The Plant Cell, Vol. 12, 917-932, June 2000, www.plantcell.org © 2000 American Society of Plant Physiologists

Reduced Levels of Chloroplast FtsH Protein in Tobacco
Mosaic Virus-Infected Tobacco Leaves Accelerate the

Hypersensitive Reaction

Shigemi Seo,2P Masaji Okamoto,¢ Takayoshi lwai,2 Megumi lwano,? Kiichi Fukui,®! Akira Isogai,d

Nobuyoshi Nakajima,’ and Yuko Ohashiab:2

aDepartment of Molecular Genetics, National Institute of Agrobiological Resources, Tsukuba, Ibaraki 305-8602, Japan
b Core Research of Science and Technology (CREST), Tiyoda-ku, Tokyo 101-0062, Japan

¢ Bioscience Research Department, TOAGOSEI Corporation, Tsukuba, Ibaraki 300-2611, Japan

dNara Institute of Science and Technology, lkoma, Nara 630-0101, Japan

¢ Hokuriku National Agricultural Experiment Station, Joetsu, Niigata 943-0154, Japan

fNational Institute for Environmental Studies, Tsukuba, Ibaraki 305-0053, Japan

In tobacco cultivars resistant to tobacco mosaic virus (TMV), infection results in the death of the infected cells accom-
panying the formation of necrotic lesions. To identify the genes involved in this hypersensitive reaction, we isolated the
cDNA of tobacco DS9, the transcript of which decreases before the appearance of necrotic lesions. The DS9 gene en-
codes a chloroplastic homolog of bacterial FtsH protein, which serves to maintain quality control of some cytoplasmic
and membrane proteins. A large quantity of DS9 protein was found in healthy leaves, whereas the quantity of DS9 pro-
tein in infected leaves decreased before the lesions appeared. In transgenic tobacco plants containing less and more
DS9 protein than wild-type plants, the necrotic lesions induced by TMV were smaller and larger, respectively, than
those on wild-type plants. These results suggest that a decrease in the level of DS9 protein in TMV-infected cells, re-
sulting in a subsequent loss of function of the chloroplasts, accelerates the hypersensitive reaction.

INTRODUCTION

The hypersensitive reaction (HR) is a plant defense system
against pathogen attack. HR is defined as the rapid death of
infected cells accompanying formation of necrotic lesions in
which pathogens are thought to be enclosed (Goodman and
Novacky, 1994). The HR of tobacco to tobacco mosaic virus
(TMV) occurs in cultivars carrying the resistance gene N (NN
tobacco) but not in cultivars lacking the N gene (nn tobacco)
(Holmes, 1938; Whitham et al., 1994). Induction of the N
gene-mediated HR requires the temperature to be below 22
to 26°C (Kassanis, 1952; Shimomura, 1971; Weststeijn,
1981), suggesting that the gene can function at tempera-
tures below this range.

We previously observed that when TMV-inoculated leaves
were treated with heat shock or actinomycin D, necrotic le-
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sions were induced in not only NN but also in nn tobacco,
even at 30°C, a nonpermissive temperature for the N gene
(Shimomura and Ohashi, 1971; Ohashi and Shimomura,
1972). In the actinomycin D-treated leaves in which necrotic
lesions were induced, the synthesis of nucleic acid in the
host plant was greatly suppressed, whereas the synthesis of
TMV RNA was suppressed only slightly (Shimomura and
Ohashi, 1980). In contrast to treatment with actinomycin D,
treatment with other chemicals, including rifampicin, 2-thio-
uracil, and cycloheximide, which suppress RNA or protein
synthesis in both the TMV and the host plant, did not induce
necrotic lesions to form (Ohashi and Shimomura, 1972).
Given that actinomycin D forms intercalation complexes
with DNA, thereby blocking transcription (Waring, 1981),
and that heat shock suppresses transcription of housekeep-
ing genes (Lindquist, 1986; Nover et al., 1989), we hypo-
thesized that suppressing the transcription of certain
housekeeping genes in NN tobacco plants after infection
with TMV could induce the HR.

To isolate such candidate genes, we used a synchronous
HR-inducing system based on a temperature shift. Incuba-
tion at 30°C of TMV-infected NN tobacco leaves results in
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multiplication and systemic spread of the virus without le-
sion formation (Weststeijn, 1981). Shifting TMV-infected
leaves from 30 to 20°C induces synchronous lesion formation
in the infected region. We found that necrotic lesions were
induced in TMV-infected NN tobacco leaves even at 30°C
by transient incubation at 20°C for >4 hr during the 30°C in-
cubation period (Ohtsubo et al., 1999). These phenomena
suggest that the period of 20°C treatment required to induce
the HR, in other words, “the point of no return” for N gene
expression and subsequent induction of HR, is 4 hr in our
system. Therefore, by using differential screening (Seo et al.,
1995), we isolated the cDNA (DS clones) of genes for which
transcripts specifically increased or decreased 3 hr after the
temperature shift from 30 to 20°C. Of the transcripts of the
six unique cDNA clones obtained, only the DS9 transcripts
were found to decrease during the formation of necrotic le-
sions. This observation allowed us to study the behavior of the
DS9 protein in the TMV-induced HR in NN tobacco. Here,
we present evidence that a decreased amount of DS9 pro-
tein in TMV-infected NN tobacco leaves accelerates the HR.

RESULTS

The Amount of DS9 Transcripts Decreases during the
N Gene-Mediated HR

We examined changes in the amounts of DS9 transcripts
during the formation of necrotic lesions in TMV-infected NN
tobacco. Leaves of Samsun NN tobacco, a tobacco cultivar
carrying the N gene, were inoculated with TMV, incubated
for 40 hr at 30°C to allow TMV to infect as many cells as
possible, and then shifted to 20°C. Under these conditions,
necrotic lesions appeared 8 to 10 hr after the shift to 20°C.
Using this synchronous system, we found that in TMV-
infected NN tobacco leaves, the DS9 transcripts began to
decrease as early as 6 hr after the shift to 20°C (Figures 1A
and 1B). Although the DS9 cDNA was originally isolated as a
cDNA clone for which transcript levels decreased 3 hr after
the shift from 30 to 20°C (see Introduction), no decrease in
the amount of DS9 transcripts was observed at that time
point. These contradictory results can be explained by the
difference in hybridization conditions used between differ-
ential screening and RNA gel blot analysis.

In TMV-inoculated leaves of nn tobacco cultivars, such as
Samsun nn, SR1, and Xanthi, the shift to 20°C did not cause
a marked decrease in DS9 transcripts (Figure 1C). In mock-
inoculated leaves of both NN and nn tobacco cultivars, no
substantial decrease in DS9 transcripts was seen after the
temperature shift. Even before the shift to 20°C, the amount
of DS9 transcripts in TMV-inoculated NN tobacco leaves
was ~50% of that in mock-inoculated ones (Figure 1B). In-
terestingly, a similar TMV infection-dependent decrease in
the DS9 transcripts was observed in nn tobacco (Figure 1C).

Together, these results suggest that during the HR in TMV-
infected NN tobacco leaves, the DS9 transcripts are de-
creased by the multiplication of TMV, and DS9 transcripts
are also lower in tissue in which the N gene is expressed.

Induction of pathogenesis-related (PR) protein genes is
known to be associated with the HR in TMV-infected NN to-
bacco (Bol et al., 1990). In our synchronous system, the
transcripts of PR-1, PR-2, and PR-5 genes indeed began to
accumulate 6 hr after the shift to 20°C (Figure 1A), indicating
that during the N gene-mediated HR, the pattern of expres-
sion of the gene encoding DS9 is in striking contrast with
that of the PR-1, PR-2, and PR-5 genes.

