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Seedlings overexpressing OsTPCI showed greening of
roots under light conditions (Fig. 4E). Greening roots with
developed chloroplasts are also observed in a constitutive photo
morphogenetic mutant, cop! (Deng and Quail 1992). Light sig-
nal transduction may somehow be enhanced in OsTPC! over-
expressing plants. Plasma membrane Ca® influx is suggested
to be involved in phytochrome-mediated light signal trans-
duction (Neuhaus et al. 1997, Long and lino 2001), which is
necessary for induction of greening (Nagatani et al. 1993).
Microinjection of Ca?* and cGMP is reported to bypass the
phytochrome-mediated signal transduction to induce chloro-
plast development in a mutant defective in phytochrome A
(Bowler et al. 1994). Abnormal root greening in the OsTPCI-
overexpressing plants may be attributed to enhanced sensitiv-
ity to light.

Concluding remarks and future perspectives

We have shown that OsTPC1 has Ca®* transport activity in
both yeast and suspension-cultured plant cells and may play a
key role in regulation of growth and development in planta.
The OsTPCI overexpressors and Ostpc] mutant established in
the present study should be powerful tools to further character-
ize its physiological roles as a signal transducer to regulate

(Ca™],,, in plants.

Materials and Methods

Plant materials and growth conditions

Sterilized seeds of Oryza sativa cv. Nipponbare were germinated
on Murashige and Skoog (MS) agar medium (Murashige and Skoog
1962) and grown for 10 d in a growth chamber under jong day condi-
tions (16 h light/8 h darkness, 28°C). Seedlings were transplanted in
s50il and grown in a greenhouse (16 h light/8 h darkness, 28°C and 60%
humidity). Suspensions-cultured cells were maintained at 25°C in a
liquid AA medium (Su et al. 1992) containing 2,4-D (1 mg liter™") and
kinetin (0.2 mg liter™). Cell growth was measured by transferring 7-
day-old-cultured cells (0.5 g FW) to fresh medium without or supple-
mented with CaCl, as indicated.

Isolation of OsTPC1 cDNA

We identified a putative voltage-gated calcium channel in the
chromosome [ of rice (Accession No, AP003335) by using the Rice
BLAST (http:/friceblast.dna.affrc.go.jp/) with the amino acid sequences
of several Ca® channels as queries. The estimated ceding region of
OsTPCI was amplified by PCR using two synthetic primers: OsTPC1
forward (5'-CCACTTCTACTTCCGCTTCCGCTCGC-37) and OsTPC1
reverse (5'-TCTTGCTTTCTTCCTGCAGGGCCATGAAGA-3). Total
RNA was isolated from leaves of rice with Trizo! (Invitrogen) accord-
ing to the manufacturer’s protocol, and quantified spectrophotometri-
cally. First-strand cDNA was synthesized from 3 pg of total RNA with
the Oligo-dT primer and reverse transcriptase (Invitrogen}. One ul
within 20 ul ¢cDNA products was used as the template for PCRs; 30
cycles at 95°C for 60 s, at 55°C for 90, and at 72°C for 90s. To
obtain full-length ¢cDNA for OsTPCI and to define the open reading
frame, 3'-rapid amplification of cDNA ends (RACE) PCR and
5'-RACE PCR were performed with a 3'-full RACE core kit (Takara
Co.) and a 5'-RACE system (Gibco) ver 2.0 according to the manufac-
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turer's protocol. KOD dash DNA polymerase (Toyobo) was used as a
DNA polymerase.

Expression analysis of OsTPCI by RT-PCR ‘

First-strand ¢cDNA was synthesized from the total RNA extracted
from each rice tissues. Suspension-cuttured cells, 4-day-old cultured
cells (Nipponbare); mature leaves, grown in soil for 3 months; shoots
and roots, grown in MS medium for 10 d after germination. The PCR
primer used was OsTPCI1-F1 (5-TTAATTCTTGCTGTCATTTATGA-
TAGCTTT-3"), OsTPC1-R1 {§-CTATTGGTCACGGTTTTGAGATC-
CATCAAG-3"), OsActinl (5'-TCCATCTTGGCATCTCTCAG-3') and
OsActin2 (5-GTACCCGCATCAGGCATCTG-3") (Kojima et al. 2002).
PCR products were analyzed by agarose gel electrophoresis.

