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Chapterr  2 

Hyperosmoticc stress induces rapid synthesis of 

phosphatidyl-D-inositoll  3,5-bisphosphate in plant cells 

Haroldd J.G. Meijer , Nulli n Divecha*, Herman van den Ende, Alan Musgrave and 
TeunMunnik k 

PlantaPlanta (1999) 208: 294-298 

Institutee of Molecular Cell Biology, BioCentrum, University of Amsterdam, Kruislaan 318, NL-1098 SM 

Amsterdam.. *Division of Cellular Biochemistry, The Netherlands Cancer Institute, Plesrnanlaan 121, NL-

10666 CX, Amsterdam, The Netherlands 

Severall  different plant cells synthesised a polyphosphoinositide (PPI) -like lipid 
whenn osmo-stressed. Synthesis was maximal after  about 10 min and was stimulated 
byy a variety of osmolytes. Using NaCl, the strongest response centred around 200 
mM.. The lipi d was shown to be the novel PPI  isomer phosphatidyl-inositol 3,5-
bisphosphatee [PI(3,5)P2] by analytical thin layer  chromatography and conversion to 
PI(3,4,5)P33 using recombinant PI  4-OH kinase. The results indicate that PI(3,5)P2 

playss a role in a general osmo-signalling pathway in plants. It s potential role is 
discussed. . 

Introductio n n 

Plantt cells experience hyperosmotic stress when the solute concentration in their apoplasts 

increases.. Much is known about changes in gene expression in response to this stress but 

littl ee is known about stress perception and the signalling pathways involved (Bohnert and 

Shevelevaa 1997; Bray 1997; Shinozaki and Yamaguchi-Shinozaki 1997; Zhu etaL, 1997). 

Wee have therefore looked for the formation of potential lipid second messengers. 
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Methods s 
PlantPlant material— Chlamydomonas moewusii, strain UTEX 10, and suspension cultures of tomato, line 

Msk8,, and alfalfa, were grown as described before (Munnik et al., 1995; Felix et al., 1991; Bögre et al., 

1997).. The Argenteum mutant of Pisum sativum (Hoch et al., 1980) was grown for 3-5 weeks in an unheated 

greenhousee before harvesting leaves and removing epidermal strips from the lower surfaces. Strips were 

incubatedincubated for 3 h h on 5 mM Mes/KOH pH 5.5, 1 mM KC1, before treatment. All cell types were treated by 

addingg equal volumes of NaCl dissolved in the appropriate culture medium. Final concentrations are 

reported. . 

LipidLipid extractions —Radio-labelling of tomato, pea and alfalfa cells was stopped by adding perchloric acid to 

aa final concentration of 5% and freezing them in liquid N2. Lipids were extracted by adding 3.75 volumes of 

CHClj/MeOH/HCll  (50:100:1 v/v) and by using 1 volume of 0.9% NaCl and 3.75 volumes of CHC1, to 

inducee phase separation. Extractions were processed further as described by Munnik et al., (1996), which 

includess the methods for labelling and extracting Chlamydomonas lipids. 

PolyphosphoinositidePolyphosphoinositide standards — Standards were synthesised using antiphosphotyrosine 

immunoprecipitatess from PDGF-stimulated RAT-1 cells to phosphorylate PI, PI4P and PI(4,5)P2 purified 

fromm bovine brain to generate their 3' phosphorylated counterparts. Briefly, confluent cell cultures were 

stimulatedd with PDGF (10 ng/ml) for 2 min, lysed in 1 ml 50 mM Tris pH 7.4 containing 150 mM NaCl, 1% 

NP40,, 0.1 mM orthovanadate and 20 mM fj-glycerophosphate and immunoprecipitated using 2 ul PY20 

(Transductionn Lab., Lexington, Ky. USA) coupled to protein G Sepharose (Amersham Pharmacia, 

Roosendaal,, The Netherlands). After 1 h the beads were washed three times with the above buffer and twice 

withh PIP kinase buffer (50 mM Tris pH 7.4, 10 mM MgCl2, 80 mM KC1, 1 mM EGTA) and finally 

suspendedd in 50 ul double strength PIP kinase buffer at 30°C. Enzyme activity was initiated by adding 50 ul 

100 mM Tris pH 7.4 containing 1 nmole of the relevant lipid and 50 uCi  ,2P-ATP. After 2 h the lipid was 

extractedd using 0.5 ml chloroform:methanol (1:1) and 125 ul 2.4 M HC1. These immunoprecipitates were 

ineffectivee for generating PI(3,5)P2 from PI5P. It was therefore synthesised from labelled PI3P, generated as 

above,, using recombinant myc-tagged type 1 PI4P 5-kinase immunoprecipitated from transiently transfected 

coss cells. 