Healthy leaves contained high amounts of DS9 tran-
scripts, comparable with that observed in mock-inoculated
leaves (see time O in mock-inoculated leaves in Figure 1A),
suggesting that the DS9 gene is constitutively expressed as
a housekeeping gene. This allowed us to examine whether
the response after infection with TMV varies between the
DS9 gene and other housekeeping genes, such as those en-
coding actin and the glycolytic enzyme glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). In TMV-inoculated NN
tobacco leaves, the amount of actin transcripts remained
constant at least between 0 and 24 hr after the shift to 20°C,
whereas the GAPDH transcripts rapidly increased 6 hr after
the shift (Figure 1A). Thus, so-called housekeeping genes
seem to exhibit different expression patterns during the N
gene-mediated HR.

Sequence Analysis of DS9 cDNA

The cDNA sequence of DS9 contains a 2447-bp open read-
ing frame encoding a protein of 714 amino acids (Figure 2A).
The putative amino acid sequence shows 41 and 81% iden-
tity with Escherichia coli FtsH metalloprotease and the Ara-
bidopsis FtsH homolog, respectively (Figure 2A). FtsH,
which was originally identified in E. coli (Tomoyasu et al.,
1993a), is a member of the AAA (for ATPase associated with
diverse cellular activities) superfamily (Confalonieri and
Duguet, 1995). The central region of DS9 contains the
ATPase domain, which contains two ATP binding sites, and
the SRH (for second region of homology), which is found in
all members of the AAA family (Figure 2A). Furthermore, two
distinctive features of the FtsH protein are present in the
DS9 protein: the N terminus of DS9 contains two putative
transmembrane domains that are rich in hydrophobic amino
acids (Tomoyasu et al., 1993a, 1993b), and the C terminus
contains a putative zinc binding motif that is responsible for
metalloprotease activity (Tomoyasu et al., 1995). Recently,
Summer and Cline (1999) isolated a cDNA encoding a FtsH-
like protein from tobacco. The putative amino acid se-
quence shows 47% identity with DS9 (data not shown), indi-
cating that tobacco has at least two FtsH-related genes. A
diagrammatic alignment of the predicted DS9 protein se-
quence and the E. coli FtsH protein sequence is shown in
Figure 2B.
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Figure 1. RNA Gel Blot Analysis of the DS9, PR-1, PR-2, PR-5, Ac-
tin, and GAPDH Genes in TMV- and Mock-Inoculated Tobacco
Leaves after Temperature Shift.

Detached healthy leaves of 50-day-old Samsun NN and 70-day-old
Samsun nn tobacco plants were inoculated with TMV (10 pg/mL) or
buffer only (Mock), incubated at 30°C for 40 hr, and then shifted to
20°C at time 0.

(A) Leaves from Samsun NN tobacco plants were harvested at the
indicated times after the temperature shift and used for total RNA
extraction. Aliquots of 20 g of total RNA per lane were fractionated
by gel electrophoresis, transferred to nylon membranes, and suc-
cessively subjected to hybridization with the indicated radioactively
labeled probes after stripping the former probe. To standardize RNA
loading, the blot was stained with methylene blue (rRNA). The 2.4-kb
RNA represents the length of the DS9 gene.
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Production of Recombinant DS9 Protein and Its
Biochemical Characterization

Protein degradation by FtsH metalloprotease in E. coli re-
quires both Mg?*-dependent ATP hydrolysis and Zn2*
(Tomoyasu et al., 1995). To examine the biochemical profile
of the DS9 protein, we first produced a recombinant DS9
protein as a glutathione S-transferase (GST) fusion protein
with the truncated DS9 protein lacking 131 N-terminal resi-
dues (GST-DS9AN). DS9AN separated from GST by digest-
ing GST-DS9AN with thrombin was found to have Mg?2*-
dependent ATPase activity (data not shown). However,
DS9AN did not exhibit protease activity when casein, a gen-
eral substrate for proteases, was used as the substrate. This
failure to exhibit protease activity was apparently the result
of the lack of the 131 N-terminal amino acid residues.
Therefore, the protein encoded by the full-length coding
region of DS9 cDNA was overexpressed by isopropyl B-D-
thiogalactopyranoside (IPTG) induction in E. coli cells as a
protein with a six-histidine tag by using the pET-15b expres-
sion vector (Figure 3A, lane 2). The histidine-tagged protein
(HisDS9) was partially purified with a nickel-chelate matrix
column (Figure 3A, lane 3), and the purified protein was
used to measure ATPase and protease activities. The
HisDS9 protein exhibited not only Mg2*-dependent ATP-
hydrolyzing activity (Figure 3B) but also Zn?*-stimulated
casein-hydrolyzing activity (Figure 3C), both of which in-
creased in a time-dependent manner. These results, to-
gether with the results presented in Figure 2, demonstrate that
the protein encoded by the DS9 gene is an FtsH homolog.
Antisera against the recombinant DS9AN protein were
generated. The antisera recognized HisDS9 (Figure 3A, lane
4), and this antibody (anti-DS9 antibody) was used for im-
munological detection of the DS9 protein in tobacco plants.

The DS9 Protein Is Expressed Constitutively in Healthy
Tobacco Leaves

In extracts of healthy tobacco leaves, the anti-DS9 antibody
reacted strongly with an abundant 78-kD protein and with a

(B) Relative intensity of DS9 transcripts as shown in (A). The
amounts of DS9 transcript are expressed as a ratio with that present
in the control sample (0 hr after the temperature shift of mock-inocu-
lated leaves), which was set equal to 100%. Values are the mean
+sD from four independent experiments.

(C) Leaves from Samsun nn tobacco plants were harvested at the
indicated times after the temperature shift and used for total RNA
extraction. RNA gel blot hybridization was performed as described
in (A), using the DS9 cDNA probe. The experiment was repeated
twice with similar results. The 2.4-kb RNA represents the length of
the DS9 gene.
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Figure 2. Comparison of the Deduced Amino Acid Sequences of
DS9, Arabidopsis FtsH Homolog, and E. coli FtsH.

(A) Lines at top, center, and below represent the amino acid se-
quence of DS9 (GenBank accession number AB017480), an Arabi-
dopsis FtsH homolog (Lindahl et al.,, 1996), and E. coli FtsH
(Tomoyasu et al., 1993a), respectively. The underlined amino acids
represent putative membrane-spanning regions. Dots represent
identical amino acid residues, and dashes indicate gaps introduced
to maximize alignment. The roman numerals indicate two regions of
ATP binding motif (I and Il), a second region of homology(lll), and a
Zn2* binding motif (IV).

(B) Diagrammatic alignment of the primary structures of DS9 and E.
coli FtsH. Hatched, black, and stippled boxes represent two putative
transmembrane segments, the ATPase domain, and the putative
Zn2* binding motif, respectively. The ATPase domain contains an
ATP binding motif and a second region of homology (Confalonieri
and Duguet, 1995). The putative Zn2* binding motif is HEXXH, where
X indicates nonconserved amino acid residues.

less-abundant protein of lower molecular mass (~72 kD;
Figure 4, lanel). The 78-kD band probably corresponds to a
mature form of the DS9 protein because the DS9 gene prod-
uct with the N terminus containing a putative chloroplast-
targeting peptide, including a few acidic residues and sev-
eral serine and alanine residues (von Heijne et al., 1989; see
Figure 2A), could be translocated in chloroplasts and pro-
cessed to its mature size. The size of the principal immu-
noreactive component is comparable with the 78-kD molec-
ular mass of the mature form of Arabidopsis FtsH protein
reported by Lindahl et al. (1996). The 72-kD band may be a
degraded product of the DS9 protein.

In eukaryotes, FtsH homologs associate with mitochon-
dria and chloroplasts (Andersson and Aro, 1997; Gottesman
et al., 1997), although no mitochondrial FtsH homolog has
been found in plants. Localization of the DS9 protein in chlo-
roplasts was studied with stroma and thylakoid membrane
fractions. The 78-kD band was detected in the thylakoid
membrane fraction (Figure 4, lane 3), whereas no band was
detected in the stroma fraction (Figure 4, lane 2). This result
is in agreement with the results published by Lindahl et al.
(1996).

