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Chapterr  6 

KCll  activates phospholipase D at two different 
concentrationn ranges: distinguishing between 
hyperosmoticc stress and membrane depolarization 

Haroldd J.G. Meijer, Bas ter Riet, John A J. van Himbergen, Alan Musgrave and 
Teunn M unnik 

PlantPlant Journal (2001) In press 

Swammerdamm Institute for Life Scienes, Dept. of Plant Physiology, University of Amsterdam, Kruislaan 318, 

NL-10988 SM Amsterdam, The Netherlands 

Hyperosmoticc stress induces the rapid formation of phosphatidic acid (PA) in 

ChlamydomonasChlamydomonas moewusii via the activation of two signalling pathways: 

phospholipasee D (PLD) and phospholipase C (PLC), the latter in combination with 

diacylglyceroll  kinase (DGK) (Munnik et 0/., 2000). A concomitant increase in cell 

Ca2++ becomes manifest as deflagellation. When KCl was used as osmoticum we found 

thatt two concentration ranges activated deflagellation: one between 50 and 100 mM 

andd another above 200 mM. Deflagellation in low KCl concentrations was complete 

withinn 30 s whereas in high concentrations it took 5 min. At low concentrations, a 

smalll  rise in PA was observed correlated with strong PLD activation, as monitored by 

thee formation of phosphatide Ibutanol (PBut). No PLC activation was apparent. PLD 

wass also activated by high KCl, but to a lesser extend. Potassium was the most potent 

monovalentt cation based on the induction of deflagellation, PA- and PBut formation. 

Duringg treatment, the external medium acidified, indicating an increase in H+-

ATPasee activity in order to re-establish the membrane potential. Activation of PLD 

andd deflagellation at low KCl concentrations were abrogated by treatment with La3*, 

Gd3**  and EGT A, indicating the dependency on extracellular Ca2*. This suggests that 

loww concentrations of KCl depolarize the plasma membrane, resulting in the 

activationn of H+-ATPases and opening voltage-dependent Ca2+-channels, observed as 

deflagellationn and an increase in PLD activity. 
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Introductio n n 

Cellss can detect extracellular chemical and physical stimuli by means of specific receptors 

inn their plasma membranes. The receptor transmits the information into the cell which then 

respondss in an appropriate manner to accommodate the new conditions. One of the 

environmentall  stimuli most commonly encountered by plants is osmotic stress, known to 

activatee different phospholipid signalling pathways to evoke a response (reviewed in 

Munnikk and Meijer, 2001). 

Hyperosmoticc stress-dependent activation of the phospholipase D (PLD) and 

phospholipasee C (PLC) pathways has recently been described for different plant systems 

(DeWaldd et al, 2001; Dr0bak and Watkins, 2000; Frank et al, 2000; Katagiri et al, 2001; 

Munnikk et ai, 2000; Takahashi et al, 2001). PLC hydrolyses phosphatidylinositol 4,5-

bisphosphatee [PI(4,5)P2] producing two potential messengers: inositol 1,4,5-trisphosphate 

(IP3)) and diacylglycerol (DAG). IP3 then mobilizes Ca2+ from internal stores such that local 

cytoplasmicc concentrations can rise dramatically. Increases in IP3 levels have been 

describedd during osmotic stress (DeWald et al, 2001; Dr0bak and Watkins, 2000; 

Heilmannn et al, 2001; Takahashi et al, 2001). Intracellular Ca2+ increases have been 

reportedd for plant cells during drought and salinity treatment (DeWald et al, 2001; Kiegle 

etet al, 2000; Knight et al, 1997; Knight et al, 1998). Increases in DAG have also been 

reportedd (Drory et al, 1992; Ha and Thompson, 1991; Ha and Thompson, 1992) although 

DAGG is then rapidly converted to phosphatide acid (PA) by diacylglycerol kinase (DGK) 

andd so accordingly, osmotic stress induces increases in PA in plants (Munnik et al, 1998b; 

