et al. 1991a, 1991b; Watanabe et al.
1992). While the effect of P30 phosphorylation on the bio-
logical activity of the protein is unknown, it has been sug-
gested that this modification could act as a mechanism to se-
quester P30 in the cell walls and inactivate P30 function
(Citovsky et al. 1993).

Despite the wide host range of TMYV, there are few studies
reporting the behavior of P30 in hosts other than tobacco.
Arabidopsis thaliana is an ideal organism to study plant—
virus interactions since the genetics of this plant are the best
characterized of all plant species and a large number of mu-
tants are available. In addition, its susceptiblity to TMV
(Sosnova and Polak 1975) allows the behavior of P30 to be
examined in this important host. The production of A. thali-
ana plants expressing P30 would also allow an analysis of the
functions of P30 in the absence of other viral gene products.

In this report, we show that P30 is not phosphorylated in A.
thaliana. We propose that A. thaliana has an alternative
mechanism for inactivating the function of P30 to that sug-
gested for tobacco. This mechanism involves post-
translational cleavage of the protein at the N-terminus.

RESULTS

Production of P30 transgenic A. thaliana.

A. thaliana ecotypes Landsberg erecta (L-er) and Columbia
(Col-O) were transformed with the P30 gene from the Ul
strain of TMV. Successful transformation was confirmed by
resistance to kanamycin (selectable marker) and by amplifi-
cation of an 819-bp fragment, corresponding to the complete
P30 gene, from R, individuals (data not shown). The pre-
dicted amino acid sequence of these fragments was identical
to the published sequence (Goelet et al. 1982) although a base
substitution (G—A), giving a silent change in the codon for



proline, was found at nt 4977. In A. thaliana, the codon usage
of CCA for proline is more frequent than CCG (Wada et al.
1991). Transcription of the gene was confirmed by amplifica-
tion of the same 819-bp fragment from cDNA made to mRNA
isolated from R, plants (data not shown). Following Western
blot analysis, transformed plant line 1 (L-er) and line 3 (Col-
0) were selected from 3 (L-er) and 7 (Col-O) lines, respec-
tively, as lines giving the highest accumulation of P30.

P30 protein expression and subcellular distribution
in transgenic A. thaliana.

Using antiserum 137 (raised to a synthetic peptide corre-
sponding to the C-terminus of P30) for Western analysis, P30
from cell wall-enriched fractions purified from both lines of
56-day-old transgenic A. thaliana plants was detected as a
protein of M, 30K (Fig. 1, lanes 4 and 6). P30 protein of
identical size was detected in fractions from young (7 or 14
day old) plants (data not shown). This product was not de-
tected in untransformed tissue (Fig. 1, lanes 3 and 5); the
band of M, 60K, found in transformed and untransformed tis-
sues, represented a non-specific immunoreaction. In plants of
the transgenic tobacco line 277, P30 was detected as a protein
migrating more slowly (M, 34K) than the P30 from A. thali-
ana (M, 30K; Fig. 1, compare lanes 2 and 4). Presumably, this
slower-migrating protein was the phosphorylated form of the
P30 detected previously from the same transformed tobacco
line and from TMV-infected tobacco plants (Atkins et al.
1991a, 1991b; Citovsky et al. 1993; Deom et al. 1987). In
contrast, P30 produced by recombinant baculovirus expres-
sion in S. frugiperda cells (Atkins et al. 1991a), was detected
as two closely migrating products (Fig. 1, lane 7) of M, 34K
(comigrating with tobacco-expressed P30; lane 2) and M, 33K

Fig. 1. Western blot analysis of P30 in transgenic Arabidopsis thaliana.
Cell wall-enriched fractions were purified from 56-day-old A. thaliana
or tobacco plants. P30 purified from recombinant baculovirus (Ac.TK6)
expression in Spodoptera frugiperda (Atkins et al. 1991a) and after
overexpression from pETP30 in E. coli (Citovsky et al. 1990), were
electrophoresed in parallel. Proteins were separated on a 12.5% SDS-
PAGE gel, transferred to nitrocellulose and probed with antiserum 137.
Lane 1, tobacco nontransgenic line 306; lane 2, tobacco transgenic line
277; lane 3, A. thaliana L-er (untransformed); lane 4, A. thaliana L-er
(transgenic line 1); lane 5, A. thaliana Col-O (untransformed); lane 6, A.
thaliana Col-O (transgenic line 3); lane 7, P30 from baculovirus ex-
pression in . frugiperda cells; lane 8, E. coli-expressed P30. The posi-
tions of P30 detected after expression in A. thaliana (W), E. coli (W) and
S. frugiperda (A, W) and of nonspecific cross-reacting products detected
also in fractions from untransformed plants (¢), are indicated. M, mark-
ers are (in kDa): phosphorylase B (97.4), serum albumin (66.2), oval-
bumin (45.0), carbonic anhydrase (31.0), and trypsin inhibitor (21.5).

