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Summary

In response to various environmental stress conditions, plants rapidly form the intracellular 

lipid second messenger phosphatidic acid (PA). It can be generated by two independent 

signalling pathways via phospholipase D (PLD) and via phospholipase C (PLC) in combination 

with diacylglycerol kinase (DGK). In the green alga Chlamydomonas, the phospholipid 

substrates for these pathways are characterized by specific fatty acid compositions. This 

allowed us to establish (i) PLD’s in vivo substrate preference, and (ii) PLD’s contribution 

to PA formation during stress signalling. Accordingly, G-protein activation (1 µM 

mastoparan), hyperosmotic stress (150 mM NaCl), and membrane depolarization (50 mM 

KCl) were used to stimulate PLD, as monitored by the accumulation in 5 min of its unique 

transphosphatidylation product phosphatidylbutanol (PBut). In each case, PBut’s fatty 

acid composition specifically matched that of phosphatidylethanolamine (PE), identifying 

this lipid as PLD’s favoured substrate. This conclusion was substantiated by analyzing the 

molecular species by ESI-MS/MS, which revealed that PE and NaCl-induced PBut share 

a unique (18:1)2-structure. The fatty acid composition of PA was much more complex, 

reflecting the different contributions from the PLC/DGK and PLD pathways. During 

KCl-induced stress, the PA rise was largely accounted for by PLD activity. In contrast, PLD’s 

contribution to hyperosmotic stress-induced PA was less, being approximately 63% of the 

total increase. This was because the PLC/DGK pathway was activated as well, resulting in 

phosphoinositide-specific fatty acids and molecular species in PA. 
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Introduction

The study of phospholipase D (PLD) in several plant systems has indicated functions not 

only in lipid catabolism, but also in cell signalling and regulation (Munnik et al., 1998a; 

Wang, 2002). Its hydrolytic activity on phospholipids, which generates phosphatidic acid 

(PA) and a free head group, responds to a variety of environmental stress conditions, 

e.g. drought (Frank et al., 2000; Katagiri et al., 2001), hyperosmotic stress (Munnik et al., 

2000), wounding (Lee et al., 1997; Ryu et al., 1996, 1998; Zien et al., 2001), and both 

pathogenic (Laxalt et al., 2001; Van der Luit et al., 2000) and symbiotic (Den Hartog et 

al., 2001) interactions. The rapidly and transiently accumulated PA is now considered an 

intracellular signal, activating downstream targets in the stress response (Munnik, 2001). 

PA is however a metabolically complex lipid, because it is formed not just by PLD, but also 

by phospholipase C (PLC) in combination with diacylglycerol kinase. PLC hydrolyzes the 

minor phospholipid phosphatidylinositol (4,5)-bisphosphate (PIP2), releasing inositol(1,4,5)

trisphosphate (IP3) and diacylglycerol (DAG). The latter is then rapidly phosphorylated to 

PA by diacylglycerol kinase (DGK). PLC and PLD have been suggested to be differentially 

activated by stress conditions, resulting in PA increases of different metabolic origins. 

It is important to distinguish these sources of PA since they may well be critical to its 

signal function. Thus, PA should be traced back to its precursors, the substrates of the 

respective phospholipases.

Whereas in the PLC/DGK pathway PA is derived from PIP2, the substrate of PLD is 

less clear. In general, phosphatidylcholine (PC) is considered to be the substrate, 

but in vitro phosphatidylethanolamine (PE) and phosphatidylglycerol (PG), but never 

phosphatidylinositol (PI), can also serve as substrates. The situation is complicated by 

the fact that there is more than one PLD. Six genes have been cloned from Arabidopsis 

(Wang, 2002) and 5 from tomato (Laxalt et al., 2001). Thus, PLD is a heterogeneous 

family of isozymes which differ not only in cellular localization, expression, regulation and 

presumed function, but also in substrate preference (Elias et al., 2002; Pappan and Wang, 

1999; Qin and Wang, 2002). 

Recently, the in vivo substrate of PLDa from Arabidopsis during freezing stress was 

identified as  PC, since its hydrolysis was reduced in PLDa-silenced plants compared with 

wild-type plants (Welti et al., 2002). Expressing multiple Arabidopsis PLDs in E. coli has 

allowed to investigate the in vitro substrate selectivity of the individual isozymes, in assays 

using different substrates (Pappan and Wang, 1999). The a, b and g classes of PLD all 

hydrolyzed PC, phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) (Pappan et 

al., 1998), but the substrate preferences differed. For example, PLDb and g hydrolyzed 

phosphatidylserine and N-acylphosphatidylethanolamine, whereas PLDa did not. In a 

more recent study, PLDd hydrolyzed PE and PC, while the novel PLDz1 only hydrolyzed PC 

(Qin and Wang, 2002). These differences support the notion that PLD recognizes specific 

phospholipid substrates. Simultaneously, they underscore the importance of studying PLD 

Substrate of PLD in Chlamydomonas
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activity in vivo, activated by physiological stimuli, since in vitro results often depend on 

arbitrary assay conditions.