Munnikk et al, 2000; Munnik, 2001). PA formation also results from activating PLD, that 

hydrolysess structural lipids such as phosphatidylcholine and phosphatidylethanolamine 

(PE).. Significantly, there is much more evidence for PA being a lipid second messenger in 

plantss than there is for DAG. PA targets such as protein kinases are being identified as well 

ass the different cellular responses (Munnik, 2001, Munnik and Musgrave, 2001). Plants 

seemm also to have adapted a specific mechanism to attenuated the PA signal for they 

phosphorylatee PA to produce to the novel phospholipid diacylglycerol pyrophosphate 

(DGPP;; Munnik et al., 1996; Munnik, 2001), which levels also increase during 

hyperosmoticc stress (Munnik et al, 2000; Pical et al, 1999) 

Osmoticc stress stimulates not just PA and DGPP formation but also the synthesis of 

lyso-phosphatidicc acid (L-PA; Einspahr et al, 1988a; Meijer et al, 2001a), a novel PIP2 

isomer,, i.e. PI(3,5)P2 (Meijer et al, 1999) and transient changes in other 

polyphosphoinositidess (Cho et al, 1993; DeWald et al, 2001; Einspahr et al, 1988b; 

Meijerr et al, 2001b Pical et al, 1999; Takahashi et al, 2001). Exactly which signaling 

pathwayy is activated seems to depend, at least in some plants, on the level of stress 
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imposedd (Munnik and Meijer, 2001; Meijer et al., 2002b). This emphasizes that 

phospholipidd based signalling in plants is extensive and well orchestrated. 

Inn studying phospholipid based signals the unicellular, biflagellate alga 

ChlamydomonasChlamydomonas moewusii has proved a useful model system because it is so amendable to 

experimentationn (Arisz et al, 2000; Irvine et al, 1989; Kuin et al, 2000; Meijer et al, 

1999;; Meijer et al, 2001a; Meijer et al, 2001b; Munnik et al, 1994; Munnik et al, 1995; 

Munnikk et al, 1996; Munnik et al, 2000; Munnik et al, 1998b; Musgrave et al, 1992; 

Musgravee et al, 1993; Van Himbergen etal, 1999). Invariably, cells are pre-labelled with 

radioactivee inorganic phosphate (32Pi) that is built into the phospholipids. Upon 

stimulation,, changes in the 32P-labelled lipids can be monitored in detail, because cells 

reactt synchronously. An extra advantage is that the activation of PLD and PLC is 

correlatedd with deflagellation, a rapid response that can be easily assessed and quantitated 

(Munnikk et al, 1995; Munnik et al, 1998b; Van Himbergen et al, 1999). It is assumed to 

resultt from an increase in intracellular Ca2+(Quarmby and Hartzell, 1994) that changes the 

structuree of contractile proteins in the transition zone of each flagellum whereby the 

microtubuless are severed and flagella float free in the medium (Sanders and Salisbury, 

1994). . 

Sincee osmotic stress has been shown to activate both PLD and PLC in 

Chlamydomonas,Chlamydomonas, we expected the cells to deflagellate. Indeed, KCl, mannitol and sucrose 

inducedd a dose-dependent deflagellation response. However, to our surprise, low 

concentrationss of KCl induced deflagellation that could not be mimicked by equivalent 

concentrationss of non-ionic osmolytes. The effects of low and high concentrations of KCl 

onn lipid signalling were therefore studied in more detail. Higher KCl concentrations create 

osmoticc stress thereby activating both PLD and PLC as reported before (Munnik et al, 

2000).. At low KCl concentration, only PLD was specifically activated. The potential 

mechanismm of PLD activation is described. 

