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Abbreviations 

cAMP = cyclic adenosine monophosphate 
DAG = diacylglycerol 
db-cAMP = dibutyryl cyclic adenosine monophosphate 
ButOH = butanol 
EDB = electron-dense body 
EtOH = ethanol 
H+-ATPase = proton pumping ATPase 
PT-PPj-ase = proton pumping pyrophosphatase 
InsPs = inositol 1,4,5-trisphosphatc 
MetOH = methanol 
MP = mastoparan 

P(m/b) = membrane/buffer partitioning coefficient 
PLC = phospholipase C 
PLD = phospholipase D 
PropOH = propanol 
PtdAlc = phosphatidylalcohol 
PtdOH = phosphatidic acid 
PtdlnsP = phosphatidylinositol 4-phosphate 
PtdInsP2 = phosphatidylinositol 4,5-bisphosphate 
sec = secondary 
tert = tertiary 

TLC = thin layer chromatography 
VAV-pair = vis-a-vis pair 
V-type = vacuolar type 
XRMA = X-ray microanalysis 
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Chapter 1 

1. Introduction 

In order to survive in an environment that is constantly changing, living cells have to 

adapt to different conditions. These can be abiotic in nature, for example, wind, touch, 

temperature, light and pH, or biotic, such as hormones, pathogen elicitors or mating 

pheromones. In most cases, extracellular information is perceived at the cell surface by 

protein receptors, which amplify it into an intracellular signal. As a result, proteins are 

synthesized and/or activated, resulting in a specific biological response. 

In this thesis, the unicellular green alga Chlamydomonas moewusii has been used 

for the study of two of these intracellular signalling systems. The one is calcium (Ca2*) 

and the other phospholipid signalling. As an introduction to these topics, an overview 

will be given of the mechanisms that are involved in Ca2+ housekeeping and Ca2+- and 

phospholipid-based signalling in plant cells. This is followed by a more detailed 

description of those processes in which Ca2+signalling is involved in Chlamydomonas. 

1.1 Function of calcium 

In most plant cells. Ca + is the second cation in abundance and the sixth element after 

carbon, hydrogen, oxygen, nitrogen and potassium (Epstein 1972). It plays an important 

role in maintaining the cells integrity, for example by strengthening the cell wall 

(Trewavas and Gilroy, 1991). but it also influences cellular functions, for example 

microtubule polymerisation, cytoplasmic streaming and regulation of enzyme activity 

(Weisenberg 1972; Kohno and Shimmen 1988). Although the total amount of cell Ca2+ is 

relatively high and Ca2 ' is of vital importance to the cell, the concentration of free 

cytosolic Ca2+ has to be kept at a very low level (-100 nM), for prolonged high cytosolic 

Ca2+ concentrations are toxic, because phosphate or phosphate containing molecules like 

ATP are precipitated (Sanders et al. 1999). Therefore the cytosolic Ca24 concentration is 

tightly regulated by actively pumping Ca2+ out of the cell or sequestered into intracellular 

compartments, for example the vacuole and endoplasmic reticulum (see section 1.2 and 

1.3). Another important mechanism to keep the free cytosolic Ca2+ concentration low is 

binding of Ca2+ to specialized Ca2'-binding proteins (see section 1.4). 

The low level of free cytosolic Ca + provides a background against which transient 

increases in cytosolic Ca2+ concentration can be monitored. In fact, its low cytosolic level 

could have been an evolutionary advantage to develop as the most widely used signalling 

molecule in living cells, since elevations in concentration can occur more rapidly than 
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would be possible for ions or solutes that are maintained at millimolar levels. Another 

advantage is that it can bind with high affinity six to eight oxygen atoms. This enables it 

to cross-link different segments of a protein that contain oxygen atoms, eg. from aspartate 

and glutamate and induce large conformational changes. Consequently, proteins have 

evolved with pockets of oxygen atoms, so called EF-hand domains, which change their 

conformation upon binding Ca2+ and in this way Ca2+ can regulate protein activity 

(McPhalen et al. 1991; Sanders et al. 1999; see section 1.8). The binding of Ca2+ can be 

highly selective. Mg2+, a potential competitor, can be spurned because it does not have 

appreciable affinity for oxygen atoms. Ca2+ can be selected over Mg2+, even when the 

latter is a thousandfold more abundant. 

1.2 Distribution and function of calcium in organelles. 

In eukaryotic cells Ca2+ is compartmentalized into different organelles in order to keep 

cytosolic Ca2+ concentration low and/or to fulfil a function in the specific organelle. 

Intracellular organelles that play an important role in Ca2* sequestration in plant cells are 

the vacuole, the endoplasmic reticulum, the mitochondrion and the chloroplast. The 

vacuole is, by virtue of its size (up to 90% of the cell volume; Schumaker and Sze, 1992) 

and its capacity to sequester Ca + (—10" -10"4 M free Ca +) the most important Ca + store 

in plant cells (Felle 1988; DuPont et al. 1990). Outside the cell the concentration of free 

Ca2+ may be similar to that in the vacuole (Bjorkman and Geland, 1991; Flarker and 

Venis, 1991) and as a consequence, steep electrochemical Ca2+ gradients can exist across 

the plasma membrane and tonoplast. This is of great importance for Ca2+ signalling, for 

when Ca2" channels open, Ca2+ can easily diffuse into the cytosol down its 

electrochemical gradient. 

The concentration of Ca2+ in the endoplasmic reticulum (ER) differs among the 

different species. In animal cells the ER contains specialized regions with a high 

concentration of free Ca2+ (10'4-10"3 M; Meldolesi and Pozzan. 1998) which play an 

important role in Ca2+ signalling. In yeast cells the concentration of free Ca2+ in the ER is 

much lower, in the order of 10 jiM (Strayle et al. 1999). However, there is no consensus 

about the concentration of free Ca2* in the ER lumen of plant cells; measurements differ 

between [iM and mM concentrations (Bush et al. 1989; Rizzuto et al. 1992; Bush and 

Wang. 1994). There are also indications that the ER in plant cells plays a role in Ca2f 

signalling (Ehrhardt et al. 1996; Franklin-Tong et al. 1996; Muir and Sanders 1997). 
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Chapter 1 

Chloroplasts and mitochondria contain millimolar levels of Ca2"1 but most of it is 

complexed with phosphate or membrane lipids. The affinity of their Ca2+ transporters is 

very low (Muto et al. 1982; Kreimer et al. 1985). It has recently been shown in animal 

cells that mitochondria are localised close to the ER and therefore, upon Ca2+ release from 

the ER, are exposed to microdomains of high Ca2+ (Pinton et al. 1998). This makes it 

possible for mitochondria to take up Ca2* upon physiological stimulation. With the use of 

mitochondria as a sink, Ca2+ is not lost from the cell and an increase in the mitochondrial 

Ca - ' concentration may activate enzymes that are involved in mitochondrial function. 

This phenomenon could provide a mechanism for tuning mitochondrial activity to the 

needs of the cell. In chloroplasts, this may also be the case, and an increase in the Ca2+ 

level may well play a role in photosynthesis (Kreimer et al. 1985), respiration (Dieter and 

Marmé, 1983) and gene expression (Bowler et al. 1994; Neuhaus et al. 1993). 

The level of Ca2+ in the nucleus is similar to that in the cytosol. In this organelle. 

Ca2+ probably has a function in DNA transcription and repair (Bachs et al. 1992). For 

example, in tobacco cells the increased expression of a calmodulin gene is correlated with 

an increase in nuclear Ca2+ (Van der Luit et al. 1999). The increase in the level of nuclear 

Ca2^ always follows the increase in cytosolic Ca2+ concentration. Nonetheless, it is not 

yet clear to what extent the nucleus regulates its own Ca2+ concentration, or if alterations 

in cytosolic Ca2+ concentrations pass freely through the nuclear pores, albeit in an 

attenuated and delayed form. 

1.3 C a 2 + - A T P a s e s and H + /Ca 2 + -exchangers 

The control of Ca2+ levels in the cell is a dynamic process in which Ca2+ is constantly 

pumped out of the cytosol against a large electrochemical gradient. Ca2+ levels in the 

cytosol are kept low (10"7 M) by two types of Ca2+ pumps with a high affinity for Ca2+, 

the PM-type and SER-type Ca2+-ATPases (Fig. 1.1). The PM-type Ca2,-ATPase is 

located at the plasma membrane in both animal and plant cells, but in plants it is mainly 

located in the ER (Hsieh et al. 1991; Grover and Khan, 1992; Chen et al. 1993; Evans, 

1994; Lift and Weiler, 1994). The SER Ca2+-ATPase is located in the smooth endoplasmic 

reticulum in animal cells and has also been identified in the plasma membrane and the 

tonoplast of plant cells (Wimmers et al. 1992; Ferrol and Bennet, 1996). Both are so-

called P-type ATPases, indicating that they are activated upon phosphorylation 

(Schatzman 1989). 
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10-3 M Ca2+ 

x y Y y x x x cell wall x x x x x x x x x x x x x x x x x x x x x x x x x x 
plasma membrane 

I i h-PPjase 

InsP3R 

Baf. A 

cADPR 

RYR 

Ca2+-ATPase< ^ C a 2 H 

H+/Ca2+-exchanger 

cytoplasm 
10"7M Ca2+ 

InsP-jR 

Ca2+-ATPase ,CaM C a . Ca2+-AI! 

x x x x x x x x ^ x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x 
Ca2+ V-type Ca2+-channel 

Fig. 1.1 Schematic overview of Ca' -channels and transporters in the vacuole 
and the endoplasmic reticulum that play a role in Ca2 -homeostasis in a 
typical plant cell. 
The level of free cytosolic Ca2 ' is about I0"7 M. Most of the Ca2 ' is present in 
the vacuole, the endoplasmic reticulum (ER) and the cell wall. In order t o 
maintain a low cytosolic Ca2 level, Ca2 ' is pumped out of the cell by Ca2*-
ATPases in the plasma membrane, the tonoplast and the ER. Another way of 
Ca"' uptake into the vacuole is via a H7Ca"' exchanger. In this case the H -
gradient that is formed by H'-ATPases, H'-PP,ases. or the membrane potential 
is the driving force for this exchanger. Ca2* can flow back into the cytosol by 
means of Ca"* channels that are regulated by voltage or ligands. such as InsP3 or 
cADP-ribose. Abbrev ia t ions : BafA, = Bafilomycin A,; cADPR = cyclic ADP 
ribose; CaM = calmodulin; ER = endoplasmic reticulum; H-PPjase = proton 
pyrophosphatase; InsP, = inositol 1,4,5-trisphosphate: InsP,R = InsP, 
receptor; RYR = Ryanodine receptor; V-type Ca2*-channel = voltage-dependent 
Ca -channel. 

To distinguish between these two ATPases, inhibitors can be an important tool. The PM-

type does not have a specific inhibitor, but is inhibited by the general P-type ATPase 

inhibitors vanadate and erythrosin B. The SER-type is specifically inhibited by 

thapsigargin, cyclopiazonic acid and butyl hydroquinone (Thastrup et al. 1990; Lytton et 
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al. 1991; Clapham, 1995). Another distinction between the two ATPases is that the PM-

type Ca2~-ATPase is regulated by calmodulin, that binds to the calmodulin-binding-

domain at the C-terminus (Carafoli 1992a,b), which results in an increase in the affinity 

for Ca2+ from 10 }iM to 0.5 |iM. The SER-type Ca2+-ATPase is not dependent on 

calmodulin and has a Ca2+ affinity of 0.1-1 (iM (Evans 1994). 

The second major class of Ca2+ transporters is the rT/Ca^-exchanger (Fig. 1.1) 

that has been identified mainly in the tonoplast (Castillo and Heath 1990; Kasai and 

Muto 1990; Muto, 1992; Bush and Wang. 1994; Chanson 1994). The exchanger can use 

either a proton gradient (Schumaker and Sze, 1986) or an electro-chemical potential 

(Blackford et al. 1990) to drive Ca2~ transport. The proton gradient is created by the 

pumping activity of a H+-ATPase (Allen and Sanders, 1997) and a H+-PP rase (Chanson 

1991) in the tonoplast (Fig. 1.1). Accordingly, it has been shown that Ca2+ uptake into 

vacuolar vesicles is inhibited upon addition of H+-ATPase inhibitors and protonophores 

which dissipate the proton gradient (Vercesi et al.1994; Scott et al. 1995). Similarly, the 

creation of artificial proton-gradients by resuspending vesicles in buffers with different 

pHs CpH-jumps"), or using nigericin (a H7K+ ionophore) together with K+. stimulated 

Ca2+ uptake (Schumaker and Sze, 1985, 1986). 

The H+/Ca2+-exchanger has a relatively low affinity for Ca2+ (Km = 10 to 67 |iM; 

Bush 1995), which is at least an order of magnitude higher than the affinity of Ca2+-

ATPases. To understand the role the Ca2+/FT-exchanger plays in Ca2+ regulation, not 

only the affinity of the exchanger forCa2+ is important, but also the stoichiometry of the 

number of H+ exchanged per Ca2+. However, this is a matter of some controversy, 

because stoichiometrics of one (Schumaker and Sze, 1986), two (Blumwald et al. 1986) 

and at least three (Blackford et al. 1990) have been reported. In the case of a 

stoichiometry of two, the exchange would be electro neutral, while a stoichiometry of one 

or three is electrogenic, creating an interior positive or negative membrane potential, 

respectively. This has consequences for the direction of Ca2* transport at the tonoplast. 

While the vacuolar membrane potential is estimated to be -20 mV (inside positive), a 

stoichiometry of two or higher would be necessary for Ca2+ accumulation. 