To specifically monitor PLD activity, its unique ability to catalyze an in vivo 

transphosphatidylation reaction can be used. In the presence of a low concentration 

of a primary aliphatic alcohol, such as butan-1-ol, PLD generates not only PA, but also 

phosphatidylbutanol (PBut; Munnik et al., 1995). The accumulation of this unnatural 

lipid is now commonly used as a relative measure of PLD activity during signalling (Den 

Hartog et al., 2001; Frank et al., 2000; Katagiri et al., 2001; Meijer et al., 2001; Munnik 

et al., 2000; Ritchie and Gilroy, 2000; Van der Luit et al., 2000). Moreover, since PBut, in 

contrast to PA,  is the unique product of PLD activity, its fatty acid and molecular species 

composition reflects that of PLD’s substrate. Thus, if the composition of PBut can be 

matched up with that of one of the structural phospholipids, it provides strong evidence 

for that phospholipid being PLD’s substrate (Hodgkin et al., 1998).

For the first time in a plant system, we used this strategy to identify PLD’s in vivo substrate 

and quantify its contribution to PA formation during signalling. PE was identified as the 

main substrate of PLD activity in the green alga Chlamydomonas moewusii, in response to 

various stimuli. The corresponding PLD-derived PA molecular species were concluded to 

be distinct from those derived from the PLC/DGK branch, providing a basis to discriminate 

between the two routes. Hence, we tested specific stress conditions that are considered 

to differentially stimulate these pathways, i.e. G-protein activation by mastoparan (Munnik 

et al., 1998b), hyperosmotic stress imposed by 150 mM NaCl (Munnik et al., 2000), and 

a condition where only PLD is activated, i.e. via membrane depolarization induced by 50 

mM KCl (Meijer et al., 2001). The molecular compositions of the resulting PAs were found 

to differ, which enabled us to calculate the contributions from the two pathways to PA 

generation.

Results

Phospholipid classes have characteristic fatty acid compositions in 
Chlamydomonas

In order to define PLD’s contribution to PA formation during signalling, a method was 

devised to analyze substrate and product relations on the basis of the composition of their 

fatty acids and molecular species. As such, the composition of PLD’s transphosphatidylation 

product PBut and Chlamydomonas’ structural phospholipids, PG, PE and PI were analyzed. 

Total lipid extracts were pre-purified on silica columns using different solvents (Figure 1). 

Analysis of subsequent fractions revealed the concentrated and separate elution of PBut 

and PA, free of the predominant galactolipids and neutral lipids (Figure 1b). Relevant 

fractions were then subjected to either TLC for GC analysis of the constituent fatty acids, 
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or HPLC for MS analysis of the molecular species. The procedure ensured the complete 

separation of lipid classes from interfering components and yielded relatively high 

amounts, allowing the analysis of constituents. 

Figure 2 shows the fatty acid compositions of the structural phospholipids PG, PE and 

PI, together with those of PA and PBut, isolated from cells incubated for 5 min in 0.2% 

butan-1-ol. PG, PE and PI, which comprise 39, 35 and 26 mol% respectively, of the total 

phospholipids (Arisz et al., 2000) and were found to have distinct fatty acid compositions, 

in agreement with previous studies (Arisz et al., 2000). PBut was relatively rich in 18:1n-9, 

16:0, 18:0 and 18:2n-9 (peaks 5, 1, 4 and 7, Figure 2), constituting 84, 10, 5 and 1 

mol%, respectively, of the total fatty acids. This composition was very similar to that of PE, 

which contained 92, 5, 1 and 1 mol%, respectively, of the same fatty acids, and markedly 

different from PG and PI, suggesting that PE was PBut’s precursor under these conditions. 