Results s 
KClKCl induces deflagellation 

Sincee osmotic stress activates PLC and PLD signalling in Chlamydomonas, we tested 

whetherr cells deflagellated. Indeed, the addition of KCl induced deflagellation within 5 

minn but intriguingly two different concentration ranges were effective. Deflagellation was 

foundd at 100 mM but not at 200 mM and then increased to a maximum level at 500 mM 

KCl,, the highest concentration tested (Fig. la). However, when cells were treated for just 

300 s, only the low-KCl was effective. This indicates that KCl induces two different 

responsess determined by the concentration added. 
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(a)) 100 
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Fig.. 1. KCI induces deflagellation in Chlamydomonas. Chlamydomonas cells were incubated with different 
concentrationss of KCI for 30 s and 5 min. Samples were taken, fixed and the percentage of deflagellated cells 
wass determined. Each point represents the score from at least 125 cells. Data from 3 independent 
experimentss are included . (a) Deflagellation over a range of KCI concentrations, (b) Deflagellation at 
lowerr concentrations of KCI . 

Too investigate the low-KCl effect in more detail, the assay was repeated with more 

dataa points at low concentrations. Again the dual character was evident (Fig lb) but now 

300 s-deflagellation was detected at 12.5 mM KCI while peaking at 50-75 mM. At higher 

concentrationn it decreased to control values around 200 mM KCI and remained there (Fig 

lb).. In contrast, when reassayed after 5 min, KCI concentrations above 200 mM induced 

dose-dependentt deflagellation. One hundred percent deflagellation was achieved at 500 

mMM KCI, whereas deflagellation at 50-75 mM KCI seldom exceeded 60%. This dual 

naturee of the response to KCI suggested that two different biological effects were being 

activatedd and that both led to deflagellation. 
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KClKCl activates PLD at different concentrations 

Too test whether specific phospholipid signalling pathways were correlated with 

deflagellation,, Chlamydomonas cells were metabolically labelled with 32P; and treated for 5 

minn with different concentrations of KCl. Lipids were subsequently extracted, separated by 

thinn layer chromatography and visualized by autoradiography. 32P-levels were determined 

byy phosphoimaging. A representative result is shown in figure 2a. KCl treatment increased 

thee levels of several phospholipids including PA, DGPP, L-PA and PI(3,5)P2, as described 

previouslyy for osmotic stress treatments (Meijer et al, 1999; Meijer et al, 2001a; Munnik 

etet al, 2000; Munnik and Meijer, 2001). 

Interestingly,, quantitative analysis of the 32P-PA level revealed increases over two 

distinctt dose ranges (Fig. 2b). A minor but significant response (~2.5-fold) at low 

concentrations,, peaking around 50-100 mM KCl, and a more pronounced increase (~6-

fold)) at concentrations above 200 mM KCl. Only the high-KCl PA response was 

accompaniedd by L-PA (Fig. 2a) and DGPP increases (Fig. 2c), indicating that the dual 

naturee of the KCl response was translated via different lipid signalling pathways. 

Sincee PA formation can result from both PLC/DGK and/or PLD activities, additional 

experimentss were performed to distinguish which pathways were being activated. To 

specificallyy test for PAPLC, a short-term labelling protocol was used that preferentially 

visualizess the combined activities of PLC and DGK (Munnik et al, 1998b). It is based on 

thee fact that DGK phosphorylates DAGPLC using ATP, which is rapidly labelled as 32PÉ is 

takenn into the cells. The method has proven to be very effective in different plant systems 

(Munnik,, 2001). In practice, when cells were pre-labelled for 5 min, 32P-PA formation only 

occurredd in high-KCl (above 200 mM), illustrating that PLC/DGK were only then 

activatedd (data not shown; Munnik et al, 2000). 

Too establish whether PLD was involved, KCl-treatments were repeated with 

ChlamydomonasChlamydomonas cells that were radiolabelled for several hours. The experiments were 

performedd in the presence of 0.2% n-butanol to monitor the in vivo production of PBut, 

thatt is a specific, relative measure of PLD activity (Munnik et al, 1995). A typical result is 

shownn in Fig. 2d. Strikingly, PBut formation reached a maximum at about 75 mM KCl 

(~2-foldd increase), and was correlated with the minor increases in 32P-PA evoked by low-

KC11 (Fig. 2b). At 200 and 300 mM KCl, no PLD activation was found although higher 

concentrationss had a weak stimulatory effect (~ 1.5-fold increase). 

