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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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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. 
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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. 

22 



Calcium and phospholipid signalling in plants 

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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