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mgene encoding a phosphatidylin”sitol-specific phospnolipase C
induced by dehydration and sali stressf in ArabidopsLs thaliana

1 HiRAYAMA*, CHIKARA OhTO" TSUYOSHI MIZOCUCHIMAISfDA(AZUO SHINOZAK(*t " n

4~ 11.>ryof Plant Molecular Biology. TAukuba Life Science Center. The institute of Ph)>kdl and Chctnical Research (RIKENy,-4-*4JK8ydai. Tsukuba.
Jiiki, 305, Japan; and "Bio Rei>earch Laboratory. Research Division, Toyota Motor Corporation. 1 Toyota-cho, Toyota, Aichi, 471, Japan

Aununicaied by Clarence A. Ryan. Washington Slate Uni\'enity, PuUmati. WA, January 13, 1995

JNSTRACT A cDNA corresponding to a putative phos-
Aitidylinosilol-specific phospholipase C (PI-PLC) in Ilh«
I"er plant Aratidopsis thaliana was cloned by use of the
M”merase chain reaction. The cDNA, designated cAtPLCI,
pcod.'S a putative polypeptide of 561 aa with a calcoiated
(oleiular mass of 64 kDa. The putative product indudes
polled X and Y domains found in all PI-PLCs identified to
~e. in mammalian cells, there are three types  PI>PLC,
fLC*P, -y, and The overall structure of the putative
tIPLCI protein is most similar to that of PLC*fi, although the
jtPLCI protein is much smaller than PLX"s from other
Vpnisms. The recombinant AtPLCI protein synthesized in
ticheriehia colt was able to hydrolyze phosphatidylinositol
I"bisphosphate and this activity was completely dependent

as observed also for mammalian PI>PLCs. These
~eesu ts suggest that the AtPLCI gene encodes a genuine
n*PLC of a higher plant. Northern blot analysis showed that
Ae AtPLCI gene is expressed at very low levels in the plant
oder normal conditions butis induced to a significant extent
lader variuu t environmental stresses, such as dehydration,
niinity, and lowtemperature. These observations suggest that
AtPLCI might be involved in the signal-transduction path*
nys of environmental stresses and that an increase in the
level of AtPLCI might amplify the signal, in a manner that
contributes to the adaptation of the plant to these stresses.

In..nimal cells, phosphatidylinositol-spedfic phospholipase C
(PI-PLC) plays a key role in varioifs signal-transduction path-
ways. Extracellular stimuli such as hormones and growth
factors activate PI-PLCs. PI-PLC hydrolyzes phosphatidvlino-
atol 4,5-bisphosphate (PIP2) and generates two second mes-
senger”,.inositol 1,4,5-trisphosphaie (IP3), which induces the
release of Ca™* from intraccllularstores, and 1,2-diacylglycerol
(DO), which activates protein kinase C (1-3). These initial
events in the transmembrane signal-transduction process are
rc'crred to as the PI turnover system. Pl turnover in higher
0L nanisms is involved in a variety of cellular processes, includ-
ing fertilization, development, the growth and differcnti;ition
of cells, and phototransduction, as well as in neural behavior,
such as memory (1). In addition. PL PIP2, and DG seem 10 be
involved in the regulation of the organization of the cytoskel-
eton (4-6). In animal cells, PI-PLCs have been classiHed into
three subgroups, p, y, and S. Cloning and structural analysis of
cDNAs that conrespoul|®|*three types of PI-PLC have
iL>wn that only tw o *”~iP B R A" Y, are conserved among
I. e three isoforms. 'iTie domains are both essential
aid sufficient for PI-PLC activity (7). The nonconserved
r.gions of each particular isoform are thought to be involved
in the regulation of its respective activity. The PLC-pi isoform
is regulated by G«, protein (8). By contrast, PLC-7 isoforms
interact with certain receptor tyrosine kinases through Src
homology 2 (SH2) dcHnains located between the X and Y

~  publication costs of this artide were defrayed in part by page charge
paymenl. Thisanidc must tbefcfore be hereby marked "advertisement" in
accordance with 18 US.C. S1734 solely to indicate thb fact

domains and are activated by tyrosine phosphorylation (9,10).
The mechanism(s) of the activation of PLC-5 is not well
characterized.