Together,, these results indicate that both PLC/DGK and PLD contribute to the 

formationn of PA at high-KCl, whereas the response at low concentrations is exclusively 

generatedd by PLD. 
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Fig.. 2. KCl-induced changes in the 12P-labelling pattern of Chlamydomonas lipids. Chlamydomonas cells 
weree labelled with ^P, for 3h and treated with different concentrations of KCI for 5 min. Lipids were then 
extracted,, subjected to alkaline TLC and visualized by autoradiography. ,2P-levels were determined by 
phosphoimaging.. The results shown are typical of several independent experiments, (a) Autoradiogram of an 
alkalinee TLC. (b-d) Radioactivity levels in PA, DGPP and PBut. 

CharacterizationCharacterization of the KCl-induced PLD activation 

Too investigate whether PLD activation was due to hyperosmotic stress, several other 

commonlyy used osmolytes (sucrose, mannitol and sorbitol) were tested for their ability to 

activatee PLD. Two osmolalities were used, 0.1 and 0.74 Os kg"1, equivalent to an osmotic 
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strengthh of 50 mM and 400 mM KCl. The results are presented in Fig. 3. At the lower 

osmolality,, only KCl stimulated the formation of PBut whereas at the higher osmolality all 

compoundss were effective. Thus, PLD activation in high-KCl is probably part of a 

signallingg mechanism triggered by hyperosmotic stress, confirming previously results 

(Munnikk et ah, 2000), while activation in low-KCl may be the result of an ionic effect. 

Too investigate whether other ions also activated PLD, cells were stimulated with 50 

mMM concentrations of KCl, KBr, KI, LiCl, NaCl and RbCl. Fig. 4 shows that basically all 

K++ salts were potent activators of PLD (Fig. 4a) and deflagellation (Fig. 4b). In contrast, 

chloridee in combination with other cations was less effective. The potency order was 

K+>Rb+>Li+=Na+.. Interestingly, this series resembles the ion permeability properties of 

somee K+ channels (Maathuis et al., 1997). 

fpfSf fpfSf 
0.100 Os kg"1 

^ rr i j r ^m 
0.744 Os kg"1 | PBut t 

Fig.. 3. Distinguishing between hyperosmotic- and KCl-specific effects. 12Prprelabelled cells were treated for 
55 min with several osmotically active compounds at two different strengths: 0.10 Os kg ' (upper panel) and 
0.744 Os kg ' (lower panel). Osmolytes included sucrose, mannitol, glycerol and KCl. Buffer was used as a 
controll  and all treatments were performed in the presence of 0.2% «-butanol. Cellular lipids were then 
extracted,, separated by ethyl acetate TLC and visualized by autoradiography. Only the relevant parts of the 
autoradiographh are shown, representing PLD-catalyzed ':P-PBut formation. 
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Fig.. 4. PLD activation and deflagellation in Chlamydomonas is K*-specific. (a) "Pi-prelabelled cells were 
treatedd with different K*- and Cl-salts at a concentration of 50 mM for 5 min in the presence of 0.2% n-
butanol.. Salts included KCl, KBr, KI, NaCl, LiCl, and RbCl. Cellular lipids were extracted, separated by 
ethyll  acetate TLC and the 12P-PBut formation quantified by liquid scintillation counting. Results of a typical 
experimentt are shown, (b) Cells were treated for 5 min with various concentrations of KCl or with 50 mM of 
aa given K* / CI" salt. Samples were then fixed and the percent of cells determined that had lost both flagella. 
Eachh point in the figure represents the score of at least 125 cells. Data from 3 independent experiments are 
included. . 
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KK++ induces acidification of the extracellular medium. 

