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1.. Introductio n 

AA major challenge in plant biology is to unravel intracellular communication and elucidate 

thee signalling pathways involved. During recent years progress has been made on the 

signallingg mechanisms evoked by environmental and biological changes. Factors such as 

hyperosmoticc stress, wounding and pathogen attack trigger signalling that induces the 

appropriatee response, and therefore much research is focussed on identifying the 

componentss involved. Transduction starts with receptors, often in the plasma membrane, 

thatt perceive the change and relay the information into the cell. In this review we restrict 

ourr attention to phospholipid-based transduction mechanisms. However, the reader should 

appreciatee that receptors invariably transmit to more than one downstream pathway. Thus 

byy concentrating on phospholipid signalling we present only part of the picture that 

representss the complexity of intracellular communication. Our goal is to evaluate and 

revieww developments from the last few years and thereby update our previous 

comprehensivee review (Munnik el al.t 1998a). Where necessary, we refer to this and other 

reviews. . 

2.. Phospholipidology 

Thee common phospholipids are membrane components represented by the structures in 

Figuree 1, which also includes the abbreviations used throughout this review. They naturally 

locatee with membrane receptors, and receptor activation is often translated directly or 

indirectlyy (e.g. via G-proteins) into effector enzyme activity that converts lipids into 

signals.. Each effector enzyme therefore heads a lipid-signalling pathway. Those present in 

plantss are represented in Figure. 2, together with the signals they produce. Similar 

pathwayss exist in yeast and animal cells and we often refer to them to illuminate aspects of 

signallingg that are not yet clear for plant systems. 

Thee classic example of a lipid signalling pathway is that in which an activated 

receptorr triggers phospholipase C (PLC) to hydrolyse the minor lipid phosphatidylinositol 

4,5-bisphosphatee [PI(4,5)P2] to produce the signals inositol 1,4,5-trisphosphate (IP3) and 

diacylglyceroll  (DAG; Figure 2). Inositol phospholipids are a particularly important 

complexx group of signals or signal precursors, involved in a number of independent 

pathways.. They originate from the structural lipid phosphatidylinositol (PI) that is 

convertedd by PI kinases into different polyphosphoinositide (PPI) isomers. Plants contain 

threee PIP [PI3P, PI4P, PI5P], and three PIP2 isomers [PI(3,4)P2, PI(3,5)P2 and PI(4,5)P2] 

butt no PIP3. This is significant because PI(3,4,5)P3 is a prevalent signal in animal cells 

(Vanhaesebroeckk et aL, 2001). 
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Phosphatidyl- R R 
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-- inositoi-bisphosphate 
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PtdOH H 

PC C 

PE E 
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PI I 
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PIP2 2 
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Fig.. 1: Structural representation of phospholipids and their names. On the left side of the panel the general 
structuree of a phospholipid is shown, consisting of two fatty acyl chains attached to a glycerol backbone at 
thee sn-1 and -2 positions (phosphatidyl moiety) with a variable headgroup (R) at the sn-3 position. The 
positionss that are subject to phospholipase activity are also indicated. On the right side the possible 
headgroupss are indicated with the abbreviations that are commonly used. 

PI3K K  PI4K PI3PP 5K ""  PI4P 5K PLCC _ ""  DGK PLD D  PAK PLA. . effecto r r 

,rr t T t t t 
PI3PP PI4P PI(3,5)P2 PI(4,5)P2 IP3 PA 

+ + 
DAG G 

tt  t t 
PAA DGPP Lyso-PL signal s 

+ + 
FFA A 

Fig.. 2: Schematic representation of effector enzymes and the signals they produce that are discussed in the 

text. . 

Sincee all phospholipids can be labelled by incubating organisms in 32Pi, phospholipid 

signallingg can be studied by following rapid quantitative changes in lipid species. 

Signallingg becomes evident from the conversion of substrate lipid to signal lipid within 

secondss to minutes and often involves dramatic increases in signal levels (2- to 50-fold). 

Thee sensitivity of radiolabelling means that signalling can be monitored with just a few 
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cells,, organised as stem segments or leaf punches, but more preferably as cell suspensions 

orr films in which all cells have direct access to the medium. Such cells synchronously take 

upp 32Pj and are synchronously exposed to an agonist. Consequently, the most detailed 

picturess of signalling in plants come from using such systems. 

AA complication of radiolabelling is that phospholipids such as the PPIs, that turnover 

quickly,, incorporate radioactivity and reach maximum labelling long before the structural 

lipids.. For example, after 5 min labelling of the unicellular, green alga Chlamydomonas, 

20-30%% of the radioactivity is present in PIP and PI(4,5)P2 and is hardly detectable in PI, 

butt after six days, when steady state labelling is achieved, it is 100:1.7:1.3 (PI: PIP: 

PI(4,5)P2;; Arisz et al, 2000). Therefore, when interpreting changes in metabolism, the 

lengthh of pre-labelling is important. For consideration of this point, the reader is referred to 

Munnikk et al, (1998b). Similarly, for information on general lipid biosynthesis, the reader 

shouldd consult other reviews (Carman and Henry, 1999; Ohlrogge and Browse, 1995). 

3.. Lipid-bindin g domains 

Lipid-basedd signalling always produces a lipid second messenger (Figure 2). These lipids 

cann act as membrane-docking targets for proteins containing the appropriate lipid-binding 

domain.. This means that during lipid signalling, proteins downstream in the signalling 

cascadee can translocate from the cytosol to membrane sites rich in signal. By aggregating 

signallingg proteins at micro-locations (e.g. "rafts"; Bodin et al, 2001), interactions are 

promotedd that are conducive to further signal transmission. For example, a protein kinase 

couldd phosphorylate another kinase in the pathway or a phospholipase could hydrolyse 

membranee lipids to produce a second round of lipid signalling. Increasing 

enzyme/substratee concentrations at the docking site in this way passively stimulates signal 

transmission,, but the lipid can play a more active role by inducing a change in 

conformationn that enhances enzyme activity. 

AA number of lipid-binding domains in proteins have been identified and 

characterisedd over the last few years (Table 1). Most of these data are summarised from the 

animall  literature but the same domains are found in plant proteins, even though their lipid-

bindingg properties have seldom been characterised. Lipid-binding domains are of great 

importancee not just because they epitomise the significance of lipid signals but also 

becausee they provide research tools for visualising signalling. If green fluorescent protein 

(GFP)) is coupled to a lipid-binding domain and the chimera is injected, or its gene 

constructt transfected into a plant cell, the fluorophore can locate the signal and monitor 

changeschanges in concentration (Balla et al, 2000). Relative changes can be quantified as 

membranee to cytosol fluorescence ratios. The technique is powerful since it allows 
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everyonee with access to a confocal scanning microscope to monitor in vivo, real-time lipid 

signalling.. Some lipid-binding domains are described below. 

Tablee 1: Lipid binding domains 

Domain n 

C22 (CalB) 

FYVE E 

ENTH H 

PH H 

PXX (PHOX) 

Tubbyy (TULP-core) 

ZFDofZAC C 

FERM M 

Bindingg capacity 

Interactionn with phospholipids in a 

Ca2+-dependentt manner 

PI3P P 

PI(4,5)P2 2 

Variouss polyphosphoinositides and PA, 

dependingg on PH domain 

Interactionn mostly with PI3P but some 

bindd other phospholipids as well 

PI(4,5)P2 2 

PI3P P 

PI(4,5)P2 2 

Reference* * 

Jensenn et al., 2000 

Kopkaefa/.,, 1998 

Zhengg etai, 2000 

Jensenn etai, 2001 

Fordd et ai, 2001 

Itohefa/,,2001 1 

MaoMao et ai, 2001 

Deakk era/., 1999 

Jinn etai, 2001 

Mikamietai.,, 2000 

Stevensonn et al, 1998 

Qinn and Wang, 2002 

Santagataa etai, 2001 

Jensenss at., 2000 

Hamadaa et al., 2000 

*Plantt references are cited where possible. EBTH: Epsin amino-terminal homology; ZFD 
off  ZAC: Zinc Finger Domain of a Zinc and Calcium binding protein; FERM: Four-point-
one-ezrin-radixin-moesin. . 

3.11 FYVE-finger 

Thee name is an abbreviation of the first four proteins (Fablp, YOTB, Vaclp, EEA1) 

knownn to contain this zinc-finger-like domain (Stenmark et al, 1996). It specifically binds 

PI3PP (Patki etai, 1998; Stenmark and Aasland, 1999) and is composed of around 70 

aminoo acids that contain eight conserved cysteine residues and a central core motif. A 

novell  protein containing two FYVE domains in tandem (TAFF1) was recently cloned from 

humann cells that binds to PI3P and is localised to the Golgi (Cheung etai, 2001). A 

double-FYVE-GFPP construct was also used to visualise PI3P in internal membranes in 

mammaliann cells (Gillooly et al, 2000). Endosomes, Golgi and multi-vesicular bodies 

weree well labelled, in agreement with the role of this lipid in endocytosis and membrane 

trafficking,, as established in yeast and human cells (Gillooly et al, 2000). In a comparable 

manner,, when a GFP-FYVE construct was transiently expressed in Arabidopsis 

protoplasts,, the trans-Golgi network, pre-vacuolar compartment and vacuolar membranes 

weree labelled (Kim et al, 2001), indicating that PI3P occurs in equivalent intracellular 

compartmentss in plants, animals and yeast. 
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AA yeast protein that binds PI3P via its FYVE-domain is a PI3P 5-kinase (Fablp) 

whosee product PI(3,5)P2 is needed for vacuolar turnover and recycling to the ER (Gary et 

al,al, 1998). The FYVE-domain cloned from the Arabidopsis FAB1 homologue bound PI3P 

betterr than other polyphosphoinositides while the (incomplete) FYVE-domain from the 

ArabidopsisArabidopsis PRAF1 (encoding a protein that contains PH-, RCC1- [Regulator of 

Chromosomee Condensation] and a FYVE domain; Jensen et al, 2001) gene bound 

PI(3,4,5)33 and PI(3,4)P2 better than PI3P. When the two variant amino acid residues from 

PRAF11 were modified, based on the conserved FYVE core sequence 

[(R/K)1(R/K)HHCR6],, PI3P binding was restored (Jensen et al, 2001). Since the 

ArabidopsisArabidopsis genome contains at least nine proteins with FYVE domains plant biologists 

interestedd in vacuole biogenesis and homeostasis should find these genes, and the 3-

phosphorylatedd Pis, attractive subjects. To underline their importance, we relate that 

factorss such as osmotic stress, which affect vacuole homeostasis, enhance both PI 3-kinase 

andd PI3P 5-kinase activities in plants (Meijer et al, 2001b; Meijer et al, 1999; Munnik 

andd Meijer, 2001). 

3.22 PH-domain 

Pleckstrinn homology (PH) domains are made up of about 120 amino acids and bind PPIs 

(Dowlerr et al, 2000; Ferguson et al, 2000; Lemmon and Ferguson, 1998; Lietzke et al, 

2000;; Razzini et al, 2000). They are of diverse structure, reflecting different classes even 

thoughh the essence of each domain is a [J-sandwich of two nearly orthogonal P-sheets 

(Lemmonn and Ferguson, 2000). Many bind PPIs so weakly and so indiscriminately that 

onee can question whether they are of functional significance. However, a few bind with 

highh affinity and specificity, for instance the PH domain of PLC8 that binds PI(4,5)P2 with 

highh affinity (Lemmon and Ferguson, 2000), and GFP chimeras have shown that they can 

targett proteins to specific cell membranes (Hurley and Misra, 2000). PH domains are 

foundd next to FYVE or the recently identified PX domain (see below), which might be 

importantt for the properties of the effector protein. Some animal PH-domains have high 

affinityy for PI(3,4,5)P3 (Jensen et al, 2000). Recently a PH-domain was described from 

centaurinn [52 that binds specifically to PI(3,5)P2 (Dowler et al, 2000). 

Severall  PH-domains have been described in plants (Deak et al, 1999; Jin et al, 

2001;; Mikami et al, 2000; Mikami et al, 1999; Stevenson et al, 1998), and over 40 

proteinss that contain this domain are predicted by the Arabidopsis genome, yet from only 

two,, their lipid binding have been characterised. One is from a PI 4-kinase that binds 

phosphatidicc acid (PA), PI4P and PI(4,5)P2 (Stevenson et al, 1998), locating the enzyme 

too membranes involved in PPI-based signalling to which it can itself contribute. The 

secondd protein is particularly interesting because it is a PDK1 (3-phosphoinositide-
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dependentt protein kinase-1) homologue of Arabidopsis (AtPDKl; Deak et al, 1999). In 

vitrovitro it binds PI(3,4,5)P3 and activates human protein kinase B but, since these are absent 

fromm plants, the in vivo activator and substrate must still be identified. Nonetheless, the 

authorss provide interesting possibilities, because AtPDKl binds PA, PI3P and PI(3,4)P2 

and,, by analogy with mammalian systems, they predict that it wil l activate the kinases 

AtS6kll  and AtS6k2. In this way a lipid-dependent protein kinase cascade is created, at 

leastt on paper. 

Recentlyy a dynamin-like gene with a PH-domain was identified in Arabidopsis 

(Mikamii  et al, 2000). These GTPases are involved in vesicle formation during 

endocytosis;; processes which are regulated by PPIs and might explain the significance of 

thiss PH-domain. 

3.33 C2-domain 

Thiss domain which is also known as CalB (from calcium lipid binding), was first identified 

inn Ca2+-dependent protein kinase C isoforms (Sutton et al, 1995). It is a conserved 

membranee docking module of about 120 amino acids long and consists of a double 4-

strandedd p*-sandwich, with some of the inter-strand loops providing affinity for Ca2+ and 

lipidss (Hurley and Misra, 2000; Kopka et al, 1998; Nalefski et al, 2001). C2-domains are 

foundd in many proteins involved in signal transduction and membrane trafficking (Hurley 

andd Misra, 2000; Jensen et al, 2000; Kopka et al, 1998; Rizo and Sudhof, 1998). The 

modulee usually binds in a Ca2+-dependent manner with rather broad specificity for acidic 

orr neutral phospholipids, but some have a clear preference for PPIs (Hurley and Misra, 

2000;; Kopka et al, 1998). In plants a number of genes encoding proteins with C2 modules 

havee been identified. Some are known to be involved in lipid signalling, such as PI 3-

kinase,, PLC and phospholipase D (PLD; Kopka et al, 1998; Munnik et al, 1998a; Wang, 

2000;; 2001). Their Ca2+-sensitivity can be very divergent as illustrated in plant PLDs 

wheree PLDoc needs mM concentrations whereas PLDp are activated in the uM range 

(Pappann et al, 1997; Zheng et al, 2000). They could therefore translocate to signal-rich 

locationss via their C2-domains. 

3.44 PHOX-domain 

AA relatively new phospholipid-binding domain was recently characterised. It is referred to 

ass the PX- or PHOX (Phagocyte oxidase) domain but is also known as PB2 (Phox and 

Bemlp2)) domain. It was originally identified in p47phox and p40pho\ subunits of the 

NADPHH oxidase (Ponting, 1996). Most characterised PX domains bind PI3P with great 

specificity,, although some bind other Pis (Cheever et al, 2001; Ellson et al, 2001; Kanai 

etet al, 2001; Song et al, 2001b; Xu et al, 2001a; Xu et al, 2001b; Yu and Lemmon, 
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2001).. Proteins containing this domain are involved in membrane trafficking, organising 

thee actin cytoskeleton and protein sorting (Sato et al, 2001; Von Zastrow and Mostov, 

2001;; Xu et al, 2001a). In plants, PX domain-containing proteins are known, e.g. in 

ArabidopsisArabidopsis several genes encode a PX domain. At least two of them are involved in lipid 

signallingg since these are PLDs (PLD^land £2). They are distinctively different from 

previouslyy (section 3.3) described plant PLDs because they have a PX domain and a PH 

domainn rather than a C2 domain (see 7.2; Qin and Wang, 2002). 

4.. PPI synthesis 

Phosphorylationn of the D3-, 4- and 5- positions of the inositol ring is carried out by the 

phosphoinositidee 3-kinases (PI3Ks), PI4Ks, PI5Ks, the P13P 5-kinases and PI4P 5-kinases 

andd the PI5P 4-kinases (Figure 3).These enzymes are classified further into sub-classes or -

types.. A complicating factor is that in vitro some enzymes phosphorylate PI 

indiscriminatelyy while under physiological conditions, they may exhibit a clear preference 

forr a specific hydroxyl group. A brief overview of the enzyme activities described so far 

wil ll  be given, starting with PI synthase, the enzyme responsible for the PPI precursor. For 

otherr reviews on PPI synthesis see the following (Anderson et al, 1999; Dr0bak et al, 

1999;; Fruman et al, 1998; Munnik et al, 1998a; Stevenson et al, 2000; Tolias and 

Cantley,, 1999; Vanhaesebroeck et al, 2001). 

PI I 

PI4P P 

PI(3,4)P22 PI(3,5)P2 PI(4,5)P2 

1.PI3KK I 
2.. PI4K | 

PI3PP PI4P PI5P 3. Type I PIP5Ks j 
4.. Type II PIP4K 
5.. PI3P5K j 
6.. PI4P5K 

Fig.. 3: Possible pathways for phosphoinositide synthesis that are known in plants. Pathways indicated by 
solidd lines have been established in plants, dashed lines indicate pathways that have not yet been confirmed 
inn plants. The enzymes that possess this activity in vitro or in vivo in mammalian systems are indicated. 

4.11 PI synthases 

PII  is synthesised from CMP-PA and myo-inositol by PI synthase (PIS). Enzymatic activity 

inn microsomes from soybean seedlings, pea leaves, potato tubers, maize coleoptiles and 

CatharanthusCatharanthus roseus has been partially characterised (Chicha et al, 1993; Justin et al, 

1989;; Justin et al, 1995; Wissing et al, 1992). Two research groups have independently 

clonedd a PIS gene from Arabidopsis (Collin et al, 1999; Xue et al, 2000). When 

19 9 



ChapterChapter 1 

expressedd in E. coli (which lacks PI and PIS), it was only active if both CMP-PA and myo-

inositoll  were available. The enzyme required Mg2+ or Mn2+ for activity and was partially 

locatedd in the bacterial membrane (Collin et al, 1999). The other cDNA was cloned by 

complementingg a yeast mutant lacking PIS (Xue et al, 2000). The Arabidopsis gene is 

constitutivelyy expressed in most tissues. A second AtPIS2 gene is present, which is 87% 

identicall  to AtPISl (Xue et al, 2000). 

4.22 PI 3-kinases and PI3P 

Phosphoinositidee 3-kinases (PBKs) phosphorylate the inositol ring on the D3-position. 

Threee different classes are known (Class I-III ) depending on their regulation and substrate 

specificityy (Cantrell, 2001; Vanhaesebroeck et al, 2001). Plants only contain class III 

PI3Ks,, which phosphorylate PI to produce PI3P and they are considered to be the main 

producerss of PI3P. They are implicated in vacuolar trafficking, cell proliferation, 

cytoskeletonn organisation and all are homologues of yeast Vps34p which is required for 

Vesicular-Protein-Sortingg (Herman and Emr, 1990; Odorizzi et al, 2000; Schu et al, 

1993;; Stack and Emr, 1994; Wurmser etal, 1999). 

PI3Kss have been cloned from soybean (Hong and Verma, 1994) Arabidopsis 

(Welterss etal, 1994) and Chlamydomonas (Molendijk and Irvine, 1998). PI3K activity is 

essentiall  for normal growth since antisense plants show abnormal phenotypes (Welters et 

al,al, 1994). Part of the PI 3-kinase activity seems to be associated with the 

nucleocytoskeletall  compartment, since antibodies against soybean PI3K co-localised with 

nucleolarr transcription sites (Bunney et al, 2000). The question is whether they synthesise 

PI3PP in the nucleus, because an EBD-GFP chimera that labels PI3P, did not highlight the 

nuclearr compartment when expressed in Arabidopsis protoplasts (Kim et al, 2001). 

However,, in support, PIP-kinases in animals and yeast have been reported to be active in 

thee nucleus (Cocco et al, 2001; D'Santos et al, 1998; Divecha et al, 2000; Martelli et al, 

2001). . 

PI3PP forms a docking site for proteins that contain a FYVE or PX domain (see 

sectionn 3.1 and 3.4). A FYVE-GFP chimera first bound the trans-Golgi network when 

expressedd in Arabidopsis, suggesting that PI3P could be synthesised there. In time course 

studies,, the label was transported to the prevacuolar body and then to the tonoplast before 

itt was internalised as vacuolar vesicles. Since membrane labelling was then lost, the 

chimeraa could have been broken down in the vacuole or/and the lipid was degraded there 

(Kimm et al, 2001). Blocking PI3P synthesis by wortmannin resulted in losing the GFP-

labellingg pattern, while saturating PI3P docking sites, by over-expressing the chimera, 

resultedd in the inhibition of transport from sporamin that is normally targeted to the 

vacuole.. These results are reminiscent of the phenotype seen when yeast Vps34 was 
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knockedd out, emphasising that the role of PPIs in membrane trafficking and vacuole 

turnoverr in yeast could be equivalent to that in higher plants. 

Onee of the yeast proteins with a FYVE domain is a PI3P 5-kinase (Fablp), of which 

homologuess in the Arabidopsis genome exist. This means that PI3P is not only needed for 

membranee trafficking and sorting to the vacuole but also for the formation of the 

subsequentt PI(3,5)P2 signal that plays a role in vacuolar turnover (Gary et al, 1998; 

Odorizzii  et al, 1998). Other FYVE-finger-containing genes are also present in 

Arabidopsis,Arabidopsis, and they could well be involved in vacuolar function (See 3.1). 

AA novel PI3P binding domain was recently described for the Arabidopsis ZAC 

proteinn (Zinc and Calcium binding). This membrane-associated protein contains a zinc 

fingerr known from ADP-ribosylation factor GTPase-activating proteins (ARF GAP) and a 

C2-domain.. PI3P binding was dependent on the zinc finger motif but it was not sufficient 

inn itself, indicating that other residues are also involved in membrane binding (Jensen et 

ai,ai, 2000). 

Levelss of PI3P have been determined in various plant species (Table 2). Their 

turnover,, however, has been studied less intensely. In Chlamydomonas, PI3P turnover by 

radiolabellingg analysis has been shown to be relatively rapid and comparable to that of 

PI4PP (Munnik et al, 1994a; Munnik et at, 1998b). Salt stress has recently been shown to 

elevatee PI3P levels (Meijer et al, 2001b). 

4.33 PI 4-kinases and PHP 

PI4PP synthesised by PI 4-kinases (PI4Ks) is the first step towards PI(4,5)P2 formation, 

althoughh PI(4,5)P2 can also be formed by phosphorylation of PI5P on the 4-position (see 

4.4).. In mammals, type II and III enzymes have been identified (type I turned out to be a PI 

3-kinase,, see Whitman et al., 1988). The type li s are 45-55 kDa membrane proteins, they 

havee been cloned and appear to associate with membranes via a palmitoylated cysteine-

richh central region (Barylko et al., 2001). A BLAST search identified homologues in 

Arabidopsis.Arabidopsis. Type III PI4Ks are much larger (110-210 kDa) and often soluble enzymes 

(Balla,, 1998; Gehrmann and Heilmeyer, 1998; Munnik et al, 1998a). In yeast two PI4Ks 

(PIK11 and STT4) resemble mammalian type Ill s (Flanagan et al, 1993; Yoshida et al, 

1994).. Stt4p is required for the maintenance of vacuole morphology, cell wall integrity and 

cytoskeletall  organisation, particularly during osmotic stress, while Piklp plays an essential 

rolee in secretion and endocytosis (Audhya et al, 2000). Other PI 4-kinase activities have 

beenn purified but their genes remain to be cloned (Belunis et al, 1988; Nickels et al, 

1992). . 
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Tablee 2: Relative levels of polyphosphoinositide in plants as determined (a) 

Source e Identifi i 

cation n 

POP P 

(b) ) 

PI4P P PI5PP PI(3,4)P2 

(c) ) 

PI(3,5)P;; PI(4,5)P, Reference 

Chlamy-Chlamy-

domanas domanas 

HPLC C 

TLC C 

10-155 77-87 3-8 

SpirodelaSpirodela HPLC 2-10 90-98 ND 7-14 

Carnationn HPLC 2.5 97.5 ND ND 

TLC C 

ArabidopsisArabidopsis HPLC 2.5 97.5 ND ND 

TLC C 

Tomatoo PI kinase 8 74 18 A 

TLC C 

ViciafabaViciafaba PI kinase 8 74 18 A 

TLC C 

11 99 

IDD 86-93 

\D\D 100 

11 99 

11 99 

11 99 

Irvinee et al, 1992 

Meijerr et al, 2001b 

Meijerr et al, 1999 

Munnikk et al, 1994a 

Brearleyy and Hanke, 

1992;1993 3 

Munnikk et al, 1994b 

DeWald«-/«/.,, 2001 

PicaUffl/.,, 1999 

Meijerr et al, 2001b 

Meijerr et al, 2001b 

(a)) most data is resolved by labelings studies and thus represent a relative pool size rather than an absolute 
level,, (b) PIP species are determined as the percentage of total PIP pools; <c) PIP2 species are determined as 
thee percentage of total PIP2 pools; ND: Not Determined; A: Absent or failed to detect. 

PI4KK activity has been purified from several plant species (Table 3 A) and are present 

inn different cellular compartments (Xue et al, 1999). Some have been cloned (Table 3B). 

Thee PI4Koc contains a PH-domain that is absent from the p variant (Xue et al, 1999). 

Whenn this PH-domain was expressed in bacteria, it bound PA, PI4P and PI(4,5)P2 

(Stevensonn etal, 1998). 

Somee of the PI4K-activities in Table 3 are associated with small proteins (Munnik et 

al,al, 1998a; Westergren et al, 1999) yet cross-react with antibodies to the C-terminus of 

AtPI4Kocc (Stevenson et al, 1998). They therefore might result from alternative splicing of 

largerr mRNAs. This remains to be clarified by isolating the corresponding cDNAs. This is 

relevantt because the Arabidopsis genome predicts 4 putative PI4Ks (Munnik et al, 2002). 

Thee AtPI4K.p gene has been knocked out in Arabidopsis protoplasts that was used as 

aa transient expression system (Kim et al., 2001). Vesicular trafficking, monitored using a 

GFP-chimeraa to trace the transport of PI3P from the trans-Golgi network to the vacuole 

(seee 3.1), was inhibited up to 50% in the knock-outs, illustrating that PPI species play 

importantt roles in the turnover of intracellular membrane compartments such as the Golgi, 

endosomess and vacuole. 
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Tablee 3: Phosphatidylinositol 4-kinase activities (A) and genes (B) 

(A) ) 

Plantt species Sizee (kDa) Reference 

DunaliellaDunaliella parva 500 

DaucusDaucus carota 83 

CatharanthusCatharanthus roseus 500 

SpinaciaSpinacia oleracea L 120 

SpinaciaSpinacia oleracea L 65 

Steinertt etai, 1994 

Okpoduefa/.,, 1995 

Hanenbergg etai, 1995 

Westergrenn et al, 1999 

Westergrenn et al, 1999 

(B) ) 

Plantt species 

Arabidopsis Arabidopsis 

Arabidopsis Arabidopsis 

DaucusDaucus carota 

Clonee name 

AtPI4Ka a 

AtPI4Kp p 

DcPI4Ka a 

Size e 

2055 kDa 

1266 kDa 

2055 kDa 

Reference e 

Stevensonn et al., 

XueetaL,XueetaL, 1999 

Stevensonn etai. 

1998 8 

1998 8 

4.44 PI5P 

Thee most recently identified PPI was PI5P (Rameh et al, 1997). It was initially overlooked 

becausee it is not easily separated from PI4P, which is present in much higher 

concentrationss (Table 2). Now we are aware of this isomer, one can use kinase assays and 

HPLCC techniques to distinguish PI5P from PI4P (Clarke et al, 2001; Meijer et al, 2001b; 

Morriss et al, 2000; Rameh et al, 1997). The amount of PI5P in animal systems is 

relativelyy low, representing around 2% of the PIP pool (Rameh et al, 1997), compared to 

3-18%% in plants (Table 2). 

InIn vitro, both PI4P 5-kinase and PI3P 5-kinase can phosphorylate PI (Sbrissa et al, 

1999;; Tolias et al, 1998) but the enzyme responsible for cellular PI5P is unclear. Recently 

ann inositol lipid 3-phosphatase (MTMR3) was described that converted PI(3,5)P2 to PI5P 

withh high specificity (Walker et al, 2001). PI5P can be converted to PI(4,5)P2 by PI5P 4-

kinasess (Itoh et al, 1998; Meijer et al, 2001b; Morris et al, 2000; Rameh et al, 1997). 

PI5PP has been identified in plants by phosphorylating metabolically labelled PIP 

withh a specific PI5P 4-kinase, producing labelled PI(4,5)P2, as well as extensive HPLC 

headgroupp analysis (Meijer et al, 2001b). About 8% of the Chlamydomonas PIP pool was 

PI5P,, compared with about 12% PI3P while the rest was PI4P (Meijer et al, 2001b). 

MastoparanMastoparan treatment resulted in a transient decrease of PIP levels, reflecting the 

conversionn to PI(4,5)P2 to replenish those that are lost due to activation of PLC (Munnik et 

al,al, 1998b; Van Himbergen et al, 1999). Significantly, only the level of PI4P was reduced 

whilee PI5P was unaffected, suggesting that only the former was converted to PI(4,5)P2. 

However,, during hyperosmotic stress the PI5P levels increased, as did PI(3,5)P2 levels 
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(Meijerr et al, 2001b; Meijer et al, 1999). This indicates that PI5P is involved in osmotic 

stresss and suggests that it may be a precursor or a metabolic product of PI(3,5)P2. 

4.55 PUP 5-kinases and Pl(4,5)P2 

Mostt PI(4,5)P2 is formed via PtdIns4P 5-kinase activity. In animal systems, several 

isoformss have been characterised. For yeast only one (Mss4p) is found, that phosphorylates 

manyy other PPIs but does not use PI or PI5P as substrate (Homma et al, 1998). Mss4p and 

itss product PI(4,5)P2 are important for vacuole function in yeast. The vacuole is a multi-

vesicularr organelle that can fuse to form a single vesicle, or fragment into smaller ones. In 

SchizosaccharomycesSchizosaccharomyces pombe, vacuole fusion and fragmentation are triggered by hypo- and 

hyperosmoticc stress, respectively (Bone et al, 1998). In Sac char omy ces, PI(4,5)P2 is 

neededd for vacuole fusion (Mayer et al, 2000), while PI(3,5)P2 seems to play a role in 

vacuolee fragmentation. 

Despitee the potential importance of PI(4,5)P2 in plants, only one PI4P 5-kinase gene 

hass so far been characterised in Arabidopsis (AtPIP5K; Mikami et al, 1998). It contains a 

lipidd kinase domain, a N-terminal extension and 8 MORN (Membrane Occupation and 

Recognitionn Nexus) motifs, novel protein-folding modules that bind proteins to 

membraness (Takeshima et al, 2000). Interestingly, expression in Arabidopsis was induced 

byy drought, salt and abscisic acid (ABA) treatments (Mikami et al, 1998), all of which are 

thoughtt to activate PLC and reduce PI(4,5)P2 pools. This expression of the PI4P 5-kinase 

couldd therefore contribute to the resynthesis of PI(4,5)P2, as described above. Recently, the 

genee was again cloned and differences were indicated in the first part of the protein as a 

resultt of sequencing errors (Elge et al, 2001; Westergren et al, 2001). Expression was 

foundd to be strongest in procambial cell layers. When expressed in insect cells, a 

considerablee increase in PI(4,5)P2 and, more surprisingly, in PI(3,4,5)P3 was observed. 

Usingg 3- and 5-phosphatases, the gene is suggested to encode a 5-kinase (Elge et al, 

2001).. In contrast, recombinant GST-AtPIP5Kl expressed in E. coli, phosphorylated PI3P 

andd PI4P to PI(3,4)P2 and PI(4,5)P2 respectively but was unable to generate PI(3,5)P2 or 

PI(3,4,5)P33 (Westergren et al, 2001). In Arabidopsis, formation of PI(3,4)P2 has never 

beenn reported, indicating that under in vivo conditions this does not occur (DeWald et al, 

2001;; Pical et al, 1999; Takahashi et al, 2001). Furthermore, the Arabidopsis genome 

doess not contain gene homologues of the animal classes of PI 3-kinases that phosphorylate 

PI4PP and/or PI(4,5)P2 on their 3-position (Class I or II). Computer alignments revealed 10 

moree homologues of the AtPI4P 5-kinase gene (unpublished results), and a second PIP5K 

hass already been identified although this one was not capable of producing PI(3,4,5)P3 in 

insectt cells (Elge et al, 2001). 
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Inn higher plant cells, PI(4,5)P2 levels are about 10 times lower than in animals or 

lowerr plants like Chlamydomonas (Arisz et al, 2000; Munnik et al, 1998a; Stevenson et 

al,al, 2000). This means that its metabolism during PLC activity must be exceptionally high 

too generate IP3 concentrations equivalent to those in animals. When Chlamydomonas was 

subjectedd to hyperosmotic stress or G-protein activation (Meijer et al, 2001b; Munnik et 

al,al, 2000; Munnik et al, 1998b; Van Himbergen et al, 1999), PLC was activated and 

PI(4,5)P22 levels initially decreased, followed after 30 sec by up-regulation of its synthesis. 

Byy pre-labelling cells with 32P( for just 30 sec, which favours the detection of synthesis 

ratherr than hydrolysis, mastoparan was shown to stimulate synthesis immediately. As 

labellingg times became longer, the concomitant activation of PLC dominated the labelling 

patternn and the synthesis of PI(4,5)P2 was not observed, even though present (Munnik et 

al,al, 1998b). This study presents one of the most detailed pictures of PI metabolism during 

PLCC signalling that has yet been reported for a plant system. In Arabidopsis cell 

suspensionss and plants, net PI(4,5)P2 synthesis was enhanced by hyperosmotic stress 

(DeWaldd et al, 2001; Pical et al, 1999). Concentrations reached 8-25 times the control 

valuesvalues within 10-20 min and were associated with similar increases in IP3 production 

(DeWaldd et al, 2001; Dr0bak and Watkins, 2000; Takahashi et al, 2001). This implies 

thatt PLC activity can be stimulated by increasing substrate levels rather than by activating 

thee enzyme itself. 

PPIss are involved in intracellular trafficking (Corvera et al, 1999; De Camilli et al, 

1996;; Martin, 1998). They associate with and regulate an increasing number of 

componentss and processes, including small GTPases, proteins involved in endosomal 

buddingg and fusion or in actin-based cytoskeleton (Caroni, 2001; Martin, 2001; Sechi and 

Wehland,, 2000; Takenawa and Itoh, 2001; Yin and Stall, 1999), Golgi to vacuole 

transport,, Multi-Vesicular-Body formation, endocytosis and vacuole fusion (Mayer et al, 

2000).. PI(4,5)P2 has also been implied to be involved in phagocytosis, an actin-dependent 

process.. The location of GFP-PH chimeras in macrophages illustrated that PI(4,5)P2 was 

rapidlyy recruited to the phagosomal cup together with type la PIPK. Upon phagosome 

sealing,, PI(4,5)P2 rapidly disappeared, correlated with the PLC mobilization and DAG 

formation,, suggesting that PI(4,5)P2is involved in the recruitment of actin and subsequent 

cytoskeletall  remodelling (Botelho et al, 2000). In plants much less is known but we 

assumee that phagocytosis is a conserved mechanism. However, there is some evidence that 

PI(4,5)P22 also plays a role in vesicular trafficking. Profilin, a G-actin binding protein that is 

regulatedd by PI(4,5)P2, is a potent controller of actin dynamics (Clarke et al, 1998) and 

wass recently found to be localised in the bulges of outgrowing root hairs (Braun et al, 

1999)) and pollen tubes (Kost et al, 1999). The components could together determine the 

sitee for vesicle delivery and regulate exocytosis. In support, application of cytochalsin D (a 
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micro-filamentt disruptor) or mastoparan, disturbed tip growth, (Braun et ai, 1999). 

Anotherr line of evidence linking cytoskeletal regulation and PI(4,5)P2s to cell polarity was 

providedd by Chua's group, showing that small G-proteins, belonging to the Rac family, are 

physicallyy associated with PIP-kinase activity in growing pollen tubes (Kost et al, 1999). 

Thiss Rac2 may therefore be regulated by the PIP-kinase or by PI(4,5)P2. The nature of the 

PIP-kinasee is uncertain but its stimulation by PA (Kost et at, 1999) is a characteristic of 

typee I PI4P 5-kinases (Munnik, 2001). PI(4,5)P2 accumulates in the plasma membrane at 

thee pollen tube tip together with Rac2. The lipid was located using a GFP-PH-domain 

chimeraa (PLCS) and when this was highly expressed, binding most PI(4,5)P2, pollen tube 

elongationn was inhibited (Kost et al, 1999). If PI(4,5)P2 cannot be hydrolysed by PLC, the 

Ca2++ gradient, decreasing from the pollen tip, will not form. This gradient is essential for 

pollenn tube growth regulation since disturbance leads to depolarised growth (Molendijk et 

al,al, 2001). This indicate that PI(4,5)P2 is essential for Ca2+ gradient formation. 

Apartt from being a docking site for signalling proteins, PI(4,5)P2 is also substrate for 

PLC.. Although PI(4,5)P2 in some membranes may not be accessible for PLC, hydrolysis 

meanss the loss of docking sites. It now seems that this is the basis of a plasma membrane-

to-nucleuss signalling system, for 'Tubby' proteins are transcription factors that dock to 

PI(4,5)P22 in the plasma membrane via their carboxy terminal 'Tubby' (TULP-core) 

domains.. When PLC hydrolyses the docking sites, the 'Tubby' proteins are released to 

migratee to the nucleus and influence gene expression (Santagata et ai, 2001). Although 

thiss is the first example of its type, the simplicity is appealing and presumably other 

exampless are waiting to be discovered since 'Tubby'-like sequences are present in the 

databases. . 

4.66 PI3P 5-kinases and PI(3,5)P2 

PI(3,5)P22 is a recently discovered inositol-phospholipid that is synthesised from PI3P by 

PI3PP 5-kinase (Whiteford et ai, 1997). It was subsequently identified in the yeast 

SaccharomycesSaccharomyces cerevisiae (Dove et ai, 1997) and various plant species (Meijer et ah, 

1999),, where levels increased 2-20 fold during hyperosmotic stress (Dove et ai, 1997; 

Meijerr et ah, 1999). The kinase (Fablp) responsible for its synthesis was earlier identified 

ass a PI4P 5-kinase (Boronenkov and Anderson, 1995; Yamamoto et ah, 1995a) but was 

noww recognised to be actually a PI3P 5-kinase (Cooke et ai, 1998; Gary et ai, 1998). The 

FAB11 gene encodes a large protein with an N-terminal PIP-kinase domain, a central 

chaperonin-likee domain and a C-terminal FYVE domain (Burd et al, 1998; Figure 4). 

FAB11 deletion mutants completely lacked PI(3,5)P2 and were incapable of synthesising it 

uponn osmotic stress. While viable, the mutants exhibited severe growth defects that largely 

resultedd from an abnormally large vacuole (Yamamoto et ai, 1995a), underlining the 
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importancee of PI(3,5)P2 in vacuolar function and turnover. Mutants failed to internalise and 

recyclee the tonoplast to the extent that it eventually inhibited nuclear separation during 

divisionn (Catlett and Weisman, 2000; Odorizzi et al, 1998; Wurmser et al, 1999). The 

mammaliann ortholog of Fablp, the PIKfyve lipid kinase, synthesised PI5P and PI(3,5)P2 in 

vitrovitro from PI and PI3P, respectively (Sbrissa et al., 1999), and is critical for 

endomembranee homeostasis in mammalian cells (Ikonomov et al, 2001). Fablp 

homologuess from murine cells (p235) and Schizosaccharomyces pombe (SpFablp), 

transfectedd into S. cerevisiae fablA cells, restored basal PI(3,5)P2 levels, although the latter 

didd not correct the mutant phenotype (Dove et al, 1997). This failure suggests that 

SpFABlpp was unable to interact with regulators of PI(3,5)P2 synthesis (McEwen et al, 

1999).. An interactor in yeast was identified as Vac7p (De Mesquita et al, 1996). Mutants 

resemblee Afabl cells, lacking PI(3,5)P2 and having enlarged vacuoles (Bonangelino etal, 

1997;; Gary et al, 1998). Another interactor is Vacl4p that may function as an activator of 

Fablpp but its nature remains to be clarified (Bonangelino etal, 1997). 

ScFabl l 

PIKfyve e 

AtFABI I 

AtFAB2 2 

AtFAB3 3 

AtFAB4 4 

Fig.. 4: Structural comparison of Arabidopsis FAB-like proteins with Fablp from S. cerevisiae and PIKfyve 
fromm Mus musculus . FYVE-, chaperonin like- and PIP-kinase domains are indicated. GenBank database 
accessionn numbers: S. cerevisiae, Fablp, 2278 AA (NP_116674); Mus musculus, PIKfyve, 2052 AA 
(NPJB5216);; Arabidopsis, AtW3P5KM 1797 (NP_188044), 1757 (NP_195050), 1648 (AAD55502), 1456 
AAA (NPJ 74686), respectively. 

Inn plants, no POP 5-kinase has been reported to be cloned yet but the Arabidopsis 

genomee contains 4 putative FAB1 homologues (Figure 4). Their overall structure 

resembless FAB1 although they are all smaller. Two of them contain the complete 

characteristicc FYVE-domain while the others contain an incomplete domain or lack it 

completely.. One FYVE-domain was cloned and was shown to have affinity towards PI3P 

(Jensenn et al., 2001). All FABl-lik e genes contain a highly conserved C-terminal PIP-

kinasee domain that can be distinguished from that of PI4P 5-kinases. EST data-bases 

indicatee that FAB 1-homologues are also present in other plant species (e.g. rice and 

tomato). . 

FYVE E 
domain n 

chaperonin n 
likee region 

kinase e 
domain n 

--
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Besidess osmotic stress, increasing PI(3,5)P2 levels 2- to 8-fold (Meijer et al, 2001b; 

Meijerr et al, 1999), a small increase was also found when Chlamydomonas cells were 

subjectedd to oxidative stress (Van Himbergen, pers. comm.), whereas other treatments 

weree without effect (Meijer et al, 1999). Hyperosmotic stress in Arabidopsis rather 

increasedd the formation of PI(4,5)P2 than PI(3,5)P2 (DeWald et al, 2001; Pical et al, 

1999).. Nonetheless, several other higher plant species have been shown to respond with 

PI(3,5)P22 increases (Meijer et al, 1999). 

Sincee plants resemble yeast in having vacuoles and rapidly synthesising PI(3,5)P2 

underr hyperosmotic conditions, this lipid may help maintain vacuolar integrity. To 

compensatee volume reduction during water loss, while maintaining membrane area of the 

vacuole,, the tonoplast can fragment, a process in yeast that is promoted by PI(3,5)P2. The 

lipidd also promotes vacuolar H+-ATPase activity, for yeast FAB1 mutants have neutral 

ratherr than acidic vacuoles. During osmo-stress, yeast and plants synthesise osmolytes to 

compensatee dehydration. They are transported into the vacuole by proton exchangers 

(Martinoiaa and Ratajczak, 1997). Therefore PI(3,5)P2 synthesis could help accumulation by 

stimulatingg proton pumping to maintain the proton gradient over the tonoplast. Of course, 

iff  proteins are regulated by PI(3,5)P2, a domain must exist that specifically binds it. The 

PH-domainn of centaurin 02 seems to fulfi l such criterion (Dowler et al, 2000). Centaurin 

activatess the GTPase activity of ARF, that is involved in membrane trafficking. Therefore 

thiss could be the first true target for PI(3,5)P2 that has been discovered. 

5.. Phospholipase C 

Phosphoinositide-specificc phospholipase C (also referred as PI-PLC or PLC), generates 

twoo intracellular products from PI(4,5)P2: DAG and IP3. Protein kinase C is activated by 

DAGG in animal cells but no equivalent enzyme exists in plants. However, since DAG is 

rapidlyy converted to PA by DAG kinase (DGK), for which there is more convincing 

evidencee that it is a plant second messenger (Munnik, 2001), PLC can be seen as 

generatingg PA and IP3. PA is also generated by PLD activity (Section 7), complicating the 

measurementt of PLC activity but this problem can be solved by pre-incubating cells for 

shortt periods of time in 32P;, such that the ATP pool is labelled and not the structural lipids 

thatt are the substrates for PLD (see Munnik, 2001). 

5.11 Cloning and expression 

Basedd on amino-acid sequence homologies, mammalian PLCs have been classified into 

fourr different types, B, y, S and e subtypes (Lopez et al, 2001; Song et al, 2001a; 

Williams,, 1999). All plant PLCs fall in the 8 subclass (Munnik et al, 1998a; Otterhag et 

al,al, 2001; Rebecchi and Pentyala, 2000; Wang, 2001). Animal PLCSs contain 
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characteristicc X- and Y-boxes that constitute the catalytic site, an N-terminal PH-domain, 

upp to four EF-hand motifs that bind Ca2+ (or are an interior part of the enzyme's core 

structure;; Rebecchi and Pentyala, 2000) and a C2/CalB-domain that mediates interactions 

betweenn Ca2+ and lipids (or proteins; Katan and Allen, 1999; Ponting and Parker, 1996; 

Rizoo and Sudhof, 1998). In comparison, PLCs from Arabidopsis, soybean, potato and pea 

lackk the terminal PH-domain and the EF motifs are incomplete (Hartweck et al, 1997; 

KopkaKopka et al, 1998; Munnik et al, 1998a; Otterhag et al, 2001; Rebecchi and Pentyala, 

2000;; Wang, 2001). However, all enzymes exhibited Ca2+-dependent activation of their 

abilityy to hydrolyse PI(4,5)P2. AtPLCIS was found to be induced under various 

environmentall  stresses including low-temperatures, salt and drought treatment (Hirayama 

etet al, 1995) whereas AtPLCIS is constitutively expressed in flowers (Yamamoto et al, 

1995b).. AtPLC2 is constitutively expressed in vegetative and floral tissues in Arabidopsis 

thalianathaliana (Hirayama et al., 1997) and was predominantly localised at the plasma membrane 

ass well as found for the soybean PLC (Shi et al, 1995). Recombinant AtPLC2 preferred 

PI(4,5)P22 as substrate, and the conserved N-terminal domain that includes one EF-hand 

wass found to be important for catalytic activity but not for lipid binding (Otterhag et ah, 

2001). . 

5.22 PLC signalling in plants 

Thee presence of PLC genes is a strong argument for PLC signalling in plants. PLC activity 

shouldd therefore be detectable as the concomitant hydrolysis of PI(4,5)P2 and production of 

IP3,, DAG and PA. In practice, few systems have delivered convincing data due to the 

difficultyy to synchronously radiolabel and treat plant tissues. Moreover, PI(4,5)P2 levels 

aree often low in higher plants and the IPrbinding assay that has been developed for animal 

celll  extracts, seldom reflects the presence of Ins(l,4,5)P3 isomer in a HPLC system 

(Brearleyy and Hanke, 2000). The inhibition of an IP3 increase is valid as long as the 

inhibitorr does not adversely affect cell viability. For example, in Vicia sativa root hair cells 

1-100 uM U73122 (a PLC inhibitor) immediately inhibited cytoplasmic streaming (Den 

Hartogg et al, 2001), yet much higher concentrations are commonly used, albeit in other 

cellss (e.g. Perera et al, 2001). Therefore, all reports of PLC activation that are based solely 

onn inhibitor studies have been excluded from this review. 

Thee best example of PLC activation is for mastoparan-treated Chlamydomonas 

(Munnikk et al, 1998b). It is convincing because of the detailed metabolism of 50-70% of 

thee PIP and PI(4,5)P2 within 30 sec, combined with dramatic increases in IP3, PA and 

diacylglyceroll  pyrophosphate (DGPP), a phosphorylated product of PA (Munnik et al, 

1996).. The first use of a GFP-PH chimera was reported to measure real-time PLC activity 

inn rat basophilic leukaemia cells. PI(4,5)P2 hydrolysis was then seen as the release of 
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fluorescencefluorescence from the plasma membrane to the cytosol (Stauffer et al, 1998). 

Impressively,, the kinetics of signalling in both systems was very similar, illustrating that 

PLCC signalling can be equally fast. In Chlamydomonas, IP, production was correlated with 

deflagellation,, due to the release of Ca2+ from intracellular stores. Chlamydomonas 

containss high Ca2+ concentrations (~2 M) in vacuole-like electron-dense bodies that release 

Ca2++ upon mastoparan treatment (Kuin et al, 2000). It is attractive to think that EP3 was the 

releasingg agent, but the authors noted that IP3 added to permeabilised cells was ineffective. 

Perhapss mastoparan activates other G-protein-linked effector enzymes than PLC, for 

examplee one that results in cyclic-ADP-ribose (cADPR) or nicotinic acid adenine 

dinucleotidee phosphate production, both capable of inducing Ca2+ release from internal 

storess in plants (Navazio et al, 2000). 

5.2.11 Seed germination and stomatal opening 

ABAA has been reported to induce the production of IP3 at the cost of PIP and PI(4,5)P2 by 

activatingg PLC in guard cell protoplasts (Lee et al, 1996) and in Arabidopsis leaves 

(Xiongg et al, 2001). In transgenic Arabidopsis plants expressing antisense AtPLCl, ABA 

didd not inhibit germination or growth as it usually does (Sanchez and Chua, 2001). Over-

expressionn of AtPLCl, however, did not result in germination or growth inhibition nor in 

thee expression of ABA-responsive genes and therefore it could be required for secondary 

responsess (Sanchez and Chua, 2001). The primary responses were attributed to the ABA-

inducedd production of cADPR followed by Ca2+ increase since cADPR-sensitive Ca2+-

channelss have been shown to be involved in the ABA response (Wu et al, 1997). 

Somewhatt paradoxically, gibberellins (GA3) that antagonise ABA and stimulate seed 

germination,, are also reported to induce IP3 formation and enhance PLC expression 

(Kashemm et al, 2000; Murthy et al, 1989). GA3-induced formation of IP3 in rice aleurone 

layerr was prevented by ABA and peculiarly, ABA did not evoke an increase in IP3 

concentrationss (Kashem et al, 2000). These apperent contradictions with respect to ABA-

and/orr GA3-induced effects remain to be elucidated. 

ABAA induced PLC activation has also been invoked in the control of stomatal 

openingg by guard cells (Allen et al, 1999; Hamilton et al, 2000; Leckie et al, 1998; 

Munnikk et al, 1998a; Staxen et al, 1999; Wu et al, 1997). The involvement of 

heterotrimericc G-proteins was recently implicated since Arabidopsis mutants defective in 

GPA1GPA1 (a hetero-trimeric GTP-binding Got subunit gene) do not close their stomata in 

responsee to ABA (Wang et al, 2001). The normal ABA-induced increase in Ca2+ appeared 

too be due to the combined actions of IP3 and cADPR (Leckie et al, 1998; MacRobbie, 

1998).. Addition of the PLC inhibitor U-73122 did not completely block the Ca2+ increase 

norr did the cADPR inhibitor nicotinamide, but both inhibitors together blocked the 
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increasee as well as the ABA-induced K+-efflux and stomatal closure (Jacob et al, 1999; 

MacRobbie,, 2000; Staxen etal, 1999). 

5.2.22 Plant defence 

Symbioticc and pathogenic interactions have been implicated to involve PLC signalling (see 

Munnikk et al, 1998a). Since both involve plant-microbe interactions, one can imagine 

commonn signalling pathways, although symbionts must clearly suppress or modify any 

defencee responses. Before legume roots can be colonised by Rhizobium species, the 

bacteriaa have to be taken up into the root hair. Nod factor from Rhizobium solicits root hair 

curlingg to enfold the bacteria, but when added as solution around roots, the response is 

seenn as root hair deformation: a general swelling followed by normal re-growth. Within 30 

min,, Nod factor induces PA and DGPP synthesis, which is at least partly due to PLC and 

DGKK activities (Den Hartog et al, 2001). Neomycin (thought to inhibit PLC by chelating 

PI(4,5)P2)) inhibited both root hairr deformation and PA formation. 

Challengingg plants with pathogenic elicitors usually activates PLC (Munnik et al., 

1998a).. Surprisingly then, when soybean was challenged with Pseudomonas syringae, IP3 

levelss declined (Shigaki and Bhattacharyya, 2000). Perhaps this reflects the difficulty in 

measuringg IP3 levels with the binding assay as addressed above. In contrast, tomato cell 

suspensionss responded to a number of elicitors (xylanase, chitotetraose and the flagellin-

derivedd peptide flg22) increasing their PA and DGPP content about 5-fold within minutes 

afterr elicitation (Van der Luit et al, 2000). Since most PA was generated via DAG 

phosphorylationn and the increase was correlated with a decrease in PI(4,5)P2, it strongly 

suggestss the involvement of the PLC pathway. 

5.2.33 Osmotic stress 

Hyperosmoticc stress- or drought-activation of PLC signalling was already long presumed 

(Munnikk and Meijer, 2001). Several plant systems have been tested and some interesting 

featuress have been found. SOS2, a protein kinase involved in plant salt tolerance was 

foundd to negatively regulate the AtPLCl (Zhu et al., 1998). In general, most plants respond 

too hyperosmotic stress by an increase in PI(4,5)P2 (DeWald et al, 2001; Einspahr et al, 

1988;; Heilmann et al, 2001; Meijer et al, 2001b; Pical et al, 1999), probably by 

activationn of the kinases involved. PI(4,5)P2 could well function in other independent 

signallingg mechanisms due to the presence of different pools of PI(4,5)P2, although recent 

reportss showed that it was correlated with increases in IP,, indicating that at least a fraction 

wass available (DeWald et al, 2001; Dr0bak and Watkins, 2000; Heilmann et al, 2001; 

Takahashii  et al, 2001). The presence of different PI(4,5)P2 pools was illustrated in the alga 

GaldieriaGaldieria sulphuraria wherein the PI(4,5)P2 levels decreased in plasma membranes during 
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thee stationary phase of growth while an increase was observed in microsomes (Heilmann et 

a/.,, 2001). 

53IP53IP33andIPandIP6 6 

Althoughh IP3 has been shown to release Ca2+ from intracellular plant stores (Alexandre et 

al,al, 1990), there is some discussion about the nature of these organelles. High-affinity IP3 

bindingg sites in animal systems are localised at the ER while in plants most evidence points 

too the vacuole as the main intracellular calcium store (Munnik et al, 1998a) but an IP3-

receptorr is still lacking, also from the Arabidopsis genome project! Some evidence 

demonstratess the presence of IP3-sensitive calcium release across non-vacuolar 

membranes.. It was demonstrated that in cauliflower (Brassica oleracea L.), non-vacuolar 

vesiclee preparations were sensitive to IP3 and that this activity relied on a Ca2+-ATPase for 

Ca2+accumulationn (Muir and Sanders, 1997). A high affinity IP3-binding site in 

ChenopodiumChenopodium rubrum has been localised on the ER (Martinec et al, 2000). 

Thee Ca2+ release needs to be temporal, thus the IP3 signal has to be terminated 

(Figuree 5). In animal cells this is achieved by dephosphorylation to I(1,4)P2 or 

phosphorylationn to I(1,3,4,5)P4 (Irvine and Schell, 2001). Recently, a 5-phosphatase 

activityy in Tradescantia was described involved in thee dephosphorylation pathway (DePass 

etet al, 2001). Furthermore, the first inositol phosphatase capable of hydrolysing IP3 in 

ArabidopsisArabidopsis that was cloned, catalysed the hydrolysis of both IP3 and I(1,3,4,5)P4, while 

data-basee searches revealed the presence of multiple putative 5-phosphatases in maize, 

rice,rice, tomato and Medicago truncatula (Berdy et al, 2001). 

^^ lns3P *4 lns(3,4)P2 -4 lns@,4,6)P3 M lns<3,4,516)P4 v 

// / \ 
Inss ' / ^ lns(1.3,4.5,6)P5  lnsP6 

\\ |nS4P ^ lns(4,5)P2 <4 Ins(1,4,5)p3 ** lns(1,4,5,6)P4 

Fig.. 5: A schematic representation of the plant pathways involved in the degradation of IP, and the formation 
off  IP6 (see text for references). 

Althoughh IP3 is seen as the inositol phosphate that releases Ca2+ from internal stores, 

thiss role is also emerging for inositol hexakisphosphate (InsP6). Guard cells of Solatium 

tuberosumtuberosum and Vicia faba treated with ABA showed an increase of InsP6 levels. InsP6 

additionn mimicked the inhibitory effects of ABA and Ca2+ on the inward K+- channel that 

couldd be abolished by chelating the Ca2+. Moreover, InsP6 was 100-fold more potent than 

IP33 (Lemtiri-Chlieh et al, 2000). This could be explained by the fact that IP3 is rapidly 
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degradedd or metabolised, in the latter case possibly to IP6 (Figure 5). This has been 

describedd in yeast during hyperosmotic stress (Ongusaha et al, 1998) but direct evidence 

wass not found in guard cells (Lemtiri-Chlieh et al, 2000). Since more inositol 

polyphosphatess have been identified in plants (Irvine and Schell, 2001), additional studies 

wil ll  be needed to reveal their functions. 

6.. DAG- and PA-kinase 
Diacylglyceroll  kinases (DGKs) phosphorylate DAG to PA. DAG is a second messenger in 

animalss but this has not been established for plants (Munnik, 2001; Munnik et al, 1998a). 

Inn contrast, PA is becoming accepted as a signalling molecule (Munnik, 2001) and 

thereforee DGK could be an important signalling enzyme, especially since plant DGK 

rapidlyy converts the DAG produced by PLC into PA (Den Hartog et al, 2001; Munnik, 

2001;; Munnik and Meijer, 2001; Munnik et al, 2000; Munnik et al, 1998b; Van der Luit 

etet al, 2000). 

PAA kinases (PAK) is a novel lipid kinase which was originally discovered in vitro by 

Wissingg and colleagues (Wissing and Behrbohm, 1993). PAK phosphorylates PA to 

DGPP,, a novel lipid which was found a few years later to accumulate in vivo when PLC 

and/orr PLD were activated (Munnik et al, 1996). 

6.11 Activity and cloning 

DGKK activity has been purified and characterised from plant material. They have been 

shownn to predominate at the plasma membrane with some activity associated with the 

cytoskeletonn and nucleus (see Munnik et al, 1998a). Chloroplasts incubation with 32P-ATP 

resultedd in radioactive labelling of several phospholipids including PA (Bovet et al, 2001; 

Mullerr et al, 2000; Siegenthaler et al, 1997). 

DAGG kinases are a well-conserved family of proteins found in most eukaryotic 

species.. In mammals, nine isotypes have been identified, classified into five subgroups 

(Tophamm and Prescott, 1999; Van Blitterswijk and Houssa, 2000). They contain a 

conservedd catalytic domain and two cysteine-rich (CI) domains. Database searches 

revealedd seven putative DGK genes in the Arabidopsis genome (Munnik et al, in prep.). 

Twoo contain a catalytic domain and the cysteine-rich domain. AtDGKl cDNA has been 

clonedd and is mainly expressed in roots, shoots, and leaves (Katagiri et al, 1996). Five 

otherr predicted genes only contain the catalytic domain. Two have been cloned and a third 

onee is found in the EST-database reflecting their expression (Munnik et al, in prep). From 

tomatoo two cDNAs have been cloned: LeDGKl and LeCBDGK (Snedden and Blumwald, 

2000).. They result from alternative splicing of the LeDGKl gene creating an extra 

calmodulin-bindingg domain in LeCBDGK. Both splice forms lack the cysteine-rich 
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domainss but are catalytically active in vitro. LeCBDGK associated with microsomal and 

plasmaa membranes in vivo, but was also well represented in the soluble fraction. In 

contrast,, LeDGK only associated with the membrane fractions, presumably via a 

Ca27CaM-independentt mechanism (Snedden and Blumwald, 2000). 

PAKK activity has been discovered in many plant species and tissues. The protein 

seemss to be predominantly localised at the plasma membrane (Munnik et al, 1998a). So 

far,, no genes have been cloned. 

6.22 PA andDGPP in signalling 

Onlyy few reports show increases in DAG levels in plants. In contrast, most studies indicate 

DAGG phosphorylation immediately after its formation (Den Hartog et al., 2001; Meijer et 

al,al, 2002b; Munnik et al, 2000; Munnik et al, 1998b; Van der Luit et al, 2000). Increases 

off  PA have been observed for many cell types upon several treatments (Munnik, 2001; 

Munnikk and Meijer, 2001; Munnik and Musgrave, 2001). These include osmotic stress, 

wounding,, ABA, pathogen attack, oxidative stress, Nod factor treatment and drought. 

Interestingly,, more and more proteins are found that are capable to bind PA. One of 

thee best known proteins is the serine/threonine kinase Rafl in animal cells. Others, 

includingg several plant proteins, are identified ranging from ion channels to protein- and 

lipid-kinasess (Cockcroft and de Matteis, 2001; English, 1996; Manifava et al, 2001; 

Munnik,, 2001; Munnik and Musgrave, 2001). Undoubtedly, PA will directly activate some 

off  these enzymes, but being recruited to PA-docking sites, it will indirectly activate others 

becausee the local increase in signal enzyme concentration promotes regulatory interactions 

(Munnik,, 2001). 

Anotherr fact that convincingly indicates that PA must be a signalling molecule was 

thee discovery that PA is further phosphorylated to DGPP, thereby attenuating the PA 

signall  (Munnik et al, 1996; Munnik et al, 1998b; Van Himbergen et al, 1999). In vivo, 

PAKK activity has now been reported in yeast and many plant systems in respons to a 

varietyy of physiological stresses, including osmotic stress and pathogen attack (Carman 

andd Zeimetz, 1996; Den Hartog et al, 2001; Meijer et al, 2001a; Munnik et al, 1996; 

Munnikk et al, 2000; Pical et al, 1999; Van der Luit et al, 2000; Wu et al, 1996). It is 

conceivablee that DGPP is a signal in its own right. For example, it activated an 

inflammatory-likee response including enhanced prostaglandin production via activation of 

aa cytosolic phospholipase A2 (PLA2) in macrophages (Balboa et al, 1999; Balsinde et al, 

2000),, although DGPP has not been found in higher animals. 

Neww enzymes down-regulating DGPP are also emerging. DGPP phosphatase activity 

hass been identified in Catharanthus roseus intracellular membranes (Riedel et al, 1997) 

whereass two genes from Arabidopsis (AtLPPl and 2) have been cloned and characterised 
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(Pierruguess et al, 2001), that possess homology with the yeast lipid phosphate 

phosphatasess DPP1 and LPP1 (Toke et ai, 1998a; Toke et al, 1998b). The phosphatases 

fromm Arabidopsis use PA and DGPP as a substrate. AtLPP2 was expressed throughout the 

plantt while AtLPPl was preferentially expressed in leaves and roots and was up-regulated 

byy radiation, pathogens and mastoparan, of which the last two are well known to 

transientlyy stimulate DGPP synthesis (Munnik et al, 1996; Munnik et al, 2000; Van der 

Luitt et al, 2000; Van Himbergen et al, 1999). Two additional putative LPP genes 

(AtLPP33 and 4) are predicted in the Arabidopsis genome (Munnik et al, in prep.). 

7.. Phospholipase D 

Phospholipasee D (PLD) is ubiquitous in plants and hydrolyses phospholipids at the 

terminall  phosphodiester bond generating a free headgroup and PA. Since PA is being 

establishedd as a second messenger in plants, PLD must be considered an important 

signallingg enzyme (Munnik, 2001). However, its role as such is complicated since some 

PLDss have a catabolic rather than signalling function, being involved in senescence and 

woundingg etc. (reviewed in Munnik, 2001; Munnik et al, 1998a; Munnik and Meijer, 

2001;; Pappan and Wang, 1999; Wang, 1999; 2000; 2001). As summarised in Table 4, 

manyy conditions are shown to activate or express PLD. In addition, PLD has recently been 

foundd to bind microtubules (Gardiner et al, 2001), which has led to the speculation that it 

hass role in vesicular trafficking (Munnik and Musgrave, 2001). 

7.11 PLD activity 

Whenn PLD hydrolyses a phospholipid, it transfers the phosphatidyl group to water, making 

PA,, but in the presence of primary alcohols it transfers the phosphatidyl group to this 

acceptorr forming a phosphatidylalcohol (Munnik, 2001; Munnik et al, 1995). Since this is 

aa unique property of PLDs, it means that activity can be unambiguously assessed in vivo, 

usingg low concentrations of alcohol and measuring the production of phosphatidylalcohol 

(Denn Hartog et al, 2001; Katagiri et al, 2001; Laxalt et al, 2001; Meijer et al, 2002a; 

Meijerr et al, 2002b; Munnik et al, 1995; Munnik et al, 2000; Munnik et al, 1998b; Van 

derr Luit et al, 2000; Van Himbergen et al, 1999). A few notes of caution must be added 

sincee some PLDs are claimed to have no transphosphatidylation activity (Mayr et al, 

1996;; Ogino et al, 2001; Petersen and Hansen, 1999; Waksman et al, 1997; Wissing et 

al,al, 1996). Furthermore, the presence of phosphatidylalcohols provide a relative rather than 

ann absolute measure of activity, and finally, when using 32Prlabelling to monitor lipid 

synthesis,, PLD's lipid substrate must be well labelled so relatively long pre-labelling times 

aree required. 
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Tablee 4: PLD involvement under various conditions 

Treatment t References s 

ABA A 

Elicitors s 

Ethylene e 

G-proteinn activation 

Fruitt ripening 

Germination n 

Nodd signalling 

OxidativeOxidative stress 

Pathogen n 

Senescence e 

Osmoticc stress 

Wounding g 

Fann era/., 1997; Gampala era/., 2001; J a c o b s / ., 1999; Lee era/., 1996; 

Ritchiee and Gilroy, 1998; 2000; Ryu and Wang, 1995; Ryu and Wang, 1998; 

Wangg et ai, 2000b; Xu et ai, 1997 

Laxaltt et ai, 2001; Van der Luit et ai, 2000 

LeeLee et al., 1998 

Chapmann et ai, 1998b; De Vrij e and Munnik, 1997; Den Hartog et ai, 2001; 

Frankk et ai, 2000; Munnik et ai, 1995; Munnik et ai, 1998b; Ritchie and Gilroy, 

2000;; Van Himbergen et ai, 1999 

Whitakert-/a/.,2001 1 

Dyerr et ai, 1994; Munnik et ai, 1998a; Novotna et ai, 2000 

Denn Hartog et ai, 2001 

Vann Himbergen et ai, unpublished results; Sang et ai, 2001a 

Vann der Luit et ai, 2000; Young et ai, 1996 

Fann et ai, 1997; Ryu and Wang, 1995 

Ell  Maarouf et ai, 1999; Frank et ai, 2000; Katagiri et ai, 2001; Laxalt et ai, 

2001;; Meijer et ai, 2001a; Meijer et ai, 2002a; Meijer et ai, 2002b; Munnik et 

ai,ai, 1998a; Munnik and Meijer, 2001; Munnik et ai, 2000; Sang et ai, 2001b; 

Wangg and Wang, 2001; Wang et ai, 2000b 

Leee et ai, 2001; Lee et ai, 1997; Ryu and Wang, 1996; 1998; Wang et ai, 

2000b;; Zien et ai, 2001 

Inn yeast and mammalian cells, PLD is involved in various fundamental processes 

suchh as meiosis, secretion, vesicular trafficking and actin assembly (Cockcroft, 2001; 

Liscovitchh et al, 2000; Rudge and Engebrecht, 1999). Although this may also apply to 

plantt cells, most reports of PLD activation are concerned with stress signalling. 

PLDss hydrolyse structural phospholipids such as PC, PG, and PE. In general, such 

dataa have been acquired in vitro and only recently the in vivo substrate of signalling 

enzymess has been considered. A wound-activated PLDa in Arabidopsis was reported to 

preferentiallyy hydrolyse PC, by comparison of the fatty acid composition of PA and 

structurall  phospholipids in wild type and anti-sense PLDa plants (Zien et al, 2001). The 

problemm with this approach is that different pathways can generate PA. This was 

circumventedd by Arisz and colleagues by analysing the fatty acid composition of 

phosphatidylbutanoll  during stress-activated signalling in Chlamydomonas. There the fatty 

acidd fingerprint exactly matched that of PE and not other structural lipids, identifying it as 

thee substrate in this species (Arisz et al, in prep). In vitro, NAPE can be hydrolysed by E. 

colii  expressed PLDpl and PLDyl but not by PLDal (Pappan et al, 1998). 
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7.22 Cloning and expression 

Severall  PLDs have now been cloned from plants, including 6 from Arabidopsis (Qin and 

Wang,, 2002), 5 from rice (Elias et al., pers. comm.), and 5 from tomato (Laxalt et a/., 

2001).. In addition, various others can be predicted from the Arabidopsis genome, which 

containss approximately 12 PLDs (Munnik et at, 2002). They can be subdivided in two 

groupss (Figure 6), depending on their N-terminal phospholipid binding domain which is 

eitherr a C2 domain or a combination of die phosphoinositide-binding domain PX and PH. 

ArabidopsisArabidopsis is predicted to contain two PXPH-PLDs (Group I), which are similar to the 

yeastt and mammalian PLDs, and about 10 C2-PLDs (Elias et al, pers. comm.) which are 

typicall  for plants. All PLDs contain conserved sequence motifs, including the HKD motifs 

thatt are highly conserved in PLDs (Ponting and Parker, 1996). The C2-PLDs have been 

arrangedd into classes based on sequence, their Ca2+ and PI(4,5)P2 dependency and referred 

too as PLDa, ,̂ -p\_2, -Yi_3 and -6 (Elias et ai, 2002; Qin and Wang, 2002). 

plantt (2) 
PXPH-PLDss - Q - Q O C D mammals (2) 

HKDD HKD yeast (1) 

C2-PLDss - ^ Q Q plants (-10) 
HKDD HKD 

Fig.. 6: Schematic representation of the two groups of plant PLDs. Conserved regions are represented by 
boxes.. The following domains are present in PLDs: PX: Phox domain; PH: pieckstrin homology domain; 
HKD:: the catalytic HxKxxxxD motif. The number of similar PLD genes is indicated for mammalian, yeast 
andd plant systems. 

Somee in planta PLD expression patterns have been described. In general, the levels 

aree found to increase during stress treatments, that are summarised in Table 5. Expression 

off  signalling enzymes is often stimulated by activating treatments, perhaps as a mechanism 

too prime cells for further stimulation (Hirt, 1999; Yamamoto and Matsui, 1998) but we do 

nott know how typical the response is, as it may also be involved in adaptation or in 

apoptosis.. This might be illustrated by the high expression of PLDa in cold-treated 

ArabidopsisArabidopsis (Wang et ai, 2000b). It may also be dangerous to assume that signalling 

enzymess occur in low concentrations, because this would seem to exclude the Arabidopsis 

PLDaa as a signalling enzyme, because in anti-sense plants 97% off  all in vitro activity was 

lostt (Wang, 2000) while its expression is induced upon stress treatments (see Table 5). 
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Tablee 5: PLD gene expression in plants upon stress treatments 

PLDtype e 

PLDa a 

PLDa a 

PLDa a 

PLDpl l 

PLDyl l 

PLDY2 2 

PLD6 6 

PLDD l a 

PLD D 

PLD D 

PLD D 

PLDpl l 

PLDpl l 

PLDal l 

PLD-2 2 

PLD-2 2 

Plant t 

Arabidopsis Arabidopsis 

Arabidopsis Arabidopsis 

Arabidopsis Arabidopsis 

Arabidopsis Arabidopsis 

Arabidopsis Arabidopsis 

Arabidopsis Arabidopsis 

Arabidopsis Arabidopsis 

Cowpea a 

Castorr bean 

Rice e 

Rice e 

Tomato o 

Tomato o 

Tomato o 

C.C. plantagineum 

C.C. plantagineum 

Treatment t 

Wounding g 

Cold d 

ABA/ethylene e 

Wounding g 

Wounding g 

Wounding g 

Drought t 

Waterr stress 

ABA A 

Senescence e 

Pathogen n 

Xylanase e 

NaCll  treatment 

Saltt treatment 

Dehydration n 

ABA A 

Reference e 

Wangg et al., 2000a; Zien et al., 2001 

Wangg et al., 2000b 

Fann et al., 1997 

Wangg et al., 2000a 

Wangg et al., 2000a 

Wangg et al., 2000a 

Katagirii  et al., 2001; Wang and Wang, 2001 

ElMaaroufetal.,, 1999 

Xuu et al., 1997 

Ryuu and Wang, 1995 

Youngg et al., 1996 

Laxaltetal.,, 2001 

Laxaltetal.,, 2001 

Laxaltt et al., 2002 

Frankk et al., 2000 

Frankk et al., 2000 

7.33 PLD activity requirements 

PLDD activity is activated by Ca2\ as measured in vivo (De Vrije and Munnik, 1997) as well 

ass in vitro (Pappan et al., 1998; Qin et al, 1997). Activation requires micromolar (PLDp\ 

PLDyy and PLD5) to millimolar (PLDa) concentrations (Gardiner et al, 2001; Pappan and 

Wang,, 1999). Recently, the first Arabidopsis PXPH-PLD (PLD^l) was cloned and found 

too be independent for Ca2+ (Qin and Wang, 2002). 

Thee Ca2+-dependency of C2-PLDs is largely determined by the C2 domain, which is 

alsoo thought to be responsible for phospholipid binding (Zheng et al, 2000) In particular, 

PLDpUU and yl but not a, require PI(4,5)P2 for activity (Pappan and Wang, 1999). One can 

imaginee that increases in cytosolic Ca2+ evokes conformational changes in PLD that result 

inn its translocation to PI(4,5)P2-rich membranes, where they are activated to hydrolyse 

substratee lipids. These PLDs could therefore represent one of the downstream signalling 

componentss in a stress-response pathway where a local increase in Ca2+ is seen as the 

primaryy response. Such a model was recently presented for ABA signalling (Gampala et 

al,al, 2001). The fact that some Ca2+-dependent PLDs are also dependent on PI(4,5)P2, 

emphasisess the complex ramifications of lipid signalling. In contrast to the other PLD 

types,, the newly described PXPH-PLD (PLD£l) is independent for Ca2+ (Qin and Wang, 

2002).. Both the PX domain and the PH domain are probably involved in targeting it 
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towardss the appropriate membrane via binding to polyphosphoinositides whose identity 

stilll  have to be revealed (Lemmon and Ferguson, 2000; Sato et al, 2001). 

Severall  reports show that plant PLDs can be stimulated by G-protein activators like 

mastoparan,, alcohols and cholera toxin (Chapman et al, 1995; De Vrij e and Munnik, 

1997;; Den Hartog et al, 2001; Frank et al, 2000; Munnik et al, 1995; Munnik et al, 

1996;; Munnik et al, 1998b; Ritchie and Gilroy, 2000; Van Himbergen et al, 1999). 

Recently,, a PLDcc from tobacco has been shown to interact directly with the Ga-subunit of 

aa trimeric G-protein (Lein and Saalbach, 2001), indicating that some PLDas may be 

involvedd in G-protein signalling. 

7.44 Wounding 

Woundingg is reported to activate the synthesis of PA via PLD (Lee et al, 2001; Lee et al, 

1997;; Zien et al, 2001) as well as to induce the expression of different PLDs (Table 4 and 

5).. In Arabidopsis, different PLDs play a role in this process, because in wounded anti-

sensee PLDa plants, PA formation was reduced partially. In addition, the highest increase 

off  expression was found for PLD[5l and for PLDyl and y2. In these plants, the formation 

off  jasmonic acid (JA) was slightly delayed and JA-dependent gene expression was 

similarlyy reduced, suggesting that JA synthesis is downstream from PLD signalling (Wang 

etet al, 2000a). The differential regulation of the individual PLDs implicate that each of 

themm might be involved in a different step in wound signalling. 

Thee wound-induced pathway involves a wound-activated MAP kinase (WAPK). It 

couldd be downstream from PLD since it is activated by PA (Lee et al, 2001). Other 

phospholipidss are much less effective or do not activate this MAPK route at all. 

Furthermore,, prevention of wound-induced PA production, by adding n-butanol to intact 

cells,, leads to inhibition of WAPK activation. The same concentration of sec-butanol, 

whichh cannot be transphosphatidylated (Munnik et al, 1995) was ineffective. 

7.55 Osmotic stress and dehydration 

Waterr stress is one of the best-documented activators of PLD. High concentrations of 

osmoticss stimulate PLD activity in Chlamydomonas, tomato and alfalfa (Munnik et al, 

2000),, while dehydration of plants like Craterostigma and Arabidopsis is also effective 

(Frankk et al, 2000; Katagiri et al, 2001; Munnik et al, 2000; Sang et al, 2001b). 

Increasedd expression of various PLD transcripts have been also reported (Frank et al, 

2000;; Katagiri et al, 2001; Laxalt et al, 2001). Treating plants with the classical water 

stresss hormone ABA activates PLD activity and expression as well (Jacob et al, 1999; 

Ritchiee and Gilroy, 1998; 2000; Xu et al, 1997), although an increase of activity is not 

observedd in all plant systems (Frank et al, 2000; Katagiri et al, 2001; Munnik, 2001), 
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whichh might result from the experimental set-up or used plant systems. PA can mimic 

ABAA responses in epidermal peels of broad bean leaves by closure of inward rectifying K+-

channelss and stomatal aperture. Limiting PA production by primary alcohols diminishes 

stomatall  closure (Jacob et aL, 1999). Silencing PLDa in Arabidopsis results in a loss of 

ABAA sensitivity as well as decrease of stomata closure and these plants wilt earlier due to 

increasedd transpirational water loss (Fan et aL, 1997; Sang et aL, 2001b). Overexpression 

off  castor bean PLDa in tobacco cells results in a more rapid and sensitive response to 

ABAA (Sang et aly 2001b). Osmotically stressing Arabidopsis plantss specifically induce the 

expressionn of PLD8 while other isoforms are not affected. PLD5 antisense plants, reveal 

noo phenotypic defects under normal or dehydrated conditions, whereas PA and PBut 

productionn is reduced by 20-50% (Katagiri et aL, 2001). Silencing PLDal in tomato cells 

alsoo results in a partial (40%) reduction in the osmotic-stress-induced PLD activation. 

Togetherr this indicates that PLDa and PLD8 play distinct roles in water-stress signalling. 

ABAA also plays a role in seed maturation, involving dehydration. High natural 

concentrationss are associated with seed immaturity and inhibit premature germination. It 

antagonisess the stimulatory effect of GA3 on germination and a-amylase production in the 

aleuronee layer. This is partly translated via PLD activation and is mimicked by PA feeding 

triggeringg ABA-responsive gene expression and inhibiting GA3-activated a-amylase 

production.. This effect has been reconstituted in vitro using barley aleurone plasma 

membranes.. G-proteins might be involved because the effect is stimulated by GTP and 

inhibitedd by GDP and pertussis toxin (Ritchie and Gilroy, 1998; 2000). 

Highh osmotic stress results in PLD activation in Chlamydomonas cells (Munnik et 

aL,aL, 2000). Recently, we noticed that low concentrations of KC1 and other salts, but not 

non-ionicc osmolytes, specifically activated PLD, but not PLC and PAK. PLD activation 

wass linked to depolarisation of the plasma membrane, observed by a decrease of the 

externall  pH due to activation of a H*-ATPase, and dependent on external Ca2+. The 

absencee of PLC and PAK activity implicates that they are not activated or not localised 

nearr the activated PLD. Note that this PLD activity may be another PLD activity than 

foundd under osmotic stress conditions (Munnik et aL, 2000). Fatty acid analyses on the 

PBut-speciess produced suggest that PE is the substrate (Arisz et aL, in prep). 

7.66 Ethylene 

PLDD activity is increased by the stress hormone ethylene that controls senescence and fruit 

ripeningripening (Fan et aL, 1997; Lee et aL, 1998). When plants were sprayed with lyso-PE, 

claimedd to be a naturally occurring inhibitor of PLD, senescence and ripening were 

retardedd (Ryu et aL, 1997). PLDa expression in Arabidopsis leaves was stimulated upon 

ethylenee treatment whereas suppression of PLDa reduced ABA-induced senescence. This 
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iss exciting because PA in animal cells has been shown to activate Rafl, as part of a MAPK 

cascade.. Ethylene responses are normally blocked by a Raf homologue called CTR1, that 

iss heading a MAPK cascade. The PA-binding sequence in Raf is conserved in CTR1 

suggestingg that it could be PA-controlled. Activation of PLD could create a membrane 

dockingg site for CTR1 so that its re-localisation relieves the block on signalling ethylene 

responsess (Munnik, 2001). The PA-CTR1 interaction has yet to be demonstrated. 

7.77 Pathogen interaction 

PLDD has been implicated in plant pathogen interactions (Laxalt et al, 2001; Van der Luit 

etet al, 2000; Young et al, 1996). Various aspecific elicitors trigger PA formation, although 

nott always via the activation of a PLD. For example, xylanase activated PLD in tomato 

cellss where chitotetraose and flagellin were ineffective although all induced PA formation 

(Vann der Luit et al, 2000). Similarly, only xylanase induced PLD gene expression. In this 

casee PLDP1 expression was specifically stimulated, indicating that this PLD is involved 

(Laxaltt etal, 2001). 

Plantt cells treated with elicitors such as xylanase respond by the synthesis of NAPE 

(Chapmann etal, 1995; Chapman etal, 1998b; Moreau etal, 1994; Moreau andPresig, 

1993;; Tripathy et al, 1999), although this is not confirmed in tomato (Van der Luit et al, 

2000).. During elicitor treatment, a PLD is suggested to hydrolyse NAPE releasing N-

acylethanolaminee (NAE) that rapidly accumulates 10- to 50-times the normal 

concentrationn (Chapman et al, 1998b; Tripathy et al, 1999). NAE in nanomolar 

concentrationss activates phenylalanine ammonia lyase, a key regulatory enzyme in 

phenylpropanoidd metabolism. The elicitor-induced activation of PLD and the enhanced 

expressionn of PLDpl mRNA levels (Laxalt etal, 2001) suggest that PLD|5l is involved. 

Inn agreement, PLDP of Arabidopsis hydrolysed NAPE in preference to PC and PG, 

whereass PLDa was unable to use NAPE as a substrate (Pappan et al, 1998; Wang, 2000). 

Thatt PLDpi can give rise to two second messengers (PA and NAE) is exiting, but whether 

thiss also occurs in vivo remains to be established. 

8.. Phosphotipase A2 

Phospholipasee A2 (phosphatide 2-acylhydrolase; PLA2) hydrolyses specifically the acyl 

esterr bond of glycerophospholipids at the sn-2 position yielding a free fatty acid (FFA) and 

aa lyso-phospholipid (Fig. 1). Both products have many downstream roles. For example, the 

FFAA can function as a second messenger or as precursor of JA in plants, while the lyso-

phospholipidd can have a second messenger or membrane perturbation function (Munnik et 

al,al, 1998a). However, since the PLA2 products have also a role in general metabolism, for 
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examplee remodelling of phospholipids, PLA2s can be of very different classes that are 

activatedd and expressed under different conditions. 

PLA2ss in mammalian systems are categorised with respect to their biochemical 

properties,, localisation and primary structures (Dennis, 1997; Tischfield, 1997). Evaluation 

off  many PLA2s, including two plant PLA2s from rice, resulted in eleven groups. The plant 

PLA2ss were categorised as a distinct group although they are related to several other 

(animall  PLA2s) groups (Six and Dennis, 2000). A more simplified classification of all 

PLA2ss is into four groups: cytosolic Ca2+-dependent- (cPLA2), secretory, low-molecular-

weight-- (sPLA2), intracellular Ca2+-independent-PLA2 and PAF-specific acylhydrolases 

(PAF-PLA2;; Munnik et al, 1998a). 

PLA22 activity in plants is found during various physiological processes. These 

includee degradation of phospholipid monolayers of lipid bodies during seed germination 

(Mayy et al, 1998), in response to auxin (Munnik et al, 1998a; Paul et al, 1998; Yi et al, 

1996),, wounding, plant defence (Chandra et al, 1996; Roos et al, 1999), and during 

hyperosmoticc stress (Göbel et al, 2001; Meijer et al, 2001a; Munnik et al, 1998a; 

Munnikk and Meijer, 2001). 

8.11 Purification, cloning and expression 

Reportss on purification and characterisation of PLA2-containing activities are summarised 

inn Table 6. 

Althoughh the information is still incomplete, plant PLA2s seem to be most related to 

sPLA2s.. This is illustrated by the purification and characterisation of a Elm PLA2. It had a 

molecularr weight of 14 kDa, was dependent on Ca2+ for full activity at alkaline pH levels 

andd exhibits specificity towards the sn-2-position (Stahl et al, 1998). Usage of the N-

terminall  sequence for a screening of rice EST library resulted in two putative low 

molecularr weight PLA2s that contained conserved regions, including twelve conserved Cys 

residuess located in the active site, and a Ca2+-binding loop, both distinct characteristics of 

animall  sPLA2s. A putative secretion signal is present (Stahl et al, 1999). Similar results 

weree shown for a cDNA (CFMI-3) that was cloned from developing carnation flowers and 

wass induced during flower development (Kim et al, 1999). Comparison of elm and the 

CFMI-33 protein sequences together with the Arabidopsis genome, revealed 3 putative 

homologuess (AtPLD2a; Munnik et al, 2002) containing high overall homology in the 

Ca2+-bindingg domain and the active site. All contain conserved Cys residues, localised 

similarlyy as in animal secretory PLA2s (data not shown). 
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Tablee 6: Phospholipase A,-like activities in plants 

Source e 

Broadd bean 

Broadd bean 

Broadd bean 

Potato o 

Elm m 

Rice e 

Rice e 

Tobacco o 

Tobacco o 

Tobacco o 

HeveaHevea brasiliensis 

RP(a) ) 

Cumcumber r 

Cowpea a 

Mol.. Mass. 

14kDa a 

70kDa a 

48kDa a 

40kDa a 

15kDa a 

12.55 kDa 

13kDa a 

288 kDa 

46.77 kDa 

45.11 kDa 

433 kDa 

455 kDa 

433 kDa 

PHH optimum 

9-10 0 

4.5 5 

7-8 8 

7.5-8.5 5 

8-8.5 5 

8{b) ) 

8(b) ) 

7.55 (b) 

7.55 (b) 

7.55 (b) 

7.55 (b) 

7.55 (b) 

" " 

Ca2* * 

mM M 

mM M 

mM M 

mM M 

mM M 

mM M 

mM M 

mM M 

mM M 

" " 

note e 

PLBB at high Ca2+ 

patatinn like/activated 

byy calmodulin 

patatin-like e 

putativee signal peptide 

putativee signal peptide 

patatin-like/TMV-patatin-like/TMV-

infection n 

patatin-like/TMV-patatin-like/TMV-

infection/cDNAA clone 

patatin-like/cDNA A 

clone/TMV-infection n 

patatinn like/esterase 

patatinn like/seed 

germination n 

galactolipids/MGDG/D D 

GDG/Droughtt induced 

Reference e 

Kimm etai, 1994 

Kimm et ai, 1994 

Jungg and Kim, 2000 

Kawakitaa era/., 1993; 

SendaSenda etai, 1996 

Stêhletai,Stêhletai, 1998 

Stkh\Stkh\ etai, 1999 

StSMetai,StSMetai, 1999 

Dhondtt «a/ ., 2000 

Dhondtt etai, 2000 

Dhondtt <?f a/., 2000 

Kostyall  etai., 1998 

Sowkaa etai, 1998 

Mayy etai, 1998 

DeMatosDeMatos etai, 2001 

(a)) rubber particles; (b) assay condition used 

8.22 Patatin 

AA group of PLA2-like activities has be found in patatin-like enzymes, that are structurally 

unrelatedd to the PLA2ocs, mentioned above. This protein is a storage protein with a lipid 

acyll  hydrolase activity, catalysing the cleavage of fatty acids from various glycerolipids, of 

whichh several have been cloned (De Matos et al, 2001; Dhondt et al, 2000; Jung and 

Kim,, 2000; Kostyal et al, 1998; May et al, 1998; Senda et al, 1996; Sowka et al, 1998). 

Al ll  genes encode a protein of around 45 kDa, and some of them are stress-induced. 

ArabidopsisArabidopsis is predicted to contain 9 genes (Munnik et al, 2002). Most homology is 

restrictedd to the N-terminal half. Patatin-like proteins are induced in tobacco treated with 

tobaccoo mosaic virus before oxylipin accumulation (Dhondt et al, 2000). Upon 

purificationn and amino acid sequencing three tobacco patatin-like cDNAs were cloned. 

Twoo were expressed and behaved indeed like PLA2s while PLA, activity was 10- to 100-

foldd lower. Whereas potato patatin has been described as a vacuolar glycoprotein, the 

sequencee from one of the tobacco cDNAs (NtPatl) predicts that it is differently localised 

andd so its function might not be restricted to storage functions (Dhondt et al, 2000). In 
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potatoo PLA2 activity was found to increase during the resistance reaction induced by fungal 

infection,, by activation with mastoparan, while neomycin (a PLC inhibitor) and 

staurosporinee (a protein kinase inhibitor) inhibited both the PLA2 activity and the 

accumulationn of rishitin (a phytoalexin) suggesting a relationship in the resistance reaction 

(Sendaa et ah, 1996). Other patatin-like proteins were transiently synthesised during seed 

germinationn (May et ah, 1998) or drought (De Matos et ah, 2001). The Arabidopsis mutant 

STURDY,, exhibiting defects that might result from altered levels of auxins and cytokinins, 

turnedd out to be mutated in a patatin-like gene (Huang et ah, 2001). 

Patatinn isolated from cowpea preferentially hydrolysed galactolipids whereas 

phospholipidss were only hydrolysed at a very slow rate (De Matos et ah, 2001). This 

emphasisess that not all patatin-like proteins are PLA2s. 

8.33 Pathogen interaction 

Challengingg plants with elicitors triggers the induction of various defence responses. As 

such,, PLA2 has been associated with the synthesis of octadecanoids like J A in plants (see 

Munnikk et ah, 1998a). Elicitor-stimulated PLA activity has been described in tomato 

leavess (Lee et ah, 1997), and suspension-cultured cells of soybean (Chandra et ah, 1996), 

tobaccoo cells (Roy et ah, 1995), potato (Göbel et ah, 2001) and California poppy (Roos et 

ah,ah, 1999). In the latter, a redox-dependent PLA activity was correlated with the 

biosynthesiss of alkaloids. Mastoparan stimulated this activity whereas animal PLA2 

inhibitorss reduced its activity. Upon induction of a hypersensitive response in tobacco 

leaves,, PLA2 activity strongly increased before accumulation of jasmonic acid and other 

lipidd derived defence signals (Dhondt et ah, 2000). Elicitors derived from fungal cell walls 

inducedd PLA2 activity in tomato plants (Narvaez-Vasquez et ah, 1999). 

Heterotrimericc G-proteins have been implicated in the regulation of PLA2s since 

mastoparann is active in various plant systems (see Munnik et ah, 1998a) but the actual 

couplingg of the G-protein and PLA2 has been never shown. PLA activity (without 

discriminationn between PLA, or PLA2 activity), in Californian poppy cells could be 

stimulatedd by mammalian anti-Ga or anti-Gp antisera while plasma membrane vesicles 

containedd proteins that cross-react with antibodies against mammalian Ga and Gp. 

Mastoparann or elicitor treatment caused increase of radiolabelled GTPyS in the vesicles 

(Rooss et ah, 1999). 

8.44 Wounding 

Woundingg generates a transient increase of J A in plant tissues (Conconi et ah, 1996). The 

synthesiss of JA is achieved by the octadecanoid pathway (Fanner et ah, 1998; Munnik et 

ah,ah, 1998a). Increases of linolenic acid, the precursor of J A synthesis, and lyso-
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phospholipidss have also been shown to be rapid and transient upon wounding (Conconi et 

al,al, 1996; Lee et al, 1997; Narvaez-Vasquez et al, 1999; Ryu and Wang, 1998). Linolenic 

acidd might be released via non-specific acyl hydrolases but is recently also implicated to 

involvee PLA2 activity. In tomato, the action of systemin, an 18-amino-acid polypeptide 

releasedd upon wounding, is mediated via the octadecanoid pathway. PLA2 was activated 

systemicallyy and this could be blocked by systemin antagonists and some PLA2 inhibitors 

(Narvaez-Vasquezz et al, 1999). However, one cannot exclude that other lipases were 

involved.. This is further emphasised by the description of a PLA, activity in Acer 

pseudoplatanuspseudoplatanus cells (Tavernier and Pugin, 1995) and the recent identification of an 

ArabidopsisArabidopsis mutant defective in JA biosynthesis. It failed in anther dehiscence, pollen did 

nott maturate and the flowers showed developmental delays. Exogenous addition of 

linolenicc acid or JA rescued the mutant. The responsible gene (DAD1; Defective in Anther 

Dehiscencee 1) contains a conserved lipase motif while the expressed protein possessed an 

in-1-specificc activity towards phospholipids. The DAD1-GFP fusion protein was mostly 

localisedd in the chloroplasts as are other enzymes in the biosynthesis of JA. In Arabidopsis, 

111 putative homologues were identified, divided in three classes, based on N-terminal 

portionss and predicted localisation (Ishiguro et al, 2001). 

8.55 Hyperosmotic stress 

Inn Dunaliella salina, hyperosmotic stress activates a PA- and PC- hydrolysing PLA2 

(Einspahrr et al, 1988). Similarly, in Chlamydomonas, L-PA is formed transiently, in both 
timee and concentration. It results from PA that originated from the PLC/DGK- and/or the 
PLDD pathway (Munnik and Meijer, 2001). PLA2 inhibitors partially block the L-PA 
responsee and this is counter-balanced by an increase in DGPP, suggesting that PLA2 and 
PAKK compete for the same PA (Meijer et al, 2001a). Interestingly, L-PA is not generated 
duringg other treatments that induce the formation of DGPP and PA (Meijer et al, 2001a; 
Meijerr et al, 2002a; Munnik et al, 1996; Munnik and Meijer, 2001; Munnik et al, 2000; 
Munnikk et al, 1998b; Van Himbergen et al, 1999). L-PA formation might be connected to 
thee fragmentation of vacuoles induced by hyperosmotic stress as described in both yeast 
andd plant systems (Einspahr et al, 1988; Homann, 1998; Kubitscheck et al, 2000) or it 
mightt stimulate curving of membranes (Schmidt et al, 1999; Weigert et al, 1999). In 
mammaliann systems, L-PA is an important signalling molecule provoking cell division, 
rearrangementss of the cytoskeleton and activation of resting platelets (Moolenaar, 2000). 
Inn plants, L-PA has been found to stimulate PLD activity whereas L-PE and also L-PI 
showedd inhibitory effects (Ryu et al, 1997). Addition of L-PA to Chlamydomonas cells 
resultss in deflagellation while in Vicia sativa root hair deformation can be induced (Den 
Hartog,, pers. comm.) indicating that L-PA could be a plant lipid mediator. Future work 
wil ll  have to resolve whether PA-specific PLA2s exist in plants as has been described for 
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animals,, and if so, how they are regulated (Billah et al., 1981; Higgs and Glomset, 1994; 
1996;; Higgs et al, 1998; Lin et al, 2000; Tang et al, 1997; Thomson and Clark, 1995). 
Furthermore,, one has to stress that a broader range of substrates need to be tested to 
determinee the substrate preference of PLA2s since this is generally only investigated for 
structurall  phospholipids (PC, PE, PG, PI). 

9.. Perspectives 
Duringg the last few years significant advances have been made in phospholipid-based 
signallingg in plants, as is illustrated above. Progress has been made at both biochemical 
andd genetic levels. In particular, unravelling the Arabidopsis genome has had a strong 
positivee influence on the identification of putative signalling genes. Together with the 
increasingg number of ESTs that are being deposited in databases, important information is 
beingg generated on gene expression patterns that will lead to greater knowledge about how 
signallingg events take place. Analysis of knock-out mutants and over-expression mutants 
wil ll  clarify the importance of signalling genes as they become characterised. In parallel 
withh this molecular approach, biochemistry will continue to contribute information on 
reactionn sequences signalling pathways, how enzymes are (in)activated, where exactly they 
aree located and their broader function in cell homeostasis. 

Somee phospholipids have already attracted much attention, reflecting their 
significancee in plant signalling. For instance, the importance of the second messenger PA 
wass recently illustrated (Munnik, 2001). With the identifications of novel phospholipids 
suchh as DGPP, PI(3,5)P2, PI5P and sphingosine-1 -phosphate (Ng et al, 2001), the current 
picturee of phospholipid signalling has been extended. Presumably fields of research will 
becomee centred around these newcomers, while at the same time we shall extend our 
appreciationn on better known signal lipids like the polyphosphoinositides PI4P and 
PI(4,5)P2.. Their significance is accepted but we know from the animal literature that their 
magicc in plants has not really yet become manifest. 

Researchh in the future will focus on questions such as what are the targets of lipid 
signalss in plantal How is lipid signalling terminated? How important is the fatty acid 
compositionn of lipid signals? How are pools of phospholipids regulated in distinct 
organelless in plant cells? Is there lipid signalling between organelles of the same cell? With 
thee recent surge of interest in phospholipid signalling in plants, many of these questions 
mayy be answered soon. 
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Severall  different plant cells synthesised a polyphosphoinositide (PPI) -like lipid 
whenn osmo-stressed. Synthesis was maximal after  about 10 min and was stimulated 
byy a variety of osmolytes. Using NaCl, the strongest response centred around 200 
mM.. The lipi d was shown to be the novel PPI  isomer phosphatidyl-inositol 3,5-
bisphosphatee [PI(3,5)P2] by analytical thin layer  chromatography and conversion to 
PI(3,4,5)P33 using recombinant PI  4-OH kinase. The results indicate that PI(3,5)P2 

playss a role in a general osmo-signalling pathway in plants. It s potential role is 
discussed. . 

Introductio n n 

Plantt cells experience hyperosmotic stress when the solute concentration in their apoplasts 

increases.. Much is known about changes in gene expression in response to this stress but 

littl ee is known about stress perception and the signalling pathways involved (Bohnert and 

Shevelevaa 1997; Bray 1997; Shinozaki and Yamaguchi-Shinozaki 1997; Zhu etaL, 1997). 

Wee have therefore looked for the formation of potential lipid second messengers. 
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Methods s 
PlantPlant material— Chlamydomonas moewusii, strain UTEX 10, and suspension cultures of tomato, line 

Msk8,, and alfalfa, were grown as described before (Munnik et al., 1995; Felix et al., 1991; Bögre et al., 

1997).. The Argenteum mutant of Pisum sativum (Hoch et al., 1980) was grown for 3-5 weeks in an unheated 

greenhousee before harvesting leaves and removing epidermal strips from the lower surfaces. Strips were 

incubatedincubated for 3 h h on 5 mM Mes/KOH pH 5.5, 1 mM KC1, before treatment. All cell types were treated by 

addingg equal volumes of NaCl dissolved in the appropriate culture medium. Final concentrations are 

reported. . 

LipidLipid extractions —Radio-labelling of tomato, pea and alfalfa cells was stopped by adding perchloric acid to 

aa final concentration of 5% and freezing them in liquid N2. Lipids were extracted by adding 3.75 volumes of 

CHClj/MeOH/HCll  (50:100:1 v/v) and by using 1 volume of 0.9% NaCl and 3.75 volumes of CHC1, to 

inducee phase separation. Extractions were processed further as described by Munnik et al., (1996), which 

includess the methods for labelling and extracting Chlamydomonas lipids. 

PolyphosphoinositidePolyphosphoinositide standards — Standards were synthesised using antiphosphotyrosine 

immunoprecipitatess from PDGF-stimulated RAT-1 cells to phosphorylate PI, PI4P and PI(4,5)P2 purified 

fromm bovine brain to generate their 3' phosphorylated counterparts. Briefly, confluent cell cultures were 

stimulatedd with PDGF (10 ng/ml) for 2 min, lysed in 1 ml 50 mM Tris pH 7.4 containing 150 mM NaCl, 1% 

NP40,, 0.1 mM orthovanadate and 20 mM fj-glycerophosphate and immunoprecipitated using 2 ul PY20 

(Transductionn Lab., Lexington, Ky. USA) coupled to protein G Sepharose (Amersham Pharmacia, 

Roosendaal,, The Netherlands). After 1 h the beads were washed three times with the above buffer and twice 

withh PIP kinase buffer (50 mM Tris pH 7.4, 10 mM MgCl2, 80 mM KC1, 1 mM EGTA) and finally 

suspendedd in 50 ul double strength PIP kinase buffer at 30°C. Enzyme activity was initiated by adding 50 ul 

100 mM Tris pH 7.4 containing 1 nmole of the relevant lipid and 50 uCi  ,2P-ATP. After 2 h the lipid was 

extractedd using 0.5 ml chloroform:methanol (1:1) and 125 ul 2.4 M HC1. These immunoprecipitates were 

ineffectivee for generating PI(3,5)P2 from PI5P. It was therefore synthesised from labelled PI3P, generated as 

above,, using recombinant myc-tagged type 1 PI4P 5-kinase immunoprecipitated from transiently transfected 

coss cells. 

PhosphorylationPhosphorylation of PIP2 — Radiolabelled PIP2 isomers from C. moewusii were purified by 2D-TLC and 

vacuum-driedd in the presence of 25 pmoles PI(4,5)P2 and 5 nmoles PtdOH (Sigma). After suspending them 

byy sonication in 50 ul 10 mM Tris pH 7.4, 50 ul double-strength PIP kinase buffer (see above), non-

radioactivee ATP (final concentration 500 uM) and 1 ul enzyme (Divecha et al, 1995) were added. 

Conversionn to PI(3,4,5)P3 was performed overnight at 30°C and the lipids thereafter extracted as described 

above. . 

DeacylationDeacylation and TLC analysis of phospholipids — Polyphosphoinositides were deacylated using 

monomethylaminee as described previously (Munnik et al., 1994). The glycerophosphoinositides were 

separatedd via polyethyleneimine-cellulose TLC as described in the same reference. Silica 60 TLC plates 

(Merck)) were used with an alkaline solvent system to separate phospholipids and PIP2 isomers (Munnik et 

al.,al., 1995), whereas an acidic solvent (chloroform /aceton /methanol /acetic acid / H20: 48 / 15 / 15.6 / 14.4 / 

8.4,, by vol.) was used to separate PIP2s from PIP,s. Individual PIP2 isomers were purified via 2D-TLC using 

thee alkaline system in both directions. 
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Resultss and Discussion 
OsmoticOsmotic stress activates the synthesis of a new polar lipid in plant cells 

Inn order to study phospholipid signalling in plant cells, we first incubate them for up to 3 h 

withh 32P; to label their phospholipids and then monitor treatment-induced changes in 

individuall  species. We have used cell suspension cultures rather than plant tissues because 

theyy have the advantage that they can be synchronously labelled and treated, although 

epidermall  strips floating on solution are a good compromise. One of the best studied plant 

systemssystems is the unicellular alga Chlamydomonas, because when starved of phosphate, it 

quicklyy induces a Pruptake mechanism (Siderius et aL, 1996). If the cells are then fed 32Pi? 

theirr lipids are very rapidly labelled. In addition, it has the highest polyphosphoinositide 

levelss yet recorded for a plant cell (Munnik et aL, 1998a; 1998b), making their study 

easier.. Consequently, most of the data presented here will be for Chlamydomonas, 

althoughh the same osmo-stress response is demonstrated for several higher plant cells. 

Treatmentt of  32P-labelled Chlamydomonas cells with 150 mM NaCl for 5 min 

inducedd the formation of a new lipid, designated PLX (Fig. 1A), migrating just below 

PI(4,5)P2.. Since the effect of 150 mM NaCl could be due to Na-toxicity rather than 

hyperosmoticc stress, other solutes were tested. As illustrated in Fig. IB, KC1, glycerol, 

sucrosee and mannitol, used at concentrations equivalent to 150 mM NaCl (0.3 Os/Kg), all 

inducedd PLX synthesis as effectively as NaCl, suggesting that PLX was synthesised in 

responsee to osmotic stress. In these experiments, the maximum radioactivity in PLX 

amountedd to nearly 2% of the lipid fraction. Other treatments such as heat, cold, 

centrifugation,, dark, light or addition of a sexual partner, some of which can be considered 

ass stresss treatments, did not induce PLX formation. 

Thee response was not restricted to Chlamydomonas, for tomato and alfalfa cell 

suspensionn cultures, as well as epidermal strips from the lower surface of pea leaves, 

synthesisedd PLX on treatment with 150 mM NaCl (Fig. 1C). For each species the amount 

off  32P-PLX was expressed as a percentage of the total phospholipids and the relative 

increasess are presented. These increases should be seen as minimal, because PLX was not 

usuallyy detectable in control cells (see Figs. 1A and B), and the radioactivity attributed to 

controll  PLX was nothing more than trailing radioactivity from faster migrating lipids. 

Thee kinetics of PLX formation in cells treated with 150 mM NaCl are shown in Fig. 

2A.. After a short lag, synthesis started and reached a peak by 5 to 7 min before returning 

too background levels 3 h later. The rapid synthesis and metabolism are typical of signalling 

moleculess and therefore PLX has the potential to be a second messenger. The only other 

reportss of such rapid second messenger production for osmo-stressed plant cells are for 

increasess in cytosolic Ca2\ that seemed to result from phospholipase C activation and 

inositoll  1,4,5-trisphosphate production (Lynch et aL, 1989; Allen and Sanders 1994; 

Knightt e/ aL, 1997). 
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Fig.. 1. Osmotic stress induces the synthesis of PLX in several plant species. (A) Chlamydomonas cells pre-
incubatedd with 12P-orthophosphate were treated with or without 125 mM NaCl for 15 min. Isolated lipids 
weree separated by TLC and visualised by autoradiography. PLX is indicated by an arrow. (B) Radiolabelled 
cellss were treated for 5 min with the listed osmolytes (0.3 Os/Kg). An autoradiogram of their TLC-separated 
lipidss was made and the part illustrating PLX and PIP2 is shown. (C) Radiolabelled cell suspensions of C. 
moewusii,moewusii, tomato and alfalfa and epidermal strips of pea leaves were treated with -150 mM NaCl for 5 min. 
Thee lipids were isolated and separated by TLC. Radioactivity migrating at the position of PLX was 
quantitatedd and the increase due to NaCl treatment expressed in relation to cells treated with culture medium 
(non-stimulated). . 

Differentt osmo-stress receptors could be activated at different stress levels. This is 

thee case in yeast where two different osmo-sensors feed into a MAP kinase pathway. The 

onee (Sholp) responds to NaCl concentrations between 200 and 300 mM, while the other 

(Slnlp)) responds to the range 100 to 600 mM NaCl (Maeda et al., 1995). Still higher salt 

concentrationss (>900 mM) have recently been shown to activate the synthesis of PI(3,5)P, 

byy an unidentified receptor (Dove et al., 1997). In order to assess the effective 

concentrationn range for PLX synthesis in Chlamydomonas, cells were treated for 5 min 

withh different NaCl concentrations before monitoring "P-PLX levels. Synthesis was 

stimulatedd by as littl e as 50 mM NaCl, peaked at 200 mM and then declined such that 

theree was no response at 400 mM (Fig. 2B). Thus PLX synthesis responded to a limited 

stresss range. This suggests that it should be seen in perspective with other signalling 

pathwayss that are activated over different ranges. The larger picture of osmo-signalling is 

alreadyy emerging for we have found that when Chlamydomonas is treated with 20 to 100 

mMM NaCl/KCl, it responds by activating phospholipase D, while at concentrations above 

3000 mM, phospholipase C is activated (Munnik et al, 2000). 
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Fig.. 2. PLX formation is time- and dose-dependent. Radiolabelled C. moewusii cells were treated (A) with 
(openn squares) or without (open circles) 150 mM NaCI for different times or (B) with different 
concentrationss of NaCI for 5 min. Cells were harvested, their lipids extracted and separated by TLC. The 
radioactivityy in the PLX spot was quantified by phosphoimaging. The data are expressed as arbitrary units or 
ass a percentage of the total radioactive lipid. In both graphs data represent averages from two independent 
experiments. . 

PLXPLX is PI(3,5)P2 

Thee PIP, isomer migrating just ahead of PLX in Figs. 1A and B, has been identified as 

PI(4,5)P22 (Irvine et al, 1989; Munnik et al, 1994). In this TLC system, PI(3,4)P2 migrates 

betweenn PLX and PI(4,5)P2 while PI(3,5)P2 co-migrates with PLX, therefore PLX could be 

PI(3,5)P2.. To test this possibility, PLX and PI(4,5)P2 were isolated from stimulated cells 

usingg 2-D TLC, deacylated and their GroPInsP, derivatives chromatographed on 

polyethyleneimine-cellulosee using a TLC solvent known to separate the headgroups of 

naturallyy occurring PPIs (Munnik et al., 1994). The standard GroPInsP, isomers were 

clearlyy separated from each other (Fig. 3A). The derivative from Chlamydomonas 

PI(4,5)P22 co-migrated with GroPIns(4,5)P2, while that from PLX migrated with 

GroPIns(3,5)P2.. A minor deacylation product chromatographed at the position of 

GroPIns(4,5)P2.. This was to be expected because PI(4,5)P2 trails into the PLX spot, as 

alreadyy discussed. 
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Fig.. 3. PLX is PI(3,5)P2. (A) Radioactive PLX and PIP, were isolated from 2-D TLC plates, deacylated and 
thee glyceryl headgroups separated as described previously (Munnik et al., 1994). The relative positions of 
thee standard PPI isomers are indicated by arrows. (B) Samples of PLX and PIP, from Chlamydomonas, as 
welll as PPI standards, were treated with PI 4-kinase (Divecha et al., 1995; Tolias et al., 1998) and the 
mixturee was then chromatographed to separated PIP,s from PIP,s. The relative positions of the PPIs are 
indicatedd by arrows. 

Iff PLX is PI(3,5)P2, it should be converted to PI(3,4,5)P, by PI 4-kinase (Divecha et 

al,al, 1995; Tolias et al, 1998). Therefore 32P-PLX and 32P-PI(4,5)P2 from Chlamydomonas, 

ass well as standard 32P-PIP, isomers, were treated with PI 4-kinase and non-radioactive 

ATP.. The products were chromatographed on a TLC system designed to separate PPI 

subclassess rather than individual isomers. Of the standards, only PI(3,5)P2 produced a PIP, 

productt (Fig. 3B). Chlamydomonas PLX but not PI(4,5)P2 was also converted to 12P-PIP3. 

Sincee the ATP was not radioactive, this product must have arisen from ,2P-PLX and not 

fromm the lipids used in the incubation mixture to promote enzyme activity. The fractions of 

PLXX and PI(3,5)P2 converted to PIP, were similar (about 35 %). These combined results 

indicatee that PLX is PI(3,5)P2. Thus plant cells, like yeast (Dove et al., 1997), synthesise 

PI(3,5)P22 when subjected to hyperosmotic stress. However, the plant response is activated 

att intermediate (50-300 mM NaCl) rather than high (>900 mM NaCl) stress levels. 
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WhyWhy does hyperosmotic stress induce PI(3,5)P2 synthesis in plants? 

PI(3,5)P22 is synthesised from PI3P by a type I PIP 5-kinase (Dove et al, 1997; Tolias et 

al,al, 1998; Whiteford et al, 1997). In yeast the putative enzyme is Fablp (Gary et al, 

1998).. It contains a FYVE domain that specifically binds PI3P and thereby locates it to 

endocyticc and vacuolar compartments (Burd and Emr 1998). Fabl mutants have 

abnormallyy large vacuoles that cannot divide or turnover. As a result, budding daughters 

sharee an "8-shaped" vacuole with their mothers (Bonangelino et al., 1998; Yamamoto et 

al,,al,, 1995; Gary et al, 1998). Therefore PI(3,5)P2 is important for vacuole scissions. In 

addition,, the vacuolar pH of fabl mutants is not acidic, suggesting that the lipid promotes 

thee activity of vacuolar H+-ATPases. These functions of PI(3,5)P2 in yeast are pertinent to 

plantt cells that also contain vacuoles. 

Whenn plant and yeast cells are dehydrated, the water reservoir in the vacuole can 

compensatee the water deficit in the cytosol, but the consequence is that its volume is 

reduced.. To compensate the volume deficit, the vacuole can fragment, and the more 

vesicless formed, the smaller the volume enclosed, assuming the membrane area remains 

thee same. The formation of PI(3,5)P2 could therefore help compensate a water deficit by 

promotingg vacuole vesiculation. Indeed, osmo-stressed Schizosaccharomyces pombe cells 

synthesisee PI(3,5)P2 (Dove et al., 1997) and also fragment their vacuoles (Bone et al, 

1998),, although the two processes have yet to be causally related. 

Plantt cells and yeast can also compensate a water deficit by accumulating 

