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Chapter 

In vitro activation of phospholipase C and 
phosphatidyl-inositol-kinases in permeabilized 
Chlamydomonas moewusii cells. 

Hilda Kuin and Alan Musgrave 

Abstract. When Chlamydomonas moewusii Gerloff cells are treated with the G-protein 
activator mastoparan phospholipase C (PLC) is activated (Munnik et al. 1998b). To be 
able to study parameters that regulate this signalling mechanism, a permeabilized cell 
system was developed. In this way the concentration of activators such as Ca2' and 
mastoparan could be studied independently. Therefore, cells were pre-labelled with 32Pj 
for 2-3 h, permeabilized by digitonin and subsequently treated with different 
concentrations of free Ca2+ and/or with mastoparan. In this way it was shown that PLC 
was activated by (iM Ca2+ and by mastoparan in the absence of Ca2+. Subsequently the 
activities of Ptdlns 4-kinase, PtdIns(4)P 5-kinase and DAG-kinase were measured by 
incorporating radioactivity from 32P-yATP into their phospholipid products in 
permeabilized C. moewusii cells. All three enzymes were activated in vitro by 
mastoparan, but were inhibited by Ca2+. 
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Chapter 5 

Introduction 

The phospholipase C (PLC) signalling pathway is one of the most important signalling 

cascades in eukaryotic cells to convert extracellular information into cellular responses. It 

is activated when particular membrane receptors are occupied, resulting in the activated 

hydrolysis of phosphatidylinositol 4.5-bisphosphate [Ptdlns(4,5)P2] into two second 

messengers: diacylglycerol (DAG) and inositol 1,4,5-trisphosphate [Ins(l,4,5)P3] (Fig. 

1.2, chapter 1). The water-soluble lns(l,4,5)P3 diffuses into the cytosol where it triggers 

the release of Ca2+ from intracellular stores. In plant cells Ins(l,4,5)P3 has been shown to 

induce Ca2+ release from the vacuole (Schumaker and Sze, 1987; Canut et al. 1993; Allen 

et al. 1995; Muir and Sanders, 1996; Muir et al. 1997). The increase of Ca2+ leads to 

changes in the activity of a wide range of effector enzymes, such as protein kinases, but 

also PLC itself (Munnik et al. 1998a; Sanders et al. 1999). 

The lipid product diacylglycerol (DAG) is rapidly phosphorylated to phosphatidic 

acid (PtdOH; Munnik et al. 1998a). which might also act as a second messenger (Munnik 

et al. 1995; Ritchie and Gilroy 1998; Jacobs et al. 1999) by activating specific kinases and 

by raising the intracellular Ca "^-concentration (Camina et al. 1999). PtdOH can also be 

derived from phospholipase D (PLD) activity, which hydrolyses structural 

phospholipids at the terminal phosphate di-ester bond. Both signalling routes can be 

activated at the same time, although PLC seems to be the dominant producer of PtdOH 

(Munnik et al. 1998b). Treatment of Chlamydomonas cells with PtdOH has been shown 

to induce deflagellation and mating structure activation (Munnik et al. 1995), which are 

viewed as Ca2+-dependent processes. An increase in the level of PtdOH can be down-

regulated in plants by converting it to diacylglycerol pyrophosphate (DGPP; Munnik et 

al. 1996). 

In plant cells, PLC has been shown to be activated during osmotic stress, regulation 

of stomatal aperture by abscisic acid (ABA), light regulated sleep movements, defense 

responses to pathogens and sexual cell fusion (Munnik et al. 1998a; Chapman 1998). In 

animal cells different types of PLCs exist: PLCp\ PLC8 and PLCy. which differ in the 

way they are activated (Munnik et al. 1998a). PLCs that have been cloned from plants 

most resemble PLCS which are activated by Ca2+ due to Ca2+ binding to the regulatory 

CalB-subunit which is involved in Ca2"-dependent lipid binding (Munnik et al. 1998a). 

Most plant PLCs have been shown to be activated by Ca2+, requiring |iM concentrations 

of free Ca2+ (Munnik et al. 1998a). 

There are also indications that some plant PLCs are activated by G-proteins, for 

example in the unicellular green algae C. moewusii and C. reinhardtii, activity is stimulated 
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Activation of PLC and PI-kinases in permeabilized C. moewusii cells. 

by G-protein activators, such as mastoparan (Quarmby et al. 1992; Munnik et al. 1995; 
1998b). However, these experiments were performed without monitoring the cytosolic 
Ca2+-concentration and since mastoparan is known to permeabilize membranes at higher 
concentrations (Danilenko et al. 1993; Pullan ane Pennington 1996; Suh et al. 1996; 
Munnik et al. 1998b; Van Himbergen et al. 1999), the increase in activity could have been 
due to an influx of Ca2+ into the cytosol. 

One way to measure PLC activity is by looking at changes in the turnover of 
phospholipids after pre-labelling them with 32Pj. In this way it was shown that PLC 
activation in C. moewusii and C. reinhardtii induced decreases in 32P-PtdInsP and 32P-
PtdInsP2 (Musgrave et al, 1992; Quarmby et al, 1992; Munnik et al. 1995; 1998b), 
correlated with an increase in InsP3 (Munnik et al, 1998b). The breakdown of 
polyphosphoinositides (PPIs) within seconds of adding mastoparan was immediately 
compensated by a net increase in their synthesis, possibly due to stimulated action of 
Ptdlns 4-kinase and PtdIns(4)P 5-kinase (Stephens et al, 1993; Munnik et al, 1998b). The 
breakdown was also correlated with an immediate increase in 32P-PtdOH, followed by an 
increase in 32P-DGPP (Munnik et al. 1995; 1998b), which are formed by two consecutive 
phosphorylations of DAG. 

