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Chapter 2 
Chlamydomonas contains Ca + stores that are mobilized 
when phospholipase C is activated 

Hilda Kuin, Henk Koerten, Wim E.J.M. Ghijsen, Teun Munnik, Herman van den Ende, 

Alan Musgrave 

Published in: Planta, Volume 210, pp. 286-294, 2000 

Abstract. Mastoparan induces Ca * dependent deflagellation of the unicellular green alga 

Chlamydomonas moewusii Gerloff, as well as the activation of phospholipase C (PLC) 

and the production of inositol 1,4,5-trisphosphate (InsP3). Even in the absence of 

extracellular Ca2+, mastoparan still induces deflagellation, suggesting that InsP3 mediates 

Ca2+ release from intracellular stores. To test this hypothesis, cells were pre-loaded with 
45Ca + and their plasma membranes permeabilized by digitonin. Subsequent treatment of 

the cells with mastoparan induced release of intracellular 4!>Ca2+. Mastoparan also 

activated PLC in permeabilized cells, as demonstrated by the breakdown of 3 2P-

phosphatidylinositol 4,5-bisphosphate and the production of diacylglycerol. The 

mastoparan analogues mas7 and mas 17 were also effective and their efficacy was 

correlated with their biological activity. X-ray microanalysis (XRMA) showed that 

electron-dense bodies (EDBs) are a major Ca2+ store in C. moewusii. Analysis of 

digitonin-permeabilized cells showed that EDBs lost Ca2+ at digitonin concentrations that 

released radioactivity from 43Ca2+-labelled cells, suggesting that 4>Ca2+ monitored the 

content of EDBs. XRMA of living cells treated with mastoparan also revealed that Ca2+ 

was released from EDBs. 



Chapter 2 

Introduction 

When cells of the unicellular green algae Chlamydomonas moewusii and C. reinhardtii are 

exposed to pH, osmotic or temperature shock, or are treated with G-protein activators 

such as mastoparan (MP) or primary alcohols, they shed their flagella (Schuring et al. 

1990; Quarmby et al. 1992; Quarmby and Hartzell 1994; Munnik et al. 1998). This is 

caused by the Ca2_-dependent contraction of centrin in the transition zone of each 

flagellum that ruptures the microtubular cytoskeleton (Sanders and Salisbury 1994). 

Deflagellation can be caused by Ca2+ entering the cell from the external medium, for 

example when it is induced by pH shock (Quarmby 1996). In the case of MP-induced 

deflagellation, Ca2 ' is thought to be released from intracellular stores, because 

deflagellation occurs in the absence of extracellular Ca2+ (Quarmby and Hartzell 1994; van 

Ilimbergen et al. 1999). Since MP also activates phospholipase C (PLC) and increases the 

production of inositol 1.4.5-trisphosphate (InsPv Quarmby et al. 1992; Munnik et al. 

1998), the release of intracellular Ca2+ stores could be mediated by InsP3. 

In order to test whether mastoparan can induce the release of Ca2+ from 

intracellular stores, C. moewusii gametes were pre-loaded with 4:,Ca2+ and stimulated with 

different MP analogues. To monitor the loss of radioactivity from intracellular stores, a 

permeabilized cell system was developed (Ronning et al. 1982). Plasma membranes were 

made permeable using low concentrations of digitonin so that if Ca2+ was released from 

internal stores, it was lost from the cells into the medium. Changes in the Ca2^ content 

were then assayed by measuring radioactivity in the cells. Permeabilized cells were also 

used to monitor the effect of MP on PLC activity by measuring the breakdown of 3 2P-

phosphatidylinositol 4,5-bisphosphate (PtdInsP2) and the production of diacylglycerol 

(DAG: measured as 32P-phosphatidic acid due to diacylglycerol kinase activity). Our data 

indicate that Ca2+ is released from intracellular stores and that it is correlated with PLC 

activation. 

Chlamydomonas cells contain electron-dense bodies (EDBs) that contain Ca2+ 

together with phosphorus, as shown by X-ray microanalysis (XRMA; Siderius et al. 

1996). These acidic compartments are similar in size, content and electron density as the 

vacuoles in Saccharomyces cerevisiae which, significantly, have been shown to release 

Ca2+ in an InsP^-dependent fashion (Belde et al 1993). The EDBs in C. moewusii could 

therefore be a Ca2+ store that is also emptied on signalling. This was tested by treating 

intact cells with or without mastoparan and using XRMA to monitor the Ca2f-content of 

their EDBs. 

32 



Ca~'-release from electron-dense bodies 

Materials and Methods 

Materials. 32Pj (carrier free) and 45CaCl2 were from Amersham Int. Synthetic mastoparan, 

mas7 and mas 17 were from Peninsula Laboratories (Merseyside, England). Organic 

solvents, digitonin and TLC silica 60 plates were from Merck (Darmstadt, Germany). 

Glass microfibre filters GT/C, 2.5 cm 0 were obtained from Whatman (Maidstone, UK). 

