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ABSTRACT. Hundreds of proteins involved in signaling pathways contain & @apendent membrane-
binding motif called the C2-domain. However, no small C2-domain proteins consisting of a single C2-
domain have been reported in animal cells. We have isolated two cDNA cloeERG1aandOsERG1b

that encode two small C2-domain proteins of 156 and 159 amino acids, respectively, from a fungal elicitor-
treated rice cDNA library. The clones are believed to have originated from a single gene by alternative
splicing. Transcript levels of th®sERG1gene are dramatically elevated by a fungal elicitor prepared
from Magnaporthe grisear by C&" ions. The OsERGL1 protein producedBscherichia colibinds to
phospholipid vesicles in a €adependent manner and is translocated to the plasma membrane of plant
cells by treatment with either a fungal elicitor or a?Cé@onophore. These results suggest that OSERG1
proteins containing a single C2-domain are involved in plant defense signaling systems.

Plants protect themselves against pathogen attack byCe*-binding proteins have one of the following three*Ca
launching both localized and systemic defense responsegegulatory motifs: EF-hand4{, 18), annexin folds 19, 20),

(1, 2). When a pathogen attacks plant tissues, receptors onor C2-domainsZ1, 22). Among them, the C2-domain first
the plasma membrane recognize signals called elicitors thatidentified from thex, 8, andy isoforms of mammalian Ca-
result from combined reactions of the pathogen and hostdependent PKE(23—26) contains approximately 130145
cells, and they activate defense systems through diverseamino acid residues that form a conserved efgystrand
intracellular signaling cascade&—5). However, the mo-  antiparallel sandwich connected by variable loops. Whereas
lecular mechanisms of elicitor-mediated signal transduction the C2-domain found in a wide variety of animal proteins is
pathways in plants remain to be elucidated. implicated in eukaryotic signal transduction and membrane
In the coordination of a wide range of cellular signaling trafficking processesiq, 27—31), only a few C2-domain
processes in all higher eukaryotés 7), C&* ions play an proteins have been reported in plants. In particular, no
important role as intracellular second messengers in responséunctional characterization of proteins containing a single
to a variety of stimuli, including hormones, light, oxidative ~C2-domain, which are designated small C2-domain proteins
stress, drought, cold, and pathogen elicit@s13). Changes  in this paper and which have only been identified in plant
in the cytosolic free C& concentration ([C&];), including cells, has previously been performed.

transient increases, sustained changes, or oscillations, trigger In this study, we report the isolation and characterization
key cellular signaling processes in plang (4—16). A of two small C2-domain rice proteins, nam@dERG1land
variety of C&"-binding proteins are required to transduce OSERG1Hor rice (Oryzae satia) elicitor-responsive genes.
the [C&*]; signals to downstream signaling pathways. Most These proteins are significantly induced by a fungal elicitor,
interact with phospholipids in a €adependent manner, and
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EXPERIMENTAL PROCEDURES 30 °C. The cells were then lysed by sonication in PBS
. . ) containing 8.1 mM NgHPQO,, 1.9 mM NaHPQ,, and 150

Culture of Rice Suspension Cellsor suspension cell v NaCl (pH 7.4) in the presence of a protease inhibitor

cultures, sterilized rice seedS.(satva L. Milyang 117) were cocktail (100ug/mL PMSF, 1%g/mL aprotinin, and 25g/

plated on NB medium (N6 macroelements, BS microele- ) “joneptin). The soluble fraction of the lysate was

ments, B5 V|tam|n, MS medium Fe-EDTA, 0.5mglL proline, 0 pated with glutathione (GSH)Sepharose CL-4B beads

0.5 mg/L glutamine, 0.3 mg/L casein enzyme hydrolysate, (Amersham Pharmacia Biotech) for 30 min af@. The

and 0.25% Phytagel) supplemented with 2.0 mg/L 2,4-D and e 545 were washed with PBS buffer, and the proteins were

3% sucrose and cultured in the dark at“Bfor 4 Weeks.  gjyteq with 10 mM GSH in 50 mM Tris-HCI (pH 8.0). The
To establish embryogenic culture cells, the induced calli from eluates were desalted and concentrated with a speed vacuum

embryos were transferred into 100 mL flasks containing drier (Savant, AS290). SDSPAGE was performed accord-
liquid R2 medium supplemented with 2.0 mg/L 2,4-D and ing to the Laemmlii méthod3@).