Iff  KC1 treatment of Chlamydomonas depolarizes the plasma membrane as K+ enters, it 

shouldd activate the local H+-ATPase to help repolarize it, with the result that the external 

pHH declines. This was tested by continuous pH measurement of the medium while adding 

differentt KC1 concentrations to cells in non-buffered medium. The data in Fig. 5a show 

thatt KCl-treatment indeed induced a rapid and dose-dependent acidification, reaching a 

maximumm rate at about 75 mM. This effect was maintained at higher KC1 concentrations 

(Fig.. 5b). In the absence of cells there was no change of pH. When different cation/anion 

combinationss were tested at a concentration of 75 mM, K+ was again the most potent, 

followedd by the others in the order: K+>Rb+>Na+>Li*  (Fig. 5c), more or less reflecting the 

potencyy order for PLD activation. 

Byy having such a rapid effect on the extracellular pH, we presume that KC1 

concentrationss up to ~75 mM depolarize the plasma membrane and activate the proton 

pumpp with increasing magnitude, just as they activate PLD with increasing magnitude 

(Fig.. 2d). 
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Fig.. 5. KCI induces acidification of the extracellular medium and is K*-specific. Cells were treated with 
differentt concentrations of KCI or with 75 mM of different K* / CI salts. Acidification of the extracellular 
mediumm was measured by a decrease in the extracellular pH monitored directly on line. Typical results are 
shown,, (a) Recordings of the pH at different KCI concentrations, (b) Effect of KCI concentrations on the 
slopee by which the pH decreased. Closed triangle. Chlamydomonas strain Utex 10; open squares, strain 
5.39.4.. (c) Acidification is salt specific. 
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KCl-inducedKCl-induced deflagellation and PLD depend on extracellular Ca2* 

AA frequent consequence of depolarizing the plasma membrane is the opening of voltage-

dependentt Ca2+ channels (White, 2000). This could explain the deflagellation response 

illustratedd in Fig. 1. Moreover, the increase could also be responsible for activating PLD 

viaa its CalB domains (Pappan and Wang, 1999; Zheng et al., 2000). One would then expect 

Ca2++ binding to result in PLD translocation from the cytosol to membranes, the location of 

itss substrate, with a subsequent increase in activity (Munnik et al, 1998a). Furthermore, 

PAA itself is known to induce deflagellation and is thought to act as a calcium-ionophore 

(Munnikk et al., 1995; Munnik et al, 1998a). Therefore, an increase in intracellular Ca2+ 

duee to KCl treatment could be a common factor in these responses. To investigate this 

possibility,, Ca2+-influx from the medium was blocked by 10 uM La3+ or Gd3+ (Quarmby 

andd Hartzell, 1994; Quarmby, 1996). When cells were then treated with 50 mM KCl for 5 

min,, deflagellation was inhibited about 80% and PBut formation about 50% (Fig 6). 

Equivalentt results were obtained when cells were pre-incubated in 10 mM EGT A (data not 

shown).. This suggests that external calcium is directly or indirectly involved in the specific 

KMnducedd deflagellation and PLD activation. 

Thee dose-dependency of KCl treatment on deflagellation was also tested in the 

presencee of La3+ and Gd3+ (Fig 6c). Whereas deflagellation at low concentrations was 

sensitivee to the Ca2+-blockers, the effect at higher concentrations was relatively unaffected. 

Thiss suggests that in high-KCl, internal stores may release Ca2+ perhaps as a result of PLC 

activation,, while in low-KCl deflagellation is the result of Ca2+-influx from the medium. 

Discussion n 

Wee have shown that Chlamydomonas cells were deflagellated by two different 

concentrationn ranges of KCl, one centred around 75 mM and the other ranging from 300 to 

5000 mM, the highest concentration tested. Although deflagellation was the common result, 

differentt signalling pathways instigated it. Since the high-range response could be induced 

byy all osmolytes, we conclude that it was a response to hyperosmotic stress. This treatment 

iss known to activate a number of phospholipid-based signalling pathways, including PLD 

andd PLC/DGK (Meijer et al, 1999; Meijer et al, 2001a; Munnik et al, 2000; Munnik and 

Meijer,, 2001). The concomitant production of IP3 by PLC was not directly recorded for 

osmo-stressedd Chlamydomonas, but has been recorded for other plant cells (DeWald et al, 