1.4 Ca2+-binding proteins. 

Ca2+ is bound to proteins that are present in Ca2*-storing organelles, the apoplastic space 

and in the cytosol. They can have different functions such as Ca2+ buffering and 

regulation of enzyme activity. Ca2*-buffering proteins are important to keep the free 
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cytosolic Ca2+ concentration low, and in organelles they help to maintain high Ca2+ 

concentrations, without the risk of precipitation. In Char a corallina, the Ca2+-binding 

capacity of the cytosol has been shown to be as high as 50 mM probably due to Ca2+-

binding proteins (Reid and Smith, 1992b). One can imagine that due to this Ca2+-binding 

capacity of the cytosol, the speed and distance of Ca2+ diffusion in the cytosol is limited. 

Therefore, increases in cytosolic Ca2t are in principle very local. 

In animal cells, many more Ca2+-binding proteins have been identified than in 

plant cells and therefore some of these examples are given. A major class of Ca2+-buffering 

proteins in animal cells belong to the calsequestrin and calreticulin family (Campbell et al. 

1983), which are located at specific sites in the ER (Villa et al. 1993). They have a low 

affinity (Kd = 1 mM) and high capacity for Ca2^ binding (Oberdorf et al. 1983) and Ca2+ 

binds reversibly to the numerous clusters of acidic amino acids (Meldolesi and Pozzan, 

1998). Plant cells contain homologues of these low-affinity Ca2^-binding proteins that are 

also localized in the ER (Krause et al. 1989; Huang et al. 1993; Jones and Bush, 1991; 

Menegazzi et al. 1993; Xing et al. 1994) but not in the vacuole (Borisjuk et al. 1998). 

1.5 Ca 2 + s ignal l ing in plant cells 

An increase in the level of cytosolic Ca2+ is a very important universal cellular signal. It 

may occur in reaction to extracellular stimuli, but also in reaction to intrinsic 

developmental programs (Trewavas and Malhó 1998; Sanders et al. 1999). An example of 

the latter is the increase in the level of cytosolic Ca2* during anaphase in stamen hair cells 

of Tradescantia (Hepler and Callaham. 1987). This is correlated with separation of the 

sister chromosomes (Hepler and Wayne, 1985) and cessation of cytoplasmic streaming 

(Keith et al. 1985). In pollen tubes, Ca2t gradients with the highest concentration of Ca2+ 

at the apical tip are involved in their outgrowth (Miller et al. 1992; Malhó 1998). When 

growth ceases, the Ca2" gradient dissipates and the elimination of the gradient by Ca2+ 

chelators stops further growth (Pierson et al. 1994). 

Extracellular stimuli that have been shown to induce an increase in the cytosolic 

Ca2+ concentration are temperature (Campbell et al. 1996; Knight et al. 1996), hypo-

osmotic shock (Okazaki and Tazawa, 1990), red light (Bowler and Chua, 1994; Bowler et 

al. 1994), darkening (Bauer et al, 1997), wind and touch (Knight et al. 1992), Nod-factors 

(Ehrhardt et al. 1996) and plant hormones (Bush and Jones, 1992; McAinsh et al. 1992; 

Read et al. 1992; Gilroy et al. 1993; Bowler and Chua, 1994). As a result, cells react with 

different responses, for example, hypo-osmotic shock leads to a change in cell turgor 
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(Okazaki and Tazawa, 1990), red light induces chloroplast development (Bowler et al. 

1994), light-dark transitions induce a transient hyperpolarization of the plasma membrane 

in the green alga Eremosphaera viridis leading to a net efflux of salts (Schönknecht 1998). 

Nod factors induce root hair deformation in alfalfa (Ehrhardt et al, 1996) and the plant 

hormone abscisic acid (ABA) induces stomatal closure (Gilroy et al. 1993). These 

different reactions are naturally dependent on the cell type and differentiation state of the 

cell. However within one cell type, differences in the 'Ca2+ fingerprint' may induce 

different reactions. These different patterns may be due to differences in the 

concentration of the hormone that is added, for example the pattern of Ca2+ oscillations in 

guard cells of Commelina communis is dependent on the concentration of abscisic acid 

and correlated with the final stomatal aperture (Staxén et al, 1999). Otherwise, two 

different stimuli may induce different 'Ca2 ' fingerprints' in one cell type. For example, 

wind and cold shock induce different Ca2+ transients in tobacco seedlings, those that are 

induced by wind being about 10 times faster than those that are induced by cold shock. 

Further, the wind-induced Ca2* transient is nucleus-based and the cold-shock induced 

Ca2+ transient is cytosol-based (Van der Luit et al, 1999). 

There are several factors that influence the temporal and spatial differentiation of 

the cytosolic Ca2* signal. For example, Ca2' influx via plasma membrane Ca2+ channels 

may give a completely different "Ca2" fingerprint' than the release of Ca2+ from 

intracellular Ca2+ stores. The location of the Ca2+ signal is mainly due to Ca2+ binding 

proteins in the cytosol or connected with the cytoskeleton and membranes, leading to a 

decrease in diffusion constant of Ca2* in the cytosol, compared to a free solution 

(Trewavas and Knight 1994). Another factor that influences the specificity of the Ca2+ 

signal, is the combination other signalling molecules such as calmodulin (see section 1.8) 

and also the different ways in which Ca2+ channels can be activated. Some are activated 

by membrane depolarisation and others are activated by intermediate signalling molecules 

(see section 1.7). Examples of these so-called second messengers are inositol 1.4,5-

trisphosphate (InsP3; Berridge 1993), cyclic ADP-ribose (cADPR), nicotinic acid adenine 

dinucleotide phosphate (NAADP; Lee 1997) and phosphatide acid (PtdOH; Camina et 

al. 1999). Also Ca2* itself has been shown to induce an increase in cytosolic Ca2* via 

Ca2+-induced Ca2" release. 

In the framework of this thesis, the phospholipid precursors of InsP3 and the 

phospholipid PtdOH play an important role (chapters 5 and 6), and therefore the relevant 

parts of phospholipid-based signalling will be described in more detail. This is followed 

by description of I n s P r and cADPR-induced Ca2" release and its role in plant cells. 

16 



Calcium and phospholipid signalling in plants 

1.6 Polyphosphoinositide- and phosphatidic acid-based signalling. 

There are two known reaction pathways that lead to the formation of the second 

messenger inositol 1,4,5-trisphosphate [Ins(l,4,5)P3]. These are the hydrolysis of its 

phospholipid-precursor phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] (Berridge 

1993; Munnik et al. 1998a) and dephosphorylation of Ins(l,3,4,5,6)P5 (Van Dijken et al. 

1995, 1997). Here, the phospholipid-precursors of Ins(l,4,5)P3 will be focused on, 

because they are more relevant to signalling in plant cells. 

Polyphosphoinositides (PPIs) are a very minor fraction of the total cellular lipid 

in both plants and animals. They are synthesised from phosphatidylinositol (Ptdlns). 

which is present in larger amounts, but only a minor fraction of this phospholipid is used 

as a precursor for PtdIns(4,5)P2 using a two-step phosphorylation at the 4 and 5 

positions, the intermediate reaction product being phosphatidylinositol 4-phosphate 

[PtdIns(4)P]. Apart from being precursors for the second messenger Ins(l,4,5)P3. 

Ptdlns(4)P and PtdIns(4,5)P2 also play a role in the regulation of cytoskeletal dynamics 

in plants (Franklin-Tong et al. 1996; Munnik et al. 1998a; Drobak et al. 1999; Kost et al. 

1999). 

Activation of phospholipase C (PLC) produces the second messengers 

Ins(l,4,5)P3 and diacylglycerol due to hydrolysis of PtdIns(4,5)P2 (Fig. 1.2). The water 

soluble Ins(l,4,5)P3 diffuses into the cytosol where it triggers the release of Ca2+ from 

internal stores, while the lipid product diacylglycerol (DAG) remains in the membrane 

where it could activate protein kinase C (PKC) as it does in animal cells (Divecha and 

Irvine 1995). However, there is as yet no firm evidence that the latter happens in plants. 

An alternative possibility is that DAG is phosphorylated to phosphatidic acid (PtdOTI) 

that acts as a second messenger (see below). In plant cells, activation of PLC has been 

shown to take place during osmotic stress, regulation of stomatal aperture by abscisic acid 

(ABA), light regulated sleep movements, defence responses to pathogens, stress and 

sexual cell fusion (Munnik et al. 1998a; Chapman 1998). 

PLCs can be classified into three subfamilies, designated (3, y and 8 PLCs. The 

PLCP subfamily is activated by the G„- or Gpy-subunits of heterotrimeric G-proteins. 

Although no trimers have been characterized in plants, the identification of some subunits 

indicates that they do exist (Millner and Causier 1996). In animals, the PLCy subfamily is 

activated by phosphorylated receptor tyrosine kinases, but again this class of receptors 

has yet to be found in plants. How the PLCS subfamily is activated is still not fully 

known, although Ca2+ and G-proteins have been implicated. All PLCs require Ca2+ for 

activity, but PLCS requires a 5-fold higher concentration. The overall structure of PLCs 
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that have been cloned from plant cells is most closely related to the PLC5 subfamily. 
They contain highly conserved catalytic domains present in all PLCs and two EF-hand 
structures and a CalB domain which is known to bind phospholipids in a Ca2^-dependent 
way. In contrast to other PLCs, they lack a PH domain which plays a role in membrane-
targeting (Munnik et al, 1998a). 

W////////////^^^^ 
Ptdlns ^=^PtdIns(4)P *=*PtdIns(4,5)P2 ^ U * - DAG ^ . PtdOH - ^ 7 ^ PtdR 

(PÏ4K) (gpjg) 

Fig. 1.2 Phospholipid signalling cascade. 
Phosphatidylinositol (Ptdlns) is phosphorylated at the D4 position by 
phosphatidylinositol 4-kinase (P14K) generating phosphatidylinositol 4-
phosphate [PtdIns(4)P], which is then phosphorylated at the D5 position by 
phosphatidylinositol 4-phosphate 5-kinase (PIP5K) to generate 
phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2]. When phospholypase C 
(PLC) is activated by a receptor-coupled G-protein. PtdIns(4,5)P2 is 
hydrolysed into the water soluble inositol 1,4,5-trisphosphate [Ins(l ,4,5)P,] 
and diacylglycerol (DAG), which remains in the membrane. Phosphatidic acid 
(PtdOH) can be formed by phosphorylation of DAG by DAG-kinase (DGK) and 
by the action of phospholipase D (PLD), activated by a receptor coupled G-
protein, which hydrolyses structural phospholipids (PtdR) at the terminal 
phosphate di-ester bond. 

Rapid phosphorylation of diacylglycerol leads to the formation of phosphatidic 
acid (PtdOH), which is also emerging as an important signalling molecule, for it has been 
shown to induce an elevation in cytosolic Ca2f in an InsP3-independent manner (Lee et al. 
1998; Camina et al. 1999). Most of this work has been carried out with animal cells and a 
number of PtdOH-dependent targets have been identified, including Raf-1 kinase (Ghosh 
et al. 1996; Rizzo et al, 1999), protein kinase C-C, (Limatola et al, 1994) and other, novel 
kinases (Mc Phail et al, 1999). In plants PtdOH has been shown to possess biological 
activity for it induces deflagellation in Chlamydomonas (Munnik et al, 1995). oc-amylase 
secretion in aleurone cells (Ritchie and Gilroy 1998) and stomatal closure in bean leaves 
(Jacob etal. 1999). 

PtdOH can also be produced by the action of phospholipase D (PLD), which 
hydrolyses structural phospholipids at the terminal phosphate di-ester bond (Fig. 1.2). In 
plant cells three PLD subfamilies exist: designated a, p and y (Wang 1999). All three 
contain a catalytic site with three conserved residues (His, Lys and Asp), a PPI-binding 
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domain and a C2 domain for Ca -dependent phospholipid binding, translocating it from 

the cytosol to its substrate in the membrane (Wang 1999). PLD activity can be stimulated 

by Ca2+ and G-protein activators (Munnik et al. 1998b). The PLC- and PLD-signalling 

cascades seem to be interwoven in as much as they are often activated at the same time 

(Munnik et al. 1998b) and PLD can be activated by PtdInsP2, while PLC can be directly 

activated by PtdOH (Munnik et al. 1998a). Activation of PLD has been related to 

wounding, the response to pathogens and the working of abscisic acid (Ritchie and Gilroy 

1998; Jacobs et al, 1999). 

1.7 Ligand activated Ca2+ channels. 

The importance of phospholipid-signalling for Ca2+ signalling lies in the products InsP3 

and PtdOH. They are able to induce increases in cytosolic Ca2+ by the activation of so 

called ligand-activated Ca2+ channels. Ligand activated Ca2+ channels are receptor 

molecules with an intrinsic channel function. Upon binding the ligand, the Ca2+ channel 

opens so that calcium diffuses down its electrochemical gradient into the cytosol. In plant 

cells, there are two different second messenger-activated Ca24 channels, those activated by 

InsP3 and cADPR (Fig. 1.1; Muir and Sanders, 1996; Allen and Sanders. 1997; Muir et al. 

1997). In animal cells there are indications that PtdOH and also NAADP can mediate 

Ca2+ release through a Ca2+ channel (Lee 1997; Lee et al. 1998; Camina et al. 1999). 

Opening of ligand activated Ca2+ channels is an important feature of signal transduction 

and is therefore tightly controlled. The regulation of the InsP3- and the cADPR-activated 

channels will be described in more detail. 

