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Chapterr 4 

Hyperosmoticc stress rapidly generates 
lyso-phosphatidicc acid in Chlamydomonas 

Haroldd J.G. Meijer, Steven A. Arisz, John A J . van Himbergen, Alan Musgrave and 
TeunMunnik k 

PlantPlant Journal (2001) 25: 541-548 

Swammerdamm Institute for Lif e Sciences, Department of Plant Physiology, University of Amsterdam, 

Kruislaann 318, NL-1098 SM, Amsterdam, The Netherlands 

Plantt cells are continuously exposed to environmental stresses like hyper-

osmolarityy and have to respond in order to survive. When "P-lab el led 

ChlamydomonasChlamydomonas moewusii cells were challenged with NaCl, the formation of a new 

radiolabelledd phospholipid was stimulated. Before stimulation, it was barely 

detectable.. The phospholipid was identified as lyso-phosphatidic acid (L-PA). It was 

thee only lyso-phospholipid to be accumulated. The increase in L-PA was dose- and 

time-dependent.. When other osmotically active compounds were used, the formation 

off L-PA was also induced with similar kinetics, although salts were better inducers 

thann non-salts. At least part of the L-PA was generated by phospholipase A2 (PLA2) 

hydrolysingg phosphatidic acid (PA). This claim is based on PA formation preceding 

L-PAA production, and PLA2 inhibitors decreasing the accumulation of L-PA and 

promotingg the conversion of PA to diacylglycerol pyrophosphate (DGPP). The latter 

iss another metabolic derivative of PA that is implicated in cell signalling. The 

involvementt of multiple lipid signalling pathways in hyperosmotic stress responses is 

discussed. . 

Introduction n 

Thee exposure of plants to environmental changes requires adaptation in order to withstand 

extremes.. A typical example is osmotic stress that results from drought, salinity or 

freezing.. During evolution plants have developed mechanisms to sense the nature and 

severityy of such stresses and to respond accordingly. Adaptation involves the activation of 

ion-channels,, reorganising membrane trafficking, gene expression and the production of 
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osmo-protectantss (Bohnert et al, 1995; Hasegawa et al, 2000). Whereas some of the late 

responsess to osmotic stress are relatively well documented, the initial signalling pathways 

aree just now being discovered. 

Duringg osmotic stress, several phospholipid-based signalling pathways in plants are 

rapidlyy activated. They include phospholipase D (PLD) and phospholipase C (PLC) 

pathways,, that directly or indirectly result in the production of phosphatidic acid (PA) 

(Dr0bakk and Watkins, 2000; Munnik et al, 1998a; 2000; Pical et al, 1999). Although PA 

iss an intermediate in lipid synthesis, its rapidly induced production is now seen as the 

synthesiss of a novel second messenger (Munnik et al, 1998a; 2000). As for all second 

messengers,, a specific attenuation mechanism also seems to exist for PA, because during 

osmoticc stress PA levels were reduced by the rapid activation of PA-kinase, which 

producess diacylglycerol pyrophosphate (DGPP) (Munnik et al, 1996; 2000; Pical et al, 

1999).. Although discovered as an attenuation mechanism, the production of DGPP only 

takess place during signalling and therefore DGPP is a potential signal in its own right. It 

hass now been identified in plants, yeast and trypanosomes and has been found to induce 

intracellularr signalling in macrophages (Balboa et al, 1999; Marchesini et al, 1998; 

Munnikk et al, 1996; 1998b; 2000; van Himbergen et al, 1999; Wu et al, 1996). Other 

changess in signalling lipids have also been found in hyperosmotically stimulated plant 

cells.. They include transient changes in phosphatidylinositol phosphate (PIP) and 

phosphatidylinositoll  4,5-bisphosphate (PI(4,5)P2) (Cho et al, 1993; Einspahr et al, 1988; 

Picall  et al, 1999) and the accumulation of a novel PIP2 isomer, PI(3,5)P2, that has been 

reportedd for plants and yeast (Dove et al, 1997; Meijer et al, 1999). These effects of 

osmoticc stress on phospholipid metabolism generally occur on a seconds to minutes time 

scalee and should not be confused with longer term responses in adaptation. 