Localization of the DS9 Protein in Chloroplasts

The localization of the DS9 protein in chloroplasts was fur-
ther confirmed by immunoelectron microscopic analysis.
When an ultrathin section of healthy leaf tissue was treated
with the anti-DS9 antibody and anti-rabbit IgG conjugated
with 10-nm (in diameter) particles of gold, immunogold par-
ticles specific for the DS9 protein were observed in several
chloroplasts of mesophyll cells (Figure 5A). Treatment of an
ultrathin section with preimmune serum produced very little
labeling (Figure 5B). Immunogold particles specific for the
DS9 protein were frequently associated with the stroma side
of the thylakoidal membrane in chloroplasts (Figure 5C).

When tissue sections treated with the anti-DS9 antibody
and conjugated with 10-nm gold particles were examined,
the chloroplasts were found to contain most of the gold par-
ticles: 90.8, 4.9, and 4.3% of the total number of gold parti-
cles were found in the chloroplast, mitochondrion, and
nucleus, respectively (Table 1).

The Amount of DS9 Protein Decreases during the
N Gene-Mediated HR

Changes in the amount of DS9 protein during the N gene-
mediated HR were determined by protein gel blot analysis.
When TMV-inoculated NN tobacco leaves were shifted from
30 to 20°C, the 78-kD protein began to decrease 6 hr after
the shift, reaching a minimal level 24 hr later (Figure 6A). In
contrast, in mock-inoculated leaves, no substantial de-
crease in the amount of the 78-kD protein was observed af-
ter the shift to 20°C. Even before the shift to 20°C, the
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Figure 3. Expression and Enzymatic Activity of the Recombinant
DS9 Protein.

(A) Expression and purification of the recombinant HisDS9 protein
from E. coli cells. Total cellular extracts prepared from cells not
treated with IPTG (lane 1) and IPTG-treated cells (lane 2) from E. coli
were separated by electrophoresis on a 10% SDS-polyacrylamide
gel; the gel was stained with Coomassie Brilliant Blue R 250. The re-
combinant HisDS9 protein (arrowhead) was purified by affinity chro-
matography (lane 3) and subjected to protein gel blot analysis (lane
4) with antibodies raised against DS9AN. Size markers are indicated
at left in kilodaltons.

(B) Mg?*-dependent ATP-hydrolyzing activity in the recombinant
HisDS9 protein. Reactions were performed in the presence (closed
circles) or absence (open circles) of 5 mM MgCl,.

(C) zn2+-stimulated casein-hydrolyzing activity in the recombinant
HisDS9 protein. Fluorescein isothiocyanate-labeled casein was
used as the substrate. Reactions were performed in the presence
(closed triangles) or absence (open triangles) of 12.5 uM zinc ace-
tate.

amount of the 78-kD protein in TMV-inoculated leaves was
almost equal to that in mock-inoculated ones (Figure 6B),
suggesting that TMV multiplication had little effect on the
decrease in DS9 protein. In TMV-inoculated leaves, the 72-
kD protein increased 24 hr after the shift to 20°C. To confirm
whether equal amounts of proteins had been loaded onto
the gel, the blots were reprobed with an antibody raised
against salicylic acid-induced protein kinase (SIPK), a pro-
tein reported to maintain constant amounts during the N
gene-mediated HR (Zhang and Klessig, 1998). As shown in
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Figure 6A, there were no major differences in SIPK signals
during the time course.

Actinomycin D and Heat Shock Individually Induce an
HR-like Response in Leaves Systemically Infected
with TMV

As described above, treatment with either actinomycin D or
heat shock induced necrotic lesions on NN tobacco leaves
systemically infected with TMV at 30°C. After treatment, we
were able to examine whether the formation of lesions in-
duced by each of these treatments is accompanied by de-
creases in both the DS9 transcripts and the DS9 protein.
TMV-inoculated leaves of Samsun NN tobacco plants were
incubated for 40 hr at 30°C and then treated with actinomy-
cin D or subjected to heat shock, reincubated at 30°C for 18
hr, and subjected to RNA and protein gel blot analyses. The
amounts of DS9 transcript and DS9 protein in actinomycin
D-treated leaves were 55 and 50%, respectively, of those in
untreated TMV-inoculated leaves (Figure 7). For the heat
shock-treated samples, 50 and 48%, respectively, were de-
tected. Moreover, in both the actinomycin D- and the heat
shock-treated leaves, an accumulation of PR-1 transcripts
was found, whereas no notable decreases in the actin and
GAPDH transcripts were seen. These observations indicate
that treatment of TMV-inoculated leaves with both actino-
mycin D and heat shock mimic the situation found after the
temperature shift from 30 to 20°C.
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Figure 4. Protein Gel Blot Analysis of the DS9 Protein in Tobacco
Leaf Tissue.

Total protein extracts (lane 1), a stroma fraction (lane 2), and a thyla-
koid (Thylak.) fraction (lane 3) prepared from healthy leaves of Sam-
sun NN tobacco plants were subjected to protein gel blot analysis
with antibodies raised against DS9AN. Lanes 1, 2, and 3 contain to-
tal protein extracts containing 20 p.g of total protein, the stroma frac-
tion equivalent to the volume of thylakoid membrane fraction used,
and the thylakoid membrane fraction containing 5 ng of chlorophyll,
respectively. The arrowhead indicates the relative molecular masses
of ~78 kD. Size markers are indicated at left in kilodaltons.
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Figure 5. Immunoelectron Microscopy in Frozen Sections of Leaf
Tissue.

(A) Immunogold localization of the DS9 protein in a tobacco meso-
phyll cell treated with antibodies raised against DS9AN and 10-nm
gold-conjugated anti-rabbit IgG. Bar = 250 nm.

(B) A tobacco mesophyll cell treated with preimmune serum and 10-
nm gold-conjugated anti-rabbit IgG. Bar = 250 nm.

(C) Greater magnification of (A). Bar = 100 nm.

Generation of Transgenic NN Tobacco Plants
Containing Various Amounts of DS9 Protein

To examine the role of the DS9 protein in TMV-induced HR,
we attempted to generate transgenic NN tobacco plants
that would express various amounts of DS9 protein. The
DS9 cDNA was introduced into Samsun NN tobacco plants
by the Agrobacterium infection method. The cDNA was un-
der the control of the constitutive 35S cauliflower mosaic vi-
rus promoter and was inserted in the sense and antisense
orientations. Kanamycin-resistant shoots were then gener-
ated under a light intensity of 120 wmol of photons m=2
sec1. When the sense gene was introduced, all 20 shoots

rooted in a kanamycin-containing medium. In contrast, no
shoots were generated in the tobacco plants introduced
with the antisense gene, despite the same transformation
scale. From similar results in repeated experiments, we no-
ticed that the light intensity may in fact affect the transfor-
mation efficiency. Therefore, all transformation procedures
were performed under a weak light intensity of 10 wmol of
photons m~2 sec~1. Under these improved conditions, 15
shoots were generated when the antisense gene was intro-
duced, but only two shoots actually rooted.

The amount of the 78-kD protein in healthy leaves of five
sense DS9 lines (S1, S4, S5, S6, and S9) ranged between
109 and 192% of that in healthy leaves of untransformed,
wild-type plants (Figure 8A). Conversely, the 78-kD protein
in two antisense lines, A9 and A12, was 89 and 80%, re-
spectively, of that in the untransformed plants. The pheno-
types of these sense and antisense plants were apparently
normal; neither chlorosis nor necrosis was observed in the
healthy leaves.

Acceleration of HR in Transgenic Tobacco Plants
Containing Less DS9 Protein Than the Wild-Type Plants

Leaves of wild-type and transgenic plants were inoculated
with TMV and incubated at 20°C to allow necrotic lesions to
form. Five days after inoculation, the diameter of localized ne-
crotic lesions in the A9 and Al12 lines was 70 and 60%, re-
spectively, of that in the wild-type plants (Figures 8B and 8C).
In contrast, the diameter of localized necrotic lesions in all five
sense plants was 120 to 180% of that in the wild-type plants.