3% sucrose 32). Liquid cultures were maintained by a Antibody Production and Immunoblot Analysiafter
weekly subculture with shaking at 9400 rpm. Log phase  omqya| of GST from the GSTOSERG1 fusion proteins
culture cells were used for RNA or protein analysis. using protease factor Xa, polyclonal antibodies were gener-
Treatment of Stress Signals and Fungal Infections.  ated by immunizing rabbits with each of the purified
examine the inducibility of th@®sERGIgene in suspension-  osERG1 proteins. For Western blot analysis, protein samples
cultured cells, the fungal elicitor (5@ of glucose equivalents/  ygre subjected to 13% SBSAGE and electrotransferred
mL), 1 mM salicylic acid, 2 mM hydrogen peroxide {8), to a PVDF membrane by wet electroblotting (Hoefer
200 mM sodium chloride (NaCl), or a calcium ionophore  gcientific Instruments). The membrane was blocked in
(10 mM C&" and 20uM A23187) was added to the cells. TBS.T puffer [20 mM Tris-HCI (pH 7.5), 150 mM NaCl,
The fungal elicitor was prepared from mycelia of rice leaf 544 0.050% Tween 20] with 6% (w/v) nonfat dried milk
blast fungus Magnaporthe griseakJ301) as described (carpation, Glendale, CA) for24 h and probed with an
previously @3). anti-OsERG1 polyclonal antibody (1:2000). Horseradish
RNA Gel Blotting.Total RNA was isolated by phenol/  peroxidase-conjugated mouse anti-rabbit IgG (1:5000 dilu-
chloroform extraction, followed by lithium chloride precipi-  tion, Sigma) was used as a secondary antibody, and the
tation 34). The RNA (20ug) was denatured and separated reaction was visualized using the enhanced chemilumines-
by electrophoresis on a 1.5% (w/v) agaresermaldehyde  cence detection system (ECL, Amersham Pharmacia Bio-
gel, and transferred onto a nylon membrane (GeneScreenech).
Plus, NEN, Boston, MA). The filter was prehybridized for  phospholipid Binding AssayBhospholipids were prepared
30 min and incubated for 16 h at 685 °C in Church’s s described by Davletost al. (37). Forty micrograms of
hybridization solution according to the method of Church recombinant OsERG1 protein bound to GSSepharose
and Gilbert 85). The membrane was washed three times pheads was equilibrated with binding buffer and then added
for 15 min in 2x SSC with 0.1% SDS and three times for to a reaction mixture Containing either 1 mM Ca(dr
15 min in 0.2« SSC with 0.1% SDS at 6665 °C. Equal 2 mM EGTA, 50 mM HEPES (pH 7.2), 100 mM NacCl, and
sample loading was confirmed by ethidium bromide staining 34-|abeled liposomes (17.5 mg of phospholipids) in a total
of the samples in the gel. volume of 400uL. The mixture was incubated at room
RT-PCR AnalysisTotal RNA was extracted fromrice cells  temperature for 15 min with vigorous shaking and then
treated with the fungal elicitor and reverse transcribed to briefly centrifuged in a microcentrifuge. After the reaction,
cDNA using an oligo(dTy primer and Moloney murine  beads were washed three times with 1 mL of binding buffer
leukemia virus reverse transcriptase foh at 37°C under and the amount of radioisotope bound to OSERG1 beads was
conditions recommended by the manufacturer (Promega).quantified with a liquid scintillation counter. The freeTa
PCR was then performed in the presence wffP]dATP concentration was adjusted with a ZCHEGTA buffer
using 10 pmol of each primer for 30 cycles of 1 min at calculated with computer software developed by Fabzé (
94 °C, 1 min at 55°C, and 1 min at 72C. An N-terminal The binding of the GSFOSERG1 protein to phospholipid
OsERG1 primer with the sequenceAAGATGGCGGG- vesicles was also verified by a centrifugation binding assay
GAGCGGTGT-3 and an oligo(dTg primer were used.  (39). To perform the assay, 4g of the fusion protein was

Control amplifications ofOsERG1aand OsERG1bwere incubated with 20Q:L of the reaction mixture containing
performed from each cDNA template under identical condi- 50 mM HEPES (pH 7.2), 100 mM NacCl, 15M phospho-
tions. The resulting PCR products were digested B&hVI lipid vesicle, and either 1 mM Cagbr 2 mM EGTA. The

and analyzed on a 6% denaturing polyacrylamide gel asreaction was carried out at 3C€ for 15 min. Free and bound
described previously3@). The gel was then dried and proteins were separated by sedimentation at 1§00

exposed to X-ray film. 30 min. The supernatant and pellet fractions were resolved
Expression of Recombinant Protein in E. cokor with 13% SDS-PAGE.

recombinant protein expression of OSERGZEircoli, each Subcellular FractionationRice cells treated with a fungal

of the two OSERG1cDNAs was subcloned int&coRI— elicitor were harvested at various time points and frozen in