Figure 1. (a) Flow scheme of the experimental procedure. After fractionation of the total extract, lipid classes 
were purified by TLC or HPLC, as detailed under Experimental Procedures, and subsequently analyzed for 
their fatty acid and molecular species compositions by GC and HPLC-ESI-MS/MS. (b) The contents of each 
fraction, determined on TLC (corresponding elution solvents are given in Experimental Procedures). Lipids 
were detected using lipid stains and 32P-autoradiography. The picture is a superimposition of the patterns 
visualized using both techniques. Lipid identities: chlorofyll (Chl), digalactosyldiacylglycerol (DGDG), 
diacylglyceryltrimethylhomoserine (DGTS), monogalactosyl-diacylglycerol (MGDG), neutral lipids (NL), 
phosphatidic acid (PA), phosphatidylbutanol (PBut),  phosphatidylethanolamine (PE), phosphatidylglycerol 
(PG), phosphatidylinositol (PI), sulfolipid (SL). 

Substrate of PLD in Chlamydomonas
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A limitation of the analysis of total fatty 

acids is that upon their derivatization 

information on the specific fatty acid pairs 

within one phospholipid molecule is lost. 

To investigate whether the different fatty 

acid compositions reflected the presence 

of distinct molecular species, lipids were 

analyzed by ESI-MS/MS (Figure 3). For each 

structural phospholipid class, PG, PE and PI 

(Figure 3a, b and c, respectively), different 

molecular species were found. The structure 

of the most abundant ones, as determined 

by tandem-MS, are shown in the inserted 

figures. These are 16:1/18:3–PG (m/z 741.6, 

Figure 3a), (18:1)2-PE (m/z 742.5, Figure 3b) 

and 16:0/18:1-PI (m/z 835.6, Figure 3c). The 

structures of some other molecular species 

such as 16:0/18:3-PG (743.6, Figure 3a), 

18:1/18:2-PE (m/z 740.5, Figure 3b) and 

16:0/18:3-PI (m/z 831.6, Figure 3c), were 

also established. 

Molecular species analysis of PBut 
reveals PE as substrate of PLD in 
hyperosmotic stress

Using a hyperosmotic salt concentration 

(150 mM NaCl) as physiological activator 

of PLD (Munnik et al., 2000), the molecular 

species of PBut (Figure 3d) were analyzed. 

(18:1)2-PBut was the predominant species, 

which structurally corresponded to (18:1)2-

Figure 2. Fatty acid analysis by GC of phospholipids 
from Chlamydomonas cells incubated in 0.2% 
butan-1-ol for 5 min. PG (a), PE (b) and PI (c) are 
the structural phospholipids, while PA (d) and the 
transphosphatidylation product PBut (e) are minor 
phospholipids. Peak identification: 1. 16:0; 2. 16:1; 
3. 14:3; 4. 18:0; 5. 18:1n-9; 6. 18:1n-7; 7. 18:2n-9; 
8. 18:2n-6; 9. 18:3n-3; 10. 18:4n-3; I.S. internal 
standard.
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Figure 3. HPLC-ESI-MS spectra of phospholipids from Chlamydomonas. The structural phospholipids 
PG (a), PE (b) and PI (c) consisted of various molecular species. Of each lipid, the most abundant one 
(indicated by an arrow) was subjected to tandem-MS/MS analysis to establish the fatty acid composition 
(inserted figures). These molecular species were identified as 16:1/18:3-PG, (18:1)2-PE and 16:0/18:1-PI. 
In cells treated with 150 mM NaCl, PBut (d) contained predominantly (18:1)2-molecular species, which 
corresponded to (18:1)2-PE.
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PE (Figure 3b). Furthermore, 18:1/18:2-PBut (m/z 753.7), and 18:1/18:0-PBut (m/z 

757.7) were detected, which structurally corresponded to 18:1/18:2-PE (m/z 740.5) and 

18:1/18:0-PE (m/z 744.5), respectively. Thus, on the molecular species level these data 

identified PE as the substrate of NaCl-induced PLD activity. 

Quantitative analysis of PA and PBut formed in response to 
mastoparan

The above results provided detailed structural information on PLD’s substrate, but did not 

give a measure of its actual stimulation, i.e. the increase in its products. A quantitative 

evaluation was made by fatty acid analysis of PA and PBut, using (17:0)2-PBut and (17:0)2-

PA as internal standards and the G-protein activator mastoparan as a stimulus (De Vrije 

and Munnik, 1997; Lein and Saalbach, 2001; Munnik et al., 1995; Munnik et al., 1998b; 

Van Himbergen et al., 1999). After 5 min treatment with 1 µM mastoparan, the total 

masses of PA and PBut showed increases of 2.5 times, and 4.5 times the control mass 

levels, respectively (Figure 4, upper panel). The increase in PBut signified the activation 

of PLD, and implied that at least part of the PA increase in response to mastoparan 

treatment was derived from the PLD pathway. The fatty acid composition of PBut showed 

stimulations in 18:1n-9 and 18:2n-9 (Figure 4, bottom panel), strongly suggesting that 

mastoparan-stimulated PLD specifically used PE as a substrate. PA (Figure 4, middle panel) 

exhibited increases in other fatty acids as well, suggesting that other pathways were 

contributing, e.g. PLC (Munnik et al., 1998b).