(comigrating with E. coli-expressed P30; lane 8). Presumably,
these proteins corresponded, respectively, to the phosphory-
lated and nonphosphorylated forms of P30. On the same gel,
P30 expressed in A. thaliana migrated significantly faster
(equivalent to a M, difference of 4K) than any of these prod-
ucts. The difference in mobility was unlikely to be attribut-
able to proteolytic cleavage during extraction since the same
sized product was detected when extracting P30 using a
mixture of protease inhibitors (data not shown). From a com-
parison of the intensities of the immunoreaction with P30
products on a Western blot, the level of accumulation of P30,
on a per gram fresh weight basis, was very similar for the cell
wall-enriched fractions from transgenic tobacco or from the
transgenic lines of A. thaliana (Fig. 1, lanes 2, 4, and 6). P30,
comigrating with E. coli- or tobacco-expressed P30, was not
detected in cell wall-enriched fractions of 7- or 14-day-old
transgenic A. thaliana L-er plants (data not shown).

To determine the subcellular location of transgenically ex-
pressed P30 in A. thaliana, tissues from L-er line 1 plants
were fractionated as described in Materials and Methods and
analyzed by Western blotting using antiserum 137 (Fig. 2).
P30 accumulated in approximately equal amounts in the
soluble (S30; lane 2) and cell wall-enriched fractions (lane 4),
was just detectable in the microsomal (PE30) fraction (lane 1)
but was not detectable in the organellar (PE1) fraction (lane
3). In addition to P30, several nonspecifically reacting pro-
teins were differentially enriched by the fractionation (arrows
in Fig. 2).

N-terminal posttranslational processing of P30
in transgenic A. thaliana.

When a Western blot of a cell wall-enriched fraction from
mature transgenic A. thaliana L-er plants was analyzed using
antiserum R2 (raised to the GST-fusion protein carrying a
peptide corresponding to the N-terminal 32 amino acids of
P30), no P30 was detected (Fig. 3, lane 3), although parallel
analysis with antiserum 137 identified a protein of M, 30K
from the same sample (Fig. 3, lane 1). On the same Western
blots with either antiserum, a cell wall-enriched fraction from
transgenic tobacco revealed P30 as a protein of M, 34K (Fig.
3, lanes 2 and 4).
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Fig. 2. Western blot analysis of the subcellular distribution of P30 in
transgenic Arabidopsis thaliana. Fractions containing putative P30 were
purified from 56-day-old A. thaliana L-er plants. Proteins were sepa-
rated on a 12.5% SDS-PAGE gel, transferred to nitrocellulose, and
probed with antiserum 137. Lane 1, PE30 fraction; lane 2, S30 fraction;
lane 3, PE1 fraction and lane 4, cell wall-enriched fraction. The posi-
tions of P30, and of nonspecific cross-reacting products detected also in
fractions from untransformed plants (<), are indicated. M, markers are
as indicated for Figure 1.
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Accumulation of P30 in TMV-infected A. thaliana.
Although P30 transgenically expressed in A. thaliana ap-
peared to be proteolytically processed at the N-terminus,
TMV can give rise to systemic infections in this host. There-
fore, either the N-terminally processed P30 can be functional
in A. thaliana or the processing represents the product of P30
inactivation. To test this, untransformed A. thaliana plants
were infected with TMV strain Ul and the accumulation of
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Fig. 3. Western blot analysis of N-terminal processing of P30 in transgenic
Arabidopsis thaliana. Cell wall-enriched fractions were prepared from 56-
day-old A. thaliana L-er or tobacco plants. Proteins were separated on a
12.5% SDS-PAGE gel, transferred to nitrocellulose, and probed with an-
tiserum 137 (A) or antiserum R2 (B). Lanes 1 and 3, A. thaliana (trans-
genic line 1); lanes 2 and 4, tobacco (transgenic line 277). The positions of
P30 detected after expression in A. thaliana (M) and tobacco (A), and of
nonspecific cross-reacting products detected also in fractions from untrans-
formed plants («), are indicated. M, markers are as indicated for Figure 1.