Recently, genes or cDNAs related to PI-PLC have been
cloned from Saccharomyces cerevisiae (PLCI; refs. 11-13) and
Diciyostelium discoideum (DdPLC; ref. 14). The overall struc-
tures of PLCI and DdPLC are similar to that of the PLC-6
isoforms of animals. In yeast, PLCI is required for cell growth
and functions in nutritional and stress-related responses. By
contrast, mutantswith disruption of the DdPLC gene grow and
undergo development normally even though no PI-PLC activ-
ity is detectable (15). The function of PLC of Dictyostelium is
unknown.

In higher plants. C&™" ions play important roles as second
messengers in various signal-transduction pathways. Marked
increases In intracellular Ca-* concentration have been
observed upon stimulation by wind, touch, cold shock, or
fungal elicitors (16). Many genes for calmodulins and Ca-*-
dependent protein kinases, which appear to act as signal
transducers, have been cloned from plants (17). In addition,
considerable research on the role of PI turnover in plant
signal-transduction pathways has been reported (reviewed in
ref. 18). For example, the rapid breakdown of inositol
phospholipid in plant cells was observed upon treatment of
Catharanthus roseus with an auxin (19). IPa slimulates the
release of Ca™* from the vacuoles of plant cells (20t. In spite
of remarkable progress, there is still no direct evidence for
a role of PI-PLC in the PI turnover system that has been
observed to be operative during plant responses to various
environmental stimuli, because the gene for PI-PLC has not
been isolated and its role has not been identified. Here we
describe the cloning and the characterization of a cDNA.
cAtPLCI, that corresponds to a putative PI-PLC of the
higher plant Arabidopsis thaliana. We report that the At-
PLCI gene is induced by environmental stress.5

MATERIALS AND METHODS

Plant Materials and Treatments. A. thaliana (Columbia
ecotype) was used in this study. Growth and stress conditions
were reported previously (21).

Primers and Conditions for PCR. Primer 1 was 5'-
CTGCAGTYNSCNAYNTCYYKYTGNGT-3". and primer 2
was 5 -GGATCCWCNTWCNTWYGCNRYNCAYTG-
GATHAA-3’. The PCR mixture contained template cDNA
(2J ng/ptl) synthesized from poly(A)* RNAs from normally
grown plants, 0.2 mM each dNTP. 10 pmol of both primers,
and 4 units of AmpUTag DNA polymerase (Takara Shuzo.

Abbreviations; PI. phosphatidylinositol; PI-PLC Pl-specifk phospho
lipase Q PIP2 phosphatidylinusitol 4.5-bi~taospbate; IP” inositol
1,4,5-tTispho”~hate: DC, 1,2-diacyl*ycerol; GST. ~utathione 5-
transferase; IPTG, isopropyl ~-D-thiogalactopyranoside: SH2 and
SH3, Src homology 2 and 3.

~ o whom reprint requests should be addressed.

(The sequence reponed in this paper has been deposited in the
GenBank data base (accession no. D38S44).
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A was detected by Northern blotiing with clone 17 or the
upLC-like PCR fragment as probe (see below). We con-
led that clone 17 encodes a full-length polypeptide.
amino acid sequence of the predicted protein contains
X and Y domains that have been reported to be conserved
~various PI-PLCs (Figs. | and 2). We concluded that clone 17
a PI-PLC homolog in Arabidopsis, and we designated
jjiec<i>NAdone cAtPLCI. The extent of amino acid sequence
{deniiiy between the deduced AtPLCI protein and PI-PLCs of
pther species is 34-42% for the X domain and 19-33% for the
domain. The overall structure of AtPLCI appeared to be
laost closely related to that of S-iype PI-PLCs in several
fiespccts. For example, in AtPLCI, the Y domain is located in
the C-terminal region as it is in S-type PI-PLCs. AtPLCI lacks
the SH2 and SH3 motifs that are found in Y"yp” PI-PLCs. In
,tddiiion, AtPLCI has an E-F hand motif in the N-terminal
«fegiim as do 5-t>pe PI-PLCs. However, the predicted molec-
r«lar mass of AtPLCI (64.3 kDa) is lower than that of S-type
'PI-PLCS (*>>8 kDa) because AtPLCI does not have the
IK-terminal nonconserved region that is found in fi-type PI-
PLCs, as well as in  and "y-PI-PLCs. AtPLCI appears to be
“the smallest PI-PLC identified so far.
To examine the existence of additional AtPLCI-like genes
inthe genome oiArabidopsis, we performed genomic Southern
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Fig.2. {Aand B) Alignment of the putative AtPLCI protein with
known PI-PLCs. Ilie putative X domain {A) and Y domain (B) of
AtPLCI (Atl)are aligned with those of rat PLC-81 (rfil)(28), PLC-01
(r~1) (28). and PLC--y! (r-yl) (29). The amino acid residues that are
identic” in AtPLCI and other Pi-PLCs are shaded. (C) Comparison
ofa Khcinatic model of the structure of AtPLCI with those of various
P1-PLCi.ScPLCI,J. eenxisiae PLCI (11). Two conserved regions, the
X and Y domains, are marked by open twxes. The putative E-F hand
motifs (narnjw striped boxes) and Src homology 2 and 3 (SH2 and
SH3) domains (hatched boxes) are emphasized.