Other reagents were from Sigma. 

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

Collection of Algae, University of Texas, Texas, USA) was grown as previously 

described (Musgrave etal. 1992). All cells were harvested after flooding 3-week-old agar 

cultures with distilled water. Cells were sedimented at 1600 g for 5 min and resuspended 

in 10 mM Hepes pH 7.2, 1 mM MgCl2, 0.1 mM CaCl2 and 1 mM KC1 (HMCK) at 107 

cells mL . 

45CaCl2 uptake in vivo. Cells (107 cells mL'1) were incubated in 10 mM Hepes pH 7.2. 1 

mM MgCl2, 0.1 mM 45CaCl2 (37 x 103 Bq per 100 uL aliquot) and 1 mM KC1. After 

different periods of time, a sample of 100 uL was filtered (Whatmann GT/C glass 

microfibre filters) and washed with 3 x 3 mL ice-cold 1 mM EGTA in 10 mM Hepes pH 

7.2. At the same time, remaining cells were mixed with an equal volume of EGTA (20 

mM). After different time intervals, 200 uL of these cells were also filtered and washed 

with 3 x 3 mL ice-cold 1 mM EGTA in 10 mM Hepes pi I 7.2 and the radioactivity on 

the filter was quantified by liquid scintillation counting. Since the presence of 0.1 mM 

P04
3" in the medium enhanced 45CaCl2 uptake (Siderius et al. 1996), it was used in all 

subsequent experiments. 

45Ca2+release from permeabilized cells. Cells (107 cells ml/ ' ) loaded with 45Ca2+ for at 

least 5 h (see above) were resuspended in 10 mM Hepes, pi I 7.2 and 1 mM KC1 to 

remove excess radioactivity. They were then mixed with an equal volume 10 mM Hepes 

(pH 7.2) containing 20 mM EGTA, 200 mM KC1, 20 mM MgCl2, 80 uM CaCL and 

digitonin ranging in concentration from 0 to 600 uM. After 5 min. 100 uL aliquots were 

mixed with 1 ml, ice-cold 1 mM EGTA for 1 min and then filtered. The filter was washed 

with 3 x 3 mL ice-cold 1 mM EGTA in 10 mM Hepes pi I 7.2 and the radioactivity on 

the filter was quantified by liquid scintillation counting. Such experiments were used to 

assess the effects of G-protein activators on the release of 4?Ca2+ from cells. 
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Cell permeability test using P-y-ATP uptake. In order to test whether cells were 

permeabilized by digitonin, they were first suspended in 10 mM Hepes, pH 7.2, 1 mM 

KC1 (107 cells mL"1). An equal volume of 10 mM Hepes, pH 7.2, 20 mM Mg2+, 80 uM 

Ca2+, 20 mM EGTA, 200 mM KC1, 0-600 uM digitonin and 20 uM ATP (37 x 103 Bq 

P-y-ATP per 100 uL aliquot) was then added. The free concentration of Ca2+ was 

calculated according to Taylor et al. (1992) to be 0.1 uM. After 5 min at room 

temperature, 1 mL ice-cold 1 mM ATP in the same buffer was added to each 100 uL 

aliquot and the cells were sedimented in an Eppendorf microcentrifuge for 1 min. The 

radioactivity in the pellet and supernatant was counted separately in a scintillation 

counter. 

X-ray microanalysis (XRMA). C. moewusii gametes were prepared for analysis by 

pipetting 10 u.L suspension onto parlodion-coated copper grids and removing excess 

liquid using filter paper. The cells were immediately frozen on an aluminium block cooled 

with liquid nitrogen and thereafter freeze-dried. The cells were analyzed with a Tracor 

(TN) 2000 X-ray microanalyzer attached to a Philips EM 400 electron microscope 

(Siderius et al. 1996). 

Phospholipase C activity. Cells (10' cells mL"1) were prelabelled for 2 h with 32P, (37 x 

104 Bq per 100 uL aliquot) in HMCK. Aliquots of 100 uL were then sedimented at 1600 

g for 1 min. The pellet was resuspended in 10 mM Hepes. pH 7.2, 10 mM Mg2+, 0.1 

mM Ca2", 10 mM EGTA with or without 40-160 uM digitonin and 3.5 uM mastoparan. 

After 5 min at room temperature, the reactions were stopped by adding 375 uL Cl ICI3 : 

CH3OH : H O (50:100:1 by vol.) and the lipids extracted and separated by TLC according 

to Munnik et al. (1996). Chromatograms were exposed to X-ray film (Kodak X-Omat 

100) for 1 to 16 h. 