Whilee using the green alga Chlamydomonas moewusii to investigate phospholipid-

basedd signalling during hyperosmotic stress, we noted that a barely detectable unidentified 

phospholipidd increased dramatically in concentration. Here we illustrate the kinetics of 

formation,, identify it as lyso-phosphatidic acid (L-PA) and show that it is synthesised 

whenn cells are treated with hyperosmotic concentrations of salts or non-salts. Based on 

kineticc and inhibitor studies, we conclude that it results from the activation of a 

phospholipasee A2 that specifically hydrolyses PA. 

Results s 

SaltSalt stress induces the formation of a novel phospholipid 

Thee alga C. moewusii has two major attributes for studying phospholipid-based signalling 

inn plant cells: it can easily be labelled with 32Pt and, being a suspension of single cells, all 

cellss respond synchronously to a variety of treatments. Using this system, we have recently 

70 0 



HyperosmoticHyperosmotic stress induces LP A formation 

shownn that hyperosmotic stress rapidly provokes major effects on the levels of several 

phospholipidss (Meijer et al, 1999; Munnik et al, 2000). Thus, when radiolabelled cells 

weree treated with 300 mM NaCl for 5 min, TLC analysis of their lipids showed clear 

changess in the labelling pattern. As can be seen in lane 3 (Figure 1), the levels of PI(3,5)P2, 

DGPPP and PA dramatically increased as reported previously (Meijer et al., 1999; Munnik 

etet al., 2000). Further analysis of the autoradiogram reveals an increase in a phospholipid, 

designatedd PX, that migrates between DGPP and PA in this alkaline TLC system. This 

lipidd is barely detectable in non-treated cells. The specificity of this NaCl-induced response 

iss illustrated by the use of mastoparan as a G-protein activator. While mastoparan had a 

dramaticc effect on the formation of PA and DGPP (Figure 1, lane 2), it did not provoke the 

accumulationn of PX, nor did it stimulate PI(3,5)P2 synthesis. 
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Fig.. 1. NaCl induces the synthesis of PX in C. moewusii. Chlamydomonas cells were pre-labelled for 2.5 h 
withh 31P, and subsequently treated for 5 min with HMCK buffer (C), mastoparan (MP, 8 uM) or NaCl (300 
mM).. Lipids were extracted, separated by alkaline TLC and visualised by autoradiography. The positions of 
alll  known phospholipids are indicated. The position of PX is marked by an arrow. 

IdentificationIdentification of Phospholipid X as lyso-phosphatidic acid 

Thee formation of PX during NaCl treatment could be a phosphorylation of a non-labelled 

lipidd or, a modification of a prelabelled phospholipid. In order to distinguish between these 

possibilities,, a short labelling strategy was used, as previously described in detail (Munnik 

etet ah, 1998b). In brief, when 32P> is added to cells it is rapidly incorporated into the ATP 

pooll  and subsequently into the phospholipids that are made through kinase activity. Those 

lipidss that are synthesised by phosphorylation are immediately labelled, while structural 
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lipidss become labelled much later via multiple biosynthetic steps (Munnik et al, 1998a; 

1998b;; 2000). When cells were labelled for just 1 min and then were stimulated for 5 min 

withh 300 mM NaCl, a prominent increase in PA, DGPP and PX was found. Of the other 

phospholipids,, only the polyphosphoinositides were labelled (data not shown). This 

indicatess that PX is phosphorylated directly from ATP or is a derivative of such a 

phospholipid.. For example, PX could be lyso-phosphatidic acid (L-PA). This lipid is 

knownn to be an intermediate in phospholipid biosynthesis but can also be involved in 

phospholipid-basedd signalling (Munnik et al, 1998a). We have previously shown that in 

thee alkaline TLC system, it migrates approximately at the position of PX in Fig 1 (Munnik 

etet al, 1996). Therefore, to test whether PX was indeed L-PA, we first removed the fatty 

acid(s)) from PA and PX to see if glycerophosphate was the common product. This 

derivativee was separated from other phospholipid-headgroups by anion-exchange TLC 