PhosphorylationPhosphorylation of PIP2 — Radiolabelled PIP2 isomers from C. moewusii were purified by 2D-TLC and 

vacuum-driedd in the presence of 25 pmoles PI(4,5)P2 and 5 nmoles PtdOH (Sigma). After suspending them 

byy sonication in 50 ul 10 mM Tris pH 7.4, 50 ul double-strength PIP kinase buffer (see above), non-

radioactivee ATP (final concentration 500 uM) and 1 ul enzyme (Divecha et al, 1995) were added. 

Conversionn to PI(3,4,5)P3 was performed overnight at 30°C and the lipids thereafter extracted as described 

above. . 

DeacylationDeacylation and TLC analysis of phospholipids — Polyphosphoinositides were deacylated using 

monomethylaminee as described previously (Munnik et al., 1994). The glycerophosphoinositides were 

separatedd via polyethyleneimine-cellulose TLC as described in the same reference. Silica 60 TLC plates 

(Merck)) were used with an alkaline solvent system to separate phospholipids and PIP2 isomers (Munnik et 

al.,al., 1995), whereas an acidic solvent (chloroform /aceton /methanol /acetic acid / H20: 48 / 15 / 15.6 / 14.4 / 

8.4,, by vol.) was used to separate PIP2s from PIP,s. Individual PIP2 isomers were purified via 2D-TLC using 

thee alkaline system in both directions. 
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Resultss and Discussion 
OsmoticOsmotic stress activates the synthesis of a new polar lipid in plant cells 

Inn order to study phospholipid signalling in plant cells, we first incubate them for up to 3 h 

withh 32P; to label their phospholipids and then monitor treatment-induced changes in 

individuall  species. We have used cell suspension cultures rather than plant tissues because 

theyy have the advantage that they can be synchronously labelled and treated, although 

epidermall  strips floating on solution are a good compromise. One of the best studied plant 

systemssystems is the unicellular alga Chlamydomonas, because when starved of phosphate, it 

quicklyy induces a Pruptake mechanism (Siderius et aL, 1996). If the cells are then fed 32Pi? 

theirr lipids are very rapidly labelled. In addition, it has the highest polyphosphoinositide 

levelss yet recorded for a plant cell (Munnik et aL, 1998a; 1998b), making their study 

easier.. Consequently, most of the data presented here will be for Chlamydomonas, 

althoughh the same osmo-stress response is demonstrated for several higher plant cells. 

Treatmentt of  32P-labelled Chlamydomonas cells with 150 mM NaCl for 5 min 

inducedd the formation of a new lipid, designated PLX (Fig. 1A), migrating just below 

PI(4,5)P2.. Since the effect of 150 mM NaCl could be due to Na-toxicity rather than 

hyperosmoticc stress, other solutes were tested. As illustrated in Fig. IB, KC1, glycerol, 

sucrosee and mannitol, used at concentrations equivalent to 150 mM NaCl (0.3 Os/Kg), all 

inducedd PLX synthesis as effectively as NaCl, suggesting that PLX was synthesised in 

responsee to osmotic stress. In these experiments, the maximum radioactivity in PLX 

amountedd to nearly 2% of the lipid fraction. Other treatments such as heat, cold, 

centrifugation,, dark, light or addition of a sexual partner, some of which can be considered 

ass stresss treatments, did not induce PLX formation. 

Thee response was not restricted to Chlamydomonas, for tomato and alfalfa cell 

suspensionn cultures, as well as epidermal strips from the lower surface of pea leaves, 

synthesisedd PLX on treatment with 150 mM NaCl (Fig. 1C). For each species the amount 

off  32P-PLX was expressed as a percentage of the total phospholipids and the relative 

increasess are presented. These increases should be seen as minimal, because PLX was not 

usuallyy detectable in control cells (see Figs. 1A and B), and the radioactivity attributed to 

controll  PLX was nothing more than trailing radioactivity from faster migrating lipids. 

Thee kinetics of PLX formation in cells treated with 150 mM NaCl are shown in Fig. 

