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Chapter 

Preliminary evidence for Ca2+-uptake via a Ca2+/H 
exchanger into electron-dense bodies of 
Chlamydomonas moewusii. 

Hilda Kuin and Alan Musgrave. 

Abstract. The unicellular green alga Chlamydomonas moewusii has large electron-dense 
bodies (EDBs) that contain Ca2+ together with polyphosphates. Ca2"-release from these 
stores is correlated with the activation of PLC during dcflagellation and cell fusion. 
Because of the importance of this store in signalling-induced Ca2+-release, the Ca2+-uptake 
mechanism was studied in digitonin-permeabilized cells using radioactively labelled Ca2\ 
There were indications that 45Ca2+ was taken up into the EDBs. First, it was taken up 
into intact C. moewusii cells, but not into phosphate-starved cells that lack EDBs. 
Second, inhibition of 45Ca2+-uptake by Cd2+ and Mn2+ was correlated with their storage in 
EDBs. Third, Neutral Red accumulation in EDBs correlated with the inhibition of 45Ca2+-
uptake. 45Ca2+-uptake was inhibited by substances that are known to decrease proton 
gradients, for example Bafilomycin A,, an inhibitor of H -ATPases. the protonophorcs 
CCCP and gramicidin and the K+/H+-ionophore nigericin. 45Ca2+-uptake was stimulated 
by increasing the pH of the medium, probably due to an increase in the proton gradient. 
However, in the presence of NH4C1, which dissipates proton gradients, this increase was 
inhibited again. These results indicate that Ca2+-uptake by means of a H+/Ca2+-exchanger. 
fueled by the H+-gradient, is one of the mechanisms for Ca2+-uptake into electron-dense 
Ca +-stores. 
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Chapter 4 

Introduction 

In eukaryotic cells, the resting cytosolic Ca2+-level is maintained at about 100 nM due to 

the extrusion of Ca2+ across the plasma membrane and sequestration of Ca2+ into 

intracellular organelles. In plant cells, the vacuole is the largest intracellular Ca2+-store by 

virtue of its size, which can represent up to 90% of the cell volume and Ca2+-storing 

capacity (Reviewed by Muto 1992 and Barbier-Brygoo et al. 1997). The unicellular green 

alga Chlamydomonas moewusii and the related species C, reinhardtii contain vacuole-like 

intracellular Ca '-stores that can be seen under the electron microscope as small round, 

opaque bodies, which are up to 1 urn in diameter (Kaska and Gibor 1990; Siderius et al. 

1996). X-ray microanalysis and NMR analysis have revealed that they contain Ca2+ 

together with phosphorus, in the form of polyphosphates (Hebeler et al. 1992; Siderius et 

al. 1996). The concentration of Ca"' in these electron-dense bodies (EDBs) has been 

shown to be about 2M, which is one of the highest concentrations of Ca2+ that has been 

reported to be present in an organelle (Kuin et al. 2000). Their composition makes EDBs 

comparable with vacuoles of the yeast Saccharomyces cerevisiae (Urech et al. 1978; 

Dunn et al. 1994) and those of the blood parasites Trypanosoma brucei and T. cruzi 

(Vickerman and Tetley 1977; Urbina et al. 1999). which also contain calcium together 

with polyphosphates. 

The vacuoles of both plants and yeast are involved in Ca"+-signalling. One of the 

second messengers that has been shown to induce Ca""-release from the vacuole is inositol 

1.4.5-trisphosphate (InsP3; Schumaker and Sze 1987; Belde et al. 1993; Allen et al. 1995; 

Muir et al. 1997). Also in Chlamydomonas there are indications that InsP3 is involved in 

Ca2'-release from the electron-dense Ca2+-stores. Upon cell fusion (Kaska et al. 1985; 

chapter 3 of this thesis) and stimulation with the G-protein activator mastoparan (Kuin et 

al. 2000), Ca + is released from these stores. Since these events are correlated with the 

formation of InsP3 (Musgrave et al. 1993; Munnik et al. 1998). it could play a role in 

releasing Ca2+ from electron-dense Ca2+-stores. 

Because of their postulated significance in Ca2+-signalling, the mechanisms by 

which Ca2+ is taken up into EDBs has been studied in digitonin-permeabilized C. 

moewusii cells. In analogy with uptake mechanisms in the vacuole, Ca2+ could be taken up 

via a Ca2+-ATPase and/or a Ca2+/H+-exchanger (Sanders et al. 1999). The driving forces 

for uptake via the Ca2+/fE-exchanger are the membrane potential and/or the H*-gradient. 

created by a H+-ATPase or H+-PP,ase (Schumaker and Sze 1985. 1986; Blackford et al. 