(Munnikk et al, 1996). As is shown in Fig 2a, the deacylated product of PX co-migrated 

withh glycerophosphate derived from authentic PA. None of the other phospholipid 

headgroupss migrated at that position (data not shown). 

Anotherr strategy to identify PX was to digest radiolabelled PA with PLA2 to produce 

ann authentic lyso-phospholipid standard (Munnik et al, 1996). The L-PA formed in this 

wayy co-migrated with PX (Figure 2b). Together these results identify PX as L-PA. 
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Fig.. 2. Identification of PX as lyso-phosphatidic acid. C. moewusii cells were pre-labelled with ,2P; for 30 
minn and then stimulated with 300 mM NaCl for 5 min. Their lipids were extracted and separated by alkaline 
TLC.. Spots were visualised by autoradiography and scraped from the TLC. Deacylation of labelled PA and 
PXX produced headgroups (GroP) that co-migrated on PEI-cellulose (a). Hydrolysis of isolated PA by PLA2 

followedd by alkaline TLC shows that the product (L-PA) co-migrates with PX (b). The lipid extract of NaCl-
stressedd cells that was used to isolate PA is shown on the left-hand side of panel b. 
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L-PAL-PA is the only lyso-phospholipid induced during osmotic stress 

L-PAA is the smallest and simplest phospholipid known and migrates to a discrete position 

onn alkaline TLC, free from other phospholipids. Even so, other lyso-phospholipids that 

mayy be formed during salt treatment, e.g. lyso-phosphatidylethanolamine, could co-

migratee with more dominant phospholipids and their synthesis would then go unnoticed. 

However,, careful observation and quantitative analysis failed to reveal any other potential 

lyso-phospholipidd (Figure 1; Munnik et al., 2000). Furthermore 2D-TLC revealed only the 

twoo NaCl-induced spots depicted in Figure 1, which have now been identified as PI(3,5)P, 

andd L-PA (data not shown). 

NaCl-inducedNaCl-induced formation of L-PA is dose- and time-dependent 

Inn order to assess which NaCl concentrations stimulate L-PA production, C. moewusii cells 

weree prelabelled with 32P, for 2.5 h and then treated with a range of concentrations for 5 

min.. The results are presented in Figure 3a. The accumulation of L-PA was dose-

dependentt within the range 150-400 mM NaCl, reaching a maximum at 300 mM. In 

contrast,, formation of PA increased over a wider range, while DGPP formation increased 

att the higher end of this range, somewhat similar to L-PA. The synthesis of L-PA and 

DGPPP could have limited further PA accumulation (Figure 3a). 
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Fig.. 3. NaCl induces the formation of L-PA in a dose- and time-dependent manner. "P-Prelabelled 
ChlamydomonasChlamydomonas cells were incubated for 5 min with NaCl at the concentrations indicated (a), or incubated 
withh 300 mM NaCl for the times indicated (b). Lipids were subsequently isolated, separated by alkaline TLC 
andd visualised by autoradiography. These experiments have been performed at least 3 times. Results of a 
typicall  experiment are shown. 
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AA time-course using 300 mM NaCl is shown in Figure 3b. While PA formation was 

inducedd within 1 min, L-PA accumulation was only observed after 1 min, reaching 

maximall  values at 5-10 min, before approaching the background again at 30 min. DGPP 

formationn started at the same time as L-PA but peaked later and the highest concentrations 

weree maintained longer. Time-course experiments using other concentrations of NaCl 

showedd the same kinetics. When a short labelling protocol was used as discussed before, 

PAA formation still preceded the formation of L-PA, which peaked at 5 min (not shown). 