2001;; Dr0bak and Watkins, 2000; Heilmann et al, 2001; Takahashi et al, 2001), and 

presumablyy it releases Ca2+ from intracellular stores. This could account for deflagellation 

andd the insensitivity to Ca2+-uptake blockers. In contrast, the low-KCl effect has some 

differentt properties that are new and therefore the focus of this report. 
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Fig.. 6. Inhibition of KCl-induced deflagellation and PLD activation by La3* or Gd1*. Cells were pre-
incubatedd for 5 min in HMCK with or without 10 uM LaCl, or 10 |jM GdCl,. Cells were then treated with 50 
mMM KCI or HMCK as a control and the percentage deflagellation or PLD activation determined. For the 
latter,, cells were 12Pl-prelabelled for ~3h and the treatment performed in the presence of 0.2% n-butanol. 
Cellss were harvested, their lipids extracted and the "P-PBut formation quantified. Data are the means of two 
independentt experiments, (a) Percentage of deflagellated Chlamydomonas cells, (b) PLD activity, (c) KC1-
dependentt deflagellation in the presence of Ca2* blockers. 

Low-KCll stimulated PA synthesis and surprisingly, this was solely due to the 

activationn of PLD, without any contribution from PLC/DGK. This is unusual because the 

twoo are normally activated together and in animal systems, PLD is nearly always activated 

downstreamm from PLC (Munnik et al, 1998a). However, there are exceptions, for 

example,, via activating the L-PA receptor on endothelial cells or the antibody receptor on 

macrophagess (Melendez et ah, 1998; Pettitt et al, 1997), but this is the first record of PLC-

independentt activation of PLD in plant cells. It provides an opportunity to assess PA 

productionn from both pathways. At 75 mM KCI the increase in PA due to PLD was about 

2.5-fold,, whereas at 300 mM KCI the increase due to PLC/DGK was about 8-fold, 

illustratingg the latter's dominant role, a feature we have previously illustrated in respect to 

mastoparan-activatedd signalling (Munnik et al, 1998b). 
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Sincee only ionic osmolytes activated PLD in low concentration, depolarization rather 

thann osmotic stress is probably the effector. The potency order of the cations indicates that 

theyy entered the cells via K+-channels (Maathuis et al, 1997). On depolarization, the cell's 

majorr ionic pumps are activated to re-polarize the plasma membrane. In plants they are H+-

ATPases.. Using Chlamydomonas their activity was witnessed as a decrease in the external 

pH.. Other plant cells have been shown to respond in a similar manner (Babakov et al, 

2000;; Curti et al, 1993; Shabala et al, 2000; Teodoro et al, 1998). 

Whenn cells depolarize, voltage-dependent Ca2+-channels open, increasing the 

cytosolicc Ca2+ concentration (Thuleau et al, 1994; White, 2000). This Ca2+ signal triggers 

compensatoryy responses. The effect can be fast, for example the Ca2+-influx upon 

depolarizationn of carrot plasma membrane vesicle was nearly completed within one minute 

(Kurosaki,, 1997). In Chlamydomonas such Ca2+-influxes presumably caused deflagellation 

withinn 30 s, markedly faster than in the high-KCl range, reflecting the rapid kinetics of 

depolarizationn and Ca2Mnflux. Since intermediate KCl concentrations were not capable of 

inducingg deflagellation, other components might be involved. This could be the production 

off PA that was previously found also to induce deflagellation (Munnik et al, 1998a). 