Because lesion area is proportional to the viral content,
the relatively smaller lesions of the A9 and A12 lines are in-
dicative of increased resistance of these lines to TMV infec-

Table 1. Number of Gold Particles in the Chloroplasts,
Mitochondrion, and Nucleus When the DS9 Protein Was
Immunogold-Labeled

Number of Gold Particles (wm~2)

Treatment2 Controlb
Cell Organelle (n¢ = 22) (n=10)
Chloroplast 12.337 = 1.6904 0.053 + 0.009
Mitochondrion 0.661 + 0.285 0.299 + 0.199
Nucleus 0.585 = 0.078 0.098 =+ 0.020

aUltrathin sections of healthy leaf tissue embedded in London Resin
White in the treatment group were treated with antibodies raised
against DS9AN and 10-nm gold-conjugated anti-rabbit IgG.
bUltrathin sections of healthy leaf tissue in the control group were
treated with preimmune serum and 10-nm gold-conjugated anti—
rabbit IgG.

¢Number of cells in which the number of gold particles in the indi-
cated cell organelle was enumerated.

dEach value represents the mean *sE.
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Figure 6. Protein Gel Blot Analysis of the DS9 Protein in TMV- and
Mock-Inoculated NN Tobacco Leaves after the Temperature Shift.

(A) Detached healthy leaves of Samsun NN tobacco plants were in-
oculated with TMV (10 wg/mL) or buffer only (Mock) and shifted from
30 to 20°C at time 0. Leaves were harvested at the indicated times
after the temperature shift and used for protein extraction. Twenty
micrograms of total protein was immunoblotted with antibodies
raised against DS9AN (Ab-DS9). The arrowhead indicates the rela-
tive molecular masses of ~78 kD. The blots were reprobed with an-
tibodies (Ab-SIPK) against a synthetic peptide corresponding to the
N-terminal 24—-amino acid sequence of SIPK as a loading control.
(B) Relative amount of the DS9 protein in TMV-inoculated leaves as
shown in (A), expressed as a ratio with that present in the control
sample (0 hr after the temperature shift), which was set equal to
100%. Values are the mean *sbp from three independent experi-
ments.

tion. We assumed that the formation of such small lesions
was due to acceleration of the HR. If accelerated HR occurs,
then <4 hr of 20°C treatment would be sufficient for forma-
tion of necrotic lesions (see Introduction). When TMV-inocu-
lated leaves of an antisense DS9 plant (the A12 line) were
incubated at 30°C for 40 hr, transiently held at 20°C for 3.5
hr, and returned to 30°C, visible necrotic lesions were in-
duced (Figure 8D, right). However, in the leaves of wild-type
plants subjected to the same experimental conditions, no
visible lesions were found (Figure 8D, left). Because electro-
lyte leakage is known to increase during the formation of ne-
crotic lesions in TMV-infected NN tobacco (Ohashi and
Shimomura, 1976; Mittler et al., 1995), we compared the
amounts of electrolyte leakage between the A12 line and
wild-type plants. Electrolyte leakage from the lesion-forming
leaves of the A12 line was approximately three times greater
than that from the non-lesion-forming leaves of wild-type
plants (Figure 8E). Similar enhanced electrolyte leakage was
observed in the A9 line (data not shown).
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Delayed HR in Transgenic Tobacco Plants Containing
More DS9 Protein Than the Wild-Type Plants

Lesions in the sense DS9 plants were larger than those in
wild-type plants (Figures 8B and 8C). This observation sug-
gested that in the sense DS9 plants infected with TMV, the
development of the HR was slow; consequently, the patho-
gen could multiply and spread to uninfected cells, resulting
in the formation of large lesions. In such a delayed HR, TMV-
multiplying cells would be present in the uninfected area
around lesions. To test this assumption, we inoculated the
bottom half of leaves of a sense DS9 plant (the S4 line) with
TMV and incubated them at 20°C. Seven days after inocula-
tion, the upper, uninoculated region adjacent to the bottom
half where lesions had been induced became yellow along

Treatment
)

\
Oo's‘{\ \‘\0 Q{o

VA
S 2.4 kb
Ds9 |

PR-1 -

Actin | 70 0
ST T
rRNA

Figure 7. RNA Gel Blot Analysis of the DS9, PR-1, Actin, and
GAPDH Genes and Protein Gel Blot Analysis of the DS9 Protein in
TMV-Inoculated Leaves Treated with Actinomycin D or Heat Shock.

Detached leaves of Samsun NN tobacco plants were inoculated
with TMV (10 pg/mL), incubated at 30°C for 40 hr, treated with acti-
nomycin D (AMD; 200 pg per gram [fresh weight] of leaf tissues) or
subjected to heat shock (HS) at 50°C for 2 min, reincubated at 30°C
for 18 hr, and then used for total RNA extraction and protein extrac-
tion. Aliquots of RNA (20 ng per lane) were subjected to RNA gel
blot analysis with the indicated cDNA probes. The 2.4-kb RNA (ar-
row) represents the length of the DS9 gene. Twenty micrograms of
total protein was subjected to protein gel blot analysis with antibod-
ies raised against DS9AN (Ab-DS9). TMV-inoculated leaves that
were not treated with actinomycin D or subjected to heat shock
were used as the control. The arrowhead indicates the relative mo-
lecular masses of ~78 kD.
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Figure 8. Analysis of Transgenic Tobacco Plants Containing Various Amounts of the DS9 Protein.

The upper, fully expanded healthy leaves of 3-month-old wild-type Samsun NN (WT) and transgenic tobacco plants (S4, S6, and A12) were used
for each experiment.

(A) Total protein was extracted from the wild-type and transgenic tobacco plants carrying antisense (lines A12 and A9) and sense (lines S1, S4,
S5, S6, and S9) constructs. Twenty-five micrograms of total protein from each line was subjected to protein gel blot analysis with antibodies
raised against DS9AN (Ab-DS9). The numbers below the gel indicate the amount of DS9 protein expressed as a ratio of that present in the wild
type, which was set equal to 100%. The arrowhead indicates the relative molecular masses of ~78 kD.

(B) Leaves were inoculated with TMV (2 wg/mL) and incubated at 20°C under 120 wmol of photons m~2 sec~! fluorescence illumination. In each
line, the diameter of 60 local lesions 5 days after inoculation was measured with a stereoscopic microscope. Each bar represents the mean *sp.
(C) Necrotic lesions that had formed on the leaves of a wild-type plant and the S6 and A12 lines, as described in (B).

(D) Leaves of line A12 that had been inoculated with TMV (10 wg/mL) and incubated for 40 hr at 30°C were shifted to 20°C, where they were in-
cubated for 3.5 hr and returned to 30°C. As a control, leaves of wild-type plants were used. A photograph was taken 24 hr after returning the
leaves to 30°C. The experiment was repeated twice with similar results.

(E) After photographing the leaves as shown in (D), five leaf discs were punched from each leaf and measured for electrolyte leakage. Values are
the mean *sb from three independent experiments. +, lesions appeared; —, no lesions appeared.

(F) Protein gel blot analysis of TMV coat protein. The experiment was repeated twice with similar results. Ab-TMV, anti-TMV antibody.