A

97.4 —
66.2 —

45.0 —
31.0— =

[ F T e —

Fig. 4. Western blot analysis of P30 accumulation in tobacco mosaic virus
nontransformed Arabidopsis thaliana plants were infected with TMV Ul an

P30 compared with TMV Ul infected tobacco. Figure 4A
shows a Western analysis of cell wall-enriched fractions taken
from A. thaliana plants (L-er and Col-O) 49 days postinocu-
lation (dpi) with TMV U1 (lanes 5 to 8), or uninfected plants
of the same age (lanes 1 to 4). P30 from TMV-infected non-
transgenic plants (lanes 5 and 7) comigrated with that ex-
pressed in uninoculated transgenic plants (lanes 2 and 4). Two
immunologically cross-reacting proteins of M, 24K and M,
55K (e.g., lanes 5 and 8) were also detected in this experi-
ment. The smaller protein was probably a contaminant usu-
ally seen in other subcellular fractions from healthy tissue
that reacted nonspecifically with antiserum 137 (see Fig. 2).

This analysis of TMV-infected A. thaliana at 49 dpi indi-
cated that the P30 produced by the virus was processed in the
same way as the transgenic P30. It might be concluded, there-
fore, that either the processed P30 is active as a MP or that it
is an inactive form that accumulates at late stages of infection.
To address the possibility that nonprocessed, functional P30
might be required at times earlier than 49 dpi, P30 accumula-
tion was analyzed in plants infected for only 14 days (Fig.
4B). At this earlier time, TMV-infected A. thaliana accumu-
lated a form of P30 (Fig. 4B, lane 5) that was similar, but
slightly faster in mobility than, P30 produced in TMV-
infected tobacco (Fig. 4, lane 2), and the same mobility as
P30 expressed in E. coli (Fig. 4, lane 4). It is therefore likely
that during the early stages of infection of A. thaliana by
TMYV an unprocessed form of P30 is available to assist virus
movement. At later stages (49 dpi) in the infection, perhaps
when the major phases of virus invasion were complete, only
processed P30 could be detected (Fig. 4, lane 6). P30, derived
from infection of untransformed A. thaliana L-er plants with
the Cg strain of TMV (Li et al. 1983), behaved identically
with P30 from TMV Ul, in all respects (data not shown).

(TMV) Ul-infected Arabidopsis thaliana and tobacco. A, Transformed or
d maintained for 49 days (lanes 5 to 8), or left uninoculated (lanes 1 to 4)

Proteins from cell wall-enriched fractions were separated on a 12.5% SDS-PAGE gel, transferred to nitrocellulose and probed with antiserum 137. Lane
1, 5; Col-O (untransformed); lane 2, 6; Col-O (transgenic line 3); lane 3, 7; L-er (untransformed); lane 4, 8: L-er (transgenic line 1). B, Proteins from cell
wall-enriched fractions from uninoculated tobacco (nontransgenic line 306; lane 1), TMV Ul-infected tobacco (nontransgenic line 306; lane 2),
uninoculated A. thaliana L-er (untransformed; lane 3), and TMV Ul -infected A. thaliana L-er (untransformed) harvested 14 dpi (lane 5) or 49 dpi (lane
6) were analyzed as described for A and compared with E, coli-expressed P30 (lane 4). The positions of P30 detected after expression in A. thaliana
(processed M, nonprocessed), tobacco (A), and E. coli (¥), and of nonspecific cross-reacting products also detected in fractions from healthy plants (<),
are indicated. In B, the markers (O,®) are used to highlight the gel shift that was observed between P30 in lane 2 (O) and the comigrating P30s in lanes 4

and 5 (®). M, markers are as indicated for Figure 1.
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In vitro phosphorylation of E. coli-expressed P30.