Increasingg cytoplasmic Ca2+ levels can activate plant PLDs via their calcium- and 

phospholipid-bindingg CalB domains, whereby the enzyme translocates to substrate-

containingg membranes (Munnik et al, 1998a; Pappan and Wang., 1999; Wang, 2000; 

Zhengg et al., 2000). This could account for the increase in PLD activity up to 75 mM KCl, 

butt why did it decline at higher concentrations, even though depolarization (seen as H+-

ATPasee activity) was induced over the whole KCl range? Perhaps due to cross-talk 

betweenn signalling pathways (Munnik and Meijer, 2001). For example, reduction in PLD 

activityy above 75 mM KCl was correlated with the accumulation of PI(3,5)P, (Meijer et 

al,al, 1999), that could down regulate PLD. The increase in PLD activity above 300 mM 

KCl,, could then be explained by the decrease in PI(3,5)P2 production that declines to 

backgroundd levels by 400 mM KCl (Meijer et al, 1999). Alternatively, this latter increase 

couldd be activated by osmotic stress rather than depolarization. In this scenario a different 

PLDD is activated by a receptor that senses cell shrinkage. Since KCl and NaCl activate 

PLD,, PLC/DGK, PI 3-kinase, PLA2, PA-kinase and a MAP-kinase pathway, but each over 

aa different concentration range, we can conclude that several different osmosensors are 

involvedd (Munnik and Meijer, 2001). One of them could be responsible for PLD activation 

abovee 200 mM KCl. We know that receptor- rather than Ca2+-activated PLDs exist because 

G-proteinn activators also stimulate PLD (Frank et al, 2000; Munnik et al, 1995; Munnik 

etet al, 1998b; Ritchie and Gilroy, 2000; Van Himbergen et al, 1999), indicating that PLD 

cann be activated by G-protein-coupled receptors. If depolarization and osmo-stress trigger 

differentt PLDs, plants must possess PLD families. This is the case. Arabidopsis has four 
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differentt classes (a, p\ y, 8) that differ in their biochemical properties (Katagiri et al, 2001; 

Wang,, 2000) and tomato has at least five genes belonging to the a and (5 classes (Laxalt et 

al,al, 2001). The expression of AtPLD8 in Arabidopsis and the LePLD(3l in tomato is 

activatedd by high salt (Katagiri et al, 2001; Laxalt et al, 2001). This suggests that 

AtPLDSS and LePLDpi could be involved in signalling KC1 stress. Significantly, the 

expressionn of LePLDpi was activated by 250 mM NaCl but not by 400 mM sorbitol, 

indicatingg that it responded to ionic rather than osmotic stress (Laxalt et al, 2001). The 

ArabidopsisArabidopsis gene was activated by salt and dehydration (Katagiri et al, 2001), implying a 

moree general role in hyperosmotic stress signalling. In support, when anti-sense AtPLD8 

plantss were dehydrated, PA production was significantly lowered compared with the 

controls.. A PLD in Craterostigma plantagineum (CpPLD-2) could play an equivalent role, 

becausee its expression was also activated by dehydration (Frank et al, 2000). Since 

dehydratingg C. plantagineum activated PLD activity, the authors argued that CpPLD-2 was 

thee enzyme responsible. 

Thee idea of PLD families suggests that individual enzymes have specific locations in 

specificc cells. Even when located in the same membrane, they could be in separate 

domains,, for example in lipid rafts or in a complex that contains the components of a 

specificc pathway (Munnik and Musgrave, 2001). In the future it will be increasingly 

importantt to couple signal production to location, to know what the signal means. The 

importancee of location is illustrated here by the metabolism of PA generated by different 

KC11 concentrations. PA generated in response to 75 mM KC1 was not metabolized to 

DGPPP or L-PA. In contrast, the PA generated in 200 mM KC1 was metabolized (for L-PA 

dataa see Meijer et al, 2001a). Presumably the enzymes responsible for their generation 

weree not situated close to the PLD activated by depolarization but were more likely located 

proximall to PLC/DGK activated during hyperosmotic stress, alternatively, they need to be 

(in)activatedd by other signalling pathways such as protein kinases (Mikolajczyk et al, 

2000;; Munnik et al, 1999; Munnik and Meijer, 2001). This is the first demonstration that 

thesee enzymes can discriminate between PA species. Although we explain this selectivity 

inn terms of location, the enzymes could discriminate based on the fatty acid composition, 

sincee PAPLD arises from PE while PAPLC arises from PI(4,5)P2, which has a very different 

compositionn (Arisz et al, 2000; Arisz et al, in prep). 