Isolation of genomic DNA and Southern blot analysis

Genomic DNA was isolated from leaves of rice with Nucleon
Phytopure kit (Amersham Pharmacia Biotech) according to the manu-
facturer’s protocol. Genomic DNA (1.5 pg) was cleaved with BamHI
and Xbal overnight at 37°C. Cleaved DNA was separated by 0.8% aga-
rose gel electrophoresis at 65V for 13.5 h, and transferred to nylon
membrane filter (Hybond-N+; Amersham Pharmacia Biotech). *2P-
labeled OsTPCI ¢cDNA was used as a probe. Hybridization was carried
out at 42°C in 2 solution that contained sodium phosphate buffer (pH
7.2), 7% SDS, and 20 pg ml™ denatmred salmon sperm DNA, and
stringent washing was performed at 55°C in 2x SSC and 0.1% SDS.
After hybridization, the filter was exposed to X-ray film.

Functional complementation of a yeast Ca’* -requiring mutant

A wild-type strain of S. cerevisiae W303-1A (Wallis et al. 1989)
and cchl::TRPI null mutant strain K927 (Locke et al, 2000) were
used. The yeast cells were transformed with OsTPC! cDNA inserted
into pYES2 (Invitrogen) by using standard procedures and grown on
yeast nitrogen base minimal media containing appropriate amino acids
and 2% galactose (SGal medium). Exponentially growing cells were
transferred into SGal media deficient in CaCl, (SGal-Ca medium; lida
et al. 1994) and the cellular growth was monitored by measuring Ay,

Ca** uptake in yeast cells

Ca®* uptake was measured by the method described by Eilam and
Chernichovsky (1987) with slight modifications. Cells (107 cells mI™)
grown on SGal medium were pre-incubated for 120 min at 30°C in
10 mM MES-Tris buffer (pH 6.0) containing 100 mM glucose. Cal-
cium uptake was initiated by adding **CaCl, solution to a final concen-
tration of 72 kBg mI"' (0.72 kBq pmol™). Aliquots (100 ul) were fil-
tered through Millipore filters (0.45 pM; Millipore) that pre-soaked in
washing solution (20 mM MgCl, and 0.1 mM LaCl;) and washed five
times with the same solution. Radioactivities in yeast cells were
counted with a liquid scintillation counter.

Overexpression of OsTPCI in rice

A coding region OsTPC! cDNA was introduced into a Ti-based
vector, pSMABT704 (Yamashita ¢t al. personal communication), in the
sense orientation downstream of the CaMV 3355 promoter in place of
GUS. The construct was introduced into calli {Oryza sativa cultivar
Nipponbare) by means of Agrobacterium-mediated transformation,
according to the protocol of Tanaka et al. (2001). Transformed calli
were selected for bialaphos (Meiji Seika, Tokyo, Japan) resistance, and
then transgenic plants were regenerated. In order to determine whether
or not each T, plant has the transgene, we amplified 355-OsTPCI
products from genomic DNA of each plant by means of PCR, using
358-Fl (5'-GCAAGACCCTTCCTCTATATAAGG-3") and OsTPCI-
R2 (5-CTATTGGTCACGGTITTGAGATCCATCAAG-3") as spe-
cific primers,
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Isolation of TosI7 insertional mutant of the OsTPC!

Large populations (39,744 lines) of rice {Oryza sativa cultivar
Nipponbare) mutants generated by means of TosI7-mediated mutagen-
esis were made available by the Laboratory of Gene function at the
National Institute of Agrobiological Resources (Tsukuba, Japan).
Details of mutagenesis with TosI7 have been described (Hirochika
1999). As a result, we isolated one mutant line (NF1041) by PCR
screening. TosI7 insertion in the mutant (Ostpel) was confirmed by
DNA gel blot analysis, and its exact position was determined by se-
quencing, RT-PCR was used mRNA expression analysis of Ostpcl mu-
tant using exonllP (5-TACCATTGCAATAAAATTCCAGAAA-3'}
and P2 (5-CTATTGGTCACGGTTTTGAGATCCATCAAG-3") as
specific primers.