The comigration of E. coli-expressed P30 with P30 from A.
thaliana analyzed 14 days after infection with TMV (Fig.
4B), suggested that P30 may not be phosphorylated in A.
thaliana. A kinase activity with the capacity to phosphorylate
P30 in vitro has been identified in cell wall fractions from
uninfected tobacco (Citovsky et al, 1993). To investigate
whether A. thaliana contained a similar kinase activity, en-
zyme preparations were prepared from the cell walls of unin-
fected, nontransformed tobacco (line 306) and from unin-
fected, untransformed A. thaliana L-er plants, and used to
phosphorylate E. coli-expressed P30. Kinase activity was de-
tected by the incorporation of radiolabel from o*?P-ATP into
proteins of M, 34K observed by autoradiography of the blot-
ted protein gel (Fig. 5A) and verified as P30 by Western
analysis (Fig. 5B). Incubation of E. coli-expressed P30 with
the tobacco kinase preparation resulted in incorporation of
radiolabel into a protein of approximate M, 34K (Fig. 5, lane
2) that comigrated (Fig. 5, lane 8) with P30 extracted from the
P30-transgenic tobacco line 277 (Fig. 5, lane 10). This latter
protein could also be phosphorylated (Fig. 5, lane 4) to a
lesser extent by the tobacco kinase suggesting that it was in-
completely phosphorylated in vivo. Incubation of E. coli-
expressed P30 with the A. thaliana kinase preparation also
showed a radiolabeled protein of approximate M, of 34K
(Fig. 5, lane 3) but the Western analysis did not show a comi-
gration with the tobacco-derived phosphorylated form of P30
(Fig. 5, compare lane 9 with lanes 8 and 10). To confirm that
this difference in mobility did not reflect differences in pro-
tein sample quality for electrophoresis, both kinase-treated
samples (Fig. 5, lanes 8 and 9) were combined (Fig. 5, lane 7)
and electrophoresed in parallel; two closely migrating pro-
teins were detected by western analysis (Fig. 5, lane 7).

The contradictory indications for a P30-specific kinase ac-
tivity from A. thaliana were resolved in control reactions
where both kinase preparations were incubated in the absence
of P30 (Fig. 5, lanes 5,6). Whereas the tobacco enzyme failed
to produce a radiolabeled protein of M, 34K (Fig. 5, lane 5), a
protein of that mobility was apparent from the A. thaliana
extract (lane 6) indicating that A. thaliana cell wall prepara-
tions could phosphorylate an endogenous protein of M, 34K,
but not P30.

The use of a soluble protein fraction from tobacco (mature
leaves) and A. thaliana (young or mature leaves) as a source
of putative kinase, or the inclusion of 4 mM spermidine in
assays using A. thaliana extracts, also did not result in the
phosphorylation of E. coli-expressed P30 (data not shown).

Functionality of processed P30 in A. thaliana.

The presence of P30 of M, 30K and M, 33K in TMV-
infected A. thaliana did not demonstrate whether the M, 30K
protein could function in virus movement. In a more direct
test for the functionality of the processed P30, transformed A.
thaliana L-er plants were challenged with a TMV P30 mutant
virus. A frameshift mutant (TE1) of TMV U1 has been shown
to be complemented in a P30 transgenic tobacco line to give a
full systemic infection (Gera et al. 1995). TE1 and wild-type
TMV Ul were inoculated to transformed A. thaliana L-er
plants and to untransformed and transgenic tobacco line 277
plants. Replication and local and long-distance movement of
TMYV in these infections were assessed by RT-PCR of the coat

protein gene. Replication and systemic infection occurred in
all the combinations of host and virus, except transformed A.
thaliana and TE1 (data not shown).

DISCUSSION

P30 expressed in healthy transgenic A. thaliana plants was
processed by cleavage of an N-terminal portion of the protein,
This processing was efficient with only processed P30 being
detectable in young or old tissues. TMV Ul-encoded P30 was
similarly processed to a product with the same electrophoretic
mobility as the transgenically expressed protein. The N-
terminal region of P30 has been identified as being essential
for maintaining the movement function of this protein (Gafny
et al. 1992) and the inability to complement the movement of
the TMV Ul P30 mutant in transgenic A. thaliana plants
strongly suggests that processed P30 was nonfunctional in
supporting virus movement. The synthesis of a full-length
P30 cDNA from transgenic plants indicated that the N-
truncated protein did not result from defective gene expres-
sion.