Sal restriction sites of the pGEX-5X-3 bacterial expression liquid nitrogen. Frozen cells were ground to a fine powder
vector (Amersham Pharmacia Biotech), in which the insert with a mortar in homogenization buffer [25 mM Tris-HCI
was fused in frame to the C-terminus of GST. The resulting (pH 7.5), 0.25 M sucrose, 2.5 mM EGTA, 2.5 mM EDTA,
construct was introduced into protease-deficientoli strain 4 mM DTT, and 2 mM PMSF] with a protease inhibitor
BL21(DE3)pLysS (Novagen). The bacterial cultures (at an cocktail. After filtration through two layers of Miracloth
ODggo of 0.6) were induced with 0.2 mM IPTG & h at (Calbiochem), the homogenate was centrifuged at 1¢000
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for 10 min at 4°C. The supernatant was collected as a total A

protein fraction and centrifuged again at 1000@6r 1 h at

4 °C. The supernatant was used as a cytosolic solubleSsenais iﬁﬁﬁﬁjﬁjﬁ%ﬁ%ﬁ; ;ﬁ%?i .
fraction. After the pellet had been completely washed with PXCa euspeiufrvrogoilretgeng- - -

cPLA2 SHKFTVVVLRATKVTKGAFGEMLD

homogenization buffer, the final precipitate was resuspendedPLC&1 RLNVRVISGOQL- PK- VNK-NEKNS - - -
in the same buffer using a glass homogenizer and was usec?i:';fm ?f?'fﬂ%f%??ﬁ%
as a microsomal fraction. It was applied onto a continuous ggera1a
sucrose gradient (from 12 to 45%, w/v) of ultracentrifugation OsERG1D
buffer containing 10 mM Tris-HCI (pH 7.5), 1 mM EDTA,  cPLA2

1 mM DTT, 2 mM PMSF, and a protease inhibitor cocktail E;EE;
and centrifuged at 1100Qdor 18 h. Fractions (0.8 mL) were  Consensus
collected from the top, immediately frozen in liquid nitrogen,

and stored at-80 °C until they were used.

Transient Expression of the OSERG1::smGFP in Arabi- B
dopsis. OSERG1boDNA was fused individually in frame to OsERG1a
the B-untranslated region of smGFP (soluble modified GFP) atc2-1
driven by theCaMV 35S promoter (OSERG1::smGFR). a6
The DNA construct was transformed infrabidopsisleaf Consensus
protoplasts prepared from—3l-week-old whole seedlings 0sERG1a
grown in liquid MS medium at 20C with a modified e
polyethylene glycol method as described previoudl).( Zmeat
Typically, 0.3 mL of a protoplast suspensionX51F cells/ Consensus
mL) was used for transformation of 2@ of plasmid DNA 0sERG1a
of either smGFP (control) or OSERG1:smGFP. The trans- 9sERG1b
formed protoplasts were incubated in the dark at°g2 gf"C“

. . .. mPP16-1
overnight and treated with a fungal elicitor (&9 of glucose
equivalents/mL) or calcium ionophore (5 mM Taand

10 uM A23187). The fluorescence was monitored B h c 206 " 290

139 142
after stimulation using fluorescence microscopy (Axioplan |_’_._._._._°
2, Zeiss, Jena, Germany), and the images were processey %* 9° “3 207 o 124 | 2!103
using an automatic imaging system (FISH, Carl Zeiss). All ATG TAG

; ; ; IGURE 1. Comparison of the deduced amino acid sequences of
transient expression assays were repeated at least three tImeg'sERGl with representative C2-domain proteins and their genomic

organization. (A) Alignment of the protein sequences derived from
RESULTS OsERG1la and OsERG1b with C2-domains from human &KC
) ) ) ] (amino acid residues 16267, P17252), human cPLA2 (residues
Cloning of Rice OsERG1la and OsERGIm identify 17—-113, M72393), bovine PL&L (residues 569666, P10895),

early inducible genes that respond to rice blast fungus and rat Synl-A, synaptotagmin | C2A (residues 251, P21707)

M. ari nd that m I ntial ream reagul proteins. (B) Comparison of the deduced amino acid sequences of
( | g Stﬁ@ a td t t‘f"t a}y FI) a): 3 p])cote ta utpst cam regu ?toryd OsERGL1 with the plant C2-domain proteinsAshbidopsis AtC2-1
role in the activation of piant delense systems, we employed (zngs2148), maize, ZmC2-1 (U64437), and pumpkin, CmPP16-1

a combined method of mMRNA differential display and cDNA  (AF079170). Amino acid residues identical to the consensus C2-
library screening 32). Through the screening of fungal domain sequences are shown in black. Dashes mark gaps introduced
elicitor-responsive genes from rice suspension-cultured cellsto maximize homology. A conserved threoine residue in animal

treated with fungal elicitor of rice blast fungus, we have C2:domain proteins that may serve as a phosphorylation site for
. o . ' serine/threonine kinases is substituted with a serine residue in plant
isolated two elicitor-responsive gene§sERG1aand