2A.. After a short lag, synthesis started and reached a peak by 5 to 7 min before returning 

too background levels 3 h later. The rapid synthesis and metabolism are typical of signalling 

moleculess and therefore PLX has the potential to be a second messenger. The only other 

reportss of such rapid second messenger production for osmo-stressed plant cells are for 

increasess in cytosolic Ca2\ that seemed to result from phospholipase C activation and 

inositoll  1,4,5-trisphosphate production (Lynch et aL, 1989; Allen and Sanders 1994; 

Knightt e/ aL, 1997). 
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Fig.. 1. Osmotic stress induces the synthesis of PLX in several plant species. (A) Chlamydomonas cells pre-
incubatedd with 12P-orthophosphate were treated with or without 125 mM NaCl for 15 min. Isolated lipids 
weree separated by TLC and visualised by autoradiography. PLX is indicated by an arrow. (B) Radiolabelled 
cellss were treated for 5 min with the listed osmolytes (0.3 Os/Kg). An autoradiogram of their TLC-separated 
lipidss was made and the part illustrating PLX and PIP2 is shown. (C) Radiolabelled cell suspensions of C. 
moewusii,moewusii, tomato and alfalfa and epidermal strips of pea leaves were treated with -150 mM NaCl for 5 min. 
Thee lipids were isolated and separated by TLC. Radioactivity migrating at the position of PLX was 
quantitatedd and the increase due to NaCl treatment expressed in relation to cells treated with culture medium 
(non-stimulated). . 

Differentt osmo-stress receptors could be activated at different stress levels. This is 

thee case in yeast where two different osmo-sensors feed into a MAP kinase pathway. The 

onee (Sholp) responds to NaCl concentrations between 200 and 300 mM, while the other 

(Slnlp)) responds to the range 100 to 600 mM NaCl (Maeda et al., 1995). Still higher salt 

concentrationss (>900 mM) have recently been shown to activate the synthesis of PI(3,5)P, 

byy an unidentified receptor (Dove et al., 1997). In order to assess the effective 

concentrationn range for PLX synthesis in Chlamydomonas, cells were treated for 5 min 

withh different NaCl concentrations before monitoring "P-PLX levels. Synthesis was 

stimulatedd by as littl e as 50 mM NaCl, peaked at 200 mM and then declined such that 

theree was no response at 400 mM (Fig. 2B). Thus PLX synthesis responded to a limited 

stresss range. This suggests that it should be seen in perspective with other signalling 

pathwayss that are activated over different ranges. The larger picture of osmo-signalling is 

alreadyy emerging for we have found that when Chlamydomonas is treated with 20 to 100 

mMM NaCl/KCl, it responds by activating phospholipase D, while at concentrations above 

3000 mM, phospholipase C is activated (Munnik et al, 2000). 
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Fig.. 2. PLX formation is time- and dose-dependent. Radiolabelled C. moewusii cells were treated (A) with 
(openn squares) or without (open circles) 150 mM NaCI for different times or (B) with different 
concentrationss of NaCI for 5 min. Cells were harvested, their lipids extracted and separated by TLC. The 
radioactivityy in the PLX spot was quantified by phosphoimaging. The data are expressed as arbitrary units or 
ass a percentage of the total radioactive lipid. In both graphs data represent averages from two independent 
experiments. . 

PLXPLX is PI(3,5)P2 

Thee PIP, isomer migrating just ahead of PLX in Figs. 1A and B, has been identified as 

PI(4,5)P22 (Irvine et al, 1989; Munnik et al, 1994). In this TLC system, PI(3,4)P2 migrates 

betweenn PLX and PI(4,5)P2 while PI(3,5)P2 co-migrates with PLX, therefore PLX could be 

PI(3,5)P2.. To test this possibility, PLX and PI(4,5)P2 were isolated from stimulated cells 

usingg 2-D TLC, deacylated and their GroPInsP, derivatives chromatographed on 

polyethyleneimine-cellulosee using a TLC solvent known to separate the headgroups of 

naturallyy occurring PPIs (Munnik et al., 1994). The standard GroPInsP, isomers were 

clearlyy separated from each other (Fig. 3A). The derivative from Chlamydomonas 

PI(4,5)P22 co-migrated with GroPIns(4,5)P2, while that from PLX migrated with 

GroPIns(3,5)P2.. A minor deacylation product chromatographed at the position of 

GroPIns(4,5)P2.. This was to be expected because PI(4,5)P2 trails into the PLX spot, as 

alreadyy discussed. 
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Fig.. 3. PLX is PI(3,5)P2. (A) Radioactive PLX and PIP, were isolated from 2-D TLC plates, deacylated and 
thee glyceryl headgroups separated as described previously (Munnik et al., 1994). The relative positions of 
thee standard PPI isomers are indicated by arrows. (B) Samples of PLX and PIP, from Chlamydomonas, as 
welll  as PPI standards, were treated with PI 4-kinase (Divecha et al., 1995; Tolias et al., 1998) and the 
mixturee was then chromatographed to separated PIP,s from PIP,s. The relative positions of the PPIs are 
indicatedd by arrows. 