The InsP3-activated Ca + channel is composed of four subunits with the C-

terminal regions co-operating to form the Ca2+ channel. The large N-terminal regions form 

bulbous heads that project into the cytosol and contain the receptor sites (Berridge 1993). 

In animal cells, it has been shown that opening of the InsP3 receptor (InsP3R) is regulated 

by three different factors: InsP3, Ca2+ and phosphorylation by protein kinase A. The 

opening of the receptor-channel by binding of InsP3 has a biphasic sensitivity for 

cytosolic Ca2+ levels: at low and high levels of Ca2+ the receptor is relatively insensitive 

to InsP3 (Clapham 1995). In plant cells on the other hand, the effect of InsP3 does not 

seem to be dependent on [Ca2+]cyt (Allen and Sanders, 1994). Binding of InsP3 to the 

InsP3R is specifically inhibited by heparin and by ATP (Allen and Sanders, 1997). In 

animal cells, the InsP3R is present in the endoplasmic reticulum (Clapham 1995), but in 

plant cells it is present primarily in the tonoplast (Schumaker and Sze. 1987; Canut et al. 
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1993; Allen et al. 1995; Muir and Sanders. 1996; Muir et al. 1997). although InsP3-

induced Ca2+ release has also been demonstrated in vesicles from cauliflower florets which 

possibly originated from cortical ER (Muir and Sanders 1997). 

cADPR is the product of cyclisation of NAD+ by ADP-ribosyl cyclase (Lee 

1997). The cytosolic form of this cyclase is activated by cGMP while the membrane-

associated form is cGMP independent. cADPR binds to the ryanodine receptor (Fig. 1.1). 

which is twice as large as the InsP3 receptor. It has been named after the plant alkaloid 

ryanodine, which was the first agonist shown to induce Ca2~ release from this channel. 

The membrane spanning domain at the C-terminus, in contrast to the N-terminus of the 

ryanodine receptor, shows homology with the InsP3 receptor. Whereas the InsP3-gated 

Ca2+ channel has a high selectivity for Ca2+, the ryanodine-gated Ca2+ channel is less 

selective. cADPR-induced Ca2+ release is dependent on calmodulin (Lee 1997) and release 

is blocked by ruthenium red and procaine (Allen et al. 1995; Muir and Sanders, 1996). In 

plant cells it plays an important role in Ca + release from the vacuole (Allen et al. 1995: 

Muir and Sanders, 1996) and the endoplasmic reticulum (Schönknecht et al, 1999). 

The ryanodine-gated Ca2+ channel may be involved in Ca2+-induced Ca2 ' release. 

Due to its similarity with Ca2+, the divalent cation strontium (Sr2*) may be used to 

activate Ca2+-induced Ca2+ release. In the green alga Eremosphaera viridis Sr2"̂  induced 

repetitive cytosolic Ca2+ spikes. The inhibitory effect of ruthenium red and ryanodine 

indicated that the Sr2+-induced Ca2' release was mediated by a ryanodine/cADP ribose 

type of Ca + channel (Bauer et al. 1997). Another important finding is that cADPR 

induced Ca2* signalling is involved in abscisic acid (ABA) responses, for it has been 

shown that cADPR levels are upregulated by ABA and microinjection of cADP-ribose 

into hypocotyls of the tomato mutant aurea stimulates the expression of two ABA-

regulated genes (Wu et al. 1997). Whereas gene expression is activated by both InsP3 and 

cADPR microinjection, the ABA-response is only blocked by the cADPR antagonist 8-

amino-cADPR, and not by heparin, which is a specific inhibitor of InsP3-induced Ca 

release. 

1.8 Targets of Ca2+ signals. 

The targets of Ca2+ can be divided into two categories: primary sensors and downstream 

substrates. Some downstream substrates represent the end point for the signalling 

pathway and include ion channels. In guard cells, anion channels involved in salt loss 

during stomatal closure are activated by [Ca2+]cyt and by phosphorylation (MacRobbie 
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1998). In the green alga Eremosphaerus viridis, activation of the potassium channel in the 

plasma membrane when the light is turned off that leads to an outward current of 

potassium, is activated by repetitive spikes of cytosolic Ca + (Schönknecht et al, 1998). 

It is not clear whether this potassium channel is directly regulated by Ca2+, or that 

calmodulin (CaM) is used as an intermediary. At the tonoplast, the activation by Ca2T of 

a slow vacuolar (SV) voltage-dependent Ca2+ channel, is also mediated by CaM, which 

acts by lowering the voltage-dependence of the channel (Reifarth et al. 1994; Allen and 

Sanders, 1997). 

CaM is one of the primary [Ca ^] c y l sensors that plant cells have in common with 

other eukaryotic cells (Moutinho et al. 1998a). It is regarded as a multifunctional protein, 

because of its ability to interact with and regulate other proteins. CaM gene expression is 

in part regulated by Ca2+ (Van der Luit et al, 1999). It contains four Ca2+ binding pockets, 

so-called EF-hand domains, characterised by a Ca2+-binding protein loop of 12 amino 

acids flanked on each side by short a-helix domains, which have a high affinity for 

calcium (Kd = 10'6 M; Kretsinger, 1980). Co-operative binding of multiple Ca2+ ions is 

not unusual. Calmodulin shares this Ca2+-binding domain with phosphoinositide-specific 

phospholipase C (PI-PLC) and calcium dependent protein kinase (CDPK; Kopka et al. 

1998). Upon Ca2+ binding, CaM undergoes a conformational switch (Weinstein and 

Mehler, 1994) so that two hydrophobic domains become exposed by which it binds to 

CaM-binding proteins (Török and Whitaker, 1994). 

Many proteins are regulated by CaM and over 30 enzymes and structural 

proteins have been identified that bind CaM with high affinity (Means 1988). They can 

be Ca2+-ATPases, Ca2+ channels and regulatory' proteins like calcineurin (Tanida et al. 

1995; Liu and Zhu, 1998). CaM also plays a role in the regulation of cAMP and InsP3 

levels (James et al. 1995). The importance of CaM in many cellular processes is 

illustrated by the fact that disruption of the single CaM-gene in yeast and fungi is lethal 

(Rasmussen and Means, 1987; 1989; Ohya and Botstein, 1994). 

Whereas many protein kinases are indirectly activated by calcium via calcium 

sensing proteins like CaM, other protein kinases have been described that are directly 

activated by calcium. They contain a calmodulin-like domain and are therefore called 

calmodulin-like domain protein kinases or Ca2+-dependent protein kinases (CDPK; 

Roberts and Harmon, 1992). CDPKs have been found in neither yeast nor animal 

systems, but in plant cells divergent subfamilies have been identified. In Arabidopsis more 

than 12 members of the CDPK superfamily have been identified (Hrabak et al. 1996) and 

also in Chlamydomonas a CDPK has been identified (Siderius et al. 1997). 
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Phospholipase C (PLC) and Phospholipase D (PLD) are also activated by Ca2+. 
PLC contains an EF-hand motif, indicating that Ca2+ activates PLC via this motif. 
However, not all EF-hand motifs of PLC bind Ca2+, for example, mutating the EF-hand 
motif in Dictyostelium discoideum did not affect the Ca2* dependence of this enzyme 
(Drayer et al. 1995). Both PLC and PLD contain a CalB (or C2) domain for Ca2+ binding. 
Proteins containing this domain bind membrane lipids when activated by Ca2+ (Ponting 
and Parker, 1996; Ryu and Wang, 1996; Kopka et al. 1998) and as a consequence they 
translocate from the cytosol to membranes. Since their substrates are concentrated in 
membranes, this is equivalent to stimulating their activity. Since activation of both PLC 
and PLD can lead to an increase in cytosolic Ca2+, this might be a self-stimulating process. 
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2. Ca -dependent responses in Chlamydomonas 

The genus Chlamydomonas, member of the Chlamydomonaceae, of the order of the 
Volvocales (Harris 1989), has proven to be an excellent model system for studying signal 
transduction cascades that are involved in e.g. motility and sexual cell fusion (Harris 1989; 
Goodenough 1992). Using Chlamydomonas to study plant signal transduction offers the 
advantages of a haploid cell system which is easily grown and used for biochemical and 
cell biological research. Most of this research has been done with C. reinhardtii and C. 
moewusii. Although these species show much similarities in behaviour and appearance, 
they are only distantly related genetically (Buchheim et al, 1990). They differ in some 
aspects of sexual reproduction and are not sexually compatible (Goodenough 1991; 
Musgrave 1993). Nonetheless, most data on signal transduction are considered to be valid 
for both species. The data presented in this thesis come from work on C. moewusii, but 
data on C. reinhardtii are sometimes presented for comparison. To make the reader 
familiar with these algae, this section describes the various features in which Ca2+ 

signalling is involved in both Chlamydomonas species. 

2.1 Morphology and movement 

The Chlamydomonas cell (Fig. 1.3) is characterized by an egg-shaped cell body that is 
about 6-10 (im in length and is surrounded by a cell wall. It contains a large bowl-shaped 
chloroplast that encloses the nucleus. Chlamydomonas is one of the smallest organisms 
that possess a visual system. It can be seen as a small (1-1.5 \xm) orange spot on the side 
of the cell, the eyespot. The orange colour is caused by carotenoid-rich lipid globules 
which reside below the plasma- and the chloroplast membrane and is subtended by a 
thylakoid membrane (Harris, 1989). They reflect the light, thereby preventing light from 
the other side of the cell activating the light receptor that lies in the plasma membrane just 
outside the eyespot (Hegemann 1997). Light that falls directly on the eyespot is also 
reflected resulting in interference of the light waves, which is necessary for determination 
of the direction from which the light comes (Foster and Smyth, 1980; Foster et al. 1984; 
Melkonian and Robenek, 1984). Light sensitivity is primarily determined by the number 
of rhodopsin molecules, that function as photoreceptors, as in animal systems (Hegemann 
1997). The cell uses its photoreceptor to react to changes in light intensity and to 
determine the direction of the light source, the so called photoshock and phototaxis 
responses (see section 3.2). 
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L-Type Ca 2 + channels 

eyespot 

rhodopsin molecules 

Fig. 1.3 Schematic representation of a Chlamydomonas cell with the most 
important Ca stores and channels. 
The Chlamydomonas cell is about 10 urn in length and contains a large bowl-
shaped chloroplast that encloses the nucleus. On one side of the cell the 
eyespot is located. External to it is the photoreceptor, which senses changes in 
light intensity. Chlamydomonas cells can express two different light-dependent 
reactions: phototaxis and the photophobic response. It has been shown that the 
L-type Ca +-channel on the cell body and the V-type Ca2 '-channel on the 
flagella are involved in the latter response. The resulting increase in cytosolic 
Ca + changes the cilliary-type breast storke into flagellar-type undulations. 
Phototaxis is achieved by the differential effectiveness of forward propulsion 
by the two flagella. due to their different sensitivity to Ca2+. 

Other reactions to increases in cytosolic Ca2* are the movement of the 
nucleus towards the flagellar basis and deflagellation. Chlamydomonas cells 
contain electron-dense bodies that are depicted as dark spots in the cell, in 
which Ca2* is stored together with polyphosphate. The release of Ca2" from 
these intracellular stores could be involved in deflagellation. 

In order to move through the medium, the cell swims using two flagella ( -12 | im) 

which protrude from the anterior end of the cell body. They have a locomotive function 
but are also used for sex-specific reactions that lead to sexual cell fusion (see section 3.3). 
Each flagellum is composed of a microtubular axoneme that is surrounded by a membrane. 
This flagellar membrane is continuous with the cell body plasma membrane but separated 
from it by a diffusion barrier that prevents membrane proteins from these two domains 
mixing together (Musgrave et al. 1986; Bloodgoodet al. 1990). The axoneme is composed 
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of two central microtubules surrounded by nine outer doublet microtubules. The sliding of 

the outer doublet microtubules relative to one another, powered by the ATPase activity 

ofdynein, is responsible for flagellar movement (Bloodgood 1987; Dentler 1987; Witman 

1990). Ca2+ plays an important role in different types of flagellar movement, sexual 

reproduction and deflagellation. The way in which calcium influences these processes is 

described in the following sections. 

2.2 Photophobic response and phototaxis 

Normally Chlamydomonas cells swim forward in a counter-clockwise helical fashion with 

a ciliary-type breast stroke. The cell also turns round its longitudinal axis, thus allowing 

the eyespot that is present on the cell body surface to scan the environment for changes 

in light intensity. Chlamydomonas cells display two distinct kinds of behavioural 

responses to light: phototaxis, in which cells swim toward or away from the light source 

under constant illumination; and photophobic responses in which cells transiently convert 

their flagellar waveform into a backward movement when the light intensity suddenly 

increases (Tamm 1994). 

During the photophobic or stop response the swimming direction is reversed 

twice. The ciliary-type breast strokes are changed into flagellar-type undulations that 

propel the cell backwards with a speed that is only 20% of the forward swimming speed. 

After about 350 ms, the cell resumes breast-stroke swimming. This change in flagellar beat 

is dependent on extracellular Ca2+ (Schmidt and Eckcrt, 1976) and is a direct result of high 

concentrations of Ca2+ (lO'MO^M) in the axoneme (Hyams and Borisy 1978; Bessen et 

al. 1980). 