) C2-domain proteins (asterisk). The putativéChinding aspartates
OsERG1bThe cDNA clones have open reading frames of are underlined in the consensus sequences. The Wisconsin Package
480 and 471 bp encoding 159 and 156 amino acids, respec-Version 8.1 (Genetics Computer Group) was used for data analysis.

tively (Figure 1). The amino acid sequences of OsERG1a g?n?e?rri]so(;?]iﬁosg)g%gélcg é%%iEﬁﬁlgggﬁgqggﬁgﬁ;ﬁgE gfla
ﬁ]nadmzsa'ﬁ;?éggfp;g drngﬁgitliybisr;?ilrg (\cl:vg;] dtgr%Z?ngftr:Q? are divided into five exons (15) interrupted by four introns.

exist in human PK@ and cPLA2 and in rat synaptotagmin been proposed to mediate RNA delivery for long-distance
(Figure 1A). Proteins containing a single C2-domain have translocation 42).

only been identified from plant sources as sequence files in Comparison of the complete nucleotide sequences of
the GenBank database and include proteins from maizeOsERGlaand OsERG1bcDNA clones reveals identical
(ZmC2-1, U64437), pumpkin (Cmpp 16-1 and -2, AF079170 DNA sequences exceptifa 9 bp(GAGATAGGC) deletion
and AF079171, respectively), anrabidopsis(AtC2—1, encoding three amino acid residuegk|G,7, in OSERG1b
AAG52148) (Figure 1B). Although more than 100 proteins compared to OsERGla (Figure 1B). The @nd 3-
containing multiple C2-domains have been identified in untranslated regions of both clones were also identical
mammalian systems, no small C2-domain proteins consisting(GenBank entries U95135 and U95136, respectively). This
of a single C2-domain have been found in mammalian cells. result implies that both cDNA clones may originate from
Furthermore, there has been no functional characterizationthe same genomic sequence by alternative splicing. To
of the plant small C2-domain proteins, except for the confirm this possibility, the genomic sequence corresponding
pumpkin Cmppl16-1 and -2 phloem proteins, which have to the cDNA clones was isolated and its complete nucleotide
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A DNA RT-PCR A
— - Suspension cells
o0 B 01/6 1/2 1 2 4 8 12 (hrs)
E& £ _
4e 5 b O .“. # 8 Fungal elicitor
- OsERG1a Salicylic acid
- OSERG1b - H.0.
B NaCl
OsERG1a transcript: upper band
~-TTCCTAGGTGAGATAGGCAAGATAGA--- B
OsERG1b transcript: lower band “... ™ W Ca®/A23187
~-TTCCTAGGT AAGATAG A--- .n- 4 ¥4 Mastoparan
Ficure 2: RT-PCR analysis of th@OsERG1transcripts. (A)
Denaturing PAGE of RT-PCR products templated on total RNAs & 5 BHQ
isolated from rice cells treated with fungal elicitor for 0 min - ...- b
(Control), 30 min (FE1), ath 1 h (FE2) in the presence ofP]- C
dATP as described in Experimental Procedures. The resulting PCR .
products were digested witiBsiwl and analyzed on a 6% Fungal elicitor
denaturing polyacrylamide gel. Control amplificationsG¥ERG1a
and OseERG1hbwere performed with each cDNA template under ﬂ
identical conditions. The upper band@sERG1aand the lower 0 1 4 1 4 (hrs)
band isOsERG2b (B) The two PCR products were sequenced,
and the difference in the nucleotide sequences bet@sERG1a . .
and OseERG1bs shown.

sequence was determined (data not shown, GenBank entry .m.

AF512505). On the basis of comparisorQeERGA CDNA, Ficure 3: Expression patterns of ti@sERGXranscript in response

the coding region of th©sERGIgene is divided into five to various stress signals. Northern blot analysis GFERG1

exons of 206, 66, 139, 142, and 290 bp interrl_thed b)_/ four expression in rice cell cultures. Total RNAs were isolated from
introns of 90, 118, 297, and 124 bp, respectively (Figure rice suspension-cultured cells at the indicated time points and probed

1C). This intror-exon structure is similar to those of the with a full-length OSERG1bcDNA. Rice cells were treated with
; _ ; ; stress signals, including a fungal elicitor, salicylic acidOs and
pumpkin C2 dF)m?m protelr'18'-12). i . NaCl (A), and with reagents affecting calcium influx, including
Gene OrganizationThe existence of two adjacent splicing Ca** ionophore (10 mM CaGland 20uM A23187), mastoparan,

sites in theDSERG lgenomic sequence is suggestive of how and BHQ (B). In panel C, the €a signaling inhibitor BAPTA
this gene yields two distinct cDNA transcripts. Putative (5 mM) was pretreated fdl h prior to addition of a fungal elicitor