L-PAL-PA formation is induced by all osmolytes and some other stresses 

NaCl-inducedd formation of L-PA could be due to ion-toxicity rather than hyperosmotic 

stress.. Therefore other osmolytes were tested at equivalent osmotic concentrations (0.55 

Os/Kgg applied for 5 min). As depicted in Figure 4, they all activated the formation of L-

PA,, although non-ionic osmolytes provoked lower levels of L-PA compared with ionic 

ones.. When any of these osmolytes was used in time-course or dose-response experiments, 

thee results were similar to those shown for NaCl (Figure 3). 

Too see whether L-PA production was restricted to hyperosmotic stress, we tested the 

effectt of heat, cold, dark, centrifugation, light or the addition of fresh media. Only cold and 

lightt treatment gave a small (  3 fold) increase in L-PA (data not shown). 

Fig.. 4. Hyperosmotic stress triggers the formation of L-PA. ,2P-Prelabelled C. moewusii cells were treated for 
55 min with buffer or with the compound indicated at a concentration equivalent to 300 mM NaCl (0.55 
Os/Kg).. The results are presented as the average fold-increases from three independent experiments (  SD). 

L-PAL-PA elevation is probably due to the activation ofPLA2 

L-PAA can be synthesised via different metabolic pathways. For example, by 

phosphorylationn of a mono-acylglycerol, although such enzyme activity has not been 

describedd in plants (Shim et ai, 1989). Another route involves lyso-phospholipase D 

actingg on a lyso-phospholipid (Tokumura et al, 1999). This possibility is unlikely since it 

iss not compatible with the short term labelling characteristics of LPA reported here and the 
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factt that no other 32P-lyso-phospholipid was detected that could be a substrate. L-PA could 

alsoo be synthesised by acylation of glycerophosphate, which is the classic route for 

phospholipidd synthesis but again, this seems unlikely, because the accumulation of L-PA 

wass always preceded by the accumulation of PA (Figure 3). Therefore the most attractive 

possibilityy is hydrolysis of PA via PLA2 activity (Gaits et al., 1997). 

Inn animal systems, PLA2 activity has been studied by using certain inhibitors 

(Rosenthall  et al, 1994; Balsinde and Dennis, 1997). These compounds have also been 

usedd in plants (Chandra et al.t 1996; Narvaez-Vasquez et al, 1999; Paul et al, 1998; 

Romeiss et al, 1999; Roos et al, 1999; Scherer and Arnold, 1997; Yi et al, 1996). 

Thereforee we tested their effects on NaCl-induced L-PA formation in living 

ChlamydomonasChlamydomonas cells. Chlorpromazine, used as a non-specific inhibitor of PLA activity, 

hadd no effect on L-PA formation at low concentrations (< 5 uM). At higher concentrations 

itss use was complicated by the activation of PLC and PLD, even in the absence of osmotic 

stresss (Meijer et al, unpublished data). Two other inhibitors, aristolochic acid (AA) and 4-

bromo-phenylacyl-bromidee (BPB) were found to have more specific effects. Interestingly, 

theyy both reduced L-PA formation but increased the levels of DGPP (Figure 5), suggesting 

thatt inhibition of one PA metabolic pathway was compensated by increasing another. 

Wee also tested the PLA2 inhibitor nordihydroguajaretic acid (NDGA). At 40 uM it 

causedd a small (< 10 %) decrease in L-PA formation while increasing the PA and DGPP 

accumulationn two-fold (data not shown). IC^ values could not be assigned, because higher 

concentrationss of all three inhibitors affected the general phospholipid labelling patterns, 

evenn in the absence of an osmotic stimulus. In conclusion, these results indicate that 

deacylationn of PA via an osmotically activated PLA2 is the most likely cause of L-PA 

accumulation.. Nonetheless, we cannot exclude the possibility that some L-PA is generated 

byy de novo synthesis, even though one would not expect blocking this route to increase the 

amountt of PA and DGPP, ass we have shown. 