Suction pipette recordings have revealed two light-induced inward ion currents: 

one photoreceptor current localized to the eyespot region, its size being dependent on the 

light intensity (Harz and Hegemann 1991; Harz et al. 1992: Holland et al. 1997). The 

second is a flagellar current, that is composed of two components, a fast flagellar current, 

resembling an action potential arising from opening of voltage-dependent Ca2+ channels, 

and a slow flagellar current. When the flagella are mechanically deflagellated and thereafter 

stimulated with light flashes, no flagellar currents could be detected, although normal 

photoreceptor currents were recorded. As cells grew new flagella, the amplitude of the 

flash-induced flagellar current gradually increased, showing the same kinetics as the 

increase in flagellar length. This indicates that the voltage-dependent calcium channels that 
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are responsible for the flagellar currents are evenly distributed over the whole length of 

the flagella (Beck and Uhl 1994). 

Phototactic turning towards or away from a constant light source is also 

dependent on extracellular Ca2+ (Nultsch 1979) and is achieved by the differential 

effectiveness of forward propulsion by the two flagella (Witman 1993). This change in 

beat efficacy appears to result mainly from minor changes in amplitude of beating rather 

than beat frequency (Riiffer and Nultsch 1991). It has been shown that the cis- (nearest to 

the eyespot) and /ram-flagella have different sensitivities for Ca2+. ATP-reactivated 

demembranated models swam in a normal helical fashion in a Ca2+ concentration of 10'8 

M. However, when the Ca2+ concentration was lowered to 10"9 M, the trans-axonemc 

was inactivated and at 10"7-10"6 M. the c/.v-axoneme was inactivated and as a result, the 

cells swam in circles (Kamiya and Witman 1984). Thus flagellar dominance is regulated by-

lower levels of intraflagellar Ca2+ than is the switch from ciliary movement to flagellar 

undulations during photo shock. 

Cells also show phototactic turning when stimulated with light flashes of low 

energy. Under these circumstances it has been shown that the photoreceptor current is 

small and the flagellar currents are not present (Marz et al. 1992). This suggests that the 

flagellar currents are not necessary during phototaxis. The isolation of mutants that 

display phototaxis, but not photophobic response and also lack a flagellar current 

confirms this hypothesis (Matsuda et al. 1998). While flagellar Ca2^ channels are not 

involved in phototaxis. the question rises how the information from the photoreceptor is 

transduced to the flagella. For Chlamydomonas nothing is known about this pathway, but 

it has been suggested that the increased level of cytosolic Ca2+ may spread towards the 

basis of the flagella. or trigger Ca2+ release from internal stores in analogy with epithelial 

cilia (Kroger and Hegemann 1994). 

2.3 Deflagellation 

When cells are confronted with rapid changes in temperature, pH, salt concentration or if 

they are treated with phosphatidic acid or G-protein activators they shed their flagella 

(Schuring et al. 1990; Quarmby et al. 1992, 1994; Munnik et al. 1995, 1998b). This 

perhaps protects them against these threatening circumstances by decreasing its 

surface/volume ratio. Deflagellation is at least partly caused by a Ca2+-induced contraction 

of centrin (caltractin) located at the bases of the flagella that severs the microtubules by 

which the flagella are attached to the cell (Sanders and Salisbury 1989, 1994). 
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Demembranated cells retain their flagella in 10"8 M Ca2+, but higher concentrations induce 

excision of the flagella, reaching a maximum at 10"4 M Ca2+, when 100% of the cells lose 

their flagella (Kamiya and Witman 1984). The rise in calcium can be brought about either 

by an influx of extracellular calcium, or by Ca2+ released from intracellular calcium stores. 

Quarmby and Hartzell (1994) have shown that deflagellation induced by weak acids is 

triggered by an influx of Ca2+. The Ca2+ channel that is responsible for acid-induced 

deflagellation is probably located on the cell body and not in the flagellar membrane, for 

isolated flagella did not accumulate 4 Ca + in response to acid treatment, in contrast to a 

flagella-less mutant which did accumulate 45Ca2+ in reaction to acid treatment (Quarmby 

1996). It has been postulated that the release of Ca2+ from intracellular stores is involved 

in deflagellation induced by the G-protein activator mastoparan (Quarmby et al. 1992; 

1994). When cells are treated with mastoparan, phospholipase C is activated, generating 

InsP3 (Quarmby et al. 1992; Yueh and Crain 1993; Munnik et al. 1998b), which is 

normally involved in the release of Ca2+ from intracellular stores (section 1.7). 

2.4 Mating of Chlamydomonas gametes. 

Chlamydomonas cells can reproduce vegetatively and sexually. In the vegetative cycle the 

haploid cells undergo mitotic divisions when they reach a certain volume, so that 2-8 

daughter cells are formed. The cell wall of the mother cell is then lysed and the daughter 

cells swim into the medium. On the other hand, the sexual cycle is initiated when cells are 

deprived of nutrients (Tomson et al. 1985) and in some strains light is the trigger 

(Kooijman et al. 1986, 1988). Here the sexual cell cycle of C. moewusii will be described. 

The sexual cell cycle of C. reinhardtii is in many respects the same as described here for 

C. moewusii. 

Cells become mating competent and when opposite mating types (mt+ and mt') 

are mixed together, they adhere together via agglutinins on their flagellar surfaces. 

Agglutinins are large (>106 Da) extrinsic membrane glycoproteins (Musgrave et al. 1981; 

Klis et al. 1985) that are coupled directly or indirectly to membrane spanning proteins 

(Henskens 1999). When cells bind to each other via agglutinins on their flagellar surfaces, 

they cease swimming and spasmodically vibrate. This adhesion phenomenon is called 

agglutination. Several cells can be involved in this process and the size of the agglutinating 

clumps is determined by the concentration of cells. 

Mutual binding of agglutinin complexes results in their clustering and 

redistribution to the flagellar tip (Homan et al. 1988; Henskens 1999). The binding of 
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flagella is reinforced by recruitment of new agglutinin molecules from stores inside the cell 

and by grouping the agglutinins in clusters, 'patches' (Demets et al. 1988). Eventually 

pairs of cells become bound to each other over the whole length of their flagella. A hole is 

lysed in the cell wall between the flagellar bases and part of the plasma membrane is 

protruded through this hole as a mating papilla. This process is called mating structure 

activation and the mating structures of gametes of opposite mating types then fuse 

together, forming a bi-cellular vis-a-vis pair. 

Vis-a-vis pairs dissociate from the group of still agglutinating cells and resume 

swimming. Only the mt+ cell swims, pushing the fused mt' cell body in front of it. The 

swimming behaviour of vis-a-vis pairs is different from single cells in that they swim 

away from the light (negative phototaxis; Musgrave and I lader 1991; Hegemann and 

Musgrave 1991). Eventually the pairs settle to the substrate and over a period of several 

days, the bodies fuse completely to form a primary zygote. During this process, a new 

cell wall is formed inside the original gamete walls, followed in its turn by the formation 

of a secondary cell wall. Secondary zygotes can later germinate to produce two mt" and 

two mt" offspring (see Musgrave 1993 for more details). 

It is well established that cAMP is a key second messenger during agglutination, 

leading to a variety of mating responses. In agglutinating gametes of C. moewusii as well 

as C. reinhardtii a 10-fold increase in cAMP has been measured (Pijst et al. 1984: 

Pasquale and Goodenough 1987). Addition of the cell-permeant analogue of cAMP (db-

cAMP) causes several responses in gametes of a single mating type which are specific for 

the mating reaction. Examples are recruitment of agglutinins, cell wall loss (C. reinhardtii) 

and mating structure activation. This indicates that cAMP functions as a second 

messenger that couples agglutination to these mating responses in C, reinhardtii as well as 

in C. moewusii (Quarmby 1994). Patching of membrane agglutinins causes activation of a 

gamete specific flagellar adenylate cyclase, which is probably mediated by an influx of 

extracellular Ca2+ (Saito et al. 1993). Subsequently a cell body specific adenylate cyclase 

is also activated. 

There are indications that Ca2+ release from intracellular Ca2+ stores is also 

involved during mating of Chlamydomonas gametes. Chlamydomonas cells contain Ca2+ 

stores that can be seen under the electron microscope as electron dense bodies. They 

contain Ca2+ together with phosphorus in the form of polyphosphate (Siderius et al. 

1996). In mating C. reinhardtii cells a transient release of Ca2+ from these intracellular 

Ca2+ stores has been shown using X-ray microanalysis (XRMA) (Kaska et al. 1985; 

Kaska and Gibor, 1990). The release of preloaded 45Ca2+ that also has been measured 

during mating (Bloodgood and Lewin, 1983) could indicate that at least part of the Ca2+ 
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that is presumably released into the cytosol from intracellular stores is extruded into the 

extracellular medium. These results indicate that during mating a Ca2+ release mechanism 

is activated, but the trigger for Ca2+ release is not yet elucidated. The presence of a 

phosphoinositide signalling system in both Chlamydomonas species (Quarmby et al. 

1992; Munnik et al. 1998b) and the activation of phospholipase C in C. moewusii on cell 

fusion (Musgrave et al. 1992) suggests that the release of Ca2+ from intracellular stores in 

young zygotes could be directly or indirectly caused by InsP3. 

3. Outline of this thesis. 

Treatment of Chlamydomonas cells with the G-protein activator mastoparan induces 

deflagellation (Quarmby et al, 1992; Munnik et al. 1998b). This is caused at least partly 

by the Ca2+-dependent contraction of centrin in the transition zone of each flagellum that 

ruptures the microtubular cytoskeleton (Kamiya and Witman 1984; Sanders and Salisbury 

1994). While mastoparan also induces deflagellation in the absence of extracellular Ca2+ 

(Quarmby and Hartzell 1994; Van Himbergen et al, 1999). this suggests that Ca2+ release 

from an intracellular Ca2+ store is involved in this process. To show if mastoparan indeed 

induces Ca2+ release from intracellular Ca2+ stores, C. moewusii cells were pre-loaded with 
45Ca2+ and stimulated with different MP analogues. To monitor the release of 

radioactivity from intracellular stores, the cells were permeabilized by using digitonin. 

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 calcium content were then assayed by measuring radioactivity in the cells. 

The results are presented in chapter 2. 

The Ca * stores from which Ca2+ might be released during mastoparan-induced 

deflagellation are probably the electron-dense Ca2+ stores. They contain most of the cell's 

Ca2", which is stored together with phosphate in the form of polyphosphate (Kaska ct al. 

1985; Siderius et al 1996). To test whether Ca2+ was released from these electron-dense 

Ca2+ stores upon mastoparan treatment, the Ca2+ content of these stores was studied 

using X-ray microanalysis before and after mastoparan treatment. The results are 

presented in chapter 2. 

As described in section 1.7 there are several ways to induce Ca2+ release from an 

intracellular Ca2+ store. For example by means of second messengers, such as inositol 

1,4,5-trisphosphate (InsP?), cyclic ADP-ribose or phosphatidic acid (PtdOH) and Ca2+ 

itself is also able to induce Ca2+ release from intracellular Ca2+ stores (Sanders et al, 1999). 
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When Chlamydomonas cells were treated with mastoparan the turnover of 

polyphosphoinositides (PP1) increased, as well as the level of InsP3 and PtdOH 

(Quarmby et al, 1992; Munnik et al. 1998b). indicating that PLC and DAG-kinase had 

been activated. To test whether activation of this signalling cascade could be involved in 

Ca + release from intracellular Ca + stores in C. moewusii during mastoparan-induced 

deflagellation, the effect of mastoparan on PPI-turnover and PtdOH production was 

measured in permeabilized cells, so that they could be correlated with Ca2+ release. The 

results of the in vitro activation of PPI-turnover and PtdOH production by mastoparan 

are presented in chapter 2 and a more detailed study is presented in chapter 5. 

Other G-protein activators that have been shown to activate phospholipid-based 

signalling in C. moewusii are alcohols (Musgrave et al, 1992; Munnik et al, 1995). They 

are convenient tools to study the correlation between phospholipid-based signalling, Ca + 

release and Ca2^-dependent biological responses, because they have different potentials to 

activate phospholipid-based signalling, due to differences in their membrane partitioning 

coefficient (Rubin and Hoek 1988; Rooney et al. 1989; Hoek et al. 1992). Different 

butanol isomers were therefore used to test their effects on PLC and PLD activity in C. 

moewusii and to test whether activity was correlated with Ca + release from intracellular 

stores. The results are presented in chapter 6. 

The level of InsP3 has been shown to increase in C. moewusii not only during 

deflagellation but also during fertilization (Musgrave et al, 1993b; Munnik et al. 1998b). It 

has been shown in the species C. reinhardtii that the level of Ca2^ in the electron-dense 

Ca2+ stores decreased upon sexual cell fusion (Kaska et al, 1985). To test whether this is 

also the case in C. moewusii, the Ca2+ content of the electron-dense bodies was measured 

with X-ray microanalysis before and after sexual cell fusion. The results are presented in 

chapter 3. 

X-ray microanalysis and 45Ca2+ release experiments from permeabilized C. 

moewusii cells indicated that Ca2+ release from electron-dense stores plays an important 

role during mastoparan- and butanol-induced deflagellation and during fertilization. 

Therefore the Ca2+ uptake system of these stores was further studied using different 

inhibitors (see section 1.4). The results using digitonin-permeabilized C. moewusii cells 

are presented in chapter 4. 
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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. 
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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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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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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 
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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 

42 



Ca" -release from electron-dense bodies 

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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Chapter 

Calcium is released from electron-dense stores during 
vis-a-vis pair formation in Chlamydomonas moewusii 

Kuin H.M.A., Musgrave A., Siderius S., Koerten H. and Cambier P. 