Quantification ofCa2' in cells using atomic absorption spectrometry. A known number of 

cells were sedimented and dried at 110°C, with or without pre-incubation in 10 mM 

EGTA. The dry weight of the material was determined and samples of 25 mg were mixed 

with 1 mL of concentrated HNO3 and incubated at 80°C until nearly dry. Distilled water 

(25 mL) was then added to each sample and the amount of Ca2+ was determined using a 

Perkin Elmer 1100-B atomic absorption spectrometer and certified reference material as 

standard (Allen 1974). 
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Ca:'-release from electron-dense bodies 

The amount of Ca per cell and the concentration of Ca~+ in the EDBs was 

calculated based on a cell volume of 2 x 10"' L and a previously calculated total volume of 

the EDBs per cell as about 1% of the cell volume (Siderius et al. 1996). 

Quantification of Co2* in cells using ^Ca2'. Cells were incubated in HMCK (107 cells 

ml/1) and labeled for 24 h with 45Ca2+ (37 x 103 Bq per 100 uL aliquot). They were 

sedimented at 1600 g for 5 min, resuspended in fresh buffer with or without 10 mM 

EGTA for 10 min and the amount of 45Ca2+ in a new cell pellet was determined by liquid 

scintillation counting. The amount of Ca2+ per cell was calculated on the basis of the 

known specific radioactivity of 45Ca2+ (1.17 x 106 Bq umol"1). The presence of non

radioactive Ca2+ in the cells was calculated to be about 10% of that added to the medium. 

This was included in the calculations of specific radioactivities. 

Quantification of Ca2' in EDBs using XRMA. A minBl cell line of Escherichia coli was 

cultivated as described previously (Mulder et al. 1990). The cells were harvested by 

centrifugation and fixed for 2 h in a mixture of 0.5% glutaraldehyde and 1.5% 

formaldehyde. After sedimenting, cells were resuspended in methanol to permeabilize 

them and immediately resedimented before washing twice more in water. These mutant 

cells are approximately 0.5 urn in diameter and thus similar in size to large EDBs in C. 

moewusii. They were used as carrier particles for different concentrations of CaCl2. Cells 

were incubated overnight in a particular concentration (0.5-4 M) and about 5 ul were then 

pipetted onto a parlodion-coated copper grid. All the fluid was immediately removed by 

touching the grid against filter paper, leaving a few cells on the parlodion film, some in 

clusters. Free-lying cells were analyzed by XRMA and the Ca signals from 7 cells per 

concentration were averaged and plotted against the Ca2+ concentration to produce an 

approximately linear calibration curve. The signal from 12 large EDBs in different C. 

moewusii cells was then averaged and the Ca2+ concentration was extrapolated from the 

calibration curve. 
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Results 

Uptake and release of intracellular Ca2'. In order to detect intracellular Ca2+, cells were 

first labeled with 45Ca2+. As shown in Fig. 2.1, cells accumulated radioactivity over a 

period of about 5 h. The presence of 0.1 mM phosphate in the medium enhanced the rate 

of C a + accumulation (Fig. 2.1, insert), just as Ca2+ enhanced the rate of phosphorus 

accumulation (Siderius et al. 1996). This suggests that some of the 45Ca2+ was taken up 

into the electron-dense bodies (EDBs; see Fig. 5 for example) which also store 

phosphorus (Siderius et al. 1996). Therefore 0.1 mM phosphate was always added to the 

incubation medium to enhance the uptake of 43Ca2+. When 10 mM EGT A was added at 

certain time points during 45Ca2* accumulation, about 15% of the accumulated 

radioactivity was lost from the cell pellet (Fig. 2.1 and Table 2.1), presumably because it 

was bound to the cell wall. In separate experiments, 45Ca2+ was shown to bind to and 

sediment with isolated cell walls, but when EGTA was added, the radioactivity remained 

in solution (data not shown). In order to measure intracellular Ca2+ levels, EGTA was 

added to labeled cells in all subsequent experiments to chelate the cell wall Ca2+. 

0 -i 1 • . 1 

0 100 200 300 400 
Time (min) 

Fig. 2.1 45Ca2* uptake into C. moewusii gametes. 
Cells were incubated in 45Ca2', filtered, washed and the radioactivity was 
quantified by liquid scintillation counting. Where indicated by arrows, samples 
were treated with 10 mM EGTA to remove label from the cell exterior. Insert: 
effect of 100 uM P, on 45Ca2' uptake after 30 min. c = control minus P,; p = 
plus 0.1 mM ^ 
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Ca" -release from electron-dense bodies 

Cells were permeabilized using the glycosylated sterol digitonin. that associates 

with membrane sterols, creating pores (Elias et al. 1978). If plasma membranes are 

relatively rich in sterols (Weiss-Bizzoco and Reyes 1992), they can be selectively 

permeabilized (Ronning et al. 1982). Assuming that is the case for C. moewusii, low 

digitonin concentrations will mainly permeabilize the plasma membrane while intracellular 

membranes remain intact. 45Ca2+ in intracellular compartments will then remain there and 

consequently a relatively high level of radioactivity will be measured in the cells. At 

higher digitonin concentrations, intracellular membranes will also be permeabilized and 
45Ca2+ will be released and bind to EGTA in the medium. Consequently a relatively low 

level of radioactivity will be measured in the cells. If this amount is then plotted against 

digitonin concentration, a decrease in the amount of radioactivity is expected with 

increasing concentrations of digitonin (e.g. Ronning et al. 1982). 