Table 1. Fatty acid composition of PA and PBut, formed in response to 1mM Mastoparan, 150 mM 
NaCl or 50 mM KCl in Chlamydomonas

fatty acid (nmoles ± S.D., n=3)

phospholipid 
(nmoles)

16:0 16:1 18:0 18:1
n-9

18:1
n-7

18:2
n-9

18:2
n-6

18:3
n-3

PA

  Control 8.9 4.89 ±1.90 0.52 ±0.27 0.97 ±0.35 9.57 ±1.65 0.72 ±0.44 0.52 ±0.21 0.30 ±0.08 0.50 ±0.11

  MP 28.2 29.07 ±6.15 1.86 ±0.33 4.14 ±2.44 16.60 ±7.58 3.07 ±0.45 0.49 ±0.05 0.47 ±0.04 0.80 ±0.11

  NaCl 31.7 20.13 ±5.64 1.62 ±0.51 0.82 ±0.50 34.74 ±5.39 2.64 ±0.91 1.32 ±0.70 0.70 ±0.10 1.67 ±0.91

  KCl 17.0 8.46 ±0.79 0.72 ±0.10 0.33 ±0.003 21.41 ±1.28 0.92 ±0.06 1.30 ±0.56 0.40 ±0.20 0.54 ±0.26

PBut

  Control 0.5 0.28 ±0.14 _ 0.04 ±0.01 0.58 ±0.21 _ 0.10 ±0.02 _ _

  MP 5.4 0.45 ±0.17 _ 0.16 ±0.17 9.68 ±1.20 _ 0.51 ±0.02 _ _

  NaCl 3.3 0.82 ±0.18 _ 0.18 ±0.11 5.23 ±0.95 _ 0.30 ±0.06 _ _

  KCl 2.9 0.71 ±0.28 _ 0.21 ±0.03 4.68 ±0.64 _ 0.27 ±0.02 _ _
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  MP 28.2 29.07 ±6.15 1.86 ±0.33 4.14 ±2.44 16.60 ±7.58 3.07 ±0.45 0.49 ±0.05 0.47 ±0.04 0.80 ±0.11

  NaCl 31.7 20.13 ±5.64 1.62 ±0.51 0.82 ±0.50 34.74 ±5.39 2.64 ±0.91 1.32 ±0.70 0.70 ±0.10 1.67 ±0.91

  KCl 17.0 8.46 ±0.79 0.72 ±0.10 0.33 ±0.003 21.41 ±1.28 0.92 ±0.06 1.30 ±0.56 0.40 ±0.20 0.54 ±0.26

PBut

  Control 0.5 0.28 ±0.14 _ 0.04 ±0.01 0.58 ±0.21 _ 0.10 ±0.02 _ _

  MP 5.4 0.45 ±0.17 _ 0.16 ±0.17 9.68 ±1.20 _ 0.51 ±0.02 _ _

  NaCl 3.3 0.82 ±0.18 _ 0.18 ±0.11 5.23 ±0.95 _ 0.30 ±0.06 _ _

  KCl 2.9 0.71 ±0.28 _ 0.21 ±0.03 4.68 ±0.64 _ 0.27 ±0.02 _ _

Figure 4. Analysis of PA and PBut from 

Chlamydomonas cells, formed upon 

treatment with 1 mM mastoparan or 

buffer. Upper panel: total quantities 

of PBut (grey bars) and PA (black 

bars). Lower panels: their fatty acid 

compositions under control (open 

bars) and mastoparan-stimulated 

conditions (hatched bars). Values 

are the means of 3 independent 

experiments, expressed as nmoles of 

phospholipid or fatty acid. Error bars 

indicate standard deviations.
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Contributions of PLD and PLC to PA formation during hyperosmotic 
stress and membrane depolarization

Finally, we studied two physiological stress conditions known to differentially activate PLD 

and PLC/DGK in Chlamydomonas (Table 1). Hyperosmotic stress-dependent activation of 

PLD and PLC has recently been described for different plant systems (Drøbak and Watkins, 

2000; Katagiri et al., 2001; Munnik et al., 2000)). In Chlamydomonas, both pathways are 

activated within 5 min by moderate hyperosmotic salt concentrations, e.g. 150 mM NaCl  

(Munnik et al., 2000). Using these conditions, PA and PBut were analyzed for their fatty 

acid compositions (Table 1). The PLD substrate was again PE, since PBut mainly contained 

the fatty acids 18:1n-9, 16:0 and 18:2n-9, which made up approximately 84 mol%, 9 

mol% and 4 mol%, respectively, of newly formed PBut (i.e. the stimulated values minus 

the control values). The PA composition however showed increases in other fatty acids as 

well, featuring 16:0, 18:1n-7, 18:2n-6 and 18:3, which are prevalent in phosphoinositides 

(Figure 2; Arisz et al., 2000). These results were consistent with the activation of both the 

PLD and the PLC/DGK pathway.