(G) The bottom half of leaves of wild-type and S4 plants were inoculated with TMV (2 pg/mL) and incubated at 20°C. Seven days after inocu-
lation, the leaves were photographed. Two discs (0.7 cm in diameter each) from each leaf were punched out from the sites indicated by the arrows,



the veins (Figure 8G). In contrast, no yellow regions were
visible in the uninoculated top half of leaves of wild-type
plants. Leaf discs from both the yellow region and the cor-
responding position of wild-type plants were subjected to
protein gel blot analysis to detect TMV; they were also bio-
assayed to confirm TMV multiplication. The TMV coat pro-
tein was detectable in the yellow region from the S4 line but
not in the leaf discs from wild-type plants (Figure 8F). A TMV
bioassay with NN tobacco leaves revealed that TMV had
multiplied in the yellow region of the S4 line and also con-
firmed that the virus had not spread and multiplied in the
corresponding region of wild-type plants (Figure 8H). Such a
delayed HR observed in the S4 line was also observed in the
S6 line (data not shown). Thus, in transgenic tobacco plants
containing high quantities of DS9 protein, TMV was not re-
stricted to the necrotic lesions but rather spread to uninocu-
lated regions.

Photosynthetic Electron Transport Is Inhibited during
the N Gene-Mediated HR

Because the DS9 protein is a thylakoid-bound protein, we
assumed that a decreased amount of DS9 protein in TMV-
infected cells would affect photosynthetic events in the thy-
lakoid membranes in the chloroplasts. Therefore, we exam-
ined the temporal relationship between a decrease in DS9
protein and changes in the rate of photosynthetic electron
transport, which is used to monitor a photosynthetic event,
during the N gene-mediated HR. Thylakoid membranes
were isolated from intact chloroplasts prepared from TMV-
and mock-inoculated leaves after the shift from 30 to 20°C
and were used to measure whole-chain electron transport
with methyl viologen as an electron acceptor. In TMV-inocu-
lated leaves, the rate of whole-chain electron transport be-
gan to decrease 4 hr after the temperature shift (Figure 9).
The decrease continued until at least 24 hr after the shift. In
TMV-inoculated leaves, the timing of the initial decrease in
the rate of the photosynthetic electron transport was 2 hr
earlier than the initial decrease in DS9 protein (Figure 6B),
suggesting that the first trigger for the inhibition of transport
might not be the protein decrease. In mock-inoculated
leaves, there was no marked decrease in the rate of whole-
chain electron transport after the temperature shift.
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DISCUSSION

Here, we have demonstrated that decreases in the amount
of DS9 protein, a chloroplastic homolog of FtsH metallopro-
tease, in TMV-infected NN tobacco leaves accelerate the HR.

TMV-induced HR in NN tobacco always accompanied a
decrease in DS9 protein: the quantity of DS9 protein in
TMV-inoculated leaves decreased not only after the shift to
20°C (Figure 6) but also after treatment with actinomycin D
and with heat shock (Figure 7). In transgenic tobacco plants
containing low and high amounts of DS9 protein compared
with wild-type plants, TMV-induced HR was accelerated
and delayed, respectively (Figure 8). This demonstrates a
close correlation between the amounts of DS9 protein and
the degree of the HR. Together, these results indicate that a
decrease in DS9 protein in NN tobacco leaves after infection
with TMV is crucial to the development of the HR.

No decrease in DS9 protein was observed in TMV-inocu-
lated leaves just before the shift to 20°C or in mock-inocu-
lated leaves before and after the shift. These observations
clearly indicate that both multiplication of TMV and expres-
sion of the N gene are necessary to reduce the quantity of
DS9 protein in infected cells at 20°C. The simplest possible
mechanism involved in such a protein decrease is the direct
reflection of a greatly decreased content of DS9 transcripts.
After the shift of temperature for TMV-infected NN tobacco
leaves from 30 to 20°C, the timing of the initial decrease in
DS9 transcripts was almost the same as that for the de-
crease in DS9 protein. The amount of DS9 transcripts in
TMV-inoculated NN tobacco leaves at 6 hr after the shift
was <5% of that in mock-inoculated leaves immediately af-
ter the shift. Such a small amount of the DS9 transcripts
could lead to a reduced production of DS9 protein. On the
other hand, we observed that TMV multiplication decreased
the amount of DS9 transcripts but not that of DS9 protein—
which may imply that a TMV infection-dependent decrease
in DS9 transcripts has little effect on the change in the
amount of DS9 protein present. It remains to be elucidated
why the DS9 transcripts are decreased when a plant is in-
fected with TMV.

Actinomycin D and heat shock reduce the quantity of the
DS9 protein, probably by mimicking the possible function of
the N gene in decreasing the DS9 transcripts. Neither acti-
nomycin D nor heat shock treatments decreased the actin

Figure 8. (continued).

which were 1.5 cm away from the black borderline that indicates the edge of the inoculated region. One of the two discs from each leaf was
used for protein gel blot analysis with the anti-TMV antibody (F), and the other was used for the TMV bioassay (H).

(H) TMV bioassay. For the TMV bioassay, crude leaf extracts from wild-type plants and the S4 line were inoculated onto the left and right half, re-
spectively, of Samsun NN tobacco leaves. Five days after inoculation, the leaf was photographed. The experiment was repeated twice with sim-

ilar results.
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Figure 9. Changes in the Rate of Photosynthetic Electron Transport
after the Temperature Shift.

Detached healthy leaves of Samsun NN tobacco plants were inocu-
lated with TMV (10 wg/mL; closed circles) or buffer only (Mock; open
circles) and shifted from 30 to 20°C at time 0. Thylakoid membranes
were isolated from leaves harvested at the indicated times after the
temperature shift and were used to measure the whole-chain electron
transport. Activity was expressed as the percentage of the control
sample (0 hr after the temperature shift of mock-inoculated leaves).
Values are the mean *sb of three independent measurements.

and GAPDH transcripts (Figure 7), however, which suggests
that the DS9 gene is more sensitive to these treatments than
are the actin and GAPDH genes. Actually, a low sensitivity of
actin and GAPDH genes to actinomycin D or heat shock has
been reported (Brodl and Ho, 1991; Blattner et al., 1999). In-
terestingly, actinomycin D is an inducer of apoptosis, a ge-
netically determined cell suicide program, in animals (Devitt
et al.,, 1999; Li et al., 1999). Transcriptional suppression is
a major event for apoptosis induction by actinomycin D
(Muscarella et al., 1998). In addition, heat shock induces cell
death in yeast (Davidson et al., 1996). It is thus not surpris-
ing that actinomycin D and heat shock treatments were able
to induce an HR, which is a form of programmed cell death
in plants (Dangl et al.,, 1996; Mittler and Lam, 1996), in
leaves systemically infected with TMV. Because the re-
sponse to actinomycin D (Muscarella et al., 1998) or heat
shock (Lindquist, 1986) varies between cell lines or cell
types, TMV-infected cells are probably more sensitive to ac-
tinomycin D or heat shock treatment than are uninfected
cells. If TMV-infected NN tobacco leaves are treated with
actinomycin D or subjected to heat shock, then transcription
of specific housekeeping genes, including the DS9 gene,
would be suppressed to a greater extent in infected cells

than in uninfected cells. As a consequence, the HR-like re-
sponse in the infected cells would be accelerated.

A shift from 30 to 20°C, similar to treatments with actino-
mycin D and heat shock, selectively decreased the amount
of DS9 transcripts in TMV-inoculated NN tobacco leaves,
suggesting that suppression of transcription of specific
housekeeping genes contributes to the TMV-induced HR.
Another candidate (housekeeping gene) for being sup-
pressed is the ubiquitin genes, the products of which func-
tion in a protein degradation system (von Kampen et al.,
1996). Suppressed expression of a ubiquitin gene, which
may cause a disturbance of cellular homeostasis, has been
reported to be involved in the TMV-induced HR in tobacco
(Becker et al., 1993; Karrer et al., 1998).