Discussion n 

Wee have demonstrated that L-PA is rapidly synthesised in Chlamydomonas cells when 

theyy are subjected to hyperosmotic stress. The effect was dramatic because L-PA was 

hardlyy detectable prior to stress application, but on stimulation with moderate osmolyte 

concentrations,, it was synthesised within minutes (10-15 fold). Only two other conditions 

(coldd and light) induced the same but weaker response. No other lyso-phospholipids were 

detected.. Therefore the synthesis of L-PA seems fairly specific for a particular range of 

hyperosmoticc stress levels. The halotolerant alga Dunaliella salina has also been reported 

too synthesise L-PA on salt stress, although no concentration dependency was recorded 

(Einspahr^a/.,, 1988). 
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Fig.. 5. Phospholipase A2 inhibitors inhibit L-PA formation. Chlamydomonas moewusii cells were prelabelled 
withh S1P, and then treated with 300 mM NaCI for 5 min in the presence of PLA2 inhibitors. Inhibitor 
concentrationss are indicated. The relevant parts of representative autoradiograms are shown, (a) aristolochic 
acidd (AA), (b) 4-bromo-phenylacyl-bromide (BPB). (c) Formation of DGPP, L-PA and PA in the presence of 
AAA (100 pM, n = 6) or BPB (5 pM, n = 2), expressed as the percentage of the NaCI response. Standard 
deviationss are indicated by error bars. 

L-PAA can be synthesised as a key intermediate in the biosynthesis of phospholipids. 

However,, the L-PA synthesis described here was not coupled to a detectable increase in 

thee synthesis of structural lipids. What is more, preliminary fatty acid analyses suggest that 

itt is not derived from de novo synthesis but from the PA that was accumulated prior to L-

PAA synthesis (Arisz et al., in prep.). This indicates that a phospholipase A2 was 

responsible.. A similar interpretation can be applied to the formation of L-PA in Dunaliella, 

becausee the levels of PA decreased while L-PA was accumulated (Einspahr et al, 1988). 

Inn our study, PLA2 inhibitors effectively reduced L-PA formation. Since no other lyso-

phospholipidd was detected, the results suggest that a PA-specific PLA2 was activated. Such 

activitiess have been described for mammalian cells (Billah et al, 1981; Higgs and 

Glomset,, 1994; Higgs and Glomset, 1996; Higgs et al, 1998; Lin et al, 2000; Tang et al, 
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1997;; Thomson and Clark, 1995) but, despite plant PLA2s being cloned and characterised, 

nonee has yet been classified as PA-specific (Dhondt et al, 2000; Jung and Kim, 2000; Kim 

etet al, 1994; Kim et al, 1999; May et al, 1998; Senda et al, 1998; Stahl et al, 1998; Stahl 

etet al, 1999; Tavernier and Pugin, 1995). In Dunaliella, the increase in L-PA was 

accompaniedd by LPC accumulation (Einspahr et al, 1988). 

Inn mammalian cells L-PA is an intercellular signalling molecule. It can activate 

restingg platelets, promote cell division, rearrange the cytoskeleton, activate PLC and hence 

mobilisee intracellular calcium (Gaits et al, 1997; Moolenaar, 2000; Moolenaar et al, 

1997).. The fact that L-PA formation in Chlamydomonas is rapid, transient and probably 

formedd from the signal molecule PA, indicates that it is involved in intracellular signalling 

ass well. In the last decade, PA itself and its derivative DGPP have become recognised as 

signall  molecules or signal modulators (Balboa et al., 1999; Munnik etal, 1996; 1998a). It 

iss therefore most likely that L-PA directly or indirectly (by attenuating PA levels) affects 

signalling.. L-PA itself has the potential to be a signal, because when added to 

ChlamydomonasChlamydomonas it induces deflagellation and when added to Vicia sativa roots, it induces 

roott hair deformation (data to be reported elsewhere, den Hartog, personal 

communication). . 