A recent study in Chlamydomonas showed that low concentrations of KCl (50-100 mM) 

induce PA formation exclusively via PLD, without a contribution of PLC (Meijer et al., 2001). 

The activation of PLD was concluded to be the result of a K+-induced depolarization of 

the plasma membrane. This dominant role of PLD should be reflected in the fatty acid 

composition of the resulting PA. To test this, PA and PBut from cells challenged for 5 min 

with 50 mM KCl, were analyzed (Table 1). The increases in PBut’s fatty acids were very 

similar to those during osmotic stress, indicating that PE is PLD’s substrate. The fatty acid 

composition of KCl-induced PA was similar to PBut, with increases in 18:1n-9, 16:0 and 

18:2n-9 making up 71 mol%, 21 mol% and 5 mol% of the newly formed PA, respectively, 

confirming the prevalent PLD activity.

Discussion

We have used a relatively simple procedure to study the in vivo substrate and product of 

stress-activated PLD in Chlamydomonas, based on fatty acid and molecular species analysis 

of phospholipids. As determined by GC and tandem-MS analysis, each phospholipid class 

was found to be characterized by unique fatty acids and molecular species compositions 

(Figure 2 and 3; Arisz et al., 2000). Therefore, these features were used to trace PLD’s 

substrate, and subsequently, to identify the activated pathways that generated PA during 

various stress conditions. 

PE was found to serve as substrate for PLD, both during G-protein activation, and under 

conditions that induce hyperosmotic stress or membrane depolarization. It should 

however be noted that in contrast to most other plant systems, PC, which is traditionally 
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considered PLD’s preferred substrate, is absent from Chlamydomonas. However, in vitro 

studies of PLD in Arabidopsis have demonstrated a strict PC selectivity only for the 

z-isozyme, which resembles mammalian PLD, whereas other isozymes had a preference 

for PE (Dyer et al., 1994; Pappan et al., 1998; Qin and Wang, 2002). In vivo substrate 

analyses of PLD isozymes should determine whether PE is a more general substrate. It also 

remains to be elucidated as to whether PE hydrolysis under the diverse stress conditions 

tested reflects the activity of a single isozyme, or that of different isozymes with the same 

substrate specificity.

Previously, Zien et al. (2001) studied the fatty acid composition of PA formed on 

wounding Arabidopsis leaves, in order to identify the phospholipid substrate of PLD. PA’s 

heterogeneous origin was reflected in increases in many different fatty acids. In order to 

resolve this complexity, PLDa's contribution was calculated by subtracting the increment 

of PA in PLDa-silenced plants. However, the fatty acid composition of the remaining PA 

was still suggestive of a multiplicity of precursors, which could result from other pathways 

being affected in transgenic plants. This made it difficult to draw a conclusion on PLDa's 

substrate.

Analysis of PBut circumvents such problems. The technique, used here for the first time 

in a plant system, seems widely applicable, since transphosphatidylation is a specific and 

universal feature of PLD. Of course, caution should be exercised using alcohols, since 

higher concentrations may significantly enhance or inhibit PA formation by PLD, and this 

concentration dependence seems to vary from one plant system to another (Den Hartog 

et al., 2001; Lee et al., 2001; Munnik et al., 1995; Ritchie and Gilroy, 1998).

Using an approach based on fatty acid analysis, it should be realized that (i) PLD might 

prefer substrate lipids with particular subsets of fatty acids, and (ii) molecular species 

are asymmetrically distributed over cellular membranes (Schneiter et al., 1999). Hence, 

the total fatty acid composition of a lipid class may not equal that of the subpool used 

in signalling. The absence of 18:3n-3 from PBut, a minor constituent of PE, may be an 

example of such a discordance (Figure 4, Table 1). Although this is unlikely to have lead us 

to false conclusions, ESI-MS/MS analysis of lipids was performed to investigate molecular 

species compositions. Since they were found to be highly lipid class specific, the finding of 

(18:1)2, 18:1/18:2 and 18:1/18:0 pairs in PBut, unequivocally identified PE as the substrate. 