To study the separate effects of mastoparan and Ca2"* on PPI-metabolism, C. 
moewusii cells were pre-labelled with 32Pj and subsequently permeabilized with digitonin, 
according to Kuin et al. (2000). In these permeabilized cells the concentration of free Ca + 

could be controlled by calcium buffers and thus the effect(s) of Ca2+ and mastoparan on 
PLC activity could be measured independently. If PLC becomes activated in 
permeabilized cells the decrease in PPIs would not be compensated by the synthesis of 
PtdInsP2 and PtdlnsP in the absence of ATP. Therefore permeabilized cells were 
incubated with 32P-yATP to measure the effect(s) of mastoparan and Ca2+ on the different 
lipid kinase activities. 
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Chapter 5 

Materials and Methods 

Materials. 32Pj (carrier free) and 32P-yATP were from Amersham International ('s-

Hertogenbosch, The Netherlands). Mastoparan was bought from Peninsula laboratories 

(Merseyside, England). Organic solvents, digitonin and silica 60 thin layer 

chromatography (TLC) plates were supplied by Merck (Darmstadt, Germany). Other 

reagents were from Sigma. 

Cell cultures. Chlamydomonas moewusii Gerloff strain Utex 10 (from the Culture 

Collection of Algae, University of Texas) was grown as previously described (Musgrave 

et al. 1992). All cells were harvested after flooding 3-week-old agar-cultures overnight 

with 10 mM HEPES pH 7.4, 1 mM MgCb. 1 mM CaCl2 and 1 mM KC1 (HMCK). This 

produced a cell suspension of 107 cells / mL. 

In vivo PLC activity. Cells (107 cells/ mL) were labelled for 2-3 h with 32P, (37 x 104 Bq 

per 100 uL aliquot) in HMCK. Mastoparan was then added to produce a final 

concentration of 2 |iM or the same volume of water was added as control. At the 

indicated times the reaction was stopped by adding 375 uL CHCl3:CH30H:HCl 

(50:100:1 by vol.) to each 100 uX sample. For the t=0 sample, 100 |xL cell-suspension 

was first fixed with 375 uL CHCl3:CH3OH:HCl (50:100:1 by vol.) before adding 

mastoparan or water. Lipids were extracted and separated by TLC according to Munnik 

e ta l . (1996). Chromatograms were exposed to X-ray film (X-omat 100. Kodak) for 1 to 

16 h. To quantify the amount of radioactivity in each phospholipid, individual spots were 

scraped from the plate and their radioactivity was measured by liquid scintillation 

counting. Alternatively, radioactivity was quantified by phospho-imaging screen (BAS 

2000, Fuji). 

In vitro PLC and PLD activity. Cells (107 cells / mL) were labelled for 2-3 h with 32Pi (37 

x 104 Bq per 100 uE aliquot) in HMCK. They were then resuspended in 10 mM Hepes 

containing 80 uM digitonin. 1 mM EGTA and 1 mM free MgCb, calculated according to 

Taylor et al. (1992). No CaCb. was added. After 3 min, 0 or 2 uM mastoparan or 0-1000 

\xM free Ca2+ was added. At the indicated times the reaction was stopped by adding 375 

uL CHCl3:CH30H:HCl (50:100:1 by vol.) to each 100 uX sample. For the t=0 sample. 

100 |iL cell-suspension was first fixed in 375 uL CHC13:CH30H:HC1 (50:100:1 by vol.) 

before adding mastoparan or water. Lipids were extracted, separated and the radioactivity 

was measured as described for in vivo PLC activity. 
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Activation of PLC and PI-kinases in permeabilized C. moewusii cells. 

In vitro Ptdlns 4-kinase, PtdIns4P 5-kinase and DAG-kinase activity. Cells (107 cells / mL 
in HMCK) were sedimented at 1600 g for 5 min and resuspended in 10 mM HEPES, pH 
7.2, 1 mM KH2P04/K2HP04, pH7.2, 0-1000mM free Ca2+, 8 mM free Mg2+ and 0-160 
fiM digitonin. After 3 min cells were sedimented at 1600 g and the pellet was 
resuspended in the same buffer without digitonin, but now containing 32P-yATP (18.5 x 
104 Bq 100 uL"1) with 0-8 jxM mastoparan. At the indicated times the reaction was 
stopped by mixing 100 (iL cell suspension with 375 ul CHC13:CH30H:HC1 (50:100:1 by 
vol.). For the t=0 sample, 100 uL cell suspension was first mixed with 375 uL 
CHCl3:CH30H:HCl (50:100:1 by vol.) before adding mastoparan or water. Lipids were 
extracted, separated and the radioactivity was measured as described for in vivo PLC 
activity. For the incorporation of 32P-yATP into total phospholipids, radioactivity in the 
lipid-extract was measured by liquid scintillation spectrometry. 

Permeabilization test using Evans Blue. Cells (107 cells / mL) were treated with the 
indicated concentrations of digitonin. After 3 min, 10 (iL cell suspension was incubated 
with 2 \xL 2.5% Evans Blue for 1 min. Permeabilized cells take up Evans Blue and become 
coloured blue, whereas intact cells remain green. The percentage of blue cells was counted 
under a phase contrast microscope and taken as a measure of permeabilization. 