The expression of inactive forms of P30 may be expected
to confer some level of resistance of the plant to the virus (see
Lapidot et al. 1993; Malyshenko et al. 1993); however, simi-
lar levels of TMV Ul coat protein were expressed in systemi-
cally infected leaves of P30-transgenic and untransformed A.
thaliana plants (data not shown). Moreover, nonprocessed,
functional P30, could be detected in plants 14 days after in-
fection. These observations can probably be explained by dif-
ferences in the steady-state levels of nonfunctional and func-
tional forms of P30 and the time course of their production.
In healthy transgenic plants, P30 would be produced continu-
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Fig. 5. Assay for cell wall-associated P30-specific kinase activity. Cell
wall-enriched fractions were prepared from plant tissue and assessed for
kinase activity by incorporation of *?P into proteins of approximate M,
34K. A, The autoradiograph of separated labeled proteins. The same
samples were assessed for P30 specificity in a parallel gel by Western
analysis with antiserum 137 (B). Kinase preparations from untrans-
formed Arabidopsis thaliana L-er (lanes 3, 6, 9, and 12), nontransgenic
tobacco line 306 plants (lanes 2 and 5), or transgenic tobacco line 277
(lane 4) were incubated with (lanes 2, 3, 8, and 9) or without (lanes 4 to
6 and 10 to 12) E. coli-expressed P30. The difference in relative mobility
of P30 in lanes 8 and 9 was confirmed by combining the samples into
the same lane (lane 1 and 7). The positions of phosphorylated (A) and
non-phosphorylated (W) forms of P30 are indicated.
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ously but at a lower level than virus-encoded P30 which is
produced only transiently (Lehto et al. 1990). In tobacco, P30
accumulation has been detected predominantly in the early
phases of virus multiplication (Blum et al. 1989; Lehto et al.
1990) and is followed by coat protein accumulation. Coat
protein of TMYV strain Cg accumulates in A. thaliana (Col-0)
plants to near maximum levels at 14 days after infection
(Ishikawa et al. 1991) which, by inference, suggests that P30
accumulates to maximum levels some time before this. It is
likely that, in infected plants, the processing of P30 is not
rapid enough to prevent the interaction of functional mole-
cules with plasmodesmata, and therefore cannot prevent the
spread of the virus. Alternatively, the mechanism may func-
tion to reduce the deleterious effects on the plant resulting
from the long-term accumulation of functional P30.

The present evidence suggests that A. thaliana, in contrast
to tobacco, does not produce a protein kinase able to use P30
as a substrate. The detection of nonphosphorylated but func-
tional P30 after virus infection also suggests that phosphory-
lation of P30 is not necessary for movement protein function.
We propose that proteolytic processing of P30 is an alterna-
tive mechanism to that described in tobacco (Citovsky et al.
1993) for inactivating P30 function. The processing is
probably mediated by the action of a specific proteinase. At-
tempts, however, to detect the activity of a proteinase from A.
thaliana which resulted in the cleavage of E. coli- or tobacco-
expressed P30 to a product of M, 30K, were inconclusive
(unpublished results).

The inactivation of protein function by proteolytic process-
ing following the action of a proteinase is well documented
and proteins produced during stress are often processed in
this manner (Koizumi et al. 1993; Parsell and Lindquist 1993;
Stermer et al. 1994). P30 exerts a profound effect on carbon
metabolism and photosynthate partitioning (Lucas et al.
1993) and the possibility for its formation of complexes with
host cellular RNAs, though not investigated experimentally,
must surely be recognized. Proteolytic processing in A. thali-
ana of a viral protein, whose accumulation in the cell could
induce such stress conditions, may not therefore be surpris-
ing. The present work has also identified a potential problem
when using TMV-A. thaliana as a model system for studying
plant-viral interactions or when constructing P30-transgenic
A. thaliana plants to analyze P30 functions.

MATERIALS AND METHODS

Plant material.

Tobacco (Nicotiana tabacum cv. Xanthi nn) line 277 trans-
genic for the P30 gene of TMV U1 and the control nontrans-
genic line 306 (Deom et al. 1987, 1990) were used in the pres-
ent study. Tobacco plants were grown in glasshouse condi-
tions where daylight was supplemented by sodium halide
lamps (14-h photoperiod) at 20 to 22°C. Seeds of A. thaliana,
stored at 4°C, were germinated under fluorescent lights on
germination medium (Valvekens et al. 1988) with or without
kanamycin (50 pg ml™') in a controlled growth room main-
tained at 20 to 22°C (16-h photoperiod). When four true
leaves had developed (7 days) the seedlings were transferred
to a controlled growth room maintained at 18 to 20°C, 60%
RH, under fluorescent lights (10-h photoperiod). R, progeny
of transgenic lines were used in this study.
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A. thaliana transformation and selection of transformants.