Recently, the molecular species of the substrates and products of mammalian PLD1 and 

2 have been investigated in three different cell types (Pettitt et al., 2001). In each cell line 

both isozymes used only mono- and di-unsaturated molecular species of PC as substrate, 

generating the according PA molecular species. Although our results showed that the 

di-unsaturated (18:1)2- molecular species of PE is the preferred substrate, freezing induced 

PLDa of Arabidopsis hydrolyzes also polyunsaturated substrates (Welti et al., 2002). 

Moreover, the fact that Arabidopsis PLD isozymes use different substrate lipid classes 

(Pappan et al., 1998) with different fatty acid compositions, implies that, in contrast to 

mammalian systems, the resulting PA molecular species are varied as well. 

Substrate of PLD in Chlamydomonas
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Molecular analysis of PBut is equivalent to specifically sampling PA derived from PLD 

activity. Thus, in identifying PLD’s substrate. we also identified the composition of the 

resulting PA. The alternative route to generate signalling PA is via PLC, using PIP2 as a 

substrate, which has a markedly different fatty acid composition that resembles PI (Figure 

2 and 3; Arisz et al., 2000). Thus, the two routes generate different PA species, which can 

be used as markers of their individual activities.

Putting this idea to the test, we studied PA’s composition under conditions that differentially 

activate the PLC and PLD pathways. As a positive control, cells were stimulated with 

mastoparan (Figure 4), which activates both pathways, as previously demonstrated by in 

vivo 32P-phosphate radiolabelling experiments (Munnik et al, 1998b). Consistently, PBut 

was found to increase, reflecting PLD activation, but its fatty acid composition was not at 

all matched by that of the PA increment, implicating a significant contribution from other 

pathways. Indeed, results from radiolabelling studies implied that only 5-17% of the PA 

increase upon mastoparan stimulation is due to PLD activity (Munnik et al., 1998b).   

Similarly, two physiological stress conditions were tested (Table 1): (i) hyperosmotic stress 

induced by 150 mM NaCl, which activates both PLC and PLD (Munnik et al., 2000), and 

(ii) membrane depolarization in response to 50 mM KCl, which only activates PLD (Meijer 

et al., 2001). The PA fatty acid compositions were analyzed to see whether they reflected 

PA’s different metabolic origins. Quantitative mass analysis of the PA response to 50 mM 

KCl (Table 1) revealed an almost 2-fold increase after 5 min, with marked increments in 

18:1n-9, 16:0 and 18:2n-9. This suggested a predominant contribution from PE-hydrolyzing 

PLD, consistent with in vivo radiolabelling experiments of Chlamydomonas cells, that 

revealed a specific K+-dependent PLD activation at low concentrations, unaccompanied by 

PLC/DGK activity (Meijer et al., 2001). 

In response to hyperosmotic stress however, the stimulation in PBut mass was similar 

but that in PA was greater, approximately 3-times the basal level, and its fatty acid 

composition suggested that both the PLD and the PLC/DGK pathways were activated. 

Increases in 18:1n-9 and 18:2n-9 corresponded with those in PBut, illustrating PLD’s 

contribution, but the concomitant increases in 16:0, 18:1n-7, 18:3n-3 and 18:2n-6 (making 

up 33 mol%, 4 mol%, 3 mol% and 1 mol% in newly formed PA, respectively), which are 

major constituents of the phosphoinositides (Figure 2 and 3; Arisz et al., 2000), indicate a 

contribution from the PLC/DGK pathway. Indeed, tandem-MS analysis of this PA revealed 

increases in 16:0/18:1 and 16:0/18:3 (data not shown), molecular species which are 

typical for phosphoinositides (Figure 3c).

Several other studies have invoked PLC in hyperosmotic stress signalling. Specifically, 

inositol 1,4,5-trisphosphate (Drøbak and Watkins, 2000; Takahashi et al., 2001) 

and PA (Munnik et al., 2000) have been shown to increase. The latter was based on 

differential 32P-phosphate labelling kinetics, showing that part of the PA resulted from 

DAG phosphorylation (Munnik et al., 2001; Munnik, 2001). Whether this DAG came 

from PLC hydrolysis of PIP2 was not known. The present results however, provide the 
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first evidence that a considerable part of the hyperosmotic stress-induced PA reponse is 

indeed generated via this pathway, directly linking the two earlier lines of evidence. Based 

on the qualitative and quantitative analysis of PBut and PA (Table 1), PLD is estimated 

to be responsible for approximately 63% of the PA formed after 5 min of hyperosmotic 

stress. The remainder is probably due to PLC in combination with DGK activity. Of course, 

such numbers may not be totally accurate since the turnover rates of PA in different 

pathways may vary substantially. For example, during hyperosmotic stress PA can be 

rapidly phosphorylated to diacylglycerolpyrophosphate (DGPP) or deacylated to lyso-PA, 

whereas during membrane depolarization this is not the case (Munnik, 2001).