Headgroup analysis Pldlns4-P. Polyphosphoinositides were scraped from the TLC 
plates and deacylated using monoethylamine as described previously (Munnik et al. 
1994). The glycerophosphoinositides were separated via polyethyleneimine-cellulose 
TLC and visualised by autoradiography. 
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Chapter 5 

Results 

Stimulation of PPI-metabolism by mastoparan in intact C, moewusii cells. In order to 

create a standard against which in vitro activation of the PPI-signalling cascade could be 

compared, the effect of mastoparan on intact C. moewusii cells was studied. Activation of 

PPI-metabolism by this G-protein activator has been previously characterized in ('. 

moewusii (Munnik et al. 1998b; Van Himbergen et al. 1999). In this study. C. moewusii 

cells were labelled for 2-3 h with 32P; and subsequently treated with 2 uM mastoparan for 

the indicated times. Lipids were then extracted, separated by alkaline TLC and visualised 

by autoradiography. As shown in Fig 5.1 A. mastoparan rapidly triggered changes in 

radioactive PtdInsP2, PtdlnsP, PtdOH and DGPP. while the labelling pattern of the 

structural phospholipids remained unaltered. When the amount of radioactivity per 

phospholipid was analysed, the rapidity of the changes became clear, for the amount of 

PtdInsP2 decreased to 40% of the control level within 20 sec of treatment. Thereafter the 

level recovered and after 4 min even exceeded the control level, suggesting that extra 

PtdInsP2 was synthesed after its initial breakdown. This pattern of rapid breakdown 

followed by synthesis was also found for PtdlnsP. although the decrease was less 

pronounced (the lowest level was 70% of the control). Correlated with the initial decrease 

in PtdInsP2, there was a rapid 4.5-fold increase in the level of 32P-PtdOH after 4 min. The 

level of " P-DGPP increased more slowly to 7 x the control level after 4 min. These 

changes in lipid metabolism reproduce those published previously (Munnik et al. 1998b; 

Van Himbergen et al, 1999) and provide a good illustration of how consistent the effect of 

mastoparan on C. moewusii cells is. The results are indicative of PLC activation in intact 

cells and provide a measure against which effects in permeabilized cells can be compared. 

Permeabilization of C. moewusii cells. Permeabilization for in vitro studies is always a 

compromise between making membranes leaky and disrupting them such that metabolic 

activity is lost. So ideally, PPI-metabolism in permeabilized C. moewusii cells should be 

kept as normal as possible, while permeabilizing as many cells as possible. Since ATP 

cannot enter intact cells, the incorporation of 32P-yATP into phospholipids was used as a 

parameter for metabolic activity in permeabilized C. moewusii cells (Kuin et al. 2000). 

To measure the effect of digitonin on 32P-yATP incorporation, C. moewusii cells 

were pre-incubated for 3 min in 0-160 (iM digitonin. They were then washed and 

incubated with 32P-yATP. After 5 min the reaction was stopped, the lipids extracted and 

the amount of radioactivity in the lipid-fraction was counted by liquid scintillation 

spectrometry. In Fig. 5.2 (black squares), the amount of radioactivity is depicted as a 
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Activation of PLC and PI-kinases in permeabilized C. moewusii cells. 
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Fig. 5.1 A,B- Mastoparan activates phospholipase C in vivo. 
C. moewusii cells were pre-labelled with Pj for 2-3 h and treated with 2 uM 
mastoparan or water as a control for the times indicated. Lipids were then 
extracted, separated by thin layer chromatography (TLC) and visualised by 
autoradiography. The amount of label in the phospholipids was determined by 
phospho-imaging. A Autoradiograph of alkalic TLC plate showing the 
mastoparan induced changes in phospholipid labelling pattern. Abbreviations: 
PtdGro, phosphatidylglycerol; PtdEtn, phosphatidylethanolamine; Ptdlns, 
phosphatidylinositol; PtdOH, phosphatidic acid; PtdlnsP, phosphatidylinositol 
4-phosphate; PtdInsP2 , phosphatidylinositol 4,5-bisphosphate. B Effect of 2 
uM mastoparan on the amount of radioactivity in PtdInsP2 , PtdlnsP, PtdOH 
and DGPP as a percentage of the radioactivity in phospholipids at t=0. MP = 
• ; control = <> 
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percentage of the control. At 80 |iM digitonin a maximum 6-fold increase 
over the control was achieved. At higher concentrations the level of 
incorporation declined. Note that in the control situation, when no digitonin 
was added, some radioactivity was incorporated into the phospholipids (Fig. 
5.2). This is probably due to the presence of a few permeabilized cells. 

40 80 120 
digitonin uM 

60 

Fig. 5.2 A,B- Effect of digitonin on incorporation of 32P-yATP into total 
phospholipids and permeabili/.ation of C. moewusii cells. 
Cells were incubated for 3 min in 0-160 uM digitonin. 8 mM MgCU and no 
CaCl2 was added. Subsequently "P-yATP was added and after 5 min the reaction 
was stopped. Lipids were extracted and separated as described in materials and 
methods. The amount of radioactivity in total phospholipids is presented as 
percentage of the control (no digitonin added). Black squares, left scale, n = 4 . 
The effect of digitonin on permeabilization of C. moewusii cells (right scale) 
was measured by incubating cells with different concentrations of digitonin for 3 
min and subsequently incubating them with Evans Blue. After 1 min the amount 
of blue and green cells was counted under a phase contrast microscope. The 
percentage of permeabilized cells of one representative experiment is shown 
(diamonds, right scale, n=3). 