blot analysis using the full-length cAtPLCI cDNA as probe.
Under high-stringcncy conditions, hybridized bands were de-
tected in each restriction digest. However, additional bands
were detected under low-stringency conditions (data not
shown). These results indicate that additional PI-PLC-like
genes might exist in the genome of Arabidopsis.

A Recombinant AtPLCI Fusion Protein Possesses PI-PLC
Activity. To confirm that the AtPLCI gene encodes a genuine
PI-PLC, we analyzed the biochcmical properties of a recom-
binant AtPLCI protein expressed in £. coli. The cDNA from
clone 1was introduced in pGEX-2T, an expression vector for
GST fusion protein, to construct the chimeric plasmid
pNH496. In pNH496 DNA, the gene for GST was fused in
frame tocAtPLCI at nt 76 (see Fig. I) via an adapter sequence
(5’-GATCCGGGTACCATGG-3 ). AGST-AtPLCI fusion pro-
tein 0f88 kDa accumulated in£. colicellscarrying pNH496 DNA
when IPTG was added to the medium. Although almost all of the
fusion protein was found in the insoluble fraction, a small amount
was detected in the soluble fraction and was purified on a column
of~utathione-Sepharose 4B (Fig. 3, lanes 4 and S). The AtPLCI
moiety of the fusion protein could be separated from GST by
digestion with thrombin (Fig. 3. lane 6).

The crude extract from £. coli cells that harbored the
pGEX-2T vector only and that had been grown under the
inducing conditions (plus IPTG) had no PIPrhydrolyzing
activity (Fig. 4, bar 1), whereas the crude extract from E. coli
cells that harbored pNH496 grown under the same conditions
had weak Plp2-hydrolv7ing activity (bar 3). Further, both the
GST-AtPLCI fusion protein and the product of digestion with
thrombin (rAtPLCI) exhibited high PIPz-hydrolyzing activity
(bars 4 and S), whereas the GST protein purified on the
column of glutathione-Sepharose 4B had no such activity (bar
2). These results suggest that the PI-PLC activity that we
detected was due to the AtPLCI moiety of the hision protein.

Since an important feature of PI-PLC is the Ca-* depen-
dence of its reaction, we examined the Ca- *dependence of the
PIP2hydrolyzing acthit>' of AtPLCI. using the thrombin-
digested recombinant protein. rAtPLCI. The PIP2 hydrolysis
of rAtPLCI was completely Ca-'-dependent (Fig. 5). Another
important feature of PI-PLCs is that the optimum concentra-
tion of Ca-"* for Pl hydrolysis is higher than that for PIP2
hydrolysis. rAtPLCI hydrolyzed PIP2 more rapidly at a Ca'*
concentration of 1 fiM. which has been reported to be the
concentration in native plant cells, than at higher concentra-
tions (>0.1 mM). By contrast, the Pl-hydrolyzing activity was