The generation of unique PA species may be physiologically relevant in terms of 

signalling specificity. Depending on the nature of the stress condition, downstream 

effectors are activated. In animal cells, only PLD-generated PA and PLC-generated DAG 

are intracellular signals, activating specific targets such as protein kinases (Cockcroft, 

2001). Lipid dephosphorylation and phosphorylation respectively, may switch off such 

signals, generating biologically inactive DAG and PA species (Pettitt et al., 1999). Similar 

regulation may also occur in plants, although important differences exist (Munnik et 

al., 1998a; Munnik, 2001), e.g. the classical DAG-activated PKC is not present, and PA 

can be metabolized to DGPP. The regulation of PA and DGPP molecular species during 

phospholipid signalling, and the identification of their cellular targets are the subject of 

current investigation. It may prove important in understanding the ubiquitous function of 

these phospholipids as stress signals.
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Experimental procedures

Cell cultures and incubations

Chlamydomonas moewusii strain UTEX 10 (mating type minus) from the Culture Collection 

of Algae, University of Texas (Austin, USA), was grown autotrophically for 2-4 weeks on 

plate cultures (Schuring et al., 1987). Swimming gamete suspensions of 2.0 * 107 cells 

ml-1 were obtained by flooding with HMCK (10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2, 

1 mM KCl; pH 7.4) for 16 h. Treatments of 5 min were performed using 25 ml of cells 

plus 5 ml buffer containing butan-1-ol and mastoparan, saline, or butan-1-ol only, in the 

appropriate concentrations. 

Lipid fractionation 

Solvents for lipid extraction and chromatography were of analytical grade and were 

purchased from Merck (Darmstadt, Germany) unless indicated otherwise. All solvent 

compositions for chromatography are specified by volume ratios. Lipids were extracted as 

described previously (Munnik et al., 1995). To obtain the relevant lipid fractions, extracts 

were loaded to silica Sep-Pak columns (Waters, Milford, MA, USA) in hexane-diethylether 

(99:1). 32P-labelled lipids were included as markers to monitor phospholipid elution. For 

quantitative analysis, (17:0)2-PA and (17:0)2-PBut were added. Elution solvents were (1) 

hexane-diethylether (99:1, 15 ml), (2) hexane-diethylether (4:1, 15 ml), (3) chloroform (12 

ml), (4) acetone-chloroform (2:1, 19 ml), (5) acetone-methanol (29:1, 30 ml), (6) acetone-

methanol (19:1, 25 ml), (7) acetone-methanol (2:1, 4 ml), (8) acetone-methanol (2:1, 25 

ml), (9) chloroform-methanol-H2O (1:2:0.8, 9.5 ml), (10) chloroform-methanol-H2O-HCl 

(5:10:4:0.1, 9.5 ml. An inventory of each fraction was made by TLC analysis of samples 

(Figure 1b), using solvent A (below). Lipids were visualized by 32P-autoradiography 

and staining with a-naphtol (Supelco, Bellafonte, PA, USA) and 50% H2SO4, at 120°C. 

Fractions 1 through 6 eluted most chlorophyll, neutral lipid, monogalactosyl- and 

digalactosyldiacylglycerol and sulfolipid, while diacylglyceryltrimethylhomoserine  was 

confined to fraction 8. PBut eluted in fraction 7, and most PG and PI were in fractions 7 

and 8, while PE and PA eluted in fraction 9. After drying the eluates, lipids were dissolved 

in chloroform and further purified, either by TLC for GC analysis of fatty acids, or by HPLC 

for ESI-MS analysis of molecular species (see below).

TLC

 Lipid fractions were resolved on silica gel 60 TLC plates (Merck, Darmstadt, Germany), using 

the following solvent systems. A: ethylacetate-iso-octane–formic acid-H2O (13:2:3:10); 

B: chloroform-methanol-H2O, (65:25:4); C: chloroform-methanol-25% ammonia-H2O 

(90:70:4:16) D: chloroform-acetone-methanol–acetic acid-H2O (80:30:28:26:15). PBut 

and PA were purified by two TLC runs each, using solvent systems A and B, and C and 
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D, respectively. The lipids were recovered from the plate after the first run, and applied 

to a new TLC plate for the second run. The structural phospholipids PG, PE and PI were 

separated by two-dimensional TLC, using solvent C in the first, and solvent D in the 

second dimension.