In order to relate metabolic activity to permeabilization, digitonin-treated C. 
moewusii cells were incubated for 1 min in Evans Blue. Permeabilized cells take up this 
stain and become blue (Munnik et al. 1998b). Note that Evans Blue (961 Da) is a larger 
molecule than ATP (507 Da) that was used to measure metabolic activity. As a 
consequence, the results could underestimate the percentage of cells that were permeable 
to ATP. After 3 min incubation with 80 |iM digitonin, nearly all cells were permeable to 
Evans Blue (Fig. 5.2; diamonds). After washing away digitonin, this percentage increased 
to 100% (results not shown). We therefore conclude that the percentage of intact cells 
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after incubation with 80 uM digitonin was negligible. Since higher digitonin concentrations 
reduced the incorporation of radioactivity into the lipids, all subsequent experiments on 
PPI-metabolism made use of 80 uM digitonin. 

Calcium-stimulated in vitro lipid metabolism. Most plant PLCs have been shown to be 
activated by |J.M concentrations of free Ca2+ (reviewed by Munnik et al. 1998a). 
Consequently, permeabilizing cells in normal medium containing 1 mM Ca2+ could 
automatically lead to PLC activation, masking the effect of components like mastoparan. 
In order to avoid any influence of Ca2+ while studying the effect of mastoparan on lipid 
metabolism, the concentration of free Ca2+ above which PLC was activated was first 
determined in permeabilized C. moewusii cells. 

^ 
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PtdlnsP 
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I) 

DGPP 

10 

4 3 o 

2 £ 
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10 100 1000 
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Fig. 5.3 A,D. Effect of Ca2 + on PtdInsP2- and PtdlnsP-PLC (A,B) and 
DAG- and PtdOH-kinase (C,D) activity in permeabilized cells. 
C. moewusii cells were labelled with 32P, for 2-3 h and then they were incubated 
with 10 mM Hepes, 80 U.M digitonin, 1 mM EGTA, 1 mM free Mg2 ' without 
Ca *. After 3 min 0-1000 uM free Ca2* was added (calculated according to 
Taylor et al. 1992). After 5 min the reaction was stopped, lipids extracted and 
separated by alkalic TLC and visualised by autoradiography. The amount of 
label in the phospholipids was determined by phospho-imaging, and the amount 
of label in PtdInsP2 , PtdlnsP, PtdOH and DGPP is depicted as a percentage of 
the control (no Ca2+ added). The results of one representative experiment are 
shown. 
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C. moewusii cells were pre-labelled with Pj for 2-3 h to label the phospholipids 

and subsequently permeabilized with 80 fiM digitonin. After 3 min different 

concentrations of free Ca2+ were added and after 5 min the lipids were extracted and 

analysed for changes that would indicate PLC activity. In Fig. 5.3A the radioactivity in 

PtdlnsP?, PtdlnsP. PtdOH and DGPP is presented as a percentage of the total 

radioactivity in all phospholipids. Concentrations of free Ca2+ above 8 u\M induced a 

decrease in the levels of 32P-PtdInsP2 and 32P-PtdInsP. At 22 uM free Ca2+ the levels 

were reduced by 75%. These results imply that PLC was activated above 8 (iM free Ca2* 

and therefore in subsequent experiments with mastoparan, care was taken to exclude the 

effect of Ca2+. 

Concentrations of free Ca2* above 8 fiM also increased the levels of 32P-PtdOH 

and P-DGPP (Fig. 5.3A). This increase did not take place in intact cells incubated in 

different concentrations of Ca2+ (results not shown), indicating that it was typical of 

permeabilized C. moewusii cells. The increase was surprising, because much of the 32P-

yATP, which was necessary for the formation of 32P-PtdOH and 32P-DGPP from DAG, 

was expected to diffuse from the cells on permeabilization. These results suggest that 

some ATP is maintained in permeabilized cells for short-term phosphorylation reactions. 

The increase in PtdOH and DGPP could be due to an increase in DAG resulting from 

PtdInsP2 hydrolysis and to the activation of DAG- and PtdOH-kinase by Ca2+. Another 

explanation for the increase in 32P-PtdOH is that it was formed via the activity of 

phospholipase D. This enzyme uses structural phospholipids as a substrate and if they 

are radioactively labelled the product PtdOH will also be labelled. This is in agreement 

with the fact that some plant PLDs are stimulated by high concentrations of free Ca2+ 

(reviewed by Munnik et al. 1998a: Wang 1999). 

Mastoparan-stimulated in vitro lipid metabolism. To establish whether PLC was activated 

by mastoparan in the relative absence of free Ca24, C. moewusii cells were pre-labelled 

with 32Pj for 2-3 h to label the phospholipids, and then resuspended in fresh buffer 

containing 80 (iM digitonin in the presence of 1 mM EGTA to chelate Ca2+. After 3 min, 

2 \xM mastoparan or the same volume of water as a control was added. At the indicated 

times the reaction was stopped, the lipids extracted and separated by alkaline TLC and 

visualised by autoradiography (Fig. 5.4A). The quantified results show that in control 

cells radioactivity was lost from PtdlnsP? and PtdlnsP over a period of 8 min, while the 

level of radioactivity in PtdOH and DGPP and structural phospholipids stayed unaltered 