The P30 gene was excised from pTM934 (Deom et al.
1987) by digestion with BamHI and EcoRI. For transforma-
tion of A. thaliana Col-O plants this fragment was ligated
with BamHI/EcoRI-digested pJIT30 (Mullineaux et al. 1990).
A 2.2-kbp fragment was then excised from the resulting
plasmid, pTM30JI1, by digestion with Kpnl/Xhol and ligated
with Kpnl/Sall-digested pBIN19 (Bevan 1984) to give the
plasmid pTM30JI2. For transformation of A. thaliana L-er
plants the same BamHI/EcoRI fragment from pTM934 was
blunt-ended with DNA polymerase I, Klenow fragment and
ligated with pSLJ642 from which the spectinomycin gene had
been removed (Clal/Xbal; DNA polymerase I, Klenow) to
give the plasmid, pSLI30K. pSLJ642 (kindly provided by J.
D. G. Jones; unpublished data) is a pRK290 based binary
vector, constructed from TRI-NPT-ocs3” and 35S-SPEC-
ocs3” expression cassettes (Jones et al. 1992). Plasmids
pTM30JI2 and pSLJ30K were electroporated directly into
Agrobacterium tumefaciens C58 (pGV3850) (Zambryski et
al. 1983) as described by Nagel et al. (1990). Transformation
of A. thaliana by A. tumefaciens was performed using the
root explant transformation method of Valvekens et al. (1988)
with minor modifications described by Balcells (1991) and
Innes (1991). Transformed root tissue was incubated on kan-
amycin plates (50 pg ml™') and regenerated into plants, Seeds
were harvested, germinated, and transformants were selected
for kanamycin resistance. Those R, seedlings showing normal
phenotype were allowed to develop and genomic DNA was
purified from whole transformed and untransformed plants as
described by Dellaporta et al. (1983). Transgenic lines ex-
pressing the P30 gene were selected by PCR-amplification of
P30 DNA using the conditions described below for the detec-
tion of TMV sequences in plants. The P30-transgenic L-er
line 1 and Col-O line 3 were selected for further study. The
copy number of the chimeric gene or a comparison of its level
of expression in these transgenic lines was not determined.

Viruses.

Wild-type TMV strain Ul (tobacco mosaic virus, common
strain) or TMV strain Cg (Li et al. 1983) or a movement-
deficient mutant of TMV U1 (TE1; Gera et al. 1995) contain-
ing a frameshift mutation in the P30 gene, were propagated in
Nicotiana tabacum cv. Xanthi nn (line 277 for TE1) or A.
thaliana plants. Wild-type virus was purified by the method
of Gooding and Hebert (1967). Viral RNA was purified from
particles by digestion with proteinase K (Boehringer Mann-
heim) according to the manufacturer’s instructions. Tobacco
leaves were mechanically inoculated with virus in 30 mM
sodium phosphate, pH 7.0, using Carborundum as an abra-
sive. Virus was introduced into the leaves of A. thaliana by
piercing the upper epidermis with a fine needle (26G, 0.45 x
13 mm) several times at 7 to 10 days after germination. In
cell-to-cell movement experiments, the proximal half of a
single leaf was inoculated as above and the other half was
analyzed by Southern blot hybridization (Southern 1975) for
the presence of TMV Ul coat protein cDNA, made from RNA.

Detection of TMV sequences in leaf tissue.

Total RNA was extracted from leaf tissue as described by
Verwoerd et al. (1989) with the following modifications. Af-
ter precipitation with lithium chloride and ethanol, the pellets