Measurement of chlorophyll content

Roots of plants grown for 14 d in a growth chamber {continuous
light, 28°C) were homogenized in 80% acetone. The homogenate was
centrifuged, and absorbance spectrum of the supcmatant was measured.
Total chlorophyll contents were calculated according to the following
equation (Arnon 1949): total chlorophyll (pg mi™") = 8.02 (Ag; — Agyg)
+20.2 (Ays — Aqyo)-
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Abstract

Ca?* is the pivotal second messenger for induction of defense responses induced by treatment of pathogen-derived elicitor or
microbial infection in plants. However, molecular bases for elicitor-induced generation of Ca?* signals (Ca®* transients) are largely
unknown, We here identified ¢cDNAs for putative voltage-dependent Ca®+-permeable channels, NtTPCIA and NiTPCI B, that are
homologous to TPCI {(two pore channel) from suspension-cultured tobacco BY-2 cells. NtTPCls complemented the growth of a
Saccharomyces cerevisine mutant defective in CCHI, a putative Ca?* channel, in a low Ca®* medium, suggesting that both products
permeate Ca?* through the plasma membrane. Cosuppression of NiTPCls in apoaequorin-expressing BY-2 cells resulted in inhi-
bition of rise in cytosolic free Ca** concentration ([Ca’*).,) in response to sucrose and a fungal elicitor cryptogein, while it did not
affect hypoosmotic shock-induced {Ca®*)., increase, Cosuppression of NtTPCIs also caused suppression of cryptogein-induced
programmed cell death and defense-related gene expression. These results suggest that NtTPCls are involved in Ca?* mobilization

induced by the cryptogein and sucrose, and have crucial roles in cryptogein-induced signal transduction pathway.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Calcium ion; Cryptogein; Suspension-cultured tobacco BY-2 cell; Two pore channel

Ca? plays an essential role as an intracellular second
messenger in plants [1]. Changes in cytoplasmic free
Ca’* concentration ([Ca®*].y,) due to Ca®* fluxes in re-
sponse to a variety of external and internal stimuli are
suggested to serve to communicate and amplify signals
by triggering intracellular biochemical processes [2].
Physiological evidences suggest that rapid increases in
[Ca**] (Ca** transients) are mediated by Ca®* chan-

™ Abbreviations: [Ca®*]uy, cytosolic free Ca®* concentration; PCD,
programmed cell death; RACE, rapid amplification of ¢DNA ends;
RT-PCR, reverse transcriptase-PCR; SGal medium, yeast nitrogen
base minimal media containing appropriate amino acids and 2%
galactose; $Gal-Ca medium, SGal medium depleted CaCls,

* Corresponding author. Fax: +81-4-7123-9767.

E-mail address: kuchitsu@rs.noda.tus.ac.jp (K. Kuchitsu}.

0006-291X/3 - see front matter ©@ 2004 Elsevier Inc, All rights reserved.

doi:10.1016/j.bbre,2004.03.114

nels located on the plasma membrane and endomem-
branes such as endoplasmic reticulum and tonoplast [3].
In animal cells, many voltage-dependent Ca?* channels
function in the transduction of sensory input and Ca®*
signaling by permeating Ca?* at the plasma membrane
{4,5). In plants, both the hyperpolarization-activated
and the depolarization-activated inward-rectifying Ca?*
permeable channels have been electrophysiologically
identified [6-9). Activation of voltage-dependent Ca®t
channels has been suggested to be involved in response
to vartous signals, including abscisic acid [10], blue and
red light [11,12], nod factors [13], and fungal elicitors
[14,15]. However, the gene encoding voltage-dependent
channel with high affinity for Ca?* permeation had not
been cloned from plants for a long time. Recently, we
isolated a full-length cDNA encoding a putative Ca?*
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permeable channel (AtTPCl; GenBank Accession No.
ABO053952; Fig. 1A) from Arabidopsis thaliana [16}].
However, physiological roles of AtTPCI remain largely
unknown.

Plants respond to attacks from pathogens by acti-
vating a variety of defense mechanisms, including the
synthesis of phytoalexins, the expression of defense-re-
lated genes, and programmed cell death (PCD) known
as hypersensitive response, which restricts pathogen
growth at the site of infection [17). Ca?* channel
blockers inhibit such defense responses and PCD in
several systems, suggesting the importance of Ca?* in
induction of these responses [18,19]. Cryptogein, a 10-
kDa proteinaceous elicitor that is produced by the
pathogenic fungus Phytophythora cryptogea, induces cell