(Fig. 5.4B). This decrease in PtdInsP2 and PtdlnsP did not occur in intact cells in the 

absence of extracellular Ca + (results not shown), and therefore must represent 
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Fig. 5.4. Mastoparan activates PLC in vitro. 
C. moewusii cells were labelled with 32Pj for 2-3 h and then they were incubated 
for 3 min with 80 uM digitonin in low free Ca"'. Subsequently they were treated 
with 2 JJ.M mastoparan or water as a control for the times indicated. Lipids were 
then extracted, separated by alkalic TLC and visualised by autoradiography. 
The amount of label in the phospholipids was determined by phospho-imaging. 
A Autoradiograph of alkalic TLC plate showing the mastoparan induced 
changes in phospholipid labelling pattern in digitonin permeabilized C. 
moewusii cells. Abbreviations: PtdGro, phosphatidylglycerol; PtdEtn, 
phosphatidylethanolamine; Ptdlns, phosphatidylinositol; PtdOH, phosphatidic 
acid; PtdlnsP, phosphatidylinositol 4-phosphate; PtdInsP2, 

phosphatidylinositol 4,5-bisphosphate. B Effect of 2 u,M mastoparan on the 
amount of radioactivity in PtdlnsP,, PtdlnsP, PtdOH and DGPP as a 
percentage of the radioactivity in phospholipids at t=0. MP = • ; control = O 
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changes in permeabilized cells. It might indicate the presence of some residual PLC 

activity, or PPI phosphatase activity. 

When these permeabilized C. moewusii cells were treated with 2 (iM mastoparan. 

the levels of 32P-PtdInsP2 and 32P-PtdInsP decreased more markedly than in the control 

situation (Fig. 5.4B). After 2 min. 45% of the 32P-PtdInsP2 was lost relative to the control 

(Fig. 5.4B). indicating that mastoparan activated PLC in the relative absence of free Ca2T. 

An equivalent reduction in 32P-PtdInsP suggests that this lipid may also be a substrate for 

PLC. Alternatively it may have been reverted to PtdlnsP2, using ATP that still seems 

available in permeabilized cells. In contrast with intact cells (Fig. 5.1 B). the levels of 32P-

PtdInsP2 and 32P-PtdInsP did not recover after the initial decrease. This was presumably 

due to the loss of most 32P-yATP from permeabilized cells and indicates that the changes 

being studied took place in permeabilized cells. Note that after 2 min 40% 32P-PtdInsP2 

and 50% 32P-PtdInsP remained, which might indicate that different pools are present, one 

that is hydrolysed by PLC and another that is not. Alternatively, PLC activation may be 

quickly down-regulated, just as in intact cells. 

The presence of some remaining 32P-yATP in permeabilized cells could explain the 

rapid increase in 32P-PtdOH to 3.5-fold the control level (Fig. 5.4B) and the steady 

increase in 32P-DGPP (Fig. 5.4B). They may be due to an increase in substrates for DAG-

and PtdOH-kinase, or to activation of these enzymes by G-proteins. Part of the increase 

in 32P-PtdOH may be due to PLD hydrolysing radioactive structural phospholipids. 

However, in intact cells the majority of PtdOH that is formed upon treatment with 

mastoparan is derived from PLC activity (Munnik et al. 1995. 1998b). 

Incorporation of 32P-yATP into phospholipids in permeabilized cells. In intact C. moewusii 

cells, mastoparan treatment immediately activated the rapid synthesis of PtdOH and 

slower synthesis of DGPP (Fig. 5.1). It also activated the synthesis of PtdlnsP and 

PtdInsP2, but that was only detected after a 30-60 s period (Fig. 5.1), even though there is 

evidence that synthesis, rather than net synthesis, is immediately stimulated (Munnik et 

al. 1998b). In permeabilized cells, the mastoparan-induced synthesis of PtdOH and 

DGPP was detected due to the incorporation of residual 32Pj from P-yATP, but the 

synthesis of PPIs could not be detected. To test whether these activities were still 

present, C. moewusii cells were first permeabilized with 80 U.M digitonin and then 

resuspended in fresh buffer containing 32P-yATP. At the indicated times, lipids were 

extracted from samples and analysed by alkaline TLC. Fig. 5.5A shows that the 

radioactive label was mainly incorporated into three different phospholipids. By 

comparison with the labelling pattern of 32Pj-labelled intact cells (Fig. 5.5B), they were 
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Fig. 5.5 A-D. Comparison of 32P-yATP and 32Pi labelled phospholipids in 
C. moewusii. A. Autoradiograph of , 2P-yATP labelled phospholipids in 
permeabilized cells. Cells were pre-incubated for 3 min with 80 |iM digitonin in 
the presence of 0.1 jiM free Ca2f and 8 mM free Mg2". Subsequently 3 2 P-yATP 
was added and at the indicated times the reaction was stopped, lipids extracted 
and separated with alkalic TLC and visualised by autoradiography. B . 
Autoradiograph of P rlabelled phospholipids. Cells in HMCK were incubated 
with Pj for the indicated times. Then the reaction was stopped and 
subsequently lipids were extracted and separated with alkalic TLC and visualised 
by autoradiography. C. Autoradiograph of different isomers of PtdlnsP that 
were deacylated. Cells were labelled as described above with 32P-yATP for 1 0 
min and lipids were extracted and separated by alkaline TLC. PtdlnsP was 
scraped from the plate and prepared for headgroup analysis as described in 
material and methods and separated with a polyethyleneimine-cellulose TLC 
system. Lane 1: PtdIns(3)P marker; Lane 2: PtdIns(5)P marker; Lane 3: 
PtdIns(4)P marker; Lane 4: 32P-yATP labelled PtdlnsP. D. Autoradiograph of 
different deacylated products of PtdlnsP, isomers. 32P-yATP labelled PtdlnsP2 

was scraped off from the silica plate and deacylated as described in material and 
methods. Together with markers for the different isomers of PtdlnsP, they 
were separated with a polyethyleneimine-cellulose TLC system. Lane 1: 
PtdIns(3,4)P2 marker; Lane 2: PtdIns(4,5)P, marker; Lane 3: PtdIns(3,5)P2 

marker; Lane 4: 32P-yATP labelled PtdInsP2. 