In the transformation experiment under high-intensity
light, no shoots were generated in the tobacco plants carry-
ing the antisense DS9 gene. Under low-intensity light, how-
ever, two antisense transgenic plants with an apparently
normal phenotype were generated—although healthy leaves
of these plants from the A9 and A12 lines contained only 89
and 80%, respectively, of the wild-type level of the DS9 pro-
tein. These findings suggest a threshold value for DS9 pro-
tein such that a minimum amount of the protein may be
necessary for cell survival under certain circumstances, for
example, light stress or infection with TMV. Conversely, un-
der such circumstances, if the quantity of DS9 protein in to-
bacco cells drops below that threshold, the cells do not
survive. Although no visible spontaneous lesions were found
in healthy leaves of the antisense A12 line, infection of its
leaves with TMV resulted in an accelerated HR. This obser-
vation may suggest that in TMV-infected leaves of wild-type,
NN tobacco plants, the HR is accelerated when the DS9
protein decreases to <80% of its basal value. Thus, a slight
decrease in the DS9 protein seems to be critical in the ac-
celeration of the HR in response to TMV.

FtsH protein of E. coli is involved in degradation of both
soluble regulatory proteins, such as the heat shock tran-
scription factor 3% (Herman et al., 1995; Tomoyasu et al.,
1995) and the \ lysis-lysogeny determination protein clll
(Herman et al., 1997), and membrane proteins, such as the
secretory machinery subunit SecY (Akiyama et al., 1996b;
Kihara et al., 1996) and the subunit of the F,F, ATPase com-
plex (Akiyama et al., 1996a). In addition to its function as a
protease, the FtsH protein functions as a chaperone in-
volved in protein assembly and folding (Akiyama et al.,
1994). Notably, depletion of the FtsH protein inhibits cell
growth and protein export in E. coli (Akiyama et al., 1994).
Furthermore, disruption of the ftsH gene leads to a loss of
viability in Helicobacter pylori (Ge and Taylor, 1996). In eu-
karyotes, mitochondrial homologs of FtsH are involved in
both protein degradation (Nakai et al., 1995) and protein as-
sembly (Rep et al., 1996), similar to bacterial FtsH. Interest-
ingly, the mutations at ftsH-related genes in yeast cause a
loss of function of mitochondria, leading to an increase in
DNA leakage from the mitochondria (Thorsness et al., 1993)
and to a decrease in activity for respiratory chain enzymes



(Nakai et al., 1995), thus indicating that FtsH-related pro-
teins are essential for normal mitochondrial function. These
findings support our suggestion that a decrease in DS9 pro-
tein affects cell viability.

Proteases in chloroplasts are thought to be essential for
the degradation of unassembled, mistargeted, denatured,
and unfolded chloroplastic proteins to maintain homeostasis
(Adam, 1996; Andersson and Aro, 1997). The chloroplast
FtsH is the only known ATP-dependent metalloprotease in
thylakoid membranes (Lindahl et al., 1996). This protease
was shown to be involved in the degradation of the unas-
sembled Rieske FeS protein (Ostersetzer and Adam, 1997).
The identity of the target substrates of the DS9 protein in
vivo remains to be determined.

Although the precise mechanism for the acceleration of
HR by a decrease in DS9 protein is not known, both chloro-
plasts and light are likely to be important factors for the HR,
because of the localization of the DS9 protein in chloro-
plasts and a reduction in the transformation efficiency of to-
bacco plants containing the antisense DS9 gene under high-
intensity light. Indeed, a light-stimulated HR has been found
in several plant species (Peever and Higgins, 1989; Genoud
et al., 1998; Allen et al., 1999). In addition, photosynthesis is
inhibited during the G-protein activator mastoparan-induced
HR in Asparagus sprengeri mesophyll cells (Allen et al.,
1999). Exposing chloroplasts to excess light results in a loss
of their photosynthetic capacity (Powles, 1984). The primary
target in this process is photosystem Il (PSll), leading to inhi-
bition of photosynthetic electron transport. This so-called
photoinhibition generates toxic singlet oxygen (1O,). The
molecule generated then damages the D1 protein of the PSI|
reaction center, and the damaged D1 protein is degraded
(Barber and Andersson, 1992; Aro et al., 1993). The degra-
dation of the damaged D1 protein during photoinhibition
leads to de novo synthesis of D1 protein; consequently, the
newly synthesized protein replaces the damaged one, con-
tributing to recovery of PSII activity. Spetea et al. (1999) pro-
posed that chloroplast FtsH is involved in clean-up
proteolysis of a fragment resulting from the primary degra-
dation of the photodamaged D1 protein. We found that pho-
tosynthetic electron transport was inhibited during TMV-
induced HR (Figure 9).

It is possible that the inhibition of photosynthetic electron
transport in the chloroplasts in the infected cells of NN to-
bacco leaves infected with TMV at 20°C leads to the genera-
tion of 10,, which damages the D1 protein. Assuming that the
DS9 protein is involved in D1 protein degradation, the dam-
aged D1 protein cannot be cleaned up because of a de-
crease in the amount of DS9 protein; as a result, PSII activity
in the chloroplasts cannot be recovered. We speculate that
the inhibition of photosynthesis through the loss of PSII ac-
tivity in infected cells disturbs the cellular homeostasis nec-
essary for survival of the cells, which in turn accelerates the
HR, leading to necrotic lesion formation. Obviously, further
work is required to elucidate whether a decrease in the DS9
protein in chloroplasts results in a loss of photosynthesis.
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In this report, we suggest that a chloroplastic protease
participates in a virus-induced HR. Our results will provide
insights into the mechanisms involved in the HR in plants.

METHODS

Plant Materials

Plants (Nicotiana tabacum cv Samsun NN, Samsun nn, SR-1, and
Xanthi) were grown in a temperature-controlled greenhouse at 25°C
under sunlight. Unless otherwise stated, the upper, fully expanded
healthy leaves of 50-day-old plants were used.

Tobacco Mosaic Virus Inoculation and a Temperature
Shift Experiment

For general inoculation, the detached leaves of plants were dusted
with carborundum (Mesh 600; Kishida Chemical Co., Osaka, Japan)
and mechanically inoculated with tobacco mosaic virus (TMV) sus-
pended in 10 mM phosphate buffer, pH 7.0. All of the inoculated
leaves were set on wet filter paper in transparent plastic boxes and
incubated in incubators previously maintained at 30 or 20°C. The
temperature shift was performed by transferring the leaves them-
selves to transparent plastic boxes containing wet filter paper that
had previously been maintained in an incubator at 30 or 20°C. All in-
cubations of inoculated leaves were performed under continuous il-
lumination at an intensity of 120 wmol of photons m~2 sec1.

DNA Sequencing

The DS9 cDNA was subcloned into the pBluescript SK— (Stratagene,
La Jolla, CA) phagemid vector and sequenced by the dideoxy chain
termination method with a model 373A DNA sequencer (Applied Bio-
systems Inc., Foster City, CA). Nucleotide and amino acid sequences
were analyzed with the Genetyx-Mac (Software Development Co.,
Tokyo, Japan) software system.

RNA Gel Blot Analysis

Total RNA extraction, blotting, and hybridization were performed as
detailed previously (Seo et al., 1999). cDNA probes of the tobacco
pathogenesis-related (PR) genes PR-1, PR-2, and PR-5 were synthe-
sized by polymerase chain reaction using synthetic primers to yield
fragments of 231 bp (corresponding to positions 507 to 737;
Matsuoka et al., 1987), 225 bp (corresponding to positions 1504 to
1728; Linthorst et al., 1990), and 187 bp (corresponding to positions
1781 to 1967; van Kan et al., 1989), respectively. A cDNA probe for
the tobacco glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene was described previously (Seo et al., 1995). The actin cDNA
probe was kindly supplied by H. Sano (Nara Institute of Science and
Technology, Nara, Japan). The blots were analyzed with a Biolmage
analyzer (Phosphorimager; Molecular Dynamics Inc., Sunnyvale, CA)
to quantify relative transcript amounts and by autoradiography.
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Production of Recombinant DS9 Proteins

To construct a plasmid for a glutathione S-transferase (GST) protein
fusion with DS9 (GST-DS9AN), we subcloned the coding region of
DS9 cDNA (corresponding to positions 412 to 2241) to the BamHI
and EcoRl sites of pGEX-2T (Pharmacia), which had been fused to
the C terminus of the GST protein. The resulting construct, pGEX-
DS9AN, was expressed in Escherichia coli JM109 by incubation in
0.4 mM isopropyl B-D-thiogalactopyranoside (IPTG) for 2 hr at 37°C.
The cells were collected by centrifugation at 6000g for 10 min at 4°C,
washed, and suspended in buffer A (20 mM Tris-HCI, pH 8.0, 30 mM
NaCl, 10 mM EDTA, and 2 mM phenylmethylsulfonyl fluoride). After
addition of a one-tenth volume of lysozyme (20 mg/mL in buffer A),
the suspension was incubated for 1 hr on ice and disrupted with an
ultrasonic disrupter (model UR-200P; Tomy Seiko Co., Tokyo, Ja-
pan) at a middle setting (level 7) for 1 min on ice.