Y. Kadota et al. { Biochemical and Biophysical Research Communications 317 (2004) 823-830

death and defense-related gene expression in tobacco
plants and tobacco cell suspensions [20,21]. This cell
death is induced via a specific signal transduction
pathway including various ion fluxes, protein kinase
activation, and production of reactive oxygen species
[20,22,23]. After an apparent lag of 1 min, cryptogein
induced characteristic two transient peaks in [Ca“]cyt as
well as anion efflux and H* influx in suspension-cultured
tobacco BY-2 cells [22]. Pharmacological analyses sug-
gested importance of anion efftux in induction of Ca’*
influx through the plasma membrane. Since an anion
efflux plays a major role in abscisic acid-induced plasma-
membrane depolarization [10], voltage-dependent Ca?*
channels might be involved in cryptogein-induced Ca**
signaling,
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Fig. 1. (A) Multiple amino acid sequence alignment of AtTPCI, NtTPCIA, and NtTPCIB. Identical and similar amino acid residues are denoted
with asterisks (*} and periods (), respectively. Twelve putative transmembrane segments are open boxed. Two putative pore loops are gray boxed.
Arginine residues (R) located at intervals of two amino acids in $4 segments are indicated with arrowheads. Two putative EF-hand motifs are
underlined. GenBank accession numbers corresponding to the proteins are as follows; AtTPCI (AB053952), NtTPCI 4 (AB124646), and NtTPCIB
{AB124647). (B) Kyte and Doolittle hydropathy plot of NtTPC1A and NtTPC1B. The six hydrophobic segments (§1-36) and a pore loop segment

(P) in each domain are indicated.
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We here report isolation of putative voltage-dependent
Ca?* permeable channels (NtTPCIA and NtTPC1B)
from tobacco BY-2 cells, and analysis of their roles in
cryptogein signal transduction in BY-2 cells. NtTPCls
are required for cryptogein-induced [Ca’*],, changes,
defense-related gene expression, and PCD. Furthermore,
NtTPCls were shown to have essential roles in Ca®* sig-
naling of sucrose.

Materials and methods

Isolation of NtTPCIA and NtTPCIB ¢DNAs and plasmid construc-
tion. Comparing the conserved region of rat TPCI (TPCI; GenBank
Accession No. AB018253) and AtTPCI (4¢TPCI, GenBank Accession
No. AB053952), two primers TPCIfw (5¥-AACATCCAACAATCC
TGATGTCTGGATTCC-3') and TPClrev (¥-TCATAAGAAGCCT
TATCAGTCTTAACATTC-3') were synthesized, and the fragments of
TPC1 homologs of tobacco were amplified by PCR.

Total RNA was extracted from tobacco BY-2 cells (NMicotiana
tabacum L. cv. Bright Yellow-2, cell linge BY-2) with Trizol Reagent
(Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized
from 5pg of total RNA with Superscript 11 (Invitrogen), and the
c¢DNA product was used as the template for PCRs. As a result, we
obtained two independent cDNA fragments encoding TPC1 homo-
logs, termed NtTPCIA and B. To obtain full length cDNA for
NtTPCIA and B and to define the open reading frame, 3'-rapid am-
plification of ¢DNA ends (RACE) PCR and ¥-RACE PCR were
performed with RNA PCR Kit (AMY) Ver.2.1 (Takara, Otsu, Japan)
and 5-Full RACE core Kit (Invitrogen). All of these PCRs were
performed using KOD dash DNA polymerase (Toyobo, Osaka, Ja-
pan). DNA sequencing was performed with ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction Kit and an ABI PRISM
310 DNA Sequencer (PE Applied Biosystems, Foster City, CA, USA).

Yeast strains, expression of plant cDNAs, and growth of transfor-
mants. A wild-type strain of Saccharomyces cerevisiae W303-1A [24]
and cchi::TRPI null mutant strain K927 [25] were used. The coding
regions of NtTPCIA ¢cDNA and NtTPCIB cDNA were inserted into
pYES2 (Invitrogen), and transformed to yeast cells by using standard
procedures. The transformed yeast cells were grown on yeast nitrogen
base minimal media containing appropriate amino acids and 2% ga-
lactose (SGal medium). Exponentially growing cells were transferred
into SGal media deficient in CaCl; (SGal-Ca medium) and the cell
growth (4es) was measured [26],