were redissolved in 10 mM Tris-HCI pH 8.0, 1 mM MgCl,
containing 20 pg ml! DNAse (RNAse-free) and incubated at
37°C for 1 h. First-strand cDNA, generated by reverse tran-
scription, was used as a template for PCR amplification of
P30 cDNA. The reaction (20 pl) consisted of 10 mM Tris-
HCI, pH 8.3, containing 50 mM KCI; 4 mM MgCl,; 0.01%
(w/v) gelatin; 1 mM dATP, dTTP, dCTP, and dGTP; 12 ug of
RNAse inhibitor per ml (human placenta, Pharmacia Bio-
tech.); 20 pmoles primer 1 (5° CAGTCATTAAAACGAAT-
CCGATTCGGCG 37; complementary to nt 5688 to 5709 of
TMVU1); and Moloney murine leukemia virus reverse tran-
scriptase (200 U). After 1 h at 37°C the reaction was heated
to 94°C for 1 min and supplemented with 80 pl of buffer
consisting of 10 mM Tris-HCI, pH 8.3 containing 50 mM
KCl, 1.5 mM MgCl,, 0.01% (w/v) gelatin, 20 pmoles primer
1, 40 pmoles primer 2 (5° ACGTAGATGGCTCTAGT-
TGTTAAAGG 37, nt 4903 to 4922) and Tag DNA polymerase
(2.5 U). An 819-bp fragment consisting of 807 bp of P30
cDNA flanked by 6 bp at each end was detected after electro-
phoresis in 1% (w/v) agarose gels containing ethidium bro-
mide. Potential contamination of RNA preparations from
transgenic lines with genomic DNA was analysed by omis-
sion of reverse transcriptase from the reactions. TMV coat
protein cDNA (480 bp fragment) was detected as described
above with the following primers: 5° ATGTCTTACAGTAT-
CACTACTCCATCTC 3 (nt 5712 to 5739) and, 5" TCAA-
GTTGCAGGACCAGAGGTCCAAACC 3° (complementary
to nt 6164 to 6191) to prime first-strand cDNA synthesis.
Fragments containing putative TMV sequences were blotted
in 10x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) onto Hybond-N membrane and hybridized at 65°C
overnight with cDNA probes prepared by the random priming
method of Feinberg and Vogelstein (1983). Probes were pre-
pared using P30 DNA amplified by PCR from pTM934
(Deom et al. 1987) or from coat protein cDNA amplified by
RT-PCR from TMVU1 RNA purified from virus particles; the
fragments were purified by electroelution from the agarose
gels prior to labeling.

Cloning and sequencing of P30 DNA
from transgenic A. thaliana.

P30 DNA fragments from transgenic A. thaliana line 1 (L-
er) and line 3 (Col-O) were blunt-ended with DNA po-
lymerase I, Klenow fragment and ligated with Smal digested
pUC19. Sequencing of the entire inserts was carried out by
the dideoxy chain termination method (Sanger et al. 1977)
using the Sequenase Version 2.0 DNA sequencing kit (U.S.
Biochemical, Cleveland, OH).

Purification and detection of P30 mRNA.

Total mRNAs were purified from total RNA by binding
them to streptavidin-paramagnetic particles using the
PolyATract mRNA isolation system as described by the
manufacturer (Promega). Between 100 and 600 pg of total
RNA was used to prepare mRNA for use as a template in an
RT-PCR reaction to detect P30 cDNA by replacing primer 1
with oligo(dT);,.15 to prime first strand cDNA synthesis. P30
c¢DNA was then amplified by PCR using primers 1 and 2.

Production of P30 in S. frugiperda or E. coli.
P30 produced by recombinant baculovirus (Ac.TK6) ex-
pression in S. frugiperda (Sf21) cells was purified using the

procedure of Atkins et al. (1991a). P30 produced by overex-
pression in E. coli BL21(DE3)pLysE cells (pETP30, Citovsky
et al. 1990) was purified using the procedure of Citovsky et
al. (1991) for purifying cauliflower mosaic virus P1.

Production of antiserum to N-terminus of P30.

To express the N-terminal amino acids of TMV U1 P30, a
120-bp fragment corresponding to nt 4903 to 4999 of TMV
Ul sequence flanked by EcoRI sites was amplified from
pTB2 (Hilf and Dawson 1993) by PCR using the conditions
described above to obtain P30 cDNA and ligated to EcoRI
digested pGEX3X (GST gene fusion system, Pharmacia Bio-
tech.). The primers were: 5° CTCGGAGAATTC-
TATGGCTCTAGTTGTTAAAGG 3 and 5° CAGTCAGA-
ATTCTTTACAGGGTAAACATCG 3 corresponding to nt
4903 to 4922 and complementary to nt 4979 to 4999 of
TMVUI1 sequence, respectively (EcoRI sites underlined). The
vector was transformed into competent E. coli JIM83 cells.
Recombinants were examined for fusion protein expression
by SDS-PAGE and the fusion protein of M, 30.2K was puri-
fied by affinity chromatography on glutathione Sepharose-4B
to >90% purity as judged by Coomassie blue staining in
SDS-PAGE gels according to Pharmacia Biotech. This was
used directly for raising polyclonal antibodies in rabbits.
Male rabbits (New Zealand white) were injected subcutane-
ously with 15 pg of fusion protein in 0.5 ml of PBS/Freunds
complete adjuvant (1:1). Boosters of 15 ug of fusion protein
in 0.5 ml of PBS/Freunds incomplete adjuvant (1:1) were in-
troduced at biweekly intervals. Preimmune and immune sera
were tested for their antigenicity towards P30 in Western
blots. The immune serum was designated R2.