GC analysis of fatty acids

PBut and PA spots were localized by autoradiography, scraped from TLC plates, dried 

briefly and mixed with the transmethylation reagent consisting of 3% H2SO4 in methanol. 

After 16 h at 60°C, FAMEs were extracted in hexane (ultra resi-analyzed hexane from 

Baker, Phillipsburg, NJ, USA) containing heneicosanoic acid (21:0) methyl ester as internal 

GC standard. The concentrated FAME extracts were analyzed by gas chromatography (CP 

9000 GC, Varian Chrompack, Bergen op Zoom, The Netherlands) on a CP-sil 88 capillary 

column (0.20 µ film, 0.25 mm x 50 m) using splitless injection with carrier gas N2 at 25 

ml min-1, injection volume 1 ml. The temperature was programmed to start at 50°C for 

2 min, then rise to 180°C at 20°C min-1, staying there for another 25 min. Injector and 

FID temperatures were 250°C and 270°C, respectively. Calibration factors were calculated 

for each peak, using reference standards from Nu-Chek (Elysian, MN, USA). Fatty acid 

and lipid masses were quantitated by reference to heptadecanoic acid-containing lipid 

standards. FAMEs of structural phospholipids were analyzed isothermically at 180 °C 

using split injection.

HPLC

The HPLC system consisted of an HP1100 series binary gradient pump, a vacuum 

degasser, and a column temperature controller (all from Hewlett Packard, Palo Alto, CA, 

USA) and a Gilson 231 XL autosampler (Gilson, Middleton, WI, USA). To resolve lipid 

classes, an analytical HPLC LiChrospher Si 60 column (2.1 x 250 mm, 5 µm particle size) 

from Merck (Darmstadt, Germany) was used. The column temperature was maintained at 

22°C. 5 µl of each sample was loaded and a linear gradient at a flow rate of 0.3 ml min-1 

was performed between mobile phase B (chloroform) and mobile phase A (methanol-

water, 9:1). Both solutions contained 0.01% of a 25% aqueous ammonia solution. The 

gradient was as follows. 0-5 min, 100% B to 90% B; 5-15 min, 90% B to 50%; 15-18 

min, maintain at 50% B; 18-20 min, back to 100% B. The column was equilibrated with 

100% B for 5 min after each run. All gradient steps were linear, and the total analysis 

time, including the equilibration, was 25 min. A splitter between the HPLC column and 

the mass spectrometer was used and 30 µl min-1 of eluent was introduced into the mass 

spectrometer. An electrically operated valve was used so that only the eluent from 9 to 20 

min was introduced into the mass spectrometer. 
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Mass spectrometry

A Quattro II triple-quadrupole mass spectrometer (Micromass, Manchester, UK), was 

used in the negative ESI mode. Nitrogen was used as nebulizing gas. Argon was used as 

collision gas at a pressure of 2.5 * 10-3 mBar. The capillary voltage, source temperature, 

cone voltage energy used was 3 kV, 80°C and 30 V, respectively. Mass spectra were 

obtained during the elution time of separated phospholipid classes, usually between m/z 

500 and m/z 1000. Daughter fragments of m/z 835.6 (PI), 741.6 (PG), 742.5 (PE) and 

755.7 (PBut) were obtained using an optimal collision energy of 40 eV. 

Preparation of (17:0)2-PBut standard

A diheptadecanoyl-PBut standard was prepared by the in vitro activity of Type I PLD from 

cabbage on (17:0)2-PC (Sigma, St. Louis, MO, USA), in the presence of butan-1-ol. 5 mg 

PC was suspended by sonication in 775 µl of a buffer containing 0.1 M CaCl2 and 0.1 M 

K-acetate (pH 5.6). Then, 65 µl butan-1-ol, 25 U PLD (dissolved in 25 µl buffer), and 400 

µl water-saturated diethylether were added. The phases were mixed and the reaction was 

carried out for 3.5 h at 30°C. Under these assay conditions the transphosphatidylation 

reaction prevailed over hydrolysis. Lipid products were extracted, separated by TLC using 

solvent system A, localized by iodine staining and co-chromatography of a 32P-lipid 

standard, and recovered from the silica. PBut was quantified by GC analysis, and a 

standard solution was prepared containing 125 pmoles ml-1 (17:0)2-PBut and 250 pmoles 

ml-1 (17:0)2-PA (purchased from Sigma, St. Louis, MO, USA). 20 ml of this solution was 

added to each extract as internal standard.
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