identified as PtdInsP2, PtdlnsP and PtdOH, all three of which can be directly labelled 
from ATP. In contrast, the structural phospholipids Ptdlns, PtdEtn and PtdGro, that 

32 incorporate Pj via acylation of glycerol 3-phosphate (Munnik et al. 1998b), were not 
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labelled. The dominant radioactive lipid in all these experiments was PtdlnsP. In intact 

cells the ratio 32P-PtdInsP:32P-PtdInsP2 was on average about 2 (Fig. 5.5B). but in 

permeabilized cells it was about 10 (Fig. 5.5A). 

The fact that the labelling pattern in digitonin-treated cells was restricted to lipids 

synthesized directly via ATP indicates that synthesis took place in permeabilized cells 

and not in remaining intact cells. To establish that radioactivity was incorporated directly 

from 32P-yATP and not via hydrolysis to 32Pj that can be taken up into intact cells, 

competition experiments were performed using non-radioactive ATP and Pj. Increasing 

concentrations of non-radioactive ATP inhibited incorporation of radioactive label in the 

phospholipids, while increasing concentrations of P, had no effect (results not shown). 

This indicates that Fig. 5.5A represents a true in vitro labelling pattern. What is more, the 

lack of synthesis of structural phospholipids in the digitonin-treated cells (compare Fig. 

5.5A with Fig. 5.5B), establishes that if intact cells were still present, they did not 

contribute to the labelling pattern. 

The dominant PtdlnsP and PtdlnsP? isomers synthesized in vivo have previously been 

shown to be PtdIns(4)P and PtdIns(4.5)P2 (Munnik et al. 1998b), although minor 

quantities of other isomers are present in Chlamydomonas (Munnik et al. 1994; Meijer et 

al. 1999). To test whether the same isomers were synthesised in permeabilized cells, their 

head-groups were analysed. The individual PPI-spots were scraped from the plate and 

deacylated as described previously (Munnik et al. 1994; Meijer et al. 1999). The 

radioactive headgroup of PtdlnsP (lane 4; Fig. 5.5C) was then chromatographed together 

with the standards GroPIns(3)P (lane 1), GroPIns(5)P (lane 2) and GroPIns(4)P (Lane 3) 

in a polyethyleneimine-cellulose TLC system, using 0.25 M H O as eluent. The in vitro 

product co-chromotographed with GroPIns(4)P (Fig. 5.5C). The headgroup of in vitro 

produced PtdInsP2 (lane 4; Fig. 5.5D) was chromatographed using 0.48 M H O . It co-

chromatographed with GroPIns(4,5)P2 (lane 2; Fig. 5.5D). These results demonstrate that 

Ptdlns 4-kinase and PtdIns(4)P 5-kinase were the dominant activities being measured in 

permeabilized C. moewusii cells. 

Effect of cations on the in vitro incorporation of32P-yATP into phospholipids. Plant 

Ptdlns 4-kinase activity has been shown to be influenced by divalent cations. For 

example, Mg2+ and Mn2+ stimulated and Ca2+ inhibited its activity (Steinert et al. 1994; 

Okpodu et al. 1995). To establish the effect of these and other cations on the 
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Fig. 5.6 A-C. Effect of different divalent cations on total l ip id-k inase 
activity in permeabilized C. moewusii cel ls . A Incorporation of 
radioactivity from 32P-yATP into phospholipids in permeabilized C. moewusii 
cells during 5 min. Cells were pre-incubated for 3 min with 80 |iM digitonin and 
then resuspended into fresh medium with 3 2P-yATP and 10 mM CdCI2, CuCl2, 
LaCl3, LiCl, MgCl2, MnCl2 or ZnCl2, in the absence of digitonin. Then lipids 
were extracted and the incorporated radioactivity was counted by scintillation 
counting. B Incorporation of radioactivity from 3 2P-yATP into phospholipids 
in permeabilized C. moewusii cells during 5 min in the presence of different 
concentrations of free Mg. C Incorporation of radioactivity from 3 2 P-yATP 
into phospholipids in permeabilized C. moewusii cells during 5 min in the 
presence of different concentrations of free Ca2* and 8 mM free M g 2 \ 

incorporation of 32P-yATP into phospholipids, cells were treated for 3 min with 80 \\M 
digitonin and then resuspended in medium containing 32P-yATP and 10 mM CdCl2, 
CuCl2, LaCl3, LiCl, MgCl2, MnCl2 or ZnCl2, in the absence of digitonin. After 5 min the 
reaction was stopped and the lipids analysed. The effects of the different cations on the 
total incorporation of radioactive label into phospholipids is shown in Fig. 5.6A. Mg2+ 

was the most effective stimulant, while Mn2+ was effective to a lesser extent (Fig. 5.6A). 
The effect of MgCl2 concentration on activity is shown in Fig. 5.6B. A maximum was 
reached at 5 mM MgCl2, In the presence of 8 mM MgCl2, increasing concentrations of 
Ca2+ inhibited the incorporation of radioactivity (Fig. 5.6C). In all these experiments 
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PtdIns(4)P 5-kinase, Ptdlns 4-kinase and DAG-kinase were affected to the same extent. 