. . : . (50ug of glucose equivalents/mL) to the rice cells for the indicated
consensus introndonor Ggt sites are present in nucelotide times. The same blot was also probed with a rice 285 rDNA

positions 206-208 and 197‘199_ of the genomic Clone. fragment as a loading control. The membranes were exposed to
(GenBank entry AF512505). This suggests that alternative X-ray film at —80 °C for 1 day.

splicing at positions 207 and 198 leads to two transcripts,
with OsER1kbeing 9 bp smaller tha®@sERG1aTo further rice blast fungus. The sequence homology study proved
examine whether two different splicing variants@dERG1a OsERG1b to be more common because of the absence of
and OsERG1kare produced from the same genomic clone, three additional amino acid residues (EIG), like other plant
we amplified cDNAs by RT-PCR templated from total RNAs small C2-domain proteins (Figure 1B), and the initial
isolated from fungal elicitor-treated rice cells, and the cDNA characterization study provided no difference between two
products were sequenced. Two transcripts with the sameOsERG1cDNAs. Thus, our immediate study was focused
electrophoretic mobility as the PCR products templated from on OsERG1b and further study ofDsERG1ais ongoing.
the OSERG1laand OsERG1bcDNAs were produced from  The results obtained with tH@sERG1kxlone are described
rice cells (Figure 2A), and their nucleotides were sequenced.from this point on. The undetectable level of tBsERG1
These two transcripts had identical sequences, except for tharanscript in rice suspension cells increased dramatically
same 9 bp deletion as shown in Figure 2B. Southern blot within 30 min in response to fungal elicitor treatment. The
analysis using a full-lengttOsERG1as a probe further  transcript reached a maximal leveéliah and then declined
confirmed that the rice genome produces a single-copy genegradually to basal levels by 24 h. Interesting@sERG1
(data not shown). These results together suggest that alternaexpression was not induced by any known defense signaling
tive splicing occurs from a single genomic DNA in rice cells  molecules, including salicylic acid, hydrogen peroxide, and
treated with a fungal elicitor, resulting in the production of sodium chloride 33, 43, 44) (Figure 3A). Since CH
two highly homologous cDNASDSERGA andOsERG1b concentration changes have been reported to play important
Induction of OsERG1 Gene Expression by a Fungal roles in defense signaling in plant cells, we also investigated
Elicitor. To investigate the potential responsiveness of the effects of C& ion concentration orOSsERG1gene
OsERGIgene expression to pathogen invasion, rice suspen-expression (Figure 3B). We found th&@sERG1 gene
sion cells were treated with a fungal elicitor prepared from expression is also rapidly induced by the?C#onophore
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FiIGURE 4. C&*-dependent binding of OSERG1 to phospholipid
vesicles. (A) SDSPAGE of the purified recombinant GST and
GST-0OsERGL1 proteins. Lane M contained the standard molecular
mass markers. (B) Ca&dependent binding of the GSTOSERG1
protein to3H-labeled phospholipid vesicles. Samples (49 of
protein) were incubated in either 2 mM EGTA (white columns) or
1 mM C&" ion (gray columns) in 50 mM HEPES (pH 7.2), 0.1 M
NaCl, with PH]PC-labeled liposomes prepared with PC and PS,
PE, or Pl in a molar ratio of 2.5:1. GS+8epharose beads alone
(1), GST bound to GSHSepharose beads (2), and the GST
OsERG1 protein bound to GStSepharose beads (3) were used
for the binding of the OSERGL1 protein l-labeled phospholipid
vesicles. H]PC bound to beads was quantified with a liquid
scintillation counter. (C) Cd-dependent binding of the GST
OsERG1 protein to phospholipid vesicles. The GEISERG1
fusion protein (4«g) was incubated at 3T for 15 min in 50 mM
HEPES (pH 7.2) and 100 mM KClI in the presence of 1 mM'Ca
or 2 mM EGTA, and 2.5:1 PC/PS phospholipid vesicles. After
centrifugation of the vesicles at 12@®r 30 min, the pellet
(P, phospholipid binding fraction) and supernatant (S, nonbinding
fraction) were separated. An equal portion of the supernatant and
pellet fractions were resolved by 13% SBBAGE.

C&" and A23187, the C4 channel activator mastoparan,
and the C&-ATPase inhibitor BHQ, suggesting that Ta
signals may be involved in regulatit@sERG1gene expres-
sion. Consistent with this idea, the €achannel blocker
BAPTA significantly suppressedsERGIMRNA expression
to a level that was~Y/s of the amount of its maximal
expression obtairkel h after fungal elicitor treatment (Figure
3C). However, since bas@lsERG1expression levels were
not obtained with BAPTA treatment, there may be additional
signaling pathways that mediate the inductionGfERG1
expression.