200 —

Pig. 3. Expression and partial puri®cation of the recombinant
GST-AtPLCI protein from E. eoli ceils. The soluble fraction (lanes 1
and 3) and the insoluble fraction (lanes 2 and 4) of cellular extracts
prepared from IPTG-treated (lanes 3 and 4) and untreated (lanes 1
and 2) £. eoU cells that hartwred pNH496 were analyzed by SDS/
P.AGE. The GST-AtPLCI fusion protein was partially purified on a
column ofglutathione-Sepharose 4B column from the soluble fraction
(lane 5. open triangle). The puriHed fusion protein was digested with
thrombin (lane 6; solid triangle). Lane M, marker proteins with
molecular masses in kilodaltons.
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Fig. 4. Plp2-hydroly2ing activity of the rccombinanl AtPLCI
proJem assayed in a crude exUaci (10 *tg) from IPTG-treated £. coli
cellsthat harbored pGEX-2T (bar 1). purified GST protein (2 /tg) after
chromatography on a column of glutathione-Sepharosc 4B (bar 2) a

IPTG-treatcd E. coli cells that harbored
pNH4% (bar 3). the purified GST-AIPLCI fusion protein (1.4 ag)
after chromatography on a column of glulathione-Sepharose 4B (bar
4), and the thrombm-generated cAiPLCI protein (1.4 (bar 5).

low at lower concentrations of Ca=* and Increased gradually as
the concentration of Ca”™'was increased. These results indicate
that AtPLCI has characteristics similar to those reported for
mammalian PI-PLCs with respect not only to structure but also
to enzymatic properties. The rate of hydrolysis of PIP2 by
APLCI1 was ().2/iM/min per mg of protein at 33 >IM Can*.
Taking the purity of rAtPLCI into consideration, we find that
the PIP2-hydrolyzing activity of this protein is siraUar to that of
punfied mammalian PI-PLCs. The Pl-hydrolyzing activity was
about 2.2 nM/min per mg of protein at 5 mM Ca™*.
Expression ofthe AIPLCI Gene Is Induced by Dehydration

Hijh Salt, and Low Temperature. The cAtPLCI cDNA clone
was obtamed from a cDNA library that had been constructed
with mRNA from 1-hr-dehydrated plants, whereas no positive
clones were obtained from the cDNA library prepared from
normally grown plants. This observation suggests that the
AtPLCI gene is expre~d at a very low level under normal
growth conditions and is indiiced under environmental stress,
such as dehydration. To examine this hypothesis, we per-
formed Northern blot analysis of total RNA prepared from
plants that had been subjected to high-salt stress, dehydration,
low temperature, heat, or low osmotic stress for 10 hr A very
small amount of the 2.2-kb AtPLClI mRNA was detected
under normal growth conditions (Fig. 6A). By contrast, At-
PLCI mRNA accumulated to a significant level under faigh-
salt, dehydration, and cold stressconditions. Heat stress had no
effect. Quantitative analysis re\ealed that the level of AtPLCI
mRNA under high-salt stress was > 10times that under normal
growth conditions. Treatment with emaicr slightly induced the
expression of the AtPLCI gene, suggesting that low osmotic
stress might also function as a trigger. The plant hormone

Fig.5. a** d~ndence of PIPj- and Pl-hydrolyzing act’ities (O
ando respectlvely) of the thrombin-generated recombinant rAtFLCI
prote
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Fig. 6. Expression of the AtPLCI gene in response to vario*
stres” and in vanous organs, {A) Induction of AtPLCI by dehvd3
tion (Dry), high salinity (Salt), low temperature (Cold), heat st”

Heal) abscisic acid treatment (ABA), and k» osmotic stress

&fpi Methods). (B) Organ-specific expression of 'tl«
ourse of accumulation of AtPLC{

mRNA dunng dehydratlon ©) and high-salinity stress {D).

abscisic acid, which ftinctions in the induaion of manv genj

under dehydration and high-salt conditions (30). also induced!

the accumulation of AtPLCI mRNA. Under dehydratiofl

conditions, AtPLCI mRNA increased rapidly within 1 hr

reached a maximum at 2 hr, and then decreased gradually (Fia

6C). By contrast, the accumulation of AtPLCI mRNA began'
at about 2 hr after the start of salt treatment and reached a'
maximum at 5-10 hr (Fig. 6D). The discrepancy between the’
patterns of induction under dehydration stress and under sah

stress might be due to the differences between the effects of
Aljf plants. Organ-specific expression of the'
Aor examined under normal growth conditions.”
AtPLCI mRNA was detected in vegetative organs, such as’
stems, leaves, and roots, whereas it was hardlv detected at aD'
in reproductive organs, such assiliques (Fig. 65). These results'
indicate that AtPLCI functions only in vegetative organs |n1
particular under stressful conditions.