The effect of 5 min incubation in different digitonin concentrations on the 4 :Ca2+ 

content of the cells is illustrated in Fig. 2.2A. Using a cell density of 107 cells per mL, 

digitonin concentrations between 20 and 300 uM released Ca2+ in a concentration 

dependent manner. The release of Ca2+ in time using different digitonin concentrations is 

illustrated in Fig. 2.2B. It shows that within 10 min, a new equilibrium was reached, 

suggesting that non-permeabilized cells and organelles remained intact thereafter. The 

total amount of 45Ca2+ that could be released at high digitonin concentrations was about 

90-95% of the total (Fig. 2.2A,B). indicating that practically all cellular 45Ca2+ was 

accessible with digitonin. 

The loss of 45Ca2+ from the cell pellet in these experiments illustrates that 

digitonin concentrations above 20 uM progressively permeabilized the membrane 

surrounding intracellular Ca2+ stores, suggesting that the plasma membrane could be 

permeabilized at digitonin concentrations below 20 uM. To test this, cells in different 

concentrations of digitonin were incubated with 32P-y-ATP. which cannot enter intact 

cells. As shown in Fig. 2.2A, in concentrations above 8 uM digitonin, increasing amounts 

of radioactivity were associated with the cell pellet. On extraction, some of the label was 

found in phospholipids (data not shown), illustrating that permeabilized cells were still 

metabolically active. 

If 45Ca2+can be released from permeabilized cells it can also enter them, and when 

cells were incubated in a Ca2"-rich medium (1 mM) in digitonin concentrations above 8-10 

u.M, they deflagellated. In the presence of EGTA, cells did not deflagellate (data not 

shown). Since deflagellation is a Ca2+-dependent response (Sanders and Salisbury 1994). 

it was presumably due to an influx of Ca + from the medium. These combined data 
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indicate that digitonin concentrations between 8 and 20 u M permeabilize the plasma 

membrane but not that of the internal stores. 

10 100 1000 
Digitonin (uM) 

4 6 8 
Time (min) 

Fig. 2.2 A,B Effect of digitonin on the amount of 4 5Ca2 + and 32P-y-ATP 
in C. moewusii ce l ls . A 4>Ca2'-labeled cells were incubated in different 
concentrations of digitonin. After 5 min, they were filtered and the radioactive 
content was quantified by liquid scintillation counting. The amount of 45Ca2 ' in 
the cells is expressed as percentage of the radioactivity in non-treated cells ( • : 
n=5). To test whether cells were made permeable to ATP. they were incubated 
in 10 fiM 'P-7-ATP and different concentrations of digitonin. After 5 min. 
ice-cold 1 mM ATP was added and the cells sedimentcd. The amount of , 2P-y-
ATP associated with the cell pellet (A) is expressed as a percentage of that 
associated with the pellet after treatment with 100 uM digitonin (n=3). B 
Kinetics of Ca~' release from cells treated with the following concentrations of 
digitonin: 0 uM ( • ) ; 20 uM (A): 40 uM (A); 80 uM ( • ) ; 160 uM ( • ) and 300 
uM (<>) 

PLC activation in permeabilized cells. In order to test whether PLC activation is 

associated with the release of Ca2+ from internal stores, it was necessary to show that 

PLC could still be activated in digitonin-permeabilized cells. Previous studies on viable 

cells have shown that the most dramatic consequence of PLC activation is the hydrolysis 

of PtdInsP2 and the production of diacylglycerol, that is immediately phosphorylated to 

produce phosphatidic acid (PtdOH; Munnik et al. 1998). Accordingly, intact cells were 

incubated for 2 h in 32Pj to label their phospholipids and then treated with or without 8-

160 uM digitonin and 3.5 uM mastoparan for 5 min. Lipids were then extracted, 

separated by TLC and an autoradiograph was made to determine the distribution of 
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radioactivity. Fig. 2.3 illustrates that mastoparan has got the same effect in the presence 

of 40 u.M digitonin as in control cells. The loss of 32P-PtdInsP2 and the production of 
32P-PtdOH in the absence of changes in other lipids are indications of PLC activity 

(Munnik et al. 1998). Similar results were found using concentrations of digitonin up to 

160 uM, conditions in which cells are immediately permeabilized. and therefore the 

response can not be due to a few non-permeabilized cells responding to treatment. 

origin 

+ - + digitonin 
- - + + MP 

Fig. 2.3 Mastoparan activates phospholipase C in permeabilized and 
non-permeabilized cells. 
C. moewusii was labeled for 2 h with 32P; and treated for 5 min with 40 uM 
digitonin and/or 3.5 \iM mastoparan. Lipids were extracted, separated by TLC 
and visualized by autoradiography. A representative autoradiograph is shown. 
The major radio-labelled phospholipids are indicated as follows: PG, 
phosphatidylglycerol; PE. phosphatidylethanolamine; PI, phosphatidylinositol; 
PA, phosphatide acid; PIP, phosphatidylinositol phosphate; PIP2-
phosphatidylinositol 4,5-bisphosphate. 