1990; Evans 1991; Ueoka-Nakanishi et al. 1999). The results presented here indicate that 
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Ca2-uptake into EDBs via Ca2"/H~-exchanger 

Ca2"/H+-exchange, fueled by a H+-gradient, is one of the mechanisms for Ca2+-uptake into 

these electron-dense Ca2+-stores. 

Materials and Methods 

Materials. 43CaCl2 was from Amersham International. Synthetic mastoparan was from 

Peninsula Laboratories (Merseyside, England). Digitonin was from Merck (Darmstadt, 

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

(Maidstone, UK). Gramicidin, carbonylcyanide m-chlorophenylhydrazone (CCCP), 

nigericin and 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 et al. 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, 1 mM CaCl2 and 1 mM KC1 (HMCK) at 107 

cells / mL. Phosphate-starved cells were created by growing cells for 4 weeks on agar 

plates containing growth medium without phosphate (Siderius et al. 1996). They were 

harvested as described above. 

Standard procedure for the measurement of 4SCa2Jr-uptake into digitonin-permeabilized C. 

moewusii cells. 100 (iL-aliquots containing 106 cells in HMCK (buffer A) were 

sedimented at 1600 g for 5 min and the pellet was resuspended in buffer B, containing 10 

mM HEPES pH 7.2, 200 mM sucrose, 1 mM KC1 and 0-1000 uM digitonin. After 3 min, 

cells were sedimented again at 1600 g for 1 min and the pellet suspended in buffer C, 

containing 10 mM HEPES pH 7.2, 5 mM ATP, 200 mM sucrose, 1 mM KC1, 7 mM 

MgCl2, 90 uM CaCl2, and 45Ca2+ (37 x 103 Bq). The free concentrations of Ca2f and 

Mg2+ in buffer C were calculated to be 80 |iM and 2 mM respectively, according to 

Taylor et al. (1992). After 10 min, 45Ca2+-uptake was stopped by adding STOP-mix: 1 

mL ice-cold EGTA (1 mM) in 10 mM HEPES pH 7.2. As a negative control, 45Ca2+ was 

added to 1 mL ice-cold EGTA (1 mM) before a 100 (iL-aliquot of cells was added. After 

1 min, cells were poured over a pre-wetted Whatman glass microfibre filter GT/C, 2.5 mm 

0 and washed with 3 x 3 mL ice-cold 1 mM EGTA solution. The filters were placed in 

vials (Packard) and 3 ml PICO-FLUOR 15 scintillation fluid for aqueous samples 
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Chapter 4 

(Packard) was added. The vials were shaken vigorously and the radioactivity quantified in 

a 1600 TR liquid scintillation analyzer (Packard). 

For the determination of pH optimum cells were treated as described above, 

except that buffer C was adjusted to between pH 6 and pH 9. For time-dependent 

measurements, 45Ca2+-uptake was stopped after the indicated times. 

In some experiments mastoparan (final concentration 3.5 \iM) or the same volume 

of water was added after 20 min and the reaction stopped when indicated. 

The effect of the following inhibitors on ATP-dependent 45Ca2+-uptake in 

permcabilized C. moewusii cells was determined by adding 1 mM CdCl2, 1 mM MnCl2, 

1-2000 HM Neutral Red, 1-10 uM Bafilomycin A,, 10 or 100 p.M CCCP, 10 |iM 

gramicidin, 1-100 |iM nigericin or 100 or 1000 \iM Ruthenium Red to buffer C. Cells 

were further treated as described above. 

For determining the Km for Ca2+, buffer C contained 0-250 |iM free Ca2+. In the 

control ATP was omitted and cells were further treated as described above. By adding 

different concentrations of non-radioactive Ca2+, the ratio 45Ca2+:Ca2T decreased. This 

ratio was calculated for each concentration of free Ca2+, so that the relative amount of 

Ca2+ that was taken up at each concentration of free Ca2~ could be calculated. 

To measure ATP-independent 45Ca2+-uptake, buffer C (pH 6-9) contained 0-200 

mM KC1. 0-10 mM MgCl2, 0 or 20 mM NH4C1 or 100 uM nigericin. Cells were further 

treated as described above. 

Evans Blue uptake for monitoring permeabi/ized cells. Cells (10 cells / mL in HMCK) 

were sedimented at 1600 g for 5 min. The pellet was suspended in buffer B and at 

different times 10 (j.1 cell suspension was incubated with 2 p;l 2.5% Evans Blue. After 1 

min the percentage of permeabilized cells was assessed under a phase contrast microscope 

by counting blue as opposed to green cells. 

Toluidine Blue staining of phosphate bodies in control cells and phosphate starved cells. 