Ourr results indicate that in plants, PLD can be specifically activated when 

membraness depolarize. This suggests that other treatments inducing depolarization or the 

influxx of external Ca2+ might also induce the activation of distinct PLD classes. 
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Experimentall  procedures 
CellCell cultures —- C. moewusii, strain Utex 10 (mating type minus) from the Culture Collection of Algae, 

Universityy of Texas, and strain 5.39.4 (Schuring et al., 1987) were cultivated on agar-containing Ml -medium 

inn Petri dishes at 20 °C (Munnik etal, 1995). Cells were subjected to a 12-hr-dark/12-hr-light regime which 

wass provided by Philips TL65W/33 white fluorescent tubes (Eindhoven, The Netherlands) giving an average 

lightt intensity of 2500 lux (30 uE m2 s '). Swimming cell suspensions were obtained by flooding 2- to 3-

week-oldd cultures for 14-18 hr with 20 ml HMCK buffer (10 mM HEPES-KOH, pH 7.4, 1 mM MgCl2, 1 

mMM CaCl2, 1 mM KCl) to give a final concentration of 1 to 2 x 107 cells per ml. For measurements of the 

extracellularr pH, water was used instead of HMCK buffer. 

J2J2P-PhospholipidP-Phospholipid labelling, extraction, and analysis —Cells (1-2 x 107 cells per ml) were routinely labelled 

forr 2-4 hr with 100 uCi carrier-free 32P04
3 (32Pj) (Amersham International, s'-Hertogenbosch, The 

Netherlands)) per ml HMCK pH 7.4 and then incubated with osmoticum for the times and in the 

concentrationss indicated. Cells were only prelabelled for 5 min if PLC- or PLD-generated PA was to be 

distinguishedd (see Munnik et al., 1998b). Incubations were stopped by adding 375 ul of CHC13/MeOH/HCl 

(50:100:11 by vol.) to 100 ul of sample while vortexing. Lipids were extracted and analysed by TLC using an 

alkalinee solvent (CHCl,/MeOH/NH4OH/H20 90:70:4:16 by vol.) as described earlier (Munnik et al., 1994; 

Munnikk et aL, 1995). Radiolabelled phospholipids were visualized by autoradiography and quantified by 

scintillationn counting or phosphoimaging (Storm, Molecular Dynamics). Unlabelled phospholipid standards 

(-100 ug) were visualized by exposure to iodine vapor. Reagents for lipid extraction and subsequent analyses, 

ass well as Silica 60 TLC plates (0.25 x 200 x 200 mm) were from Merck (Darmstadt, Germany). 

InIn vivo phospholipase D measurements — Phospholipase D activity was monitored as the production of PBut 

inn vivo as described in detail before (Munnik et al., 1995; Munnik et al., 1998b). Briefly, "P-prelabelled cells 

weree treated with KCl, buffer (control) or any other salt in the presence of 0.2% n-butanol for 5 min. 

Incubationss were then stopped, the lipids extracted as above, but they were now separated by ethyl acetate 

TLCC (ethyl acetate/iso-octane/formic acid/water 12:2:3:10 by vol.). 32P-labelled PBut and PA were visualized 

andd quantified as described above. 

ExtracellularExtracellular acidifications — One ml of KCl solution was added to 2 ml of cells (1-2 x 107 cells per ml) in 

waterr while stirring. The extracellular pH was registered with a glass pH electrode attached to a recorder. The 

ratee of acidification of the extracellular medium is expressed as the slope by which the pH decreased under 

standardd conditions. 

DeflagellationDeflagellation assays — Cell suspensions (100 ul, 1-2 x 107 cells per ml) were incubated with an equal 

volumee of KCl or other salt. After 5 min, cells were fixed by adding 200 ul 1.5% formaldehyde, 0.5% 

glutaraldehydee and examined for the loss of their flagella by phase-contrast microscopy. At least 125 cells 

weree scored for each sample and only cells that had lost both flagella were scored as deflagellated. 
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