PLC activators induce Co2' release. For the induction of Ca2+ release we used different 

synthetic mastoparan analogues that are known G-protein activators (Ross and 

Higashijima 1994; Law and Northrop 1994). In this study mastoparan, mas7 and masl7 

were used. Their relative potencies in activating deflagellation are represented in Fig. 

2.4B. In a separate study we have shown that their ability to induce deflagellation 

activity is strongly correlated with PLC activation (van Himbergen et al. 1999). Since 3.5 
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uM mastoparan or mas7 induced 90% de flagellation while masl7 only deflagellated about 

20% of the cells, these concentrations were used to test for 45Ca24 release. 

If PLC activators release 45Ca2+ from stores in cells permeabilized with 8 to 300 

uM digitonin, the amount of radioactivity in the cell pellet should decline in comparison 

with that incontrol cells, shifting the 45Ca2+ content graph to the left. The results for 

mastoparan and mas 17 are presented in Fig. 2.4A. The data for mas7 were comparable 

with those of mastoparan (data not shown). Both compounds shifted the graph to the left 

as predicted for induced Ca2+ release, masl7 being less effective than mastoparan, in 

correspondence with its lower biological activity (Fig. 2.4B). Between 20 and 50 uM 

digitonin, mastoparan and mas7 released about 60% of the total intracellular 45Ca2+ above 

that released by digitonin alone. Formasl7 this was about 25%. The time-course of Ca2 ' 

at 20 uM digitonin in combination with mastoparan, mas7 or masl7, is presented in Fig. 

2.4D. It shows that the activated release was nearly complete within 3 min. 

Since mastoparan and mas7 are known to permeabilize membranes when used in 

concentrations above 5 uM (Pullan and Pennington 1996; Munnik et al. 1998; van 

Himbergen et al. 1999), the concentration used in our experiment (3.5 uM) could cause 

additional permeation. Therefore the effect of 3.5 uM mastoparan on the entry of 32P-y-

ATP into cells in the presence of different concentrations of digitonin was tested. As 

shown in Fig. 2.4C (filled squares), there was no sign of extra permeabilization. 

In conclusion, the data presented so far show that mastoparan analogues induced 
45Ca + release from permeabilized C. moewusii cells dependent on their relative biological 

activity and, at least for MP, release was correlated with the activation of PLC. 

Digitonin releases Ca2* from EDBs. The electron micrograph in Fig. 2.5A illustrates the 

EDBs in C. moewusii cells. Typical X-ray analyses are presented, showing that EDBs 

contain high levels of elements such as Ca2+ (Fig. 2.5B). They were the only Ca2+ source 

that could be detected by XRMA, for analyses of the cell wall and other locations in the 

cytoplasm did not produce a positive signal (Fig. 2.5C), even though cell walls bind large 

amounts of Ca2+ and mitochondria and the endoplasmic reticulum (ER) are assumed to 

store Ca2+. Although it is possible that Ca2+ was lost from such organelles when the cells 

were initially frozen, and therefore could not be detected by XRMA, we think the 

technique used at the whole cell level is not suitable for registering Ca2+ in such 

structures. That is because the organelles are either smaller than the focused electron beam 

and small in relation to the depth of the cell such that background levels dominate the 

measurement, or because they simply contain Ca24 concentrations below the detection 

level. 
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Fig. 2.4 A-D Effect of mastoparan analogues on the Ca + content (A,D), 
deflagellation (B) and 32P-y-ATP uptake (C) into C. moewusii. A Effect o f 
3.5 uM mastoparan (A, n=3), masl7 ( O , n=l ) and buffer ( • , n=7) on the 
4 Ca + content of cells treated with digitonin for 5 min. B Deflagellation 
induced by 1 min treatment with different concentrations of mastoparan (A), 
mas7 ( • ) or mas 17 (O) . Each point is the mean (±SEM) of three independent 
experiments. C Effect of 3.5 uM mastoparan (A) compared with buffer ( • ) on 
32P-y-ATP uptake into digitonin-treated cells. The amount of ? 2 P-y-ATP 
associated with the pellet is expressed as a percentage of that associated with 
the pellet after treatment with buffer and 100 |iM digitonin (n=3). D Effect of 
mastoparan analogues on the kinetics of 5Ca * release. Cells were treated with 
buffer ( • ) , 3.5 uM MP (A), 3.5 uM mas7 ( • ) and 3.5 uM masl7 ( 3 ) in the 
presence of 20 uM digitonin. Results (±SEM) are the mean of 3 independent 
experiments 