Iff  PLX is PI(3,5)P2, it should be converted to PI(3,4,5)P, by PI 4-kinase (Divecha et 

al,al, 1995; Tolias et al, 1998). Therefore 32P-PLX and 32P-PI(4,5)P2 from Chlamydomonas, 

ass well as standard 32P-PIP, isomers, were treated with PI 4-kinase and non-radioactive 

ATP.. The products were chromatographed on a TLC system designed to separate PPI 

subclassess rather than individual isomers. Of the standards, only PI(3,5)P2 produced a PIP, 

productt (Fig. 3B). Chlamydomonas PLX but not PI(4,5)P2 was also converted to 12P-PIP3. 

Sincee the ATP was not radioactive, this product must have arisen from ,2P-PLX and not 

fromm the lipids used in the incubation mixture to promote enzyme activity. The fractions of 

PLXX and PI(3,5)P2 converted to PIP, were similar (about 35 %). These combined results 

indicatee that PLX is PI(3,5)P2. Thus plant cells, like yeast (Dove et al., 1997), synthesise 

PI(3,5)P22 when subjected to hyperosmotic stress. However, the plant response is activated 

att intermediate (50-300 mM NaCl) rather than high (>900 mM NaCl) stress levels. 
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WhyWhy does hyperosmotic stress induce PI(3,5)P2 synthesis in plants? 

PI(3,5)P22 is synthesised from PI3P by a type I PIP 5-kinase (Dove et al, 1997; Tolias et 

al,al, 1998; Whiteford et al, 1997). In yeast the putative enzyme is Fablp (Gary et al, 

1998).. It contains a FYVE domain that specifically binds PI3P and thereby locates it to 

endocyticc and vacuolar compartments (Burd and Emr 1998). Fabl mutants have 

abnormallyy large vacuoles that cannot divide or turnover. As a result, budding daughters 

sharee an "8-shaped" vacuole with their mothers (Bonangelino et al., 1998; Yamamoto et 

al,,al,, 1995; Gary et al, 1998). Therefore PI(3,5)P2 is important for vacuole scissions. In 

addition,, the vacuolar pH of fabl mutants is not acidic, suggesting that the lipid promotes 

thee activity of vacuolar H+-ATPases. These functions of PI(3,5)P2 in yeast are pertinent to 

plantt cells that also contain vacuoles. 

Whenn plant and yeast cells are dehydrated, the water reservoir in the vacuole can 

compensatee the water deficit in the cytosol, but the consequence is that its volume is 

reduced.. To compensate the volume deficit, the vacuole can fragment, and the more 

vesicless formed, the smaller the volume enclosed, assuming the membrane area remains 

thee same. The formation of PI(3,5)P2 could therefore help compensate a water deficit by 

promotingg vacuole vesiculation. Indeed, osmo-stressed Schizosaccharomyces pombe cells 

synthesisee PI(3,5)P2 (Dove et al., 1997) and also fragment their vacuoles (Bone et al, 

1998),, although the two processes have yet to be causally related. 

Plantt cells and yeast can also compensate a water deficit by accumulating 

osmoticallyy active ions from the apoplast and, during a period of adaptation, they 

synthesisee and accumulate organic osmolytes (Bohnert and Sheveleva 1997; Bray 1997; 

Shinozakii  and Yamaguchi-Shinozaki 1997; Zhu et al., 1997). The driving force for 

accumulationn in the vacuole is often the proton gradient over the tonoplast, generated by 

H++ ATPases and H+ PPases (Martinoia and Ratajczak 1997). It accounts for the 

electrogenicc uptake of anions and, via H+ antiporters, for the uptake of cations and sugars. 

Thuss PI(3,5)P2 synthesis during osmo-stress could stimulate the proton gradient and the 

accumulationn of osmolytes. It could therefore be part of a signalling mechanism intrinsic 

too vacuolated cells, that helps the protoplast maintain turgor pressure and growth under 

desiccatingg conditions. 
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