Cells were fixed in a mixture of 0.5% glutaraldehyde and 1.5% formaldehyde and 

subsequently incubated with 1% Toluidine Blue for 30 min. They were washed 3x with 

70% ethanol to remove excess stain. They were photographed under a phase contrast 

microscope and photographed. 

Accumulation of Neutral red in C. moewusii cells. Cells (107 cells / mL) were incubated for 

3 min in 400 p.M Neutral Red and then photographed under a phase contrast microscope. 
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Ca" -uptake into EDBs via C a / H -exchanger 

Deflagellation and mating structure activation induced by Neutral Red. Cells (107 cells / 

mL) in HMK or HMCK were treated with 0-1 mM Neutral Red for 3 min and 

subsequently fixed in a mixture of 0.5% glutaraldehyde and 1.5% formaldehyde. 

Deflagellation was monitored under a phase contrast microscope. At least 125 cells were 

counted per aliquot and only cells that had lost both flagella were scored as defiagellated. 

For mating structure activation C. moewusii cells were incubated in 300 (iM Neutral Red 

for 30 min and subsequently monitored under a microscope with phase contrast optics to 

assess the number of cells with "mating structure balloons" (Schuring et al. 1990), some of 

which were photographed. 
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Chapte r - I 

Results 

Ca -uptake into permeabilized cells. In order to study the mechanism of 45Ca2T-uptake 

into intracellular compartments of digitonin-permeabilized C. moewusii cells, parameters 

were selected in which uptake was maximal. Cells were treated with 10-1000 (iM 

digitonin for 3 min and subsequently resuspended into fresh buffer, containing 45Ca2+ and 

ATP, without digitonin. After 10 min, 4>Ca2+-uptake was stopped by adding 1 mM ice-

cold EGTA and 1 min later the cells were filtered and washed with an excess of ice-cold 

EGTA. As shown in Fig. 4.1 A. pre-treatment with digitonin induced an increase in 
4:>Ca2*-uptake. Maximum uptake was achieved using 80 |iM digitonin. In a similar manner 

the pH optimum was found to be pH 7.2 (Fig. 4.IB). 

0 10 100 1000 
[digitonin] uM 

6.5 7.5 
pi I 

Fig. 4.1 (A-B). Effect of digitonin, pH and ATP on the uptake of 
4 5Ca + into Chlamydomonas moewusii cel ls . A. Digitonin-dependent 
4 5Ca2 ' -uptake presented as a percentage of control cells. Cells ( 1 0 ' cells / 
100 pL) were pre-treated for 3 min with 0-1000 U.M digitonin before 
resuspending them in medium containing ,5Ca2* (37 x 103 Bq) and 0.5 mM 
ATP. After 10 min, 1 ml. ice-cold 1 mM EGTA was added, the cells were 
filtered from the medium and their radioactive content quantified by liquid 
scintillation counting. Bars represent the standard error of the mean (n=6). 
B. Effect of ATP concentration on Ca -uptake into permeabilized C. 
moewusii cells in 10 min (n=4). 100 uL aliquots (106 cells) of permeabilized 
cells were resuspended in medium containing 45Ca2 ' (37 x 10 Bq) and 0-5 
mM ATP. After 10 min the reaction was stopped and the cells were further 
treated as described above. C. Effect of pH on Ca" -uptake in 10 min in 
the presence ( • ) and absence ( O ) of 5 mM ATP. Cells were treated as 
described in A except that the pH of the Hepes buffer was varied. The 
radioactivity in the filtered cells is depicted as a percentage of 45Ca2~-uptake 
at pH 6.8 in the absence of ATP (n=2). 
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5 10 
time (min) 

5 10 15 20 
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Fig. 4.2 (A,B)- Permeabilization of cells by digitonin and 4 5 Ca 2 + -uptake 
into permeabilized C. moewusü cel ls . A. Cells (107 cells / mL) were 
incubated in 20-100 uM digitonin and at the times indicated, 10 |i.L cells were 
mixed with 2 uL 2.5% Evans Blue for 1 min. The percentage permeabilized 
cells staining blue was assessed by microscopy (n=3-5). B. Time-dependent 
45Ca2*-uptake into permeabilized cells. Permeabilized cells (107 cells / mL) were 
resuspended in medium containing 45Ca2 ' (37 x 103 Bq per 100 uL aliquot) with 
( • , n=7) or without ( A , n=2) 5 mM ATP. At the indicated times, radioactivity 
in the cells was determined. The maximum is depicted as 100 %. After 20 min, 
3.5 uM mastoparan was added. The amount of radioactivity in the cells after 
mastoparan treatment is depicted as % of the control ( O ,n=10). 