Interaction of OSERG1 Protein with Phospholipid&nce
most of the mammalian proteins with multiple C2-domains
have been reported to interact with phospholipids to modulate
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FicUrRe 5: Concentration dependency of &aon for the binding

of OsERG1 to phospholipid vesicles. GSD)(or GST-OsERG1
(®) protein bound to GSHSepharose beads was incubated with
3H-labeled PS/PC vesicles at various concentrations of fré& Ca
ions, and $H]PC bound to the beads after complete washing of
the nonspecifically bound radioisotope was quantified with a liquid
scintillation counter. The values reported are the meastandard
deviation (bar) of three independent experiments.

-5 -4

liposomes prepared with various compositions of phospho-
lipids (PC alone, PC and PS, PC and PE, and PC and PI at
a molar ratio of 2.5:1). The full-lengt©@SERG1bcDNA
was expressed ik&. colias a GST fusion protein, and the
GST-0OsERG1 recombinant protein was then homoge-
neously purified using a GSHSepharose column (Figure
4A). In contrast to the GSHSepharose or GST proteins that
were used as controls, a major portion of the G®EERG1
protein interacted witBH-labeled liposomes in the presence
of Ca* ions, whereas Ca depletion by EGTA inhibited
this binding (Figure 4B). This result clearly shows that the
OsERGL1 protein specifically binds to phospholipids in a
Ca*-dependent manner. And lipid polarity may play a
critical role in this binding, since anionic phospholipids such
as PS and PI bind to the protein more effectively than do
cationic phospholipids such as PC and PE.

Ca"-dependent binding of OSERG1 with liposomes was
further confirmed by lipid binding assays following cen-
trifugation with liposomes prepared with PC and PS in a
ratio of 2.5:1. Most of the GSTOSERGL1 protein tightly
bound to liposomes in a €adependent fashion, and the
binding complex was precipitated by and was detected in
the pellet fraction (Figure 4C). In contrast, even in the
presence of G4 ions, GST alone did not precipitate with
the liposomes at all (data not shown). From the data showing
the absolute requirement of €aions in formation of the
protein—lipid complex, we analyzed the concentration
dependency of Ca ions in protein binding to PC/PS
liposomes. The amount of GSTOSERG1 protein bound to
the liposome increased sharply from a*Caoncentration
of 1076 M and reached a plateau a5 x 10 M (Figure
5). Thus, the half-maximal binding of the GSDsSERG1
protein to the PC/PS vesicles was observed at & Ca
concentration of~2.5 x 1076 M.

OsERG1 Translocates from the Cytosol to the Plasma
Membrane of Plant Cells following Treatment with a Fungal
Elicitor or Ca?* Signals Binding of OSERGL1 to lipid vesicles
strongly suggests that OsERG1 can interact with plant
membranes in a C&dependent manner to transduce elicitor

diverse cellular signaling processes, we decided to assessignals. We therefore decided to determine the intracellular

the binding ability of OSERG1 protein with phospholipid

localization of OSERGL1 in rice suspension cells following
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Ficure 6: Induction of the OSERGL1 protein in response to a fungal
elicitor and subcellular localization of the protein. (A) Expression
kinetics of the OSERGL1 protein in response to fungal elicitor
treatment was analyzed by Western blot. Total proteins«)0of

rice suspension cells treated with a fungal elicitor were separated
via SDS-PAGE, transferred to a membrane, and immunoblotted
with an anti-OsERG1 antibody diluted 2000-fold. (B) Distribution
of the OsERG1 protein in the cytosol and membrane fractions of
rice cells. After rice suspension, cells were treated with a fungal
elicitor for 8 h, the cytosol and membrane fractions were separated
by ultracentrifugation, and each fraction was immunoblotted with
an anti-OsERG1 antibody: Tot, total protein fraction; Cyt, cytosolic
protein fraction; and Mic, microsomal protein fraction. (C) Sub-
cellular fractionation of OSERG1 in the microsomal fraction by
sucrose gradient ultracentrifugation. After treatment with a fungal . )
elicitor, the microsomal membrane fraction was isolated from rice FIGURE 7: Translocation of OsERG1 fused with smGFP to the
cells and fractionated on a continuous sucrose gradient (from 12 Plasma membrane éfrabidopsideaf protoplasts when stimulated
to 45%, w/v) by ultracentrifugation. From the fractionated proteins With a fungal elicitor or C& agonist. (A) Schematic representation
collected with 0.8 mL in each fraction from the top of centrifugation ©f DNA constructs of the control vector (1, smGFP), OSERG1 fused
tube, 10uL of each fraction was used for immunoblotting with ~ With SMGFP (2, OSERG1::smGFP), and-ATPase fused with
antibodies prepared against OSERG1 (1:2000), BIP (1:3000) as anRFP (3, H-ATPase::RFP) under the control of the CaMV35S