Plant material, transformation, and selection of transformed cell
lines. Transgenic tobacco BY-2 cells, which express apoaequorin spe-
cifically in the cytosol, were grown in modified Linsmaier and Skoog
medium as reported [27,28]. The cell suspension was agitated on a
rotary shaker at 100 rpm at 28 °C in the dark and used 1 week after
subculture. An additional transformation of apoaequorin-expressing
cells was carried out according to An [29] with minor modifications as
follows: 4ml of 3-day-old exponentially growing culture was trans-
ferred to a 90-mm petri dish and incubated at 28 °C with 100 ! of fresh
overnight culture of Agrobacterium tumefaciens EHA101 containing
the binary vector pPSMAB704 (generous gift from Dr. Ichikawa), which
contains caulifiower mosaic virus 355 promoter and the coding region
of AtTPCI. After 43-h co-cultivation, the tobacco cells were washed
and plated on the LS apar medium containing 4 pg/ml bialaphos
(Aventis, Strasbourg, France) and 250 pg/ml calbenicillin (Wako,
Osaka, Japan). Each 34 weeks, the transformants were selected and
transferred onto fresh medium for the selection. To select the
NtTPCls-cosuppressing cell line, immunoblot analysis of microsomal
membrane fraction with anti-AtTPC! antibody was performed. The
antibody specifically cross-reacted to the linker domain of the AtTPC|
(Furuichi and Muto, unpublished results).

Measurement of changes in [Ca®* ].,,. The apoaequorin-expressing
BY-2 cell suspension was incubated with 1M coelenterazine at least
6h. For each experiment, details are written in the legends. Aequorin
luminescence reflecting [Ca®*),s was measured with a Lumicounter
2500 luminometer (Microtech Nition, Funabashi, Japan) equipped
with A/D converter (MacLab, AD instruments, Castle Hill, Australia)
and analyzing software (Chart v3.6.8, AD instruments). The 250 ul of
cells was transferred to a cylindrical plastic cuvette and kept for 15 min
at room temperature with stirring on a rotator at 150 rpm to recover
cells from mechanical stress caused by pipeting. The cuvette containing
cell suspension was set in the luminometer and rotated 17 revolutions
every 3s in the clockwise and counterclockwise in turn to stir the cells
during luminescence measurement. Aequorin luminescence curves
shown in this paper were normalized with total luminescence of each
cell line,

Expression and purification of cryptogein. Pichia pastoris (strain
GS115) carrying the plasmid pLEP3 was used for cryptogein pro-
duction. Cryptogein which produced according to O'Donohue et al.
[30] was dissolved in distilled water. Cryptogein concentration was
determined using UV spectroscopy employing extinction coefficients of
8306 M~'cm ! at 277 nm [31].

Northern analysis. Denatured total RNA (15 pg) was subjected to
electrophoresis on a 2% agarose gel containing 5.5% formaldehyde and
then transferred onto a Hybond-N membrane (Amersham Bioscience,
Buckinghamshire, UK}, Hybridization was performed at 65°C in
phosphate buffer (500 mM Na-phosphate, pH 7.2, I mM EDTA, 1%
bovine serum albumin, and 7% SDS) with random primed [**P] probes
for Hsr203J [32] and Hinl [33] cDNA from tobacco. The hybridization
signal was visualized with a Typhoon 9210 (Amersham Bioscience).

Cell death assay with Evans blue. The 7-day-old cells were diluted
(1/5) in fresh growth medium and incubated for 6h before cryptogein
application (same condition for [Ca®*],,, measurement). Cell death was
measured 24 h after application of cryptogein (1 uM) or distilled water.
One milliliter of the cell suspension was incubated with 0.05% Evans
blue (Sigma, $t. Louis, MO, USA) for 15min and then washed to
remove unabsorbed dye. The selective staining of dead cells with Evans
blue depends upon extrusion of the dye from living cells via the intact
plasma membrane [34]. Dye that had been absorbed by dead cells was
extracted in 50% methanol with 1% SDS for 1 h at 60 °C and quantified
by absorbance at 595 nm. The value was divided by the fresh weight of
the cells to average the cell volume.

Results
Molecular cloning of NtTPCIA and NtTPCIR

Ishibashi et al. [35] and Furuichi et al. [16] have
cloned two-pore channels from rat kidney (TPC{;
GenBank Accession No. AB018253) and Arabidopsis
(AtTPCI; GenBank Accession No. AB053952), respec-
tively. Using the conserved region between rat TPCI
and 4tTPCI, we cloned two putative orthologs from
tobacco BY-2 cells by reverse transcriptase-PCR(RT-
PCR} amplification. Two cDNAs designated NeTPCI A
and NrTPCIB (GenBank Accession Nos. AB124646
and AB124647) were amplified. NtTPCIA and
NtTPCIB encode polypeptides of 735 amino acids with
predicted molecular masses of 84,847 and 85,126, re-
spectively (Fig. IA). The deduced amino acid sequences
of NiTPClA and NtTPCIB are quite similar to each
other (97.1% identity), and were 66.5% and 65.9%
identical to AtTPCI, respectively.
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A computer-assisted Kyte and Doolittle hydropathy
plot of the deduced amino acid sequences of NtTPCls
indicated the presence of two conserved homologous
domains (I and II}, both of which contain six trans-
membrane segments (S1-S6) and a pore loop (P) be-
tween S5 and S6 in each domain (Fig. 1B). These
predicted structures are similar to those of rat TPC1 and
AtTPC1 [16,35], and also similar to the half of the
general structure of a-subunits of voltage-activated Ca?*
channels [36]. As observed in AtTPCl, two EF-hand
motifs were found in the linker domain between domain
I and domain II of NtTPCls by using Pfam database
(http://www.sanger.ac.uk/software/pfam/) (Fig. 1A).
AtTPCI and rat TPCI have two potential protein kinase
C phosphorylation sites between domains I and II (8336
and S364 in AtTPC1), whereas NtTPCls have only one
site at 8364 (Fig. 1A),