Abstract. When Chlamydomonas moewusii (Gerloft) gametes of opposite mating type 

are mixed, they make contact via their flagella and eventually fuse to produce vis-a-vis 

pairs. During this process the level of inositol 1.4.5-trisphosphate (InsP^) was shown to 

increase. InsP3 is the water-soluble product of hydrolysation of phosphatidylinositol 4,5-

bisphosphate, leaving behind diacylglycerol in the membrane. The enzyme that is 

involved in this reaction is phospholipase C (PLC) and it was shown that its activation 

induces Ca2* release from electron-dense stores in C. moewusii. This suggests that Ca2+ 

might be released from these stores upon cell fusion. To test this hypothesis, the Ca24 

content of electron-dense bodies of vis-a-vis pairs was compared with that of non-fused 

cells. The results indicate that Ca21" was released from gametes that had just fused and was 

also re-absorbed, suggesting that it is a dynamic process. 
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Introduction 

The first intracellular event observed upon fertilization in both mammals and plants is a 

transient increase in cytosolic Ca2 ' concentration which triggers egg activation and early 

embryo development (Digonnet et al. 1997; Hogben et al. 1998). In mammalian cells a lot 

of effort is being made to unravel the signalling components that are involved in generating 

the Ca2+ transients. For example, it has been established that inositol 1,4,5-trisphosphate 

(InsP3) generated by phospholipase C (PLC) is one of the Ca2*-releasing agents (Carroll 

et al. 1997; Albrieux et al. 1998; Shearer et al. 1999). It is more difficult to study the 

biochemical changes associated with the fertilization of higher plant eggs, because they are 

enclosed within ovarian tissue and cannot easily be isolated in quantities that are 

sufficient for analysis. However, some lower plant systems are amenable because the 

single-celled gametes can be cultivated in large numbers. The heterothallic, bi-flagellate alga 

Chlamydomonas is a good example. 

When Chlamydomonas gametes of opposite mating types (mt+ and mt") are mixed 

together, the initial adhesion via agglutinins on their flagellar surfaces triggers several 

responses that eventually lead to cell fusion and zygote formation (Musgrave et al. 1993; 

Quarmby 1994). It has been shown in C. moewusii, that changes in polyphosphoinositide 

metabolism and increases in InsP3 were correlated with gamete fusions that produced so-

called vis-a-vis pairs, the first stage in zygote formation (Musgrave et al. 1993). More 

recently it has been shown that Ca2+ was lost from electron dense bodies (EDBs) in C. 

moewusii (Siderius et al. 1996) when PLC was activated (Kuin et al. 2000). Combining 

these data produces the hypothesis that PLC-generated InsP3 releases Ca2+ from EDBs in 

Chlamydomonas upon cell fusion. 

Although cytosolic Ca2T levels have not been measured directly, there are 

indications that they rise upon fertilization. Bloodgood and Levin (1983) used gametes of 

C. reinhardtii that were pre-loaded with 4?Ca2+. When these gametes were mixed and they 

started to fuse together, radioactivity was lost into the medium, suggesting that it was 

released from intracellular stores. Second. Kaska et al. (1985) showed via X-ray 

microanalysis that the calcium level within LDBs of C. reinhardtii gametes was much 

lower when the gametes had just fused, suggesting that Ca2+ had been released from them 

upon cell fusion. 

In order to test whether the InsP3 generated on cell fusion releases Ca2+ from 

EDBs in Chlamydomonas, an important first step is to establish whether Ca2+ is released 

from the EDBs in C. moewusii during vis-a-vis pair formation, so that PLC-activation, 

InsP3-generation and Ca2+ release will then all have been measured in one single species. 
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Therefore we have used X-ray microanalysis (XRMA) to analyze these calcium stores in 

C. moewusii during the process of cell fusion. 

Material and Methods 

Cell cultures. Chlamydomonas moewusii Gerloff strains Utex 10 (mt") and 17.17.2 (mt+) 

were grown as described in Musgrave el al (1992). All cells were harvested as gametes 

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 CaC^ and 

1 mM KC1 (HMCK) at 107 cells per mL. 

X-ray microanalysis. Gametes of both mating types were mixed to undergo sexual 

reproduction. After 15 and 30 min, samples of 10 JIL were taken and mounted on copper 

grids covered with a film of pallodion. Excess medium was withdrawn by holding one side 

of the grid against a piece of filter paper. The grids were then stored for analysis as soon 

as possible, or they were rapidly cooled on a block of aluminium standing in liquid 

nitrogen and then freeze-dried before storing for analysis. Cells were analyzed for 50 s 

with a Tracor (TN) 2000 X-ray microanalyzer attached to a Philips EM 400 scanning 

transmission electron microscope. Unless stated otherwise, only one anteriorly located 

EDB per cell was analyzed. 
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Results and discussion 

In order to study whether Ca + release from electron dense bodies (EDBs) is related to 

cell fusion in Chlamydomonas moewusii, the Ca2+ content of the EDBs in vis-a-vis pairs 

was compared with that of non-fused gametes from the same preparation. In C. moewusii. 

sexual cell fusion is initially restricted to the formation of a cytoplasmic bridge between 

the gamete bodies, producing vis-a-vis pairs. They first appear in gamete mixtures after 5-

10 min, but maximum production occurs after about 20-30 min (Musgrave et al. 1993). 

The problem with viewing a collection of gametes that are in different stages of fusion 

under the electron microscope, is that some non-fused cells lie next to each other and 

resemble vis-a-vis pairs. Consequently fused pairs can only be distinguished with 

confidence if they lie completely free of all other cells. In practice, enough free lying pairs 

were only detected 15 min after mixing gametes and therefore vis-a-vis pairs formed 

between 15 and 25 min were analyzed by XRMA. When viewed under the electron 

microscope, all cells were seen to possess EDBs (Fig. 3.1. upper panel) similar to those 

previously described by Siderius et al. (1996) and shown in Chapter 2 of this thesis. All 

EDBs in non-fused cells produced strong calcium and phosphorus signals, when analyzed 

by X-ray micro-analysis. When spot analyses were made of any other parts of the cell, 

either no calcium or phosphorus signal was registered or only a very weak one. 

Fig. 3.1a shows an electron micrograph of a vis-a-vis pair, harvested 15 min after 

mixing gametes, together with an XRMA scan of the same cell pair. Note, that in contrast 

with non-fused gametes, both calcium (yellow) and phosphorus (red) signals were 

registered from all areas of the cell without being concentrated in a particular organelle. In 

comparison, the scan of an older vis-a-vis pair, harvested 30 min after mixing gametes, 

shows that the calcium and phosphorus signals were again concentrated in spots, which 

correlate with the locations of EDBs in the photograph above (Fig. 3.1b). This suggests 

that the calcium content of the EDBs in gametes was mobilized upon cell fusion, and later 

re-accumulated into the EDBs. 

It can be expected that if Ca2+ release from EDBs is related to cell fusion, the 

release will first occur near the site of cell fusion. This idea is supported by XRMAs of 

several individual EDBs in a young vis-a-vis pair. Fig. 3.2 shows that EDBs that lie at the 

anterior end of the cell, near to the site of fusion, were empty, while the contents of the 

EDBs far away from the fusion point were unchanged. Moreover, the release of Ca2+ 

from EDBs seems to be a coordinated response, since the empty bodies near the site of 

fusion were found in both cells of a pair. Therefore these data further strengthen the 

conclusion that Ca * is released from the EDBs soon after cell fusion. 
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Fig. 3.1 (a,b) Electron micrographs and XRMA maps of "non-fixed" C. 
moewusii vis-a-vis pairs, a. Vis-a-vis pair 15 min after mixing gametes, b. Vis
a-vis pair 30 minutes after mixing. The XRV1A maps are a combination of 
phosphorus (red) and calcium (yellow), where they coincide the signal is white. 
Scale bar. 5 urn. (The figure was taken from the thesis o\' M. Siderius (1996) 
with permission). 

The XRMA map of calcium in Fig. 3.1 A essentially duplicates the ones presented 
for fused C. reinhardtiigametes (Kaska et al. 1985) but illustrates two new points: first. 
the phosphorus content of the bodies was also lost (as was the magnesium, not shown). 
This was surprising, for we and others have shown that both Chlamydomonas species 
store phosphorus as polyphosphate (Hebeler et al. 1992: Siderius et al. 1996), which we 
did not expect to be rapidly mobilized. Second, despite the lack of mineral content, the 
bodies were visually unchanged. Thus the electron density was not caused by the mineral 
content. 
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Fig. 3.2 Electron micrograph and XRMAs of EDBs in a young vis-a-vis 
pair of C. moewusii. XRMA analyses were made of the indicated EDBs. The Cu 
signal is due to the copper grid on which the cells were mounted. 

It must be noted, that the calcium and phosphorus content was lost from the 
EDBs in only 15% of the young vis-a-vis pairs. Nonetheless, the fact that empty EDBs 
were never encountered in the more than 400 "non-fixed" gametes that were analyzed, 
indicates that Ca2+ was indeed released from the EDBs upon cell fusion. It has been 
shown before that the EDBs contain about 2 M Ca2" (Kuin et al. 2000). Since they 
represent 1% of the cell volume, a simple calculation reveals that the complete release of 
Ca2+ from all EDBs into the cytosol would raise the Ca + level up to 20 mM. Since this 
would presumably be toxic for the cell, it seems to be an unrealistic scenario and therefore 
it had to be concluded that the complete release of Ca"^ from the EDBs, even from only a 
few EDBs, could well be an artifact. It may have been caused by a lack of "fixation*', for 
EDBs of vis-a-vis pairs that were snap-frozen and freeze-dried before analysis always 
produced a Ca2+ signal. 

In these cells, changes in the calcium content of the EDBs could only be detected 
when the Ca signal was expressed 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 Ca-+ from intracellular stores is often countered by the uptake of 
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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. 3, the Ca:K ratio in 
EDBs of vis-a-vis pairs was significantly lower than that of EDBs in non-fused control 
cells. These data confirm that Ca2+ was released from EDBs in C. moewusii gametes soon 
after they fused, however, the complete release of Ca2+ from the EDBs in C. moewusii as 
shown in Figs. 3.1 and 3.2, and probably also in C. reinhardtii (Kaska et al. 1990), is 
perhaps partially due to an artifact. Nonetheless, both methods seem to complement each 
other, the merit of the XRMA data from "non-fixed" cells being that they exaggerate the 
underlying mechanism of Ca2+ release and re-uptake into the EDBs, making its detection 
much simpler. The XRMA data from EDBs in snap-frozen cells presumably give a more 
realistic illustration of the relative changes in Ca2+, but the general effect would probably 
never have been discovered if "non-fixed" cells had not been studied first. 
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Fig. 3.3 Effect of cell fusion on Ca:K ratio in EDBs of "fixed" C. moewusii 
cells. They were mixed for 15-25 min. mounted on a copper grid and snap-
frozen on an aluminium block in liquid nitrogen. Subsequently, they were freeze-
dried and analyzed by X-ray microanalysis. Control: n=7 and vis-a-vis pairs: 
n=10. 

Taken together, these results indicate that Ca2+ release from EDBs near the site of 
fusion is a fertilization signal in C. moewusii, as it is in mammals and plants (Digonnet et 
al. 1997; Hogben et al. 1998). The combination of different types of data indicate that the 
production of InsP3 is involved in this release of Ca2+. First of all, phosphoinositide 
turnover and InsP3 production is stimulated during vis-a-vis pair formation in C'. 
moewusii (Musgrave et al. 1993). Furthermore, activation of PLC by the G-protein 
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activator mastoparan and the anti-calmodulin drug calmidazolium (Munnik et al. 1998b; 

Van Ilimbergen et al. 1999; Harold Meijer, personal communication) is correlated with 

Ca2* release from EDBs in C. moewusii gametes (Kuin et al. 2000; Harold Meijer, 

personal communication). In the case of mastoparan, the production of InsP3 has been 

measured (Munnik et al. 1998b) and mastoparan treatment was shown to release 45Ca2+ 

from permeabilized C. moewusii cells in the presence of EGTA, which chelated all free 

extracellular Ca +, preventing the possibility that Ca2_t entering cells from the medium 

induced the release of Ca2+ from intracellular stores (Kuin et al. 2000). These results 

therefore suggest that EDBs represent a source of intracellular Ca2+ that can be released 

by treatments that activate PLC signalling in C. moewusii gametes. 
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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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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"/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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(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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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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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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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 
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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. 
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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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phase and for his critical reading of this chapter. 
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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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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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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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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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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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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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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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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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500 

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. 

Acknowledgement: I thank Teun Munnik, Harold Meijer and John van Himbergen for their 
interest and advice during the experimental phase of this chapter. 
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Activation of phospholipase C and D by butanol 
isomers is correlated with intracellular calcium release 
and deflagellation in Chlamydomonas moewusii. 

Hilda Kuin, Bas ter Riet, Corrien Sigon, Ben ten Brink, Alan Musgrave and Teun Munnik 

J. Exp. Bot. in preparation. 

Abstract When Chlamydomonas moewusii (Gerloff) cells were labelled with 32Pj for 3 h 

and then treated with butylalcohol (n-butanol), the production of P-phosphatidic acid 

(PtdOH) increased. By using a differential labelling strategy part of the PtdOH was 

shown to originate from phospholipase C (PLC) and part from phospholipase D (PLD) 

activation. «-Butanol treatment also induced the following calcium-dependent responses: 

deflagellation, mating structure activation and nuclear displacement. Active concentrations 

of 77-butanol did not permeabilize the cells yet were able to cause deflagellation in the 

absence of extracellular calcium. This suggests that treatment induced the efflux of Ca + 

from intracellular stores. This was confirmed by loading stores with 45Ca2+ and showing 

that n-butanol induced the release of 45Ca2+ from digitonin permeabilized cells. Other 

butylalcohol isomers were less effective at activating PLC, PLD, deflagellation and the 

release of Ca +: n > iso > sec » tert. These results suggest that «-butanol activates 

phospholipases whose products cause the release of Ca2+ from intracellular stores in the 

cell, thereby activating Ca2'-dependent responses. 
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Introduction 

Evidence is accumulating for G-protein-activated phospholipid signalling pathways in 

plants transducing extracellular signals into intracellular responses (Munnik et al. 1998a). 