The increase in 4 5Ca 2 +-uptake due to digitonin was probably due to 

permeabilization of the plasma membrane. To test this, permeabilization was quantified. 

Cells were treated with 20-100 |J.M digitonin for different t imes and subsequent ly 

incubated for 1 min with Evans Blue. Cells that were permeabilized coloured blue, 
whereas intact cells remained green (Munnik et al. 1998b). As shown in Fig. 4.2A, 
increasing concentrations of digitonin resulted in the time-dependent uptake of Evans 
Blue. The maximum speed of permeabilization was reached with 80 and 100 |iM 
digitonin, that caused 100% permeabilization after 5 min. Comparing 45Ca2+ uptake with 
Evans Blue uptake indicates that the increase in 45Ca2+-uptake up to 80 (iM digitonin is 
due to an increase in the permeabilization of the plasma membranes. The decrease in 
uptake above 80 |iM digitonin is probably due to progressive permeabilization of internal 
membranes. At 80 |iM digitonin, the balance between permeabilization of the plasma 
membrane and intracellular membranes is assumed to be optimal and therefore this 
concentration was used in all subsequent experiments. 

Localization of 45Ca2> -uptake. It has been shown before that most calcium in C. moewusii 

cells is stored in electron-dense bodies (EDBs; Siderius et al. 1996; Kuin et al. 2000). 
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Fig. 4.3 (A,B). Effect of phosphate starvation on Toluidine B lue -
staining and 'Ca -uptake by permeabilized C. moewusii cel ls . Cells 
were starved by growing them for 4 weeks on medium without phosphate. A. 
Typical control cell (left panel) and phosphate-starved cell (right panel) after 
fixation and incubation in Toluidine Blue for 30 min (Bar = 5 urn). B. 100 |lL-
aliquots of starved and control cells were permeabilized with 80 U.M digitonin 

and the 
(n=4). 

Ca -uptake in 10 min determined - P 0 4 = phosphate starved cells 

Therefore we considered whether 4:,Ca2+ was being taken up into these stores in 
permeabilized C. moewusii cells. This was tested in four different ways. It has been 
shown previously that treatment of digitonin-permeabilized C. moewusii cells with the G-
protein activator mastoparan induces Ca2+-release from EDBs, which is correlated with 
the activation of phospholipase C (Kuin et al. 2000). If 45Ca2+ is being taken up into 
EDBs it should be released on mastoparan treatment. To test this, cells were pre-
incubated with 80 JIM digitonin for 3 min and subsequently loaded with 45Ca2+ in the 
presence of ATP. The time-dependent 45Ca2+-uptake is shown in Fig. 4.2B. After 15 min 
cells were treated with 3.5 fiM MP. As can be seen, about a third of the 45Ca2+ was 
released (Fig. 4.2B), suggesting that 45Ca2+ was being taken up into EDBs and 
subsequently released upon activation of PLC-signalling by mastoparan. 
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Fig. 4.4 (A-D). Inhibition of 45Ca2+-uptake into permeabilized C. 
moewusii cells by Cd2+ and Mn2* and their accumulation in EDBs. A. 1 00 
uL-aliquots containing 10 cells were permeabilized with digitonin and incubated 
in medium containing 45Ca2* (37 x 103 Bq) and 5 inM ATP with or without 1 
mM CdCI2 or 1 mM MnCl2. After 10 min, radioactivity in the cells was 
quantified. Cd = CdCl2; Mn = MnCI2 (n=4). B, C and D. Typical X-ray micro 
analyses (XRMA) of EDBs from control cells (B), and cells treated with 1 mM 
MnCl2 (C), or 1 mM CdCl2 (D). 

Second, in vitro 45Ca +-uptake into cells with or without EDBs was compared. 
The latter were produced by starving cells of phosphate for 4 weeks. When viewed under 
the electron microscope no electron-dense bodies were visible (not shown). Similarly, 
they did not stain with Toluidine Blue (Fig. 4.3A, right panel), while phosphate bodies 
were well stained in control cells (Fig. 4.3A, left panel). When equal amounts of 
phosphate-starved cells and control cells were permeabilized with 80 U.M digitonin for 3 
min and subsequently incubated for 10 min with 45Ca2\ control cells took up 8x more 
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45Ca2+ than phosphate-starved cells (Fig. 4.3B), suggesting that 45Ca2+ was indeed 

accumulated into the electron-dense bodies. 