NtTPCls complement the growth of S. cerevisiae cchl
mutant

Saccharomyces cerevisiae CCHI has sequence ho-
mology with the o-subunit of animal L-type Ca?*
channel. Ca?* uptake activity and growth of a yeast
mutant defective CCHI1 are suppressed in a low Ca**
medium {37]. To know whether NtTPCls permeate
Ca’*, we expressed NtTPCIA and NtTPCIB in a cchl
mutant K927 strain. The both transformants recovered
growth rates (Fig. 2), suggesting that NtTPCls rescued
Ca®* transport activity across the plasma membrane of
cchl mutant.

4.5
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Fig. 2. NtTPClA4 and NtTPCIB rescue growth rate of yeast cchl
mutant. Exponentially growing cells of strains W303-1A {wild-type)/
PYES2, K927 (cchi)pYES2, K927 (cchi)YpYES2-NtTPCIA, and
K927 (cchl)pYES2-NtTPCI B were transferred into SGal-Ca medium,
and the cell growth {450} was measured at the indicated times. Qpen
circle, W303-1A (wild-type)/pYES2: closed circle, K927 (cchi)pYES2;
open triangle, K927 (cchI)pYES2-NtTPCIA; and closed triangle,
K927 (cchl)/pYES2-NtTPCIB. Vertical bars represent SE of three
independent experiments.

NtTPCls are involved in {Ca’* ], changes induced by
sucrose

Transgenic BY-2 cell line expressing apoaequorin
gene is a powerful tool for analyzing [Ca%*].,, changes.
When 4:TPCI cDNA was overdriven using caulifiower
mosaic virus 358 promoter in apoaequorin-expressing
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Fig. 3. Cosuppression of NtTPCIs resulted in the absence of sucrose-
induced [Ca’*],,, responses. (A) Western blot analysis of control and
NtTPCls-cosuppressing line of BY-2 cells using anti-AtTPCI anti-
body. Microsomal membrane fractions (50 ug of protein) were elec-
trophoresed using SDS-PAGE, transferred to polyvinylidene
diflucride membrane, probed with the anti-AtTPCl antibody, and
revealed by chemiluminescence. Lane 1, marker; 2, fraction from
control cell line; and 3, fraction from NtTPCls-cosuppresing cell line.
(B) NtTPCIs-cosuppressing cells did not induce [Ca®*].,, increases in
response to sucrose. The 7-day-old cells after subculture were trans-
ferred to the sucrose free medium and cultured further 2 days. To
reconstitute the aequorin, cells were incubated with 1 uM coelenter-
azine for 8h and used for the assays. [Ca*},, responses to sucrose
(100 mM) and hypoosmotic shock (2001 H,O was added to the 400 pl
culture) were measured. Data are from one representative experiment
of three independent experiments.
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BY-2 cells, cells of which both 4:tTPC! and endogenous
NtTPCls were suppressed were isolated as a cosup-
pressing cell line. Fig. 3A shows immunoblot analysis of
a transgenic cell line with anti-AtTPC1 antibody. Con-
trol cells expressed endogenous NtTPCls (85kDa),
whereas the expression of the endogenous NrTPCls and
the transgenic AtTPCI was cosuppressed in the trans-
genic line. Using N1TPCls-cosuppressing line, we at-
tempted to clarify possible involvement of NtTPCls in
Ca’* signaling induced by various stimuli.