41 



Chapter 2 
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Fig. 2.5 A-C Electron micrograph and X-ray microanalyses of a C. 
moewusii cell. A Electron micrograph of a single cell showing the electron 
dense bodies (EDBs) as dark spots in the cell (Bar = 4 urn). B Representative 
spot analysis of an EDB. C Representative spot analysis of cytosol and cell 
wall. The Cu signal is from by the copper grid on which the cells were mounted 

Since EDBs are a major source of internal Ca 2 \ presumably much of the 45Ca2* 

entering cells was accumulated in these bodies. As digitonin concentrations above 20 uM 

were shown to release radioactivity from internal stores (Fig. 2.2), we tested whether the 

X-ray Ca signal in EDBs also declined. Therefore cells were treated with 20, 40 or 100 

uM digitonin for 20 min and the Ca signal from their EDBs compared with those from 

control cells. The Ca signals decreased to 69%. 6% and 0 % respectively, of the control 

level (n = 7). This effect of digitonin was more extreme than its effect on Ca2^ release, but 

this was at least partly due to the fact that the EDBs became smaller with increasing 

digitonin concentration, and the X-ray signal is dependent on the size of the EDB 

analyzed. Nonetheless, the data show that EDBs lost their Ca2+ content as 45Ca2+-labelled 

intracellular stores were permeabilized by digitonin. suggesting that EDBs were one of the 
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intracellular stores being monitored in the 5Ca2+ studies, even though other stores with 

similar permeabilization properties could have contributed to the release of 45Ca2+. 

Mastoparan induces the release of Ca2^ from EDBs in intact cells. When intact cells were 

treated for 10 min with or without 3.5 uM MP and then frozen and prepared for 

XRMA, all cells and their EDBs looked similar when viewed under the microscope. In 

general, large differences in the Ca signal were not found, in contrast to the effect of MP 

on 45Ca + release from permeabilized cells. While this could mean that 45Ca2* data 

represent release from different stores, not just EDBs, it could simply reflect the artificial 

nature of the permeabilized cell system. For in the presence of EGTA, 45Ca2+ released 

from a store cannot be re-absorbed, whereas in the intact living cells used here, that is 

possible. In these intact cells, the loss of Ca2+ from EDBs was best seen by expressing 

the Ca signal in relation to another element such as potassium. An advantage of this form 

of expression is that it is not subject to variation in EDB size or how accurately the 

electron beam is centered on the body. The Ca:K ratio was chosen because the release of 

Ca2+from intracellular stores is often countered by the uptake of K+ to maintain electro-

neutrality (Muallem et al. 1985; Oldershaw and Taylor 1993; O'Rourke et al. 1994). Since 

K+ is the major cation in the cytosol of C. moewusii cells, we presume that it fulfills a 

similar role in this alga. As shown in Fig. 2.6, the mean Ca/K ratio in all cells treated with 

control MP, 

Fig. 2.6 Effect of 3.5 ]iM mastoparan on the Ca + content of EDBs in 
intact C. moewusii cells. The Ca" content is expressed as the ratio of the Ca 
and K signals in XRMA scans. Each average (±SEM) is shown for the control 
(n=20) and mastoparan treated cells (MP,0„ n=l5). The mastoparan-treated 
cells fell naturally into two populations: MP, (n=7) with a Ca:K ratio similar to 
the control and MP, (n=8) with a ratio significantly lower than the control 
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mastoparan (MP tol = 1.30) was hardly significantly different from the control (2.3). 

However, mastoparan-treated cells fell into two populations: one (MP,) with an average 

Ca/K ratio similar to the control (2.8, n =7) and another (MP2) with an average ratio of 

0.16 (n = 8), i.e. significantly lower than the control. This indicates that in about half the 

cells that were analyzed, Ca2^ was released from some EDBs when intact cells were 

treated with mastoparan. Since only one EDB was analyzed per cell, some cells may have 

responded by releasing Ca2+ from EDBs that were not analyzed. 

Amount of Ca2+ in electron-dense bodies. In order to determine how much Ca2+ is present 

in the electron dense bodies, cells were incubated for 24 h with 45Ca2+ of known specific 

radioactivity. Some cells were then incubated briefly in 10 mM EGTA to remove Ca2+ 

associated with the cell wall. From the radioactivity in a known number of cells, the Ca2+ 

content was calculated. Alternatively, cell Ca2* was calculated by digesting cells in nitric 

acid and determining the Ca2+ content of the digest by atomic absorption spectrometry 

(AAS). The averaged results from both methods are expressed in Table 2.1 as molar 

quantities per cell and concentrations per cell. Cells incubated briefly in EGTA contained 

about 20% less Ca2+ than control cells. We assume that most of this Ca2+ was associated 

with the cell wall. The Ca2* concentration in EDBs was calculated based on a cell volume 

of 2 x 10"13 L and a previously calculated average volume of the EDBs as about 1% of the 

cell volume (Siderius et al. 1996). Based on the data from EGTA-incubated cells and 

assuming that all intracellular Ca2+ was present in the EDBs, the concentration of Ca2+ 

would be about 4 M. This represents a maximum, for if other major Ca2+ stores exist, 

then the concentration in the EDBs will be less. 