Third, cells were permeabilized with 80 (J.M digitonin for 3 min and subsequently 

incubated with 45Ca2+ in the presence of 1 mM CdCl2 or MnCl2. Both cations inhibited 

Ca "-uptake in C. moewusii compared to the control (Fig. 4.4A). This has also been 

shown for Ca24-uptake into higher plant vacuoles (Blumwald and Poole 1986: Schumaker 

and Sze 1986; Chanson 1994) and while both Cd2+ and Mn2* are taken up into the 

vacuole via an H+-antiport mechanism, the inhibition of 45Ca2+-uptake is probably due to 

competition for the H+-gradient (Gonzalez et al. 1999). X-ray microanalysis of C. 

moewusii cells that were incubated overnight with 1 mM CdCl2 or 1 mM MnCl2 showed 

that Cd2+ and Mn2+ were accumulated in the EDBs (Fig. 4.4C and D). These cations 

could not be detected in other parts of the cells nor could they be detected in control cells, 

neither in the cytoplasm nor in the EDBs (Fig. 4.4B). The competitive inhibition of 
45Ca2+-uptake by Cd2+ and Mn2+ and their accumulation in the EDBs again suggests that 
45Ca2+ was also taken up into the EDBs. 

Fourth, Neutral Red has been shown to accumulate in intracellular compartments 

which were then visible as dark spots in living C. moewusii cells (Fig. 4.5A). The size, 

number and distribution of these bodies was equivalent to those of EDBs seen in electron 

micrographs (Siderius et al. 1996; Kuin et al. 2000). and also similar to bodies stained 

with Toluidine Blue, indicating that Neutral Red was also accumulated in EDBs. The 

weak base Neutral Red has been shown to accumulate in acidic vacuoles. Addition of this 

stain to Riccia fluitans increased the pH of the vacuole, resulting in a flux of Ca2* from the 

vacuole towards the cytosol (Felle 1988). If the action of Neutral Red in EDBs of C. 

moewusii is the same as in vacuoles of R. fluitans, it can be expected to raise the cytosolic 

Ca2+ concentration, thereby causing Ca2+-dependent biological effects, even in the absence 

of extracellular Ca2+. This was tested by measuring the effect of Neutral Red on two Ca2+-

dependent responses in C. moewusii, namely mating structure activation and 

deflagellation. Activated mating structures are seen in practice as balloons due to an 

increase in hydrostatic pressure, which also results from the increase in intracellular Ca2* 

(Schuring et al. 1990). As shown in Fig. 4.5B, treatment of C. moewusii gametes with 300 

J I M Neutral Red for 30 min induced the formation of mating structure balloons. 

Concentrations above 100 (iM also induced deflagellation (Fig. 4.5C), another Ca2+-

dependent process (Kamiya and Witman, 1984; Sanders and Salisbury 1994). The fact 

that cells were deflagellated by this stain in the presence and absence of extracellular Ca2+ 

(Fig. 4.5C) together with the accumulation of Neutral Red in EDBs, indicates that its 

biological activity is due to the release of Ca2+ from EDBs. Not surprisingly then, when 
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cells were treated with concentrations above 30 u;M, Ca +-uptake into permeabilized C. 

moewusii cells was inhibited (Fig. 4.5D). 

These four forms of evidence provide a strong indication that 45Ca2+ taken up by 

digitonin-permeabilized cells was mainly being accumulated in EDBs and that these stores 

are acidic vacuoles. 

U J - H I — i 1 • ' () - > — - H I — , , , , , — ' 

0 10 100 1000 0 1 10 100 1000 10000 
[Neutral Red] uM [Neutral Red] p.M 

Fig. 4.5 (A-D) Treatment of C. moewusii gametes with Neutral Red stains 
EDBs, induces mating structure activation and deflagellation and 
inhibits 45Ca2*-uptake. A. Intact cells accumulate Neutral Red in their EDBs. 
Bar = 5 pm B. Mating structure activation by treating gametes with 300 uM 
Neutral Red for 30 min (Bar = 5 um). C. Deflagellation induced by Neutral Red 
in the presence ( • ) or absence (O) of extracellular Ca"* (n=4). D. Effect of 1-
5000 uM Neutral Red on 45Ca~'-uptake into permeabilized cells. 

Characteristics of 45Ca2' -uptake into EDBs. The plant vacuole is a high capacity Ca +-

store with a low affinity Ca2+-uptake system (Km in pM range; Evans et al. 1991). EDBs 

can store 2M Ca2+, which is the highest concentration of Ca2+ that has ever been reported 

in intracellular compartments (Kuin et al. 2000). To test whether they have the same 

Ca2+-uptake characteristics as other plant vacuoles, 45Ca2+-uptake was studied in the 

presence of different concentrations of free Ca2+ over a period of 2 min (Fig. 4.6). 
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Maximal uptake was achieved at 150 |iM free Ca2+. The Km was determined as 34 uM 
free Ca +, indicating that the dominant uptake system has a low affinity for Ca2+. This Km 

value is in agreement with the Km values that have been reported for Ca2+-uptake into 
higher plant vacuoles (Blumwald and Poole 1986; Bush and Sze 1986; Ueoka-Nakanishi 
etal. 1999). 