Iff  we assume L-PA is a signal, then a complex but exciting picture of lipid signalling 

inn osmo-stressed Chlamydomonas is emerging. It seems that cells respond differentially to 

increasingg hyperosmotic stress. At levels above 50 mM NaCl, the newly discovered 

polyphosphoinositidee PI(3,5)P2 is rapidly synthesised, probably due to activation of a PI3P 

5-OHH kinase (Meijer et al, 1999). The response exhibits a maximum at 200 mM NaCl, 

decliningg to background levels at about 350 mM. At salt concentrations between 100 and 

4000 mM, cells respond by activating both PLC and PLD (Munnik et al, 2000). This results 

inn the rapid accumulation of PA, either from PLD activity or the combination of PLC with 

diacylglyceroll  kinase. Some of the PA is then converted to DGPP by PA kinase. The net 

resultt is that both PA and DGPP accumulate with increasing NaCl. In this report we have 

presentedd evidence that concentrations from 150 to 300 mM activate PLA2 in a dose-

dependentt manner. This means that at least four lipid signalling pathways are activated by 

hyperosmoticc stress. Since POP 5-OH kinase, PLC/PLD and PLA2 are activated at 

differentt stress levels and exhibit different dose-response relationships, we can assume 

theyy are activated independently of each other. This suggests that there are different stress 

receptorss in Chlamydomonas activating different signal pathways. The concept is strongly 

supportedd by work on yeast, where two osmotically regulated receptors (Sholp and Slnlp) 

havee already been identified, cloned and characterised (Maeda et al, 1995). They operate 

att different stress profiles, i.e. in the range 200 to 300 mM and 100 to 600 mM NaCl, 

respectively.. A third receptor can also be postulated because at very high salt 
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concentrationss (>900 raM), yeast also synthesises PI(3,5)P2 (Dove et al, 1997). Of course 

osmo-stresss also activates protein kinase pathways. For example, Sholp and Slnlp in yeast 

activatee the HOG1 MAP kinase pathway (Kültz and Burg, 1998; Urao et al, 1999). In 

higherr plants, only one stress receptor has been cloned to date (Urao et al, 1999), but 

numerouss protein kinase activities have been documented as responding to osmo-stress and 

theyy also respond to discrete stress ranges (Droillard et al, 2000; Hoyos and Zhang, 2000; 

Mikolajczykk et al, 2000; Munnik et al, 1999). These data illustrate that environmental 

stimulii  of graded intensity wil l probably be detected by different receptors, each 

respondingg to a limited intensity scale, rather than by one receptor accommodating the 

wholee scale. 

Althoughh we have concentrated on the potential significance of L-PA as the 

signallingg product of PLA2 activity, the liberated free fatty acid could also be biologically 

active.. There are two possibilities: either it directly regulates enzyme activity, of which 

manyy examples are known from the literature (Munnik et al, 1998a), or the fatty acid 

couldd be converted to bioactive molecules such as the eicosanoids in mammalian cells 

(Dennis,, 2000; Munnik et al, 1998a). In plants linolenic acid can be metabolised to the 

hormonee jasmonic acid (Farmer and Ryan, 1992; Roos et al, 1999; Ryan, 2000). We are 

presentlyy performing fatty acid analyses to determine the composition of L-PA and its 

precursorr PA and measuring jasmonic acid levels in osmo-stressed and control cells. 

Thee L-PA molecule has an inverted-cone shape in contrast to the cone-shaped PA 

moleculee from which it is derived. In mammalian cells its shape is thought be instrumental 

inn vesicle formation (Schmidt et al, 1999; Weigert et al, 1999). This could be important 

forr plant cells that are rapidly losing water, because the decline in cell volume has to be 

compensatedd by membrane remodelling. For example, invaginations of the plasma 

membranee that result in vesicle formation could help accommodate such needs (Einspahr 

etet al, 1988; Homann, 1998; Kubitscheck et al, 2000; Schmidt et al, 1999; Weigert et al, 

1999).. L-PA formation in stressed cells reached a maximum in 5 min and then rapidly 

declined.. When Dunaliella was subjected to salt stress, cell shrinkage was measured and 

foundd to be complete in about 3 min (Einspahr et al, 1988). Within this period, the surface 

areaa of several organelles but not the plasma membrane was seen to decline by 30 to 40 %. 