Since the sucrose/H" symporter that facilitates su-
crose uptake on the plasma membrane is an electro-
genic transporter, influx of translocated sucrose induces
plasma membrane depolarization and is thought to
activate a voltage-dependent Ca®* channel on the
plasma membrane [38]. In A. thaliana, the expression
of sucrose/H* co-transporters is necessary for sucrose-
induced [Ca®*]., increase [39] in aequorin-expressing
leaves. Furthermore, sucrose-induced [Ca’*],, increase
was enhanced by overexpression of AtTPC1 and sup-
pressed by antisense expression of it [16]. In BY-2 cells,
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the transcriptional level of NtSUTIA, one of the su-
crose/H* co-transporter orthologs, is significantly in-
creased by sugar-starvation and this was well
correlated with the intensity of [Ca?*], increase (data
not shown). Application of sucrose (100 mM) after
sugar-starvation induced a transient [Ca’*),, increase
in control cells, while the NtTPCls-cosuppressing line
did not show any changes (Fig. 3B). This result sug-
gests that NtTPCls are involved in sucrose-induced
[Ca*].y increase.

On the contrary, hypoosmotic shock induced similar
{Ca%*},, change both in control and the NtTPCls-co-
suppressing lines (Fig. 3B). The intensities of total lu-
minescence, which caused by the addition 1/5 volumes of
1 M CaCl,/20% EtOH solution, were also equivalent in
both cell lines (data not shown), suggesting that cosup-
pression of NtTPCls does not affect apoaequorin ex-
pression and the aequorin luminescence. These results
suggest that NtTPCls are involved in sucrose-induced
Ca** signaling, but not in hypoosmotic shock-induced
Ca’* signaling.
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Fig. 4. Cosuppression of NiTPCls inhibits cryptogein-induced [Ca®*]., increase and programmed cell death, (A) [Ca?*),, increases induced by
cryptogein (1 uM) in control cell and NtTPC/s-cosuppressing line. The 7-day-old cells after subculture were diluted (1/5) in fresh growth medium and
incubated with 1 uM coelenterazine for 6 h. Data are from one representative experiment of six independent experiments. (B) Defense-related gene
expression in NtTPCls-cosuppressing cells (or line). Cryptogein (I pM) or DW was applied to the BY-2 cells and the expression of defense-related
genes (Hsr203 and Hinl) was analyzed by RNA gel blot analysis. (C) Cryptogein-induced cell death is suppressed in NtTPCls-cosuppressing line.
Alter 30h after cryptogein (! uM) application, dead cells were analyzed by Evans blue assay. Bars represent means + SE of four independent ex-

periments.
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NtTPCls cosuppression caused inhibition of cryptogein-
induced [Ca** ], increase, defense-related gene expres-
sion, and PCD

To deduce physiological roles of NtTPCls in cryp-
togein-induced Ca®* signaling and defense responses, we
analyzed the [Ca?*],, changes, the cryptogein induced
cell death, and the transcriptional level of defense-re-
lated genes in the NtTPCls-cosuppressing line. Fig. 4A
shows that cryptogein induced biphasic [Ca®*]y in-
creases in control BY-2 cells as reported previously [22].
Cryptogein also induced [Ca®*), transients in
NtTPCls-cosuppressing ling, but the increase was sig-
nificantly suppressed in comparison with that of control
cells, suggesting that NtTPCls are involved in cryptog-
ein-induced [Ca®*],, increase. To further characterize
the role of NtTPCls in cryptogein signaling pathway,
we analyzed the induction of defense-related genes
(Fig. 4B) and PCD (Fig. 4C). A hypersensitive response-
related (hsr) gene, Asr203] that encodes a serine hydro-
lase with esterase activity, is postulated to regulate either
the establishment or limitation of hypersensitive cell
death [32). The expression of the harpin-induced (kin)
gene hinl is also reported to correlate with the hyper-
sensitive response [33]. In control cells, the expression of
Hsr203J and Hinl as well as PCD was induced § and
30h after the application of cryptogein, respectively
(Figs. 4B and C). Conversely, the expression of defense-
related genes was delayed and suppressed, and PCD
induction was also significantly suppressed in the
NtTPCls-cosuppressing line.