600 

K„ 
100 150 200 

[Ca2+] uM 
250 300 

Fig. 4.6. Concentration-dependent accumulation of 4SCa2+. Permeabilized 
C. moewusii cells were incubated with 45Ca2+ for 2 min in the presence (•. n=4) 
and absence (A , n=l) of 5 mM ATP. 

H*-gradient is driving force for Ca2'-uptake into EDBs. An important Ca2 -uptake 

mechanism in the tonoplast is the Ca2+/H+-exchanger (Schumaker and Sze 1986; Blackford 
et al. 1990; Ueoka-Nakanishi et al. 1999) fueled by the H+-gradient formed by a H+-
ATPase (Schumaker and Sze 1985). We have used three different approaches to test 
whether Ca2+-uptake into EDBs of C. moewusii is driven by a proton gradient. First, the 
effect of Bafilomycin A,, a specific inhibitor of H+-ATPases (Bowman et al. 1988; Dröse 
and Altendorf 1997) was tested on 45Ca2"-uptake into permeabilized cells. Table 1 shows 
that 10 üM Bafilomycin A, inhibited 62% of the 45Ca2+-uptake. 

In case of a H+-gradient being the driving force for Ca2+-uptake into EDBs, 
dissipation of this gradient should abolish 45Ca2+-uptake. Therefore the effects of the 
protonophores carbonylcyanide w-chlorophenyl-hydrazone (CCCP) and gramicidin was 
tested. Table 1 shows that 100 |TM CCCP and 10 u\M gramicidin inhibited 45Ca2+-uptake 
by 72.6% and 51.5% respectively. Furthermore, the H+-gradient should be dissipated by 



Ca"'-uptake into EDBs via Ca;'/H'-exchanger 

the addition of the H+/K+-ionophore nigericin, provided that the amount of extra-
organellar KC1 exceeds that of the intra-organellar KC1, and as a consequence 45Ca2+-
uptake will be inhibited (Schumaker and Sze 1985, 1986; Vercesi et al. 1994; see 
schematic representation in Fig. 4.8). As shown in table 1, 100 |iM nigericin inhibited 
45Ca2+-uptake by 92.3% in the presence of 200 mM KC1, confirming this premise. Lastly, 
Ruthenium Red has been used as a specific inhibitor of the vacuolar Ca27H+-exchanger in 
oat roots (Schumaker and Sze 1986; Chanson 1994). Treatment of permeabilized C. 
moewusii cells with 100 JIM Ruthenium Red inhibited 45Ca2+-uptake by 68.4% (Table 1). 
Taken together, these results indicate that Ca2+ is taken up into the EDBs via a Ca2+/H+-
exchanger. 

control 

H+-ATPase inhibitors 
Bafilomycin A[ 

protonophore 
CCCP 

gramicidin 

K+/H+ ionophore 
nigericin 

Ruthenium Red 

concentration 

1.0 uM 

5.0 (iM 

10.0 uM 

10.0 ^iM 

100.0 \M 

10.0 uM 

1.0 (iM 

10.0 (iM 

100.0 uM 

100.0 uM 

1000.0 uM 

GEM 

100.0 

71.7 

50.5 

38.2 

66.4 

27.4 

48.5 

79.2 

37.5 

7.7 

31.6 

20.2 

SEM 

7.5 (n=6) 

6.5 (n=6) 

2.7 (n=6) 

3.2 (n=2) 

4.8 (n=2) 

8.9 (n=2) 

8.8 (n=3) 

9.9 (n=3) 

14.3 (n=3) 

3.6 (n=8) 

5.0 (n=6) 

Table 4.1. Effect of different inhibitors on ATP-dependent ^Ca2 -uptake into 
permeabilized C. moewusii cells. Cells were permeabilized by pre-treating them 
with 80 | iM digitonin for 3 min. They were then sedimented and resuspended in 
fresh medium containing ATP, 45Ca2* and the indicated concentrations of 
inhibitors. After 10 min, the reaction was stopped and the amount of 
radioactivity in the cells was determined and expressed as a percentage of the 
control. 