plasma membrane marker. protoplasts and viewed with green (474 nm) or red (540 nm) light

excitation. Merged indicates overlapping images of red and green

- . . fluorescent signals (4 and 5). The fluorescence of the cells was
fungal elicitor treatment. Using Western blot analysis, W€ analyzed 6-12 h after treatment with DMSO (B and C), fungal
were unable to detect basal levels of the OsERG1 protein, elicitor (10ug of glucose equivalents/mL) (D), and €aonophore

which is in agreement with its gene expression pattern. (5 mM CaC} and 10uM A23187) (E). The images in the tiny
Protein expression was indutel h after fungal elicitor ~ rectangles in panelsBE were enlarged as larger rectangular boxes
treatment and reached a maximal leveBeh (Figure 6A).  (nset), and arrows indicate the plasma membrane.

Using the cells that expressed a maximal level of OsERG1, abundant in fractions with sucrose contents between 40 and
we separated the cytosolic and microsomal fractions by 45%, which are quite similar to that of HATPase (Figure
ultracentrifugation and analyzed the protein distribution by 6C). In contrast, BIP was found in widely dispersed fractions
Western blotting. As shown in Figure 6B, while most of the across the sucrose gradient. From these results, it can be
OsERGL1 protein was present in the cytosol, a significant proposed that the OsERG1 protein induced by a fungal
amount was also detected in the microsomal fractions of elicitor is located not only in the cytosol but also in the
elicitor-treated cells. To further identify the suborganellar plasma membrane of rice cells.
localization of OSERG1 in these microsomal fractions, we  To analyze the translocation of the OsERG1 protein by a
resuspended the microsomal fractions in the homogenizationfungal elicitor, we prepared an smGFP-tagged version of
buffer described in Experimental Procedures and fractionatedOSERG1 (OSsERG1::smGFP). RFP-taggedAT Pase (H-
them with a sucrose gradient ultracentrifugation technique. ATPase::RFP) and smGFP vector clone were used for plasma
Each fraction was immunoblotted with anti-OsERG1, anti- membrane and cytosolic protein controls, respectively (Figure
Hf-ATPase, and anti-BIP antibodiesttATPase and BIP ~ 7A). Each DNA construct was transformed individually into
are commonly used as markers for plasma membrane andArabidopsisleaf protoplasts, and the expression of each
ER proteins, respectively4b, 46). OSERG1 was most fusion protein was controlled under the CaMV35S promoter.

<
Mergedm 3
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Approximately 12 h after transformation of the DNA produced from a singl®sERGI1genomic DNA by alterna-
constructs into protoplasts, we observed both green and redive intron processing. Accumulating evidence suggests that
fluorescence using fluorescence microscopy. alternative splicing can delete or modify protein activity, alter

As shown in Figure 7, OsERG1::smGFP green fluores- protein localization within a cell, and/or affect RNA Stabl'lty
cence was uniformly dispersed throughout the cytosol in the and translational efficiency4@). Furthermore, alternative
absence of fungal elicitor treatment (Figure 7C, left panel), splicing in most plant species yields two polypeptides of
which was similar to the expression pattern of the smGFP different sizes that are identical except for additional amino
control vector (Figure 7B, left panel). In contrast;H  acids 60). Dinesh-Kumar and Baker reported that the N gene
ATPase::RFP red fluorescence was specifically localized to of tobacco is alternatively spliced to produce short and long
the plasma membrane of protoplast cells (middle panels of transcripts, both of which are required for complete resistance
Figure 7B and Figure 7C), which is consistent with previous against tobacco mosaic viruslj. In the case of the OSERG1
reports of H-ATPase localization47). Thus, the green proteins, we could not detect the functional differences
fluorescence of the smGFP and OSERG1::smGFP proteinsPetween the two alternatively spliced products that may be
did not overlap with the red fluorescence of ATPase in important for the determination of theim vivo roles or the
merged images (right panels of Figure 7B and Figure 7C). regulatory modes of these genes.