EGTA 

-
1 

45Ca2' 
45Ca2+ per cell 
(x l (r , 4mol) 

1.01 
0.83 

[Ca2+]EDB (M) 

5.04 ± 1.0 
4.14 ± 1.0 

AAS 
Ca2+ per cell 
(x 10-|4mol) 

0.92 
0.73 

[Ca-], I ) B (M) 

4.6 ±0.19 
3.7 ± 0.20 

Table 2.1. Ca * content of C. moewusii cells. 
Concentrations were estimated by labeling cells for 24 h with 45Ca2^ (n = 5) or by atomic 
absorption spectrometry (AAS) (n = 3) of cell digests. They were calculated based on the 
specific radioactivity of 'Ca2*, a cell volume of 2 x 10"" L and a previously calculated 
volume of the EDBs as 1% of the cell volume (Siderius et al. 1996). Results (±SEM) are 
expressed as moles Ca2 ' per cell and in molar concentrations in the EDBs. 
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Since this value seemed extremely high, a third method was used to address the 

question. The average Ca signal from large EDBs in C. moewusii was used to estimate the 

Ca2+ concentration. Accordingly, a calibration curve was made expressing the Ca signal 

against known concentrations of CaCl2 in carrier particles with a diameter similar to that 

of EDBs (-0.5 um). A mutant E. coli cell line (minBl; Mulder et al. 1990) was used as 

carrier. The average signal from 12 large EDBs in different C. moewusii cells corresponded 

to about 2 M CaCl2 on the calibration curve, an estimate that was half that calculated by 

the other techniques. This could be due to negatively charged surfaces in the E.coli cells 

accumulating a higher concentration of Ca2+ than that in the surrounding CaCl2 solution, 

which leads to an underestimation of the true Ca2+ concentration. 

In conclusion, the Ca2+ concentration in EDBs is between 2 and 4 M, explaining 

why it it can be so readily detected by XRMA. 

Discussion 

Two techniques were used in this study to monitor intracellular Ca2+ stores in C. 

moewusii. One was XRMA that provides a relative measure of the Ca2+ level in large 

organelles where Ca2+ is highly concentrated. It is unsuitable for detecting Ca2i in micro 

locations such as the endoplasmic reticulum or for detecting Ca + in large organelles where 

the concentration is low. For example, in C. moewusii, 15-20% of the cell-associated Ca2+ 

was bound in the cell wall but could not be detected by XRMA. While this suggests that 

major intracellular sources could also be overlooked using this technique, XRMA is 

clearly useful for monitoring the Ca2+ content of EDBs in this alga. That is because they 

are large, up to 1 um in diameter, and contain 2-4 M Ca2". X-ray analysis revealed that 

EDBs also accumulate phosphorus, probably as polyphosphate (Siderius et al. 1996), 

which makes them similar in composition to the small vacuoles in baker's yeast and the 

salt water alga Dunaliella salina, which closely resembles C. moewusii. Vacuoles in all 

three species accumulate large amounts of phosphate and for Dunaliella. the 

concentration can be estimated to be about 20 M, based on a cell concentration of 0.5-1 

M and a vacuole volume that represents 3-5% of the cell volume (Pick et al. 1991; Pick 

and Weiss 1991). They also accumulate high concentrations of cations such as K+ and 

N H / , which can be estimated to approach 10 M. Ca2+ was not measured in this marine 

alga, but our estimate of 2-4 M Ca2+ in the EDBs of C. moewusii falls in the same range 

of magnitude. 
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Since Ca2 ' is presumably accumulated together with polyphosphate in 

Chlamydomonas, it is tempting to view much of the Ca2+ as an insoluble complex. While 

at any one time a fraction may be insoluble, the data from both 45Ca2+ studies and XRMA 

indicate that a large fraction of the Ca + can be quickly mobilized. To our surprise, we 

also found that the polyphosphate was also rapidly mobilized for when the Ca signal was 

low, the P signal was also low (data not shown). Indeed, for Dunaliella it has been 

demonstrated that huge amounts of high molecular weight polyphosphate can be 

hydrolysed to oligomers and free phosphate within minutes (Weiss et al. 1991; Pick and 

Weiss 1991). This suggests that soluble and insoluble forms of Ca2+ and phosphate are 

balanced in a delicate equilibrium in EDBs. A component that may play a role in this 

relationship is the one responsible for the electron density. This property is not the 

result of a high mineral content, for EDBs can be found without any inorganic content. 

Therefore they must contain at least one major organic compound that determines their 

microscopic properties and which could play a role in preventing calcium and phosphate 

precipitating and thus maintain some of the Ca2" in a soluble form. 