Discussion

Molecular cloning of putative voltage-dependent Ca’*
permeable channels (NtTPCIA and NtTPCIB) from
tobacco

The overall structure of NtTPCls is similar to the
half of the general structure of a-subunits of voltage-
activated Ca?* channels {36]. The expression of
NtTPCIs recovered the growth rate of a Ca®* requiring
mutant cchl (Fig. 2), suggesting that NtTPCls could
permeate Ca?t from extracellular space to cytosol. The
84 segments of NtTPCls have positively charged argi-
nine residues {domain 1 and domain 2 have 4 and 5
arginine residues, respectively) and some of them are
located at intervals of two amino acids (indicated with
arrowheads in Fig. 1A). This structure is conserved
among mammalian voltage-gated Ca®" channels and
functions as a voltage sensor [40]. In plants, influx of
translocated sucrose to the mesophyll cells depolarizes
the membrane potential since the sucrose—H™* symporter
that facilitates sucrose uptake on the plasma membrane
is an electrogenic transporter [38] and may subsequently

activate a voltage-activated Ca** channel on the plasma
membrane. BY-2 cells showed a transient [Ca?*],,, in-
crease in response to sucrose, while NtTPCls-cosup-
pressing cells did not induce any change (Fig. 3B).
Considering from the conserved structure of voltage-
sensor, these results may indicate that NtTPCls are
voltage-dependent Ca’*-permeable channels. However,
electrophysiological analyses of NtTPCls are needed for
direct identification of their voltage dependency. Fur-
thermore, it should be a very important future research
subject to show whether NtTPCls are really responsible
for the various kinds of voltage-dependent Ca®* cur-
rents that have been electrophysiologically identified
[41]. However, patch clamp analysis of ectopically ex-
pressed rat TPC1 and AtTPCI in the Xenopus oocyte
[35], and cultured animal cells (data not shown), re-
spectively, was unsuccessful at this moment.

On the other hand, in the case of hypoosmotic shock
[28,42], both control and NtTPCls-cosuppressing line
induced similar [Ca®*], change (Fig. 3B), suggesting
that NtTPCls may not be involved in hypoosmotic
shock-induced [Ca?*].,, increase.

The role of NtTPCls in defense responses

We showed here that NtTPCls are involved in the
cryptogein-induced [Ca®*].,, increase, defense-related
gene expression, and induction of PCD. Pharmacologi-
cal experiments have shown that the first peak of bi-
phasic [Ca?*),, increases is influx of Ca?* through the
plasma membrane and this Ca** influx may activate
the second peak of the [Ca?*],,, increase that are due to
the release of Ca?* from intracellular Ca®* stores via an
inositol trisphosphate-dependent pathway [21]. Sup-
pression of NtTPCls expression strongly inhibited both
of the two peaks of [Ca®*]y, increase (Fig. 4A), sug-
gesting that NtTPCls are required for the former Ca?*
influx through the plasma membrane in this response.

We also obtained BY-2 cell lines overexpressing
AtTPCI. In comparison with the control lines, the
AtTPCI-overexpressing cells showed enhanced cryp-
togein-induced [Ca**)., increase and PCD (data not
shown), suggesting that the strong inhibition of cryp-
togein-induced [Ca®*].,, changes and PCD in NtTPCls-
cosuppressing line is due to the reduced expression level
of NtTPCls. Recently, Kurusu et al [45] isolated a
TPC1 homologue from rice (OsTPCI; GenBank Ac-
cession No. AB071014)., Overexpressor of OsTPCl
showed severer elicitor-induced cell death than control
cells, while the knockout cells did not induce PCD
{(Kurusu et al., submitted). These results suggest that
TPCI1 play an essential role in induction of defense re-
sponses in both monocotyledonous and dicotyledonous
plants.

In the NrTPCls-cosuppressing line, sucrose-induced
[Ca?*)., increase was completely inhibited (Fig. 3B), but
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the inhibition of cryptogein-induced [Ca’*],, increase
was weaker. These results may suggest that other Ca?®*-
permeable channels are also involved in cryptogein-
induced [Ca?*],, change. NtTPCl-independent Ca?t
influx may induce depolarization of the plasma mem-
brane to activate NtTPCls. AtCNGC2, a cyclic nucle-
otide-gated ion channel that permeate cations including
Ca?* and K* [43], is suggested to have an essential role
in induction of avirulent pathogen-induced PCD [44],
suggesting that CNGCs may also be involved in elicitor-
induced Ca?* mobilization. Possible cooperative rela-
tionship between the TPCI family and CNGCs in the
elicitor-induced {Ca®*].,, changes may be an important
future research subject.

In conclusion, the present results suggest that
NtTPCls are putative voltage-dependent Ca?*-perme-
able channels at the plasma membrane and play signif-
icant roles in Ca%*-mediated signal transduction induced

by a fungal elicitor, cryptogein, as well as sucrose.

Further characterization of NtTPCls would reveal the
melecular mechanisms for these signaling pathways and
their roles in induction of downstream events.
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