69 



Chapter 4 

120 

£ 
o 

(-, 
3 

N , 

u -r 

100 

80 

60 

40 

20 
0 

J 

A 

0.5 mM ATP 
2mMfreeMg 2 ' 
200 mM KCI 

100 mM nig. 
200 mM KC1 

9 10 

Fig. 4.7 (A-C). Effect of MgCI2, KCI, nigericin, pH and NH4C1 on the 
ATP-independent 45Ca2+-uptake into permeabilized C. moewusii cells. A. 
Effect of MgCI2 (n=2) and KCI (n=l) concentration on 45Ca2~-uptake in 10 
min. B. Effect of 100 p.M nigericin on Ca" -uptake in 10 min in the presence 
(n=4) or absence (n=8) of 200 mM KCI, depicted as a percentage of the 
control. C. Effect of pH and NH4C1 on 45Ca2"-uptake within 10 min, in the 
presence (D) or absence ( • ) of 20 mM NH4C1. The results of a typical 
experiment are shown. 
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45Cc?4' is laken up in the absence of Mg-A TP. If 45Ca2+ is taken up into EDBs of C. 
moewusii cells via a Ca2+/H+-exchanger, it could take place independent of Mg-ATP if a 
proton gradient already exists (Schumaker and Sze 1986; Blackford et al. 1990; Chanson 
1994). ATP fuels the creation and maintenance of H+-gradients and membrane potentials 
in living cells, but if the level of ATP decreases due to diffusion of ATP out of 
permeabilized cells, it may take some time before the H+-gradient and membrane potential 
will be dissipated. This hypothesis was tested by incubating C. moewusii cells for 3 min 
in 80 |iM digitonin and subsequently resuspending them into fresh medium containing 
45Ca2+ in the presence or absence of Mg-ATP. Fig. 4.7A shows that 45Ca2+ accumulation 
in the absence of both Mg2+ and ATP was 85% of that in the presence of Mg-ATP. In 
the presence of 2 mM Mg2+ or 200 mM KC1, 45Ca2+-uptake was inhibited by about 90% 
and 80%, respectively (Fig. 4.7A). Presumably the inhibition by Mg2+ was due to 
competition with 45Ca2+-uptake, and that of K+ to a decrease in the H+-gradient. Mg-
ATP-independent 45Ca2+-uptake was only present for 10 min, thereafter the 45Ca2+-
uptake decreased (results not shown), suggesting that the H+-gradient was dissipated. 

A OmMKCl B 200 mM KC1 K + 

Fig. 4.8 (A,B)- Schematic representation of the postulated effects of the 
K+/H+-ionophore nigericin on Ca2+-uptake in EDBs in the presence or 
absence of 200 mM KCI. A. In the absence of KG, nigericin promotes a H+-
influx and a K'-efflux. As a consequence the H -gradient becomes steeper and 
Ca ^-uptake via the Ca27H-exchanger is stimulated. B. In the presence of 200 
mM KG, nigericin promotes a K*-influx and a H"-efflux. As a consequence the 
H'-gradient is dissipated and Ca2-uptake via the Ca"7H'-exchanger is reduced. 
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As has been shown, nigericin inhibited 43Ca2+-uptake in the presence of 200 mM 
KC1 (Table 1). In contrast, in the absence of extra-organellar KG, nigericin is expected to 
cause an efflux of K+ and an influx of H+ into EDBs (see schematic representation in Fig. 
4.8). As a consequence, the H+-gradient increases and 45Ca2*-uptake should be stimulated. 
Fig. 4.7B shows that 100 JIM nigericin in the absence of extracellular KG stimulated 
45Ca2*-uptake 2-fold and in the presence of 200 mM extracellular KG caused a 76% 
inhibition. Note, that both controls are set at 100%, while in fact 200 mM KG inhibits 
ATP-independent 45Ca2+-uptake by 80%. The results suggest that a H+-gradient is the 
driving force for 45Ca2+-uptake. 

If this is the case it should be possible to show 45Ca2+-uptake by creating an 
artificial H+-gradient. This is performed in so-called "pH jump" experiments in which 
permeabilized cells are incubated in buffers of different pH's. The H+-gradient that is 
formed across the intracellular membranes is then the driving force for 45Ca24-uptake, if a 
Ca2+/H+ exchanger is present (Schumaker and Sze 1986; Blackford et al. 1990; Chanson 
1994). C. moewusii cells were incubated for 3 min in 80 (iM digitonin at pH 7.0 and 
subsequently resuspended in fresh buffer of different pFTs. containing 45Ca2+ but no 
digitonin or ATP. Fig. 4.7C (closed circles) shows that ATP-independent 45Ca2+-uptake 
is dependent on the pH of the medium. The higher the pH. the larger the 43Ca2~-uptake. 
Furthermore, in the presence of 20 mM NH4CI, which can dissipate FT-gradients, 45Ca2'-
uptake was inhibited (Fig. 4.7C, open squares). These results indicate that a H+-gradient 
is one of the driving forces for 45Ca2+-uptake in EDBs of C. moewusii. 
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Discussion 