Subcellular fractionation of P30 from plants.

All operations were carried out at 4°C. Plant tissue
(tobacco leaves or whole A. thaliana plants, minus roots)
were frozen in liquid nitrogen, ground to a fine powder and
homogenized in buffer A (1 ml per gram of tissue) consisting
of 100 mM Tris-HC], pH 7.5, containing 10 mM KCIl, 5 mM
MgCly, 0.4 M sucrose, 10% (v/v) glycerol and 10 mM B-
mercaptoethanol. In some extractions a mixture of protease
inhibitors was also included: phenylmethylsulphony! fluoride
(0.2 mM), leupeptin (1 uM), and pepstatin (1 pM). The ho-
mogenate was filtered through Miracloth (Calbiochem) and
centrifuged at 1,000 x g for 10 min to give a pellet (PE1) and
a supernatant (S1). PE1 was the organellar fraction. The resi-
due on the Miracloth was washed in buffer A containing 2%
(v/v) Triton X-100 (4 ml g tissue™) and centrifuged at 3,500
x g for 10 min. This procedure was repeated a further four
times. The pellet was resuspended (20 pl g tissue™') in urea
sample buffer (75 mM Tris-HCI, pH 6.8, containing 4.5%
[w/v] SDS, 9 M urea, 1.1 M B-mercaptoethanol and 0.05%
[w/v] bromophenol blue); boiled for 10 min; and centrifuged
at 12,000 x g for 5 min to remove insoluble material. This
was the cell wall-enriched fraction. The supernatant (S1) was
centrifuged at 30,000 x g for 30 min to give a supernatant
(S30) and a pellet (PE30). PE30 was redissolved in urea
sample buffer (20 pl g tissue™), boiled for 5 min, and centri-
fuged at 12,000 x g for 5 min. PE30 was the microsomal
(membrane-enriched) fraction. S30 was combined with 5x
SDS-PAGE loading buffer (250 mM Tris-HCI, pH 6.8, con-
taining 0.5 M dithiothreitol, 10% [w/v] SDS, 50% [v/v] glyc-
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erol, and 0.5% [w/v] bromophenol blue; this was the soluble
fraction).

Detection of P30 expression.

Extracted proteins were transferred from denaturing gels to
nitrocellulose filters and probed with antisera to P30 protein
(Towbin et al. 1979). Two purified antisera were used to
probe Western blots. Antiserum 137 (Deom et al. 1987) was
raised against a synthetic peptide corresponding to amino
acids 255 to 267 (C-terminus) of P30. Antiserum R2 is de-
scribed above. Both antisera were purified by cross adsorp-
tion with acetone powder obtained from tobacco line 306
(leaf tissue) and untransformed A. thaliana L-er (whole plants
minus roots). P30 antiserum on blots was detected using goat
anti-rabbit IgG-alkaline phosphatase conjugate and the chro-
mogenic substrate nitroblue tetrazolium. Marker proteins
(Biorad), stained with 0.2% (w/v) Ponceau S in 3% (w/v)
trichloroacetic acid/sulfosalicylic acid in blots, were used to
construct a regression line from a log;y M, versus R; plot to
determine the M, of unknown proteins.

In vitro phosphorylation assay of E. coli-expressed P30.
Cell wall-enriched or soluble fractions containing putative
protein kinase were prepared from entire leaves of untrans-
formed A. thaliana L-er or tobacco line 306 plants according
to Citovsky et al. (1993). Mature fully expanded tobacco
leaves (12.5 cm) or A. thaliana leaves (immature young
leaves, 4 mm, or mature fully expanded leaves, 15 mm) were
used as a potential source of protein kinase. In vitro phospho-
rylation assays on E. coli-expressed P30 were performed as
described by Citovsky et al. (1993) with the exceptions that
proteins were transferred onto nitrocellulose filters and radio-
labeled proteins were visualized by autoradiography of the
nitrocellulose filters. An identical gel was run in parallel,
blotted, and probed with antiserum 137 as described above
for the detection of P30. In some experiments with A. thali-
ana extracts, the polyamine spermidine (4 mM) was included
in the assay mixture since this has been shown to improve the
phosphorylation of some plant proteins (Ye et al. 1994).
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