The second technique employed to monitor intracellular Ca2+, used 45Ca2f to 

prclabel all intracellular stores. The location in the cell is unknown, although much of the 

label was presumably concentrated in EDBs, since they are a major store, and because the 

uptake of 4SCa2+ was stimulated by phosphate, which is stored together with Ca2+ in 

EDBs. What is more, we could show that higher digitonin concentrations that 

permeabilized 45Ca "-labelled stores, also reduced the Ca signal in EDBs. Therefore we 

think that 4:,Ca2* largely monitored EDBs. If other major stores had also been labelled, one 

would have expected the digitonin-induced 45Ca2+ release curve to be multiphasic, 

whereas it was monophasic. indicating that a single major intracellular store was being 

permeabilized. This is in accordance with the EDBs being the dominant store, although a 

second store could have the same digitonin-permeability properties as EDBs. 

Since in all 45Ca2+ studies, cells were permeabilized in the presence of EGTA, the 

normal Ca2+ relations were lost. For example, 45Ca2+ released from a store was 

immediately chelated, maintaining the steep diffusion gradient for inside to out, while at 

the same time preventing it being pumped back into the store. This could help explain the 

high levels of 43Ca2+ release from permeabilized cells compared with intact ones. Another 

consequence of chelation is that it prevented Ca2+ diffusing to neighbouring stores where 

it could potentially trigger Ca2+ induced Ca2+ release, in analogy with animal cells 

(Berridge, 1993). Despite these limitations, the technique provides a more global picture 

of activated Ca2+ release than XRMA of individual EDBs, and therefore both techniques 

were used to study the phenomenon in mastoparan-treated Chlamydomonas cells. 
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Mastoparan analogues were used to activate PLC in C. moewusii. This has been 

well characterized for intact cells, where the kinetics of PtdIns4P and PtdIns(4,5)P2 

metabolism have been directly related to InsP3 and DAG production (Munnik et al. 

1998). The essence of PLC activation, viz. the hydrolysis of PtdInsP2 and the production 

of DAG (measured as PtdOH due to DAG-kinase activity), have now been shown to 

occur in cells permeabilized with digitonin. Correlated with this in vitro activity, 4~Ca2+ 

was shown to be released from internal stores, and, correlated with the in vivo activation 

of PLC (Munnik et al. 1998; Van Himbergen et al. 1999), the Ca signal in EDBs was 

reduced. The data therefore support the idea of PLC producing the second messenger 

InsP3 that releases Ca2+ from intracellular stores, as shown previously for Papaver 

rhoeas pollen tubes (Franklin-Tong et al. 1996). However, we emphasize that we have 

not yet demonstrated that InsP3 is the activator of Ca2+ release in C. moewusii. The PLC 

activators used here are known G-protein activators (Ross and Higashijima 1994; Law 

and Northrop 1994), and therefore signalling enzymes other than PLC could also have 

been activated. For instance, compounds like cyclic ADP-ribose have also been shown to 

effect Ca2+ release in plants (Allen and Sanders 1997; Wu et al. 1997). G-protein 

activation could have stimulated their production, such that they, rather than InsP3, are 

responsible for Ca + release. 

In plant cells, InsP3-sensitive Ca2+ channels exist in the endoplasmic reticulum 

(ER) and vacuolar membranes (Schumaker and Sze 1987; Webb et al. 1996: Knight et al. 

1996; Allen and Sanders 1997; Muir et al. 1997; Muir and Sanders 1997; Schönknecht et 

al. 1998) and could therefore be involved in Ca * release when PLC is activated. In C. 

moewusii there is no large central vacuole, although smaller vacuoles are seen as EDBs. 

Together with the ER. they are the internal stores that could be mobilized by InsP3. Our 

data do not exclude a role for the ER, but point clearly to EDBs as a source of Ca + that is 

mobilized when PLC is activated. This is implied from the 4 5 Ca + studies of 

permeabilized cells but is more clearly indicated from the analysis of EDBs in intact cells. 

The problem with EDBs as a source of rclcasablc Ca2+, is that they represent an 

extremely large concentrated store. For example, if 60% of the total 45Ca2+ released from 

permeabilized cells is interpreted to represent 60% of the Ca + in EDBs, the cytosolic 

level could rise to about 10 mM. This is unlikely to happen in vivo, for even when cells 

were treated with a powerful PLC activator like mastoparan. which results in Ca + shock 

and deflagellation, a significant reduction in EDB-Ca*+ could only be detected in about 

half of the cells analyzed. This suggests that if the membrane around EDBs contains 

InsP3-gated Ca2+ channels, producing InsP3 via PLC does not automatically release all the 

Ca2+, just as it is unlikely to release all the Ca2+ in a large higher plant vacuole 
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(concentration about 1 mM; Felle 1988). Alternatively, the EDB membrane may not 

contain InsP3-gated channels, and the release seen on PLC activation may be a secondary 

effect of InsP3 signalling, in which Ca24 is mobilized from EDBs to help refill the excitable 

store. Since Chlamydomonas has been suggested to live in a Ca2+-poor environment 

(Quarmby 1996), EDBs could be longterm Ca2+ reservoirs that maintain intracellular 

signalling. 
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