Mastoparan activates Ptdlns(4)P 5-kinase. Ptdlns 4-kinase and DAG-kinase. To test 

whether G-protein activation also stimulates these lipid kinase activities in vitro, cells 

were pre-incubated in 80 \\M digitonin and resuspended in 0-8 (iM mastoparan. 

containing P-yATP. After 5 min lipids were extracted and analysed by TLC and 

phospho-imaging. The results showed that mastoparan activated the synthesis of the 

PPls and PtdOH (Fig. 5.7). The maxima were at 1, 2 and 8 |iM mastoparan. respectively 

(Fig. 5.7). One has to keep in mind that under these circumstances PLC is also activated, 

and therefore the incorporation of radioactivity into PtdlnsP and PtdlnsP2 might be 

masked somewhat by their hydrolysis. In the case of PtdOH, its increased synthesis 

could be due to the activation of DAG-kinase, or to an increase in DAG produced by 

PLC. 

Fig. 5.7. In vitro activation of Ptdlns 4-
kinase, PtdIns4P 5-kinase and DAG-
kinase by mastoparan. 
Cells were pre-incubated for 3 min with 
80 uM digitonin in the presence of 0.1 
U.M free Ca"" and 8 mM free M g + . 
Subsequently fresh buffer was added 
containing ?"P-yATP and 0-8 U.M 
mastoparan. without digitonin. After 5 
min the reaction was stopped, lipids 
extracted and separated with alkalic TLC 
and visualised by autoradiography. The 
amount of label in the phospholipids was 
determined by phospho-imaging and is 
presented in arbitrary units (n = 2). 

2 4 6 
[MP] uM 
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Discussion 

In vitro activation of PLC. It is claimed that plant phospholipase C (PLC), apart from 
being activated by Ca2+, is also activated via a G-protein, while it has been shown to be 
activated by G-protein activators, like primary alcohols or mastoparan (Musgrave et al. 
1992; Quarmby et al. 1992; Cho et al. 1995; Franklin-Tong et al. 1996; Tucker and Boss, 
1996; Munnik et al. 1995, 1998a). However, these experiments were performed in intact 
cells and therefore it was not possible to control the concentration of intracellular free 
Ca2+ and therefore one cannot rule out the possibility that Ca2+ directly or indirectly 
activated PLC. The fact that mastoparan has been shown to permeabilize the plasma 
membrane (Van Himbergen et al. 1999), allowing Ca2+ to diffuse into the cell, might 
therefore be a complication. To clear the role of Ca2+ during mastoparan-induced PLC 
activation in intact C. moewusii cells, the effect of different concentrations of free Ca2+ 

and mastoparan in the relative absence of Ca2+ on PLC activity was measured in 
permeabilized cells. 

PLC activity was measured at the phospholipid-level, based on a rapid decrease in 
the levels of 32P-PtdInsP2 and 32P-PtdInsP. In intact C. moewusii cells this has been 
shown to be correlated with an increase in the level of Ins(l,4,5)P3 (Munnik et al. 1998b), 
indicating that this is a good measure of PLC activity. The results presented here, show 
that C. moewusii-PLC is activated by Ca2+, like other plant PLCs (Arz and Grambow 
1994; Kopka et al. 1999). For many plant PLCs the concentration of free Ca2+ determines 
the substrate that is used: at (iM Ca2+ concentrations PtdInsP2 is hydrolysed (Einspahr et 
al. 1989; Arz and Grambow 1994; Kopka et al. 1999) but at mM Ca2+ concentrations 
PLC favours PtdlnsP or Ptdlns as a substrate (Melin et al. 1992; Arz and Grambow 
1994). However, in other plants, for example in wheat (Melin et al. 1992) and carrot (Cho 
et al. 1995), Ca2+ has no influence on the substrate that is used by PLC. In C. moewusii 
both 32P-PtdInsP2- and 32P-PtdInsP-levels decreased maximally at 22 (iM free Ca2+, while 
the level of 32P-Ptdlns was not affected. This suggests that C. moewusii-PLC can use 
both PtdInsP2 and PtdlnsP as a substrate, but not Ptdlns. 

It was expected that PLC would not be activated in the relative absence of free 
Ca2+. However, the levels of 32P-PtdInsP and 32P-PtdInsP2 decreased during the 
incubation period of 8 min (Fig. 4B). These results suggest that the circumstances were 
not completely Ca2+-free during the incubation period. While the incubation medium was 
free of Ca2+, containing 1 mM EGTA and 2 mM MgCl2, during the incubation period 
Ca2+ associated with the cells might be released into the medium, so that the resulting 
medium was not absolutely Ca2+-free. Under these circumstances, addition of mastoparan 
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induced an extra activation of PLC, suggesting that C. moewusii-PLC might also be 

activated via a G-protein. However, C. moewusii cells contain very large amounts of Ca2+ 

in electron-dense bodies (Kuin et al. 2000) and in cells that were pre-loaded with 45Ca2* 

for 20 min and subsequently permeabilized with 80 |iM digitonin, mastoparan induced 

30% release of 45Ca2^ within 2 min (Chapter 4; Fig. 2B). This would raise the Ca2~ 

concentration of the medium with maximally 10 (J.M, and this will be partly buffered by 

the Ca""-chelator EGTA. While a maximal increase of 10 uM on top of the control does 

not increase PtdInsP2 hydrolysis (Fig. 3A), the additional activation of PLC by 

mastoparan allows the conclusion that PLC is activated via a G-protein. 