This is largely based on the use of G-protein activators such as mastoparan to activate 

signalling (Quarmby et al. 1992. 1994; Yueh and Crain, 1993; Drobak and Watson, 1994; 

Cho et al. 1995; Franklin-Tong et al. 1996; Tucker and Boss. 1996; Munnik et al. 1995. 

1998b; Van Himbergen et al. 1999: Frank et al. 2000). Two of the pathways that are 

activated by G-proteins involve phospholipases C (PLC) and D (PLD). PLD hydrolyses 

the headgroup from a structural phospholipid resulting in the production of phosphatidic 

acid (PtdOH), a potential second messenger (Munnik et al. 1998a). while PLC hydrolyses 

phosphatidylinositol 4.5-bisphosphate (PtdlnsP2) into two other potential second 

messengers: inositol 1.4,5-trisphosphate (InsP3) and diacylglycerol (DAG). The latter is 

then rapidly phosphorylated into PtdOH by DAG-kinase. Both InsP3 and PtdOH are 

able to increase the Ca2+ concentration in the cell: InsP3 by opening InsP3-gated channels 

in cellular stores such as the vacuole and endoplasmic reticulum (Sanders et al. 1995: 

Webb et al. 1996; Allen and Sanders 1997; Munnik et al. 1998a). while PtdOH can to act 

as a Ca2+-ionophore (Munnik et al. 1995, 1998a). This indicates that activation of PLC 

and PLD could lead to Ca2+-dependent responses in plant cells. 

Phospholipid signal transduction has been extensively studied in the unicellular 

green alga Chlamydomonas (Quarmby et al. 1992; Crain and Yueh. 1995; Munnik et al. 

1995, 1996, 1998b). When cells were treated with mastoparan. the level of PtdInsP2 was 

shown to decrease, correlated with an increase in InsP3 and PtdOH. While these are 

characteristics of PLC activation, it was demonstrated that PLD activation also 

contributed to the production of PtdOH (Munnik et al. 1995. 1998b). This was 

established by using PLD's unique ability to transfer the phosphatidyl group of its 

substrate, not just to water, producing PtdOH. but also to butanol. producing 

phosphatidyl butanol (PtdBut). In Chlamydomonas, PLC and PLD activation seem 

correlated with an increase in intracellular Ca2+, because mastoparan treatment results in 

deflagellation (Quarmby et al. 1992: Munnik et al. 1998b). which is at least partly due to 

the Ca2+-induced contraction of centrin in the transition zone of each flagellum (Sanders 

and Salisbury 1989, 1994). The Ca2+ seems to originate from intracellular stores, because 

mastoparan induces deflagellation in the absence of extracellular Ca2+ (Quarmby et al. 

1994; Van Himbergen et al. 1999) and because mastoparan treatment has been shown to 

mobilize Ca2+ from intracellular electron-dense bodies in Chlamydomonas moewusii (Kuin 

et al. 2000). 
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Butylalcohol isomers activate PLC and PLD 

Alcohols have also been used as activators of phospholipases C (Musgrave et al. 1992) 
and D (Munnik et al. 1995) in plants. Their ability to activate signalling via G-proteins in 
animals is documented (Rubin and Hoek 1988; Rooney et al. 1989; Hoek et al. 1992). The 
potency of activation is correlated with their membrane/buffer partitioning coefficients, 
with long chain alcohols favoring a lipid environment and being more effective activators. 
The fact that substantial amounts of alcohols can be produced by plants (Bucher et al. 
1995; Nemecek-Marshall et al. 1995), raises the question of whether alcohols act as 
natural activators of PLC and PLD in plants. This emphasizes the possible importance of 
alcohols in signal transduction research, and therefore the differential activation of PLC 
and PLD by different butylalcohol isomers and correlated calcium release and 
deflagellation. 

Material and Methods 

Materials. 32Pj (carrier free) and 45CaCl2 (7.9 mCi/mg CaCl2) were from Amersham 
International Cs-Hertogenbosch, The Netherlands). Butylalcohol (w-ButOH) was 
supplied by ACROS organics ('s-Hertogenbosch, The Netherlands). Other organic 
solvents, 2-methyl-l-propanol, 2-butanol and 2-methyl-2-propanol (iso-, sec- and tert-
ButOH respectively), as well as digitonin and silica 60 thin layer chromatography (TLC) 
plates were supplied by Merck (Darmstadt, Germany). Glass microfibre filters GT/C, 2.5 
cm 0 were obtained from Whatmann (Maidstone, UK). 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). Sexually competent cells were harvested after flooding 3-week-old agar-
cultures overnight with 20 mL 10 mM HEPES pH 7.4, 1 mM MgCl2, 1 mM CaCl2 and 1 
mM KC1 (HMCK), producing a cell suspension of 1-2 x 107 cells / mL. 

Phospholipase C and D activities. Cells (1-2 x 107 cells per mL) were prelabelled for 3 h 
with 32Pj (37 x 104 Bq per 100 uL aliquot). Phospholipase activity was stimulated by 
adding n-, iso-, sec- or tert-ButOH in a total volume of 100 uL, using the concentrations 
and times indicated. For the assay of PLD activity, 0.1% ethanol (EtOH) was added as 
transphosphatidylation substrate. The reactions were stopped by adding additional 375 
uL CHC13:CH30H:HC1 (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 
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X-Omat 100) for 1 to 16 h. To quantify the amount of radioactivity in each 

phospholipid, individual spots were scraped from the silica plate and measured by liquid 

scintillation counting (counts per minute; cpm). Alternatively, radioactivity was 

determined by phospho-imaging (BAS 2000. Fuji). 

Deflagellation. Aliquots of 100 uL cells (1-2 x 107 cells per mL) were incubated with 

different concentrations of n-, iso-, sec- or te/-/-ButOH for 30 s. Cells were fixed by 

adding an equal volume of 1.5% formaldehyde / 0.5% glutaraldehyde. Deflagellated cells 

were assessed under a phase contrast microscope. At least 125 cells were counted per 

aliquot and only cells that had lost both flagella were scored as deflagellated. 

Nuclear movement. Aliquots of 100 p.L cells (1-2 x 10 cells per mL) were incubated with 

2.5 uM DAPI to stain the nuclei. Water or 125 mM n-. iso-, sec- or tert-ButOR were 

added at the same time. After 20 min. cells were photographed under a microscope fitted 

with a C-35AD-4 camera (Olympus, Japan). 

Mating structure activation. Aliquots of 100 uL cells (1-2 x 10 cells per mL) were 

incubated with water or 125 mM n-. iso-, sec- or te/7-ButOH. After 10 min the 

percentage of balloons was estimated under a phase contrast microscope. At least 100 

cells were counted. 

45Ca2' release from permeabilized cells. Cells (107 cells per mL) 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 for at least 5 h. They were resuspended in 10 mM HEPES, pH 7.2 and 1 mM 

K.C1 to remove excess radioactivity and mixed with an equal volume of 10 mM HEPES 

(pH 7.2) containing 20 mM EGTA, 200 mM KC1 and 100 uM digitonin in water or in 

250 mM n-, iso-, sec- or tert-ButOti. After 5 min. 100 uL aliquots were mixed with 1 ml. 

ice-cold 1 mM EGTA for 1 min to dilute the cells and stop the reactions and then filtered 

(Whatmann GT/C glass micro fibre filters). The filter was then washed with 3 x 3 mL ice-

cold 1 mM EGTA in 10 mM HEPES pH 7.2 and the radioactivity on the filter was 

quantified by liquid scintillation counting. 
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Results and discussion 

Butanol activates phospholipase C and D in Chlamydomonas moewusii. In order to study 

the possible activation of PLC and PLD by butanol, the synthesis of phosphatidic acid 

(PtdOH) was measured in radio-labelled cells according to Munnik et al. (1998b). Cells 

were incubated with 32Pj for 3 h and subsequently treated with different concentrations of 

rt-ButOH. After 5 min the reaction was stopped and the lipids extracted and separated by 

alkaline TLC. The radioactive phospholipid patterns were as shown in Fig. 6.1 A. A clear 

increase in PtdOH can be seen with increasing concentrations of w-ButOH. No other 

dramatic changes in lipid metabolism occurred. Concentrations of tf-ButOH above 30 mM 

induced PtdOH formation, the effect increasing up to 225 mM, the highest concentration 

that was tested. The level of PtdOH was then 16-fold the control level (Fig 6.IB). The 

increase in PtdOH was transient and for 125 mM «-ButOII, a maximum was reached after 

3-5 min, when the level of PtdOH was 3x the control level (Fig. 6.1C). These results 

support the data presented by Munnik et al. (1995) which showed that «-ButOH 

activated both PLC and PLD. 

Butanol isomers have different potencies in activating the formation of PtdOH. In animal 

cells alcohols can activate signalling cascades via G-proteins (Rubin and Hoek, 1988; 

Rooney et al. 1989; Hoek et al. 1992) and in plant cells this may also occur (Munnik et al. 

1998a). Their activation potency in animals is correlated with their membrane/buffer 

partitioning coefficients. To test whether this was also the case in C. moewusii, cells were 

pre-labelled with 32Pj and subsequently treated for 5 min with 125 mM of each 

butylalcohol isomer. Lipids were extracted, separated by chromatography and the 

radioactivity in each phospholipid was quantified. As shown in Fig. 6.2A. «-ButOH, iso-

ButOH and sec-ButOH stimulated PtdOH formation with decreasing efficacy, while tert-

ButOH did not have a significant effect on PtdOH formation at all. Their ability to 

activate PtdOH formation correlated with their membrane/buffer coefficients, as shown in 

see Table I. 

Distinguishing between PLC- and PLD-generated PtdOH. Whereas PtdOH originating 

from PLC activity is generated through phosphorylation of diacylglycerol (DAG), PLD 

generates PtdOH directly via the hydrolysis of a structural phospholipid. One can 

distinguish experimentally between the two by making use of a differential labelling 

strategy (Munnik et al. 1998b). If cells are labelled with 32Pj for a short period of time, 

only the lipids PtdlnsP, PtdInsP2 and PtdOH are labelled. The reasons for this are that 
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Fig. 6.1 A-C. «-ButOH stimulates PtdOH formation in C. moewusii. Cells 
were pre-labeled with 32Pj for 3 h and treated with different concentrations of 
«-ButOH for 5 min (A,B), or with 125 mM /7-ButOH for different times (C). 
Lipids were then extracted, separated by thin layer chromatography (TLC), 
visualized by autoradiography, and quantified by phospho-imaging. A 
Autoradiograph of alkaline TLC plate showing the «-ButOH-induced changes in 
phospholipid labeling pattern. Abbreviations: PtdGro. phosphatidylglycerol; 
PtdEtn, phosphatidylethanolamine; Ptdins. phosphatidylinositol; PtdOH. 
phosphatide acid; PtdlnsP. phosphatidylinositol 4-phosphate: PtdInsP2 . 
phosphatidylinositol 4.5-bisphosphate. B Effect of different concentrations of 
«-ButOH on the amount of 32P,-PtdOH present after 5 min depicted as a 
percentage of the control. C Effect of 125 mM «-ButOH on "P , -P tdOH 
formation with time. Data are presented as percentages of controls. 

100 



Butylalcohol isomers activate PLC and PLD 

they have a relatively fast turnover and receive their phosphate directly from ATP, one of 
the first compounds that becomes labelled in the cell. In contrast, structural 
phospholipids are not labelled by a short incubation in 32Pj, because they have a much 
slower turnover and receive their phosphate group from more slowly labelled precursors. 
Therefore under short-labelling conditions, any increase in 32P-PtdOH is due to the joint 
activities of PLC and DAG-kinase. In practice when cells were labelled for 30 sec with 
32Pj and subsequently treated with 125 mM «-butanol, a dramatic increase in the 
production of PtdOH was found (results not shown), indicating that «-butanol stimulated 
PLC and/or DAG-kinase activities. 
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Fig. 6.2 A-D. Relative activation of PLC and PLD by butanol i somers . C. 
moewusii cells were pre-labeled with Pj for 3 h and then treated for 5 min 
with water (control) or 125 mM «-, iso-, sec- or /er/-ButOH in the presence of 
0 .1% EtOH. Lipids were extracted, separated by ethyl acetate TLC and 
visualized by autoradiography. The amount of label in the phospholipids was 
determined by liquid scintillation counting. A Effect of each butanol isomer on 
the formation of 32P-PtdOH as a percentage of the control. 3 2P-PtdOH 
formation provides a joint measure of PLC (together with DAG-kinase) and 
PLD activities. B Effect of each butanol isomer on the formation of 3 2P-PtdEt 
as a percentage of the control. "P-PtdEt formation provides a limited measure 
of PLD activity. C Effect of different butanol isomers on the formation o f 
~P-PtdBut as a percentage of the control. Note that only «-ButOH and iso-

ButOH act as transphosphatidylation substrates for PLD. D Effect of each 
butanol isomer on the joint formation of 32P-PtdEt and 32P-PtdBut, expressed 
as phosphatidylalcohol (PtdAlc), providing a relative measure of total PLD 
activity. 
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In order to test whether PLD was also activated by butanol, cells were first 

incubated for 3h with 32P, to label all potential PLD substrates. Ethanol (0.1%) was then 

added to the living cells to act as a transphosphatidylation substrate for PLD (Munnik et 

al. 1995). After 5 min treatment with 125 mM of each butylalcohol isomer, lipids were 

extracted, chromatographed and the amount of radioactivity in each phosphatidylethanol 

(PtdEt) spot was quantified (Fig. 6.2B). The three isomers tf-ButOH. /.vo-ButOH and sec-

ButOH enhanced PtdEt formation, clearly showing that they stimulated PLD activity. 