DISCUSSION

In plant” as in animals, Ca”* ions play crucial roles in a variety
of signal-transduction pathways in response to extracellular
stimuli. In mammalian cells, the release of Ca”” ions is'
controlled mainly by the PI turnover system, in which PI-PLC i
plays a key role. Therefore, it has been proposed that the Pl
turaover”tem and homologsofPI-PLC also function inplant |
cells. Many reports suggestive of PI turnover systems in plants
and teeir involvement in signal-transduction pathways of ex-
tracellular stimuli have been published. However, no direct
evidence was presented for the existence of PI-PLCs in plant
«Us. In this study, we demonstrate that the higher plant
Arabidopsts has a gene, which we designated AtPLCI that is
sitificantly similar to genes for PI-PLO. TTie recombinant
AtPLCI protem expressed in E. coli had considerable PI-PLC
activity and its catalytic properties were similar to those of
FI-PLCs from other oiganisms (Figs. 4 and 5). These results
strongly suggest that AtPLCI represents a PI-PLC in Arabi-



is. The overall structure of AtPLCI is most closely related
5iat of the 5 isotype among the three isotypes of PI-PLC.
ver, AtPLCI has a unique structure with a quite short,
nserved N-terminal region, whereas PI-PLC*”. -y, and
"bave long N-terminal regions. AtPLCI is the smallest
~Alein among PI-PLCs identified to date and it is composed,
A tl-: most part, of just the E-F hand and the X and Y
ns. This structural difference might reflect differences in
i™|.iioty properties or subcellular localization.
pl-PLCs hydrolyze PIP2to produce IPj and DG. In animal
cells. 1p3 binds to an IP3 receptor and opens a Ca™* channel,
localized on the membrane of the endoplasmic reticulum, to
lelcasc Ca™" into the cytoplasm. The other product, DG,
activates protein kinase C. Aiexandre etaL (20) proposed that
| Ca™* channel coupled with an 1P3 receptor might exist on the
yicuolar membrane of plant cells. However, no evidence has
presented for the presence of protein kinase C, the target
pioioin kinase of DG. None the less, our finding of a boroolog
of PI PLC, AtPLCI, InArabidopsis supports the possibility of
Ibe existence of protein kinase C homologs in higher plants.
The expression of the AtPLCI gene was induced under
environmental stresses such as dehydration, high salinity, and
low temperature, results that suggest that AtPLCI might
function in signal-transduction pathways under these stress
conditions. It has been reported that these stresses transiently
Increase free cytosolic Ca™~ in plant cells (31). The release of
free ™" under these stresses is thought to be induced via the
Pl turnover system in plants. Dehydration and abscisic acid
indu ;e changes in turgor of stomatal guard cells with resultant
dosi;re of stomata. 1p3 functions in the regulation of cytosolic
levels of Ca™" in guard cells. Ca™*" released by IP3 into the
grtoplasm is implicated in the regulation of guard-cell turgor
rit modulation of channels (32, 33). In the unicellular
~Nen alga Dunaliella salina, the levels of PI metabolites
:hange rapidly in response to osmotic stress (34). In addition,
lyeast PI-PLC, PLCI, ispresumed to be involved in responses
10environmental changes, such as changes in nutrient coodi-
jons (11,13). Therefore, the PI-PLC homolog AtPLCI can be
>re«jmed to function in signal transduction in higher plants
inc ;r environmental stress. The AtPLCI gene is induced by
kh.dration and salinity stress, a result that suggests the
iccumulation of the AtPLC protein in plant cells that have
)cen exposed to these stresses. The accumulation of AtPLCI
>robably contributes to the enhancement of the efficieiKy of
ignal transduction under stress conditions and increases the
ibility of plant cells to adapt to these conditions. Anah'Ms of
ransgenic plants in which the AtPLCI gene is overcxprssed
)rdownregulated should give us some ideas as to the furtctioo
»f AtPLCI.
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