However, fungal elicitor treatment induced translocation It has been shown that mammalian C2 proteins are
of a part of the green fluorescent signal emitted from mvol_ved in Céf S|gnal|ng or memprane trafficking processes
OSERG1::smGFP from the cytosol to the cell periphery Mediated by binding of C2-domains to membrane phospho-
(Figure 7D), although some of the GFP signal remained in lipids (22 52). In response to Ca being imported, the C2-
the cytosol. The peripheral green fluorescence of OsERG1domains of phospholipases, synaptotagmin I, ubiquitin
overlapped with the red fluorescent signal of-ATPase,  Protein ligase Nedd4, and protein kinase C were shown to
which produced yellow fluorescent lines at the plasma bind C&" and migrate from the cytosol to the plasma
membrane (right panel of Figure 7D), whereas no movement Membrane, therepy transducmg 'the .for'e|gn signal into the
of GFP fluorescence from the smGFP vector control was C€lls 63—60). Using phospholipid binding and smGFP-
detected following the same treatment (data not shown). In Mediated transient expression assays, we also found that
addition, we investigated the effects of dons on the ~ OSERGL proteins rapidly overexpressed by fungal elicitor
cellular distribution of the OSERG1 protein using the#Ga  treatment potentially relayed elicitor signals through the
mobilizing agonist A23187, since the binding of OsERG1 binding of proteins to membrane phospholipids in &'Ca
to liposomes was significantly affected byZéons (Figures dependent manner. However, in contrast to mgmmallan Cc2
4 and 5). The cellular distribution of OSERG1::smGFP Proteins, there is only one report on the functional role of
following treatment with this C& ionophore was analyzed ~Plant small C2-domain proteins. The sequence of the
using conditions similar to those used in the fungal elicitor PUMPkin CmPP16-1 protein is highly homologous to that
treatment. The OSERG1::smGFP fluorescence detected in th®f OSERG1 and has been reported to increase the size of
cytosol of unstimulated protoplasts was also moved to the mesophyll plasmodesmata to transport cellular materials,
plasma membrane by &aions (Figure 7E). These results !ncludlng RNA mo_IecuIes, fr(_)m cell to celp). In addition,
strongly suggest that a portion of the OSERG1 protein in |mmunocytqchem|cgl experiments showed that CmPP16-1
the cytosol translocates to the plasma membrane of plantWas associated with the plasma membrane. Structural

cells in response to both fungal elicitor and?Caignals. analyses of the C2-domains of synaptotagmin, cPLA2, PLC-
01, and PK@ show that the structure consists of a compact
DISCUSSION B-sandwich composed of two four-strandgéheets. The

predicted three-dimensional structure of OSERGL1 is similar

In recent years, several transgenic plants with enhancedio those of PK@ and synaptotagmin |, indicating that the
resistance to a variety of pathogens have been created byC2-domain of OsERG1 belongs to topology group |,
manipulating a single gene that is active in the early stagesdepending on the topology of tiflestrand connection£7).
of the defense signaling proceds). To create blast-resistant  These analyses have suggested that the interaction between
transgenic rice, we decided to isolate genes that play pivotalthe C2-domain and Gaoccurs via five conserved aspartate
roles in the upstream signaling system for defense against(Asp) residues located in bipartite loops within the C2-
the rice blast fungus. Employing an mRNA differential domain @2, 61—63). The five C&"-binding Asp residues
display technique, we found two highly homologous gare also conserved in the OSERG1 proteins (Figures 1 and
OsERGIclones among several cDNAs that are upregulated 2). NMR studies of the C2-domain of synatotagmin 24, (
early in response to fungal elicitor treatment. Sequence 4, 65) showed that charge neutralization of the Asp residues
analysis ofOsERG1suggests that these proteins contain a by C&* binding allowed positively charged side chains in
C2-domain known as a €& and lipid-binding motif, which  the loops to interact with negatively charged phospholipids,
appears in a variety of mammalian proteins such as proteinand that the ternary structure thus formed primarily supported
kinases, phospholipases, and many regulatory proteins.electrostatic interactions between the C2-domain and the
Whereas most of the mammalian proteins contain multiple plasma membrane. In addition to phospholipids, binding of
C2-domains with other functional motifs, the small C2- C2-domains to proteins has also been reported. Whereas the
domain proteins that consist of only a single C2-domain, synaptotagmin C2-A and C2-B domains have been shown
such as AtC2-1, ZmC2-1, CmPP16-1, and OSERGL, are onlyto interact with other proteins50) and the C2-domain
found in plants. (CaLB) of p12@AP directly interacts with annexin VII66),

Interestingly, as judged by RT-PCR analysis (Figure 3), no interacting partner protein of the plant C2-domain has
two OsERG1transcripts, OsSERGlaand OSERG1b are been identified. The identification of target proteins of
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OsERGL1 should help us elucidate the functions of OSERG1 27.

in plant defense signaling systems.

From our results presented here, we can postulate about

which OsERGL1 proteins that are induced upon pathogen

infection migrate to the plasma membrane, where they may 29
recruit several target proteins to activate the defense response

signaling pathways. This study lays the foundation for further
investigation of the complex mechanisms of membrane

targeting and the roles of OSERG1 proteins in plant defense 31-

28.
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