Thereforee L-PA could play a physical role in vesicle formation and reducing organelle 

volume,, independent of its potential as a lipid signal. 
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Methods s 
PlantPlant material — Chlamydomonas moewusii, strain UTEX 10 (mating type minus; ml) from the Culture 

Collectionn of Algae, University of Texas, was grown on agar-containing Ml medium in Petri dishes at 20 °C 

(Schuringg et al., 1987), under a 12-h-dark/12-h-light regime provided by Philips TL65W/33 white 

fluorescentt tubes (Eindhoven, The Netherlands) giving an average light intensity of 2500 lux (30 uE m"2 s"1). 

Gametee suspensions were obtained by flooding 2- to 3-week-old plate cultures for 12-16 h with 20 ml 

HMCKK (10 mM Hepes, pH 7.4, 1 mM MgCl2, 1 mM CaCl2, 1 mM KC1). 

MaterialsMaterials — Silica gel 60 TLC plates and reagents for lipid extraction and analyses were from Merck 

(Darmstadt,, Germany). Aristolochic acid (AA), 4-bromo-phenylacyl-bromide (BPB), chlorpromazine (CPZ), 

nordihydroguajareticc acid (NDGA) and PLA2 were obtained from Sigma-Aldrich Chemie BV (Zwijndrecht, 

Thee Netherlands). Synthetic mastoparan was bought from Calbiochem (La Jolla, CA, USA). [32P]-

orthophosphatee (32Ph carrier-free) was from Amersham International (Roosendaal, The Netherlands). PEI-

cellulosee TLC plates were bought from Machery-Nagel (Duren, Germany). 

PhospholipidPhospholipid labelling and analysis — Metabolic labelling of cell-suspensions was performed for 2.5 h as 

describedd previously (Munnik et at., 1995) or as indicated. Routinely, cells were treated with compounds for 

thee times and in the concentrations indicated. Incubations were halted by adding 3.75 volumes of 

CHClj/MeOH/HCll  (50:100:1 v/v). The lipids were then extracted as described earlier (Munnik et al., 1996). 

Afterr evaporating to dryness, lipids were dissolved in 20 ul CHC1, and used for thin layer chromatography 

(TLC)) analyses immediately or kept at -20°C under nitrogen gas. Lipids were separated by TLC using an 

alkalinee solvent system (CHC13/ MeOH/ 25% NH4OH/ H20; 90:70:4:16 v/v) as described before (Munnik et 

al.,al., 1996). Radiolabelled phospholipids were visualised by autoradiography and quantified on the TLC plate 

usingg a phosphoimager (Molecular Dynamics, Sunnyvale, CA). 

DeacylationDeacylation and TLC analysis of phospholipids — Isolated phospholipids from chromatograms were 

deacylatedd using mono-methylamine as described by Munnik et al. (1994). The remaining headgroups were 

separatedd by PEI-cellulose TLC using 0.4 M ammonium formate and 0.2 M formic acid as described earlier 

(Munnikk et al, 1996). 

PLAPLA22 hydrolysis of phospholipids —32P-labelled phospholipids were isolated from a TLC plate, extracted 

fromm the silica, dried and sonicated in 50 ul incubation buffer (100 mM Tris.HCl, pH 8.95, 9.1 mM CaCl2). 

Thee samples were incubated at 25 °C for 2 h after addition of 50 ul incubation buffer containing 5 units 

PLA2.. After incubation the lipids were extracted and separated by TLC as described above. 
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