7er/-ButOH did not activate PLD. 

If butanol is added to cells, it is also used by PLD as a transphosphatidylation 

substrate, just like ethanol. In the experiments just presented, n- and iso-ButOH were 

partially converted to PtdBut (Fig. 6.2C). This means that these butylalcohol isomers 

competed with EtOH for phosphalidylation and therefore total PLD activity is the sum 

of PtdEt plus PtdBut, depicted as phosphatidylalcohol (PtdAlc) in Fig. 6.4D. The 

relative stimulator}' effects of n-, iso- and sec-ButOU on PLD activity now come more 

into perspective and comparison with their membrane/buffer coefficients (see Table 1) 

indicates that they are also correlated. 

Butanol isomers induce Co2'-dependent responses. Activation of both PLC and PLD can 

lead to an increase in the level of intracellular calcium. In the case of PLC via InsP3 and in 

the case of both PLC and PLD via PtdOH. which can possibly act as a Ca * ionophore 

(Munnik et al. 1998a). A well established biological effect of increasing the calcium 

concentration in Chlamydomonas is deflagellation, which is at least partly caused by the 

calcium-dependent contraction of centrin rupturing the microtubular cytoskeleton 

(Sanders and Salisbury 1989. 1994). In permeabilized cell models, an increase in the level 

of calcium from pCa 7 to pCa 6 induced excision (Kamiya and Witman 1984). Therefore 

the dual activation of PLC and PLD in C. moewusii could lead to deflagcllation. This was 

tested by incubating C. moewusii cells with different concentrations of butanol isomers 

and observing the percentage of cells that had been deflagellated. As shown in Fig. 6.3A, 

treatment of C. moewusii cells for 30 sec with n-, iso- and .vec-ButOH induced 

deflagellation in a concentration dependent manner. The isomers differed in efficacy in a 

manner related to how effectively they induced PtdOH synthesis: 125 mM /7-ButOH 

induced 100% deflagellation, while the same concentrations of iso- and .vec-ButOH 

induced 55% and 32% deflagellation. respectively. ter/-ButOH was biologically inactive 

(Fig. 6.3A). 

In C. reinhardtii, deflagellation is accompanied by movement of the nucleus from 

the cell interior towards the flagellar bases, a Ca2_r-induced displacement of 1-2 (im 
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(Sanders and Salisbury 1989). This movement is caused by the contraction of centrin in 
the nucleus-basal body connector. When C. moewusii cells were treated with 125 mM n-
ButOH, the nuclei also moved towards the flagellar bases (Fig. 6.3B). The estimated 
displacement was ~4 urn, producing a much more dramatic visual effect than in C. 
reinhardtii. 
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control 125 m M w-ButOH 

Fig. 6.3 A-C. Butanol isomers induce deflagellation, nuc lear 
displacement and mating structure activation in gametes of C. 
moewusii. A Percentage deflagellation induced by different concentrations of n-
ButOH ( • ) , wo-ButOH (A) , sec-ButOH ( • ) and tert-ButOH ( • ) . At least 125 
cells were counted per sample and only cells that had lost both their flagella 
were scored as deflagellated (n=4). B Displacement of nuclei to the anterior 
ends of cells induced by 125 mM w-ButOH (right panel) compared with water-
treated controls (left panel). Cells were fixed after 20 min and stained with 
DAPI to visualize the nuclei, that are seen as round, light bodies in the cells. Bar 
= 5 um. C Percentage mating structure activation (MSA) induced by 125 mM 
of each butanol isomer that became visible due to 'ballooning". Mating 
structures that did not balloon were not visible and therefore the data presented 
should be seen as low estimates of the true numbers. 
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A third response in which calcium is thought to be involved, is the protrusion of 

the mating structure through the cell wall between the two flagella. This reaction naturally 

takes place just before sexual cell fusion, but can also be induced by several agents that 

increase the Ca2~ level in the cell. During these treatments the mating structure often 

blows up into a balloon, due to hydrostatic pressure in the cell (Schuring et al. 1990; 

Musgrave et al. 1993; Munnik et al. 1998b). When C. moewusii cells were treated with 

125 mM w-ButOH, nearly 30% of them activated their mating structures, which then 

blew out into balloons. /.vo-ButOH was just as effective, while .vec-ButOH was much less 

active and tert-ButOH was again completely inactive (Fig. 6.3C). 

To exclude the possibility that these effects were caused by permeabilization of 

the plasma membrane, the effect of butanol on the uptake of Evan's Blue was tested. This 

dye does not enter intact cells but does stain permeabilized ones. Therefore C. moewusii 

cells were treated for 30 sec with 125 mM of each butanol isomer and subsequently 

incubated in 0.4% Evan's Blue for 1 min. In a representative experiment, 1.9% of control 

and treated cells were stained blue, indicating that none of the butanol isomers affected the 

integrity of the plasma membrane. Another illustration that cells respond without being 

permeabilized is the fact that they blow their mating structures into balloons. This is due 

to hydrostatic pressure in the cell blowing up the mating structure as it protrudes through 

and loses support of the cell wall. We presume that ballooning is impossible if the plasma 

membrane leaks. 

Butanol isomers release Ca^' from intracellular stores. The Ca2+-dependent responses 

induced by butanol could be caused either by an influx of Ca2+ from the medium, or the 

release of Ca2+ from intracellular stores. Since butanol also caused deflagellation in the 

absence of extracellular calcium (not shown) it was postulated that butanol treatment 

mobilized an internal Ca2+ store. In order to test this hypothesis cells were pre-labelled 

with 45Ca2+ for 5h and subsequently permeabilized with increasing concentrations of 

digitonin for 5 min (Kuin et al. 2000). In low concentrations of digitonin (~20 fi.M), 

plasma membranes will be preferentially permeabilized, but with increasing 

concentrations intracellular membranes also become permeabilized (see Kuin et al. 2000). 

As a consequence, more of the 45Ca2+ pre-loaded into organelles will be released into the 

medium with increasing concentrations of digitonin. As shown in Fig. 6.4A ( • ) 

radioactivity in control cells decreased when plotted against the digitonin concentration. If 

cells are then stimulated to release 45Ca2+ from intracellular stores, the Ca2+-content graph 

is expected to shift to the left (Kuin et al. 2000). When C. moewusii cells were treated 

with 125 mM «-ButOH, a decrease in the amount of 45Ca2+ was measured between 10 
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and 200 uM digitonin (Fig 6.4A; D), indicating that butanol treatment had indeed 
mobilized 4:,Ca2+ from intracellular stores. 

Since the effect was maximal at 50 u;M digitonin, the effect of different butanol 
isomers was tested at this concentration. In Fig. 4B the relative 45Ca2+ content of cells 
treated with 125 mM of each isomer is compared with that of control cells treated with 
just 50(J.M digitonin. The data illustrate that the 45Ca2+-releasing efficacy of each isomer 
was proportional to its ability to activate PLC, PLD and deflagellation (n > iso > sec » 
teri). The correlation between these parameters suggests the following sequence of events: 
butanol activates G-proteins that are coupled to the effector enzymes PLC and PLD. The 
generation of second messengers such as InsP3 and PtdOII releases Ca2+ from intracellular 
stores and the dramatic rise in cytosolic Ca2+ induces deflagellation, nuclear displacement 
and mating structure activation. 
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Fig. 6.4 A,B- Butanol isomers induce the release of i n t r a c e l l u l a r 
calcium from C. tnoewusii ce l l s . A Cells were pre-loaded for 5 h with 4 5Ca2 ' 
and then incubated in different concentrations of digitonin with ( D ) or without 
( • ) 125 mM n-ButOH. After 5 min, cells were fixed and the 45Ca in them was 
determined by liquid scintillation counting. The data are presented as 
percentages of the 5 Ca 2 ' in control cells (n = 8). B Data equivalent to that in 
A were obtained for all the butanol isomers (125 mM). Here only the averages 
for the 50 U.M digitonin points are presented in comparison with the equivalent 
control . 

In C. moewusii, electron-dense vacuoles rich in polyphosphates are the major 
intracellular Ca2+ stores (Siderius et al. 1996). It has been shown that these stores are 
mobilized when cells are treated with mastoparans (Kuin et al. 2000), another group of G-
protein activators that stimulate PLC and PLD in this alga (Munnik et al. 1995, 1998b). 
Since the same 45Ca2+-release procedure was also used in this study, it can be assumed 
that butanol isomers also mobilized 45Ca2+ from these electron-dense bodies. Therefore 
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butanols and mastoparans seem to activate the same signalling pathways and evoke the 
same responses, making them useful tools for activating G-proteins and down-stream 
signalling responses in plants. However, butanols are inexpensive, which could be a 
decisive advantage when large cell masses have to be treated. 

n-ButOH 
iso-ButOH 
sec-ButOH 
tert-ButOH 

P(m/b) 
1.520 
1.100 
0.815 
0.469 

PtdOH 
550 
350 
280 
110 

PtdAlc 
265 
185 
170 
97 

Table 1 Membrane/buffer partitioning coefficients (Pmb) of butanol isomers 
(Mc Creery and Hunt 1978) compared with their abilities to induce PtdOH (see 
Fig. 2A) and PtdAlc (see Fig. 2D) formation in C. moewusii. The concentration 
of each butanol isomer was 125 mM and the concentration of ethanol as 
reporter for PLD activity was 0 .1%. The formation of PtdOH and PtdAlc are 
depicted as percentages of the control, where no butanol was added (see Fig. 2A 
and D). Note that PtdAlc formation is a relative measure of PLD activity and 
combines the formation of PtdEt and PtdBut. 

Although this report has concentrated on butanol isomers as activators of 

PLC/PLD signalling and Ca2+-dependent responses, other alcohols such as ethanol are 
also effective (Schuring et al. 1990: Musgrave et al. 1992; Munnik et al. 1995). In higher 
plants, ethanol causes a variety of responses, for example in tomato as little as 3 mM 
ethanol inhibits ripening and the synthesis of ethylene (Saltveit and Mencarelli 1988) 
while in other species such as blueberries and strawberries, ethanol stimulates fruit 
senescence (Janes and Frenkel 1978a and b). It also inhibits carnation flower and oat leaf 
senescence (Heins 1980: Satler and Thimann 1980). Despite reports of biological activity, 
it was not known how ethanol and other alcohols work. Our report shows that they can 
activate signalling mechanisms which induce downstream responses. In this respect, 
ethanol is particularly interesting, because it is produced by plants themselves and could, 
if accumulated, activate signalling. In practice, plants seldom accumulate milli molar 
concentrations of ethanol, however, roots growing anaerobically. or when forced to 
perform an-aerobic fermentation, accumulate 5-30 mM ethanol (Beaver and Gibbs 1954: 
Crawford and Baines 1977) and pollen, growing on sucrose-rich medium accumulate 100-
360 mM ethanol (Bucher et al. 1995; Scott et al. 1995). Due to partitioning of alcohols in 
membranes, the concentration there might be even higher. Our results indicate that more 
attention should be paid to the possibility that naturally produced alcohols activate lipid 
signalling cascades to evoke the biological responses they indice. 
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The single-celled green alga Chlamydomonas moewusii has two flagella by which it swims 

through its aqueous environment. The flagella also play an important role in sexual 

reproduction because they contain the receptors (agglutinins) that are involved in the 

recognition of a sexual partner. However, when the environmental circumstances are 

unfavorable or threatening, cells can shed their flagella, a process called deflagellation. An 

important intracellular signal in these processes is Ca2+. Concentrations above 0.1 m M 

free Ca2+ induce deflagellation, due to the Ca2+-dependent contraction of centrin in the 

transition zone of each flagellum that ruptures the microtubular cytoskeleton. 

The G-protein activator mastoparan has been shown to induce deflagellation in 

the absence of extracellular Ca2+, indicating that release of Ca2+ from intracellular stores is 

involved. Ca2+ is stored in Chlamydomonas cells in large electron-dense bodies together 

with polyphosphate. In this thesis, permeabilized C. moewusii cells pre-loaded with 

radioactive labelled Ca2+, were used to show that mastoparan induces Ca2+-release from 

these stores (Chapter 2). This was confirmed by X-ray microanalysis of the electron-

dense bodies. Using this technique it was also shown that Ca2+ is released from these 

electron-dense stores upon sexual cell fusion (Chapter 3). Because of the apparent 

importance of this store in intracellular Ca2+-signalling, the nature of this store and its 

Ca2+-uptake mechanism were studied further. One of the Ca2+-uptake mechanisms into 

this vacuole-like organelle was shown to be a Ca2+/H+-exchanger. the H+-gradient being 

the driving force for its operation (Chapter 4). 