In vitro activation of Ptdlns 4-kinase and PtdIns(4)P 5-kinase. In intact cells the decrease 

in the level of 32P-PtdInsP2 and 32P-PtdInsP was followed by an increase, suggesting that 

Ptdlns(4)P 5- and Ptdlns 4-kinase had been activated (Munnik et al. 1998b). This 

increase was not present in permeabilized C moewusii cells, probably because the 

availability of ATP was decreased, due to diffusion of ATP out of the cell. Treatment of 

permeabilized cells with mastoparan in the presence of 32P-yATP showed that Ptdlns 4-

kinase and PtdIns(4)P 5-kinase were activated instantaneously. This positive result in the 

presence of 32P-yATP suggests that the absence of PtdlnsP and PtdInsP2 synthesis after 

mastoparan treatment in 32P,-labelled cells was indeed due to the diffusion of ATP out of 

permeabilized cells. While both PLC and Ptdlns 4-kinase and PtdIns(4)P 5-kinase are 

activated at the same time, measurement of their activities will always be mutually 

influenced. As a consequence, the real decrease of 32P-PtdIns(4.5)P2 is probably more 

pronounced than the one that has been measured, because of PtdIns(4)P 5-kinase activity. 

And vice versa the activity of PtdIns(4)P 5-kinase that has been measured is probably 

lower than in reality, because of PLC activity. 

PtdIns(4)P 5-kinase and Ptdlns 4-kinase were activated by the divalent cations 

Mn 2 ' and Mg "*", like it has been shown for Ptdlns 4-kinase from Dunaliella parva 

(Steinert et al. 1994) and Daucus carota (Okpodu et al. 1995). and like in Daucus carota 

Mg2+ was the most potent activator. Between 0.2 and 2 jiM free Ca2+ incorporation of 
32P-yATP into phospholipids was slightly inhibited (-10%) and above 10 (iM free Ca2+ 

serious inhibition was seen. In the presence of 1 mM free Ca2+ incorporation of 32P-yATP 

into phospholipids was inhibited 90%. The inhibition of Ptdlns 4-kinase by Ca2+ is in 

line with the effect of Ca2+ on Ptdlns 4-kinase in bovine adrenal chromaffin granules 

(Husebye and Flatmark, 1988). Of the few reports on the regulation of Ptdlns- or 

PtdlnsP-kinase by Ca2+ in plant cells, Kamada and Muto (1991) also showed inhibition 

of Ptdlns-kinase by Ca2+ in tobacco. They postulated the following model for regulation 
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of PPI-turnover by free Ca2+: receptor-mediated activation of PLC increases InsP3 

production which subsequently induces Ca2+ release from intracellular Ca2+ stores. The 

increased cytoplasmic Ca2+ level in turn activates PLC, but inhibits Ptdlns- and PtdlnsP-

kinases, causing a decrease in the supply of PtdInsP2 so that the production of InsP3 

diminishes and the cytoplasmic Ca2+ level returns back to normal. This might also be a 

part of the regulatory mechanism in Chlamydomonas moewusii. 

In vitro activation of DAG-kinase. When intact C. moewusii cells were treated with 

mastoparan the decrease in the level of 32P-PtdInsP2 and 32P-PtdInsP was correlated with 

an increase in the level of 32P-PtdOH and 32P-DGPP. PtdOH is an important signal in 

itself for it stimulates several activities such as protein kinases such as protein kinase C. 

Further it is associated with membrane trafficking, regulation of the cytoskeleton and the 

oxidative defence reactions in neutrophils (Munnik et al. 1998a). Addition of PtdOH to 

Chlamydomonas moewusii has been shown to induce deflagellation (Munnik et al. 1995). 

PtdOH can be produced by the activity of both DAG-kinase and phospholipase D (PLD; 

Munnik et al. 1995, 1998b) and DGPP is formed by phosphorylation of PtdOH 

(Wessing and Behrbohm 1993). Diacylglycerol pyrophosphate (DGPP) has been 

recognised in plants as the product of PtdOH phosphorylation (Wissing and Behrbohm 

1993; Munnik et al. 1996) and it has been suggested to play a role in the attenuation of 

the increased level of PtdOH that has been formed during PLC and PLD activation. A role 

for DGPP in signalling is also a possibility, for it has recently been shown that DGPP 

enhanced the secretion of arachidonate metabolites in leukocytes (Balboa et al. 1999). 

Surprisingly, the increase in the levels of 32P-PtdOH and 32P-DGPP were also 

measured in permeabilized C. moewusii cells after treatment with mastoparan. How could 

this happen if the percentage of intact cells was negligible and ATP had diffused out of 

permeabilized cells. In the case of PtdOH, it is also possible that it has been synthesised 

via PLD, which hydrolyses a structural phospholipid at the terminal phosphate di-ester 

bond. In other plant species PLD has been shown to be activated by mM concentrations 

of Ca2+ (Munnik et al. 1998a). The increase in the level of 32P-PtdOH above 10 ^ M Ca2+ 

therefore could be ascribed to PLD activity. However, it has been shown in intact cells 

the majority of PtdOH that is formed upon treatment with mastoparan is derived via the 

PLC cascade (Munnik et al. 1995, 1998b) and furthermore DGPP can only be formed via 

phosphorylation of PtdOH. Therefore it has to be concluded that a small amount of ATP 

is left available for phosphorylations in these cells. A possible explanation for the 

retention of ATP in permeabilized cells, might be that the plasma membrane is not 

permeabilized evenly. Cells were permeabilized using the glycosylated sterol digitonin 
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that associates with membrane sterols, creating pores (Elias et al. 1978). Possibly these 

sterols are present in the plasma membrane in certain domains, so that ATP leaks out of 

one part of the cell, but is maintained in another part. 
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