Ca2+ taken up into permeabilized C. moewusii cells seems to accumulate mainly in 

electron-dense bodies. Evidence is based on the fact that 45Ca2+-uptake was much reduced 

in phosphate-starved cells which lack EDBs. This is in line with the presence of 

polyphosphate in the EDBs (Siderius et al. 1996) and the stimulation of 45Ca2+-

accumulation by phosphate (Kuin et al. 2000). Second, the inhibition of 45Ca2+-uptake in 

the presence of CdCl2, MnCl2 and Neutral Red, correlated with their accumulation in 

EDBs. Finally, the G-protein activator mastoparan which has been shown previously to 

induce the release of Ca2+ from EDBs (Kuin et al. 2000), also induced the release of pre

loaded 45Ca2+. The idea that the 45Ca2+ taken up is accumulated in these organelles seems 

logical, because EDBs are the main intracellular stores in C. moewusii, which can 

accumulate up to 2 M Ca2" (Kuin et al. 2000). 

The importance of establishing which organelle accumulates 45Ca2+, is that the 

effect of inhibitors can be directly related to uptake in that organelle. In this way data 

have been presented indicating that Ca2+ is taken up into EDBs via a Ca2+/H+-exchanger, 

with the H+-gradient being the driving force. This is in line with the presence of Ca2+/H+-

exchangers in the vacuolar membranes of several organisms, such as Saccharomyces 

cerevisiae (Ohsumi and Anraku, 1983), Avena saliva (Schumaker and Sze 1985, 1986), 

Beta vulgaris (Blackford et al. 1990). Vigna radicata (Ueoka-Nakanishi et al. 1999) and 

Trypanosoma brucei (Vercesi et al. 1994). 

An important indication for the H+-gradient being the driving force for Ca2+-

uptake, is the inhibition of 45Ca2+-uptake by Bafilomycin A,, that is known to inhibit H+-

ATPases. At nM concentrations Bafilomycin A] specifically inhibits the vacuolar H+-

ATPase (Bowman et al. 1998), an enzyme which has been characterized in the related 

species C. reinhardtii (Robinson et al. 1998). In uM concentrations, Bafilomycin A) also 

inhibits H+-ATPases in the plasma membrane (Dröse and Altendorf 1997). The effective 

concentration in permeabilized C. moewusii cells was in the fiM range, pointing to the 

plasma membrane H+-ATPase. However, the use of permeabilized cells, excludes the 

possibility that such an enzyme was being studied. Also the pH-optimum for 45Ca2+-

uptake into permeabilized cells is in agreement with those determined for vacuolar H+-

ATPases (O'Neill et al. 1983), suggesting that a similar enzyme is involved in C. 

moewusii. 

The discrepancy in expected effective concentrations of Bafilomycin A| suggests 

that it may bind to other cell components when added to permeabilized whole cells, for 

example to the cell wall. This could also explain the use of relatively high concentrations 
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of the other inhibitors, such as gramicidin, CCCP and nigericin, which were higher than 

those reported to inhibit H+-ATPases in for example isolated vacuoles from oat roots (5 

fiM; Schumaker and Sze 1985, 1986). Therefore, it would be interesting to isolate 

membrane fractions of electron-dense bodies to study 43Ca2T-uptake more directly. 

The weak bases Neutral Red and ammonium chloride (NH4C1) inhibited 45Ca2+-

uptake in the permeabilized C. moewusii cells, probably due to binding protons in EDBs 

which therefore decreased the }T-gradient (Felle 1988). An interesting observation in this 

context is that accumulation of weak bases in the acidic vacuoles of the halotolerant alga 

Dunaliella salina, which are similar to EDBs in C. moewusii, induced hydrolysis of the 

polyphosphates in these vacuoles (Pick and Weiss 1991). Since polyphosphates are also 

present in EDBs of C. moewusii and since the phosphorus-content of EDBs has been 

shown to be related to its Ca2+-content (Siderius et al. 1996), the loss of Ca2^ reported 

here, might also be accompanied by the hydrolysis of polyphosphates. What is more, the 

amount of phosphorus in EDBs was shown to decrease together with Ca2+ in 

Chlamydomonas gametes during sexual cell fusion (Kaska and Gibor 1990 and Chapter 3 

of this thesis). This re-emphasizes the close relationship between these two elements in 

EDBs, and suggests that changes in phosphorus content are accompanied by changes in 

Ca2+-content. This close relationship indicates a mutual dependence on each other for 

storage, although both our studies and those of Pick and Weiss on Dunaliella (1991) 

emphasize that both Ca~+ and P can be readily mobilized from EDBs. suggesting that they 

are not stored as calcium phosphate. 
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