An important signalling mechanism for the release of intracellular Ca2+ stores is 

the activation of phospholipase C (PLC), which hydrolyses phosphatidylinositol 4,5-

bisphosphate (PtdInsP2) into inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol 

(DAG). This mechanism has been shown to be activated during mastoparan-induced 

deflagellation and during sexual cell fusion. In this thesis PLC was shown to be activated 

by mastoparan in permeabilized cells (Chapter 5). Alcohols such as butanol were also 

shown to activate PLC and induce Ca2+-release from intracellular Ca2+-stores (Chapter 6). 

The activation of PLC was correlated with the release of Ca2+ from the electron-dense 

Ca2+-bodies, indicating that Ca2+ might be released from this store by the action of InsP3. 
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Chapter 7 

Samenvatting 

De eencellige groenalg C hl amy domo nas moewusii heeft twee zweepharen (flagellen) 
waarmee het door het water beweegt. Deze flagellen zijn echter niet alleen belangrijk voor 
de voortbeweging, maar ze spelen ook een rol bij het sexuele proces. Hierbij maken twee 
sexueel competente cellen (mt+ of mt" cellen) contact met elkaar via bindingseiwitten 
(agglutininen) op de flagellen. De flagellen raken over de gehele lengte met elkaar 
verbonden, zodat de twee cellen in de juiste positie tegenover elkaar komen te liggen om 
met elkaar te versmelten. 

De flagellen zijn echter ook kwetsbare onderdelen van de cel en als 
omgevingsfactoren bedreigend worden, bv. door een plotselinge verhoging in de 
temperatuur, of verzuring van het milieu, kunnen de flagellen worden afgestoten. Dit 
fenomeen wordt deflagellatie genoemd. Dit is een gevolg van de samensnoering van 
bepaalde calcium-gevoelige eiwitten in de basis van de flagel. Later kunnen er dan weer 
nieuwe flagellen aangroeien. 

De cel kan dus op een of andere manier de verandering in omgevingsomstandigheden 
waarnemen. Meestal gebeurt dit door middel van activatie van receptoren aan de 
buitenkant van de cel. Deze receptoren geven het signaal vervolgens door naar de 
binnenkant van de cel, waarbij het signaal meestal ook versterkt wordt. De cel wordt 
uiteindelijk aangezet tot een bepaalde reactie, bijvoorbeeld celfusie of deflagellatie. Wat er 
gebeurt in de cel tussen het moment dat deze een signaal ontvangt en de respons is 
onderwerp van deze studie. 

Calcium 

Uit eerder onderzoek is gebleken dat een stijging van de calcium concentratie in het 
cellichaam ten grondslag ligt aan deflagellatie. Normaal is deze extreem laag. Een veel 
hogere concentratie is aanwezig buiten de cel (lO.OOOx zoveel als in de cel) en ook in 
bepaalde compartimenten in de cel ligt calcium opgeslagen. Er zijn dus twee manieren om 
de concentratie calcium in de cel te verhogen, nl. Door import van buiten de cel naar 
binnen, of door vrijmaken van calcium uit de intracellulaire opslagruimten. Aangezien het 
mogelijk is om met mastoparan (het actieve bestanddeel uit wespengif) cellen te 
deflagelleren in de afwezigheid van extracellular calcium, kan geconcludeerd worden dat er 
calcium wordt vrijgemaakt uit intracellulaire compartimenten. In Chlamydomonas 
moewusii zit calcium samen met polyfosfaten opgeslagen in deze intracellulaire 
compartimenten. Ze kunnen onder de electronen microscoop worden waargenomen als 
donkere bolletjes en worden daarom electronen-dichte lichaampjes genoemd. Uit deze 
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studie is gebleken dat de concentratie calcium in deze compartimenten extreem hoog is, nl. 

2 M (Hoofdstuk 2). Dat is 20 miljoen keer zo hoog als in het cellichaam. Zulke hoge 

concentraties calcium zijn nog nooit eerder waargenomen in intracellulaire 

compartimenten. 

Om nu te onderzoeken of mastoparan in staat is om calcium vrij te maken uit deze 

compartimenten werden ze opgeladen met radioactief calcium. Cellen werden vervolgens 

lek gemaakt met behulp van het detergens digitonine. Dit is een soort zeep dat bij 

voorkeur gaten maakt in de buitenste membraan van de cel (plasma membraan), en pas bij 

veel hogere concentraties in membranen die intracellulaire compartimenten omhullen. 

Door de juiste concentratie te kiezen werd alleen de plasma membraan lek gemaakt, maar 

de membraan rond de calcium opslagplaatsen niet. Het voordeel hiervan was dat de 

calcium buiten de intracellulaire compartimenten kon worden weggevangen en 

weggewassen. De hoeveelheid radioactiviteit die achterbleef in de cel werd vervolgens 

gemeten en gebruikt als een maat voor de hoeveelheid calcium die achterbleef in de 

intracellulaire compartimenten. Door een vergelijking te maken tussen controle cellen en 

cellen die werden behandeld met mastoparan bleek dat mastoparan calcium vrijmaakte uit 

de intracellulaire calcium stores (Hoofdstuk 2). Ditzelfde resultaat werd ook gevonden 

door de hoeveelheid calcium inde electronen dichte lichaampjes te meten met behulp van 

X-ray microanalyse (XRMA). Ook bleek dat calcium werd vrijgemaakt uit deze 

compartimenten na celfusie, hoewel het effect minder extreem was als na behandeling met 

mastoparan (Hoofdstuk 3). 

Hieruit blijkt dat deze intracellulaire calcium opslagplaatsen een belangrijke rol spelen 

tijdens deflagellatie en sexuele celfusie. Daarom zijn deze verder bestudeerd en in het 

bijzonder het calcium opname mechanisme van deze compartimenten. Er bestaan 

verschillende calcium opname mechanismen: één waarbij calcium actief naar binnen wordt 

gepompt d.m.v. een zogenaamd Ca2+-ATPase en één waarbij er een uitwisseling 

plaatsvindt met andere ionen, bv. protonen, via een zogenaamde Ca27H'-exchanger. De 

manier waarop calcium wordt opgenomen in de electroncn-dichte lichaampjes is 

onderzocht door het effect van specifieke remmers op calcium opmame in 

gepermeabiliseerde cellen te meten. Hieruit bleek dat calcium opname geschiedt door 

middel van een Ca +/H+-exchanger en dat de drijvende kracht hiervoor de protonen 

gradient is (Hoofdstuk 4). 

Signaaltransductie route 

Een van de vragen die gesteld kan worden is op welke wijze het signaal van mastoparan 

wordt doorgegeven binnen de cel, zodat er calcium uit de intracellulaire calcium 
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compartimenten kan vloeien. Er bestaan verschillende mechanismen waarop een signaal 

buiten de cel binnen de cel wordt doorgegeven. Bij één van routes wordt het enzym 

phospholipase C (PLC) geactiveerd. Deze splitst een membraanmolecuul 

(phosphatidylinositol bisphosphate). Eén deel (diacylglycerol) blijft achter in de 

membraan en het andere deel (inositol trisphosphate; lnsP3), dat wateroplosbaar is, 

verspreidt zich door de cel. Van lnsP3 is bekend dat het in staat om calcium vrij te maken 

uit intracellulaire compartimenten. 

Het is al eerder aangetoond dat deze signaaltransductie route wordt geactiveerd 

tijdens mastoparan-geïnduceerde deflagellatie en sexuele celfusie. Uit de resultaten die 

gepresenteerd worden in Hoofdstuk 5 blijkt dat ook bij de behandeling van 

gepermeabiliseerde cellen met mastoparan phospholipase C geactiveerd wordt. Ook 

alcoholen zoals butanol veroorzaken deflagellatie. In Hoofdstuk 6 is aangetoond dat 

activatie van PLC door butanol is gecorreleerd met calcium efflux uit de intracellulaire 

calcium compartimenten. Dit wijst erop dat zowel bij mastoparan als bij alcohol 

geïnduceerde deflagellatie hetzelfde signaaltransductie mechanisme wordt aangeschakeld 

en dat de calcium release uit de electronen dichte lichaampjes veroorzaakt zou kunnen zijn 

door InsP3. 
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Nawoord 

Met het gereedkomen van dit proefschrift rond ik mijn "universitijd" af. Er zijn gedurende 

de periode dat ik promotieonderzoek deed heel wat mensen geweest die mij met raad en 

daad hebben bijgestaan, of die belangstellend hebben meegeleefd. Hierbij wil ik een aantal 

van deze mensen in het bijzonder bedanken. Alan, als mijn directe begeleider had ik het 

meest met jou te maken. Ik heb het altijd erg gewaardeerd dat ik zo bij je kon binnenlopen 

voor een "kletspraatje" en een kritische bespreking van mijn resultaten. Hartelijk dank 

voor je steun en het vertrouwen datje in mij gesteld hebt. Herman, als promotor was jij 

degene die de vinger aan de pols hield voor wat betreft de voortgang. In de eindfase heb ik 

het snelle nakijken van de teksten en je suggesties ter verbetering erg gewaardeerd. Ook de 

levendige muziekavondjes bij jou thuis zal ik niet gauw vergeten. 

In de beginfase van mijn onderzoek hebben Wim en Wietse mij op weg geholpen om 

uit te zoeken welke calcium-meetmethode ik het beste zou kunnen gebruiken. Met Wietse 

ben ik een keer naar Keulen geweest om calciumpipetten uit te proberen en met Wim heb 

ik de eerste proeven met radioactief calcium gedaan. Uiteindelijk leverde dat laatste de 

beste resultaten op en daarom ging ik in die tijd veel bij Wim langs voor het bespreken van 

mijn resultaten. Wim, ik heb de manier waarop je met me meedacht erg fijn gevonden. In 

de eindfase van mijn onderzoek ben ik ook een paar keer naar Groningen geweest om 

samen met Theo experimenten te doen. Theo, de adviezen die jij me hebt gegeven waren 

voor mij heel leerzaam en nuttig. 

In het begin van mijn tijd als OIO in de signaaltransductiegroep, waren Frank, Henk. 

Marco. Michel, Teun, John, Hans en Corrien mijn directe collega's. Later kwamen daar 

Harold, Steven, Martine, Ab en Bas bij. De sfeer in de groep was ambitieus, dynamisch 

en enthousiast; niet alleen op wetenschappelijk, maar ook op sportief gebied. Met de 

Jaap Edenbaan om de hoek gingen we vaak tussen de middag een uurtje schaatsen. Harold, 

John en Teun, jullie hebben actief met me meegedacht over mijn fosfolipide experimenten; 

ik heb jullie inbreng -zowel theoretisch als praktisch- erg gewaardeerd. Ook Bas en 

Martine bedankt voor het praktische werk dat jullie voor mij gedaan hebben. 

Eric heeft bij mij stage gelopen om te onderzoeken of er sprake was van kinase 

activiteit aan de buitenkant van de cel. Net als ik was je gefascineerd door deze hypothese 

en je hebt je vol enthousiasme ingezet om deze aan te tonen. Helaas is dit niet gelukt, maar 

een aantal van je resultaten heb ik wel kunnen gebruiken als aanzet tot het in vitro 

fosfolipide werk. 

Op zaal bij Piet, Wies en Corrien heb ik het erg naar mijn zin gehad. Met jullie heb 

ik ook een aantal maal het eerstejaars prakticum fotosynthese begeleid, wat ik altijd met 
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plezier gedaan heb. Er mochten toen nog planten op de labzaal staan en van de paprika's 
die we zelf kweekten, hebben we een paprika-lunch gehouden. Bedankt voor de 
gezelligheid tijdens de theepauze, jullie luisterend oor en wijze raad. Met Corrien deelde ik 
een kamer en we konden het erg goed met elkaar vinden. Menigmaal hebben wij bij elkaar 
ons hart kunnen luchten. Corrien, bedankt voor je betrokkenheid en natuurlijk ook voor 
het werk datje voor me gedaan hebt. 

Hierbij wil ik ook alle collega's van de gistgroep en rytopathologie bedanken voor de 
gezelligheid bij de koffie en de lunch. Voor mij was het werken op Anna's Hoeve niet 
alleen bijzonder door de prettige sfeer, maar ook door de landelijke ligging aan de rand van 
de stad. Op het terrein had ik een groententuintje, waarin ik na het werk even lekker met 
m'n handen in de aarde kon wroeten. 

Vanaf september 1999 ben ik werkzaam bij VSM Geneesmiddelen, waar ik het erg 
naar mijn zin heb. Het was echter geen gemakkelijke opgave om werk en de afronding van 
mijn proefschrift te combineren. Hierbij wil ik VSM en in het bijzonder Johan en 
Graziella bedanken dat zij mij de gelegenheid hebben gegeven om dit proefschrift af te 
ronden. 

Dan zijn er buiten het werk ook nog mensen die ik wil bedanken voor hun steun en 
belangstelling: Karin, Kees, Jos, Selma, Daan, Peter, Bas, Ingrid, "de Hortusrondleiders", 
Anneke, Ank, Boudewijn, Anita, Nicolette, Esther, Ying, Saskia, Piet-Jan, Paula, Annie, 
Ardaan, Hanneke, Liesbeth, Jan, Joke, Marius en Mieke. Jullie zijn allemaal in een 
bepaalde fase van het tot stand komen van dit boekje belangrijk voor mij geweest. 

Tenslotte bedank ik mijn ouders, Theo en Corrie en ook mijn broers, Simon, Jeroen 
en André. Jullie bemoediging, steun en belangstelling zijn altijd erg belangrijk voor mij 
geweest. En als allerlaatste, mijn lieve Koos. Jij hebt van nabij meegemaakt wat het 
betekent om een proefschrift te schrijven. Dank je wel voor je toewijding, steun en begrip. 

Haarlem, 28 september 2000 
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