The insoluble fraction was collected by centrifugation at 6000g for
10 min at 4°C, washed with buffer B (20 mM Tris-HCI, pH 7.5, and 30
mM NacCl) three times, centrifuged at 8000g for 10 min at 4°C, and
then resuspended in 10 mM EDTA, pH 8.0. After the addition of 8 M
guanidine-HCI, pH 8.3, to a final molar concentration of 6.22 M, the
lysate was subjected to centrifugation at 12,0009 for 30 min at 4°C.
The supernatant was dialyzed first against buffer C (2 M guanidine-
HCI, 0.2 mM EDTA, pH 8.0, and 5 mM 2-mercaptoethanol) for 2 hr at
4°C and then against buffer D (20 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 0.5 mM EDTA, and 5 mM 2-mercaptoethanol) for >4 hr at 4°C.
After collection by ultracentrifugation at 100,000g for 30 min at 4°C,
the supernatant was further purified with glutathione-agarose beads.
The protein concentration was determined by a protein assay kit
(Bio-Rad) with BSA as the standard.

To construct a plasmid for a recombinant DS9 protein with a six-
histidine tag (HisDS9), we subcloned the full-length coding region of
DS9 cDNA (corresponding to positions 22 to 2163) into the BamHI
site of pET-15b (Novagen, Madison, WI) in frame. The resulting con-
struct, pET-DS9, was expressed in E. coli BL21(DE3) by incubation
in 0.4 mM IPTG for 2.5 hr at 37°C. The cells were collected by cen-
trifugation at 50009 for 6 min at 4°C, suspended in buffer E (10 mM
Tris-HCI, pH 8.0, 20 mM imidazole, 10 mM 2-mercaptoethanol,
and 1 mM phenylmethylsulfonyl fluoride), and treated with lyso-
zyme. After the addition of Nonidet P-40, glycerol, and NacCl to final
concentrations of 0.5% (v/v), 10% (v/v), and 0.3 M, respectively, the
suspension was incubated for 15 min on ice and sonicated as de-
scribed above. After the removal of insoluble materials by centrifu-
gation, the supernatant was loaded onto a nickel-chelating column
(Pharmacia). The column was washed with buffer E containing 0.5%
Nonidet P-40, 10% glycerol, and 0.3 M NaCl and was eluted with a
20 to 500 mM linear gradient of imidazole in the same buffer. The
peak fractions of HisDS9 were dialyzed extensively against buffer F
(10 mM Tris-HCI, pH 8.0, 10% glycerol, 0.5% Nonidet P-40, and 1
mM DTT). The protein concentration was determined as described
above.

Production of Antibodies

The anti-DS9 antibody was produced against the DS9 protein sepa-
rated from GST-DS9AN. The salicylic acid-induced protein kinase
(SIPK)-specific antibody was produced against synthetic peptides
encoding the N terminus of SIPK (MDGSGQQTDTMMSDAGAE-
QPPTAP), as reported by Zhang et al. (1998). The anti-TMV antibody
was produced against the TMV particles.

Assay of ATPase Activity

ATPase activity was assayed according to the method of Chan et al.
(1986). The reaction mixture (60 wL) contained 50 mM Tris-HCI, pH
7.5,1 mM DTT, 2.5 mM Tris-acetate, 10 puM zinc acetate, 1 mM ATP,
and 500 ng of the recombinant HisDS9 protein. Reactions were per-
formed in the presence or absence of 5 mM MgCl, at 37°C for the ap-
propriate periods. The reaction was stopped by the addition of 240
wL of a color reagent (malachite green—polyvinyl alcohol-ammonium
molybdate-H,0, 1:1:2:2 [v/v]) and 30 pL of 34% sodium citrate. After
incubation for 20 min at 25°C, the absorbance of the color complex
was measured at 660 nm, as described previously (Akiyama et al.,
1996b). The amount of inorganic phosphate in the assay was deter-
mined by using known concentrations of potassium dihydrogen
phosphate as standards.

Assay of Protease Activity

Protease assays using fluorescein isothiocyanate—labeled casein
were conducted basically according to the method of Twining (1984).
The reaction mixture (60 pL) contained 50 mM Tris-HCI, pH 7.5, 1
mM DTT, 5 mM Tris-acetate, 5 mM MgCl,, 4 mM ATP, 2 pg of fluo-
rescein isothiocyanate—labeled casein (Molecular Probes, Inc., Eu-
gene, OR), and 200 ng of the recombinant HisDS9 protein. The
samples were reacted in the presence or absence of 12.5 pM zinc
acetate at 37°C for various periods. The reaction was stopped by
adding 6 pL of 10 mg/mL BSA and 60 p.L of 10% trichloroacetic acid,
and the mixtures were incubated for 10 min on ice and centrifuged
for 10 min at 15,000g. An aliquot (60 pL) of the supernatant was di-
luted to 2 mL with 0.5 M Tris-HCI, pH 8.5. Fluorescence of the diluted
samples was measured with excitation at 490 nm and emission at
525 nm. The background fluorescence intensity of a control sample
(0 min of incubation) was subtracted for each sample.

Chloroplast Isolation and Fractionation

All isolation and fractionation procedures were performed at 4°C. Intact
chloroplasts were isolated by Percoll gradient centrifugation (Price et
al., 1987) and lysed by osmotic shock in 5 mM Tricine-KOH and 5 mM
MgCl,, pH 7.9. The lysate was fractionated into stroma and thylakoid
fractions by centrifugation at 3000g for 5 min. The chlorophyll concen-
tration was determined according to the method of Arnon (1949).

Protein Gel Blot Analysis

Protein samples were separated by electrophoresis on a 10% SDS—
polyacrylamide gel and transferred to polyvinylidene difluoride or ni-
trocellulose membranes. After transfer, the polyvinylidene difluoride
membranes (Figure 8A) were stained with Ponceau S (Sigma) to ver-
ify transfer efficiency, according to Ausubel et al. (1987). The Pon-
ceau stain of the membranes revealed no differences in the intensity
of the band corresponding to the large subunit of Rubisco (ribulose-
1,5-bisphosphate carboxylase/oxygenase, the most abundant pro-
tein in leaf tissue) in each lane, demonstrating that equal amounts of
proteins had been loaded onto the gel. After the removal of Ponceau
S, the membranes were used for immunological detection of the DS9
protein, as described below. The dilution of the primary antibodies
used was 1:4000 for the anti-DS9 antibody and 1:2000 for the anti-
SIPK antibody. For the polyvinylidene difluoride membranes, alkaline



phosphatase-conjugated goat anti-rabbit 1IgG (Organon Teknika
Corp., Durham, NC) was used as a secondary antibody at a dilution
of 1:3000, and the immune complexes were visualized by hydrolysis
of tetrazolium-5-bromo-4-chloro-3-indolyl phosphate as the sub-
strate (Figure 8A). For the nitrocellulose membranes (Figures 3A, 4, 6,
and 7), horseradish peroxidase—conjugated anti-rabbit IgG was used
as a secondary antibody at a dilution of 1:5000, and the immune
complexes were visualized by using an enhanced chemilumines-
cence system (Amersham). Quantitation of the relative content of
DS9 protein was determined with the National Institutes of Health
(Bethesda, MD) Image 1.61 software program.

For protein gel blot analysis of the TMV coat protein, a leaf disc
was ground in an ice-cold mortar with liquid nitrogen and extracted
with 400 pL of 0.1 M sodium phosphate buffer, pH 7.0, containing 1
mM EDTA, 2 mM DTT, and one tablet of complete protease inhibitors
per 10 mL (complete, Mini; Boehringer Mannheim). After the addition
of 200 pL of 2 X SDS gel loading buffer (1 X SDS gel loading buffer
is 65 mM Tris-HCI, pH 6.8, 2.95% SDS, 720 mM 2-mercaptoethanol,
0.01% bromophenol blue, and 10% glycerol), the extraction solution
was transferred to a 1.5-mL microtube and centrifuged at 18,0009
for 15 min. Aliquots (15 pL) of the supernatant were loaded on a 15%
SDS-polyacrylamide gel, electrophoresed, and transferred to a poly-
vinylidene difluoride membrane. The membrane was probed with the
anti-TMV antibody at a dilution of 1:2000. The immune complexes
were visualized by observing the color reaction of alkaline phos-
phatase, as described above.

Immunoelectron Microscopy

Immunoelectron microscopy was performed essentially as described
by Suzuki and Kataoka (1992) and Tomoyasu et al. (1993b), except
that the leaves were cut into 1 X 1-mm pieces and fixed with 0.1%
glutaraldehyde and 4% paraformaldehyde in sodium cacodylate, pH
7.4, under vacuum conditions. The tissues were embedded in Lon-
don Resin White (London Resin Co., London, UK) at —20°C. The sec-
tions, cut with an ultramicrotome, were incubated with the anti-DS9
antibody (diluted 1:250) and then reacted with anti—rabbit IgG conju-
gated with 10-nm (in diameter) particles of gold (diluted 1:100; Biocell
Research Laboratories, Cardiff, UK) for 30 min at 37°C. After immuno-
labeling, the sections were stained with uranyl acetate. As the cyto-
chemical control, specimens were incubated with nonimmune rabbit IgG
or the primary antibody was omitted from the labeling process. For im-
munoelectron microscopy of the ultrathin frozen sections, some pieces
of fixed tissue were infused with a mixture of 20% polyvinylpyrrolidone
(molecular weight 10,000; Sigma) and 1.6 M sucrose, frozen in liquid
propane, and cryosectioned as described by Tokuyasu (1989). The
section was immunogold-labeled by the same procedure used for the
samples embedded in London Resin White, after which it was embed-
ded in a thin layer of polyvinyl alcohol (molecular weight 10,000; Sigma)
containing uranyl acetate. Samples were observed under a model
H-7100 transmission electron microscope (Hitachi, Tokyo, Japan).

Imaging of the Gold Particles

Negatives of the electron microphotographs were digitized with a
model GT-9000 flat bed scanner (1800 DPI; Seiko Epson, Nagano,
Japan) and stored in a TIFF format. The digitized images were nor-
malized to enhance the contrast (Fukui, 1986) by using Adobe Pho-
toshop version 3.0 (Adobe Systems, Inc., Mountain View, CA). The
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boundaries of the nuclei, chloroplasts, mitochondria, and mi-
crosomes were traced on each electron microphotograph, and the
area of each organelle was digitally measured. The number of gold
particles in each organelle was then visually counted.

Actinomycin D and Heat Shock Treatments

Actinomycin D (Wako Pure Chemicals, Osaka, Japan) at 10 mg/mL in
methanol was the stock solution and was subsequently diluted with
distilled water to various concentrations. For application to the
plants, the detached leaves were fed through the petiole with the
agent to a final concentration of 200 pg per gram fresh weight of leaf
tissues. This application was performed in an incubator maintained
at 30°C and took 1 hr. For the heat shock treatment, whole leaves
were completely immersed in a water bath maintained at 50°C for 2
min and then incubated again at 30°C.

Construction of Antisense and Sense DS9 Transgenes and
Tobacco Transformation

The coding region of the DS9 cDNA (corresponding to positions 22
to 2166) was amplified by polymerase chain reaction with the follow-
ing primers: primer A, 5-ATGGCCAATTCTCTCCTCTC-3’; and
primer B, 5'-CTAATCCTCCTCCTTAGAGA-3'. For the sense con-
struct, the BamHI and Sacl sites were linked at the 5’ end of primers
A and B, respectively. For the antisense construct, the Sacl and
BamHI sites were linked at the 5’ end of primers A and B, respec-
tively. The polymerase chain reaction products were digested with
BamHI and Sacl and then ligated, in the sense and antisense orien-
tation relative to a promoter, to pBI121 (Clontech, Palo Alto, CA),
which had previously been digested with BamHI and Sacl. The sense
and antisense DS9 expression constructs were introduced into
Agrobacterium tumefaciens LBA4404 by electroporation.

Transformation of Samsun NN tobacco was performed by the leaf
disc cocultivation method (Horsch et al., 1985). Leaf discs were im-
mersed for 5 min in a Luria-Bertani solution (0.1% Bacto tryptone,
0.05% Bacto yeast extract, and 0.1% NaCl) containing Agrobacte-
rium cells, placed on an incubation medium (basal Murashige-Skoog
medium [Nihon Seiyaku Co., Tokyo, Japan] containing 3% sucrose
and B-5 vitamins) containing naphthaleneacetic acid (100 pg/L) and
benzyl amino purine (1 mg/L) for 2 days at 25°C under the continuous
illumination of a white fluorescence lamp at an intensity of 10 wmol of
photons m~2 sec™%, and transferred to the same medium but with
250 wg/mL cefotaxime (Chugai Pharmaceutical Co., Tokyo, Japan)
added. After 2 days, the leaf discs were transferred to selection me-
dium (incubation medium containing 250 pwg/mL cefotaxime and 100
wrg/mL kanamycin). Plates containing leaf discs on selection medium
were incubated at 25°C under a cycle of 16 hr of light and 8 hr of dark
at an intensity of 10 wmol of photons m~2 sec~*. The leaf discs were
transferred to new selection medium every 10 days until green
shoots were generated. The shoots were transferred to hormone-
free selection medium to allow rooting. Plantlets were transplanted
to pots containing vermiculite and grown in an isolated greenhouse
maintained at 25°C under sunlight.

Electrolyte Leakage Measurement

Leaf discs (1 cm in diameter) were washed with distilled water and in-
cubated for 30 min in 5 mL of distilled water in a 50-mL beaker on a
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reciprocal shaker that was operated at 70 strokes per min. After in-
cubation, the conductivity of the solution was measured with a
model CDD-6A conductivity detector (Shimadzu, Kyoto, Japan).

TMV Bioassay

For the TMV bioassay, a leaf disc (7 mm in diameter) was ground with
a fine glass rod in a 1.5-mL microtube containing 200 pL of 10 mM
sodium phosphate buffer, pH 7.0. Aliquots (50 pL) of the extract were
applied to leaves. The inoculated leaves were incubated at 20°C.

Photosynthetic Electron Transport Measurement

The rate of the whole-chain electron transport in thylakoid mem-
branes was estimated as oxygen uptake resulting from the reoxida-
tion of methyl viologen. The assay medium contained 300 mM
sucrose, 40 mM Tricine-KOH, pH 7.5, 10 mM NaCl, 2 mM MgCl,, 1
mM ADP, 5 mM disodium hydrogen phosphate, thylakoid fractions
containing 20 g of chlorophyll per milliliter, and 100 wM methyl viol-
ogen as an electron acceptor. Oxygen uptake was monitored at 25°C
with a Clark-type liquid-phase oxygen electrode (Hansatech Instru-
ments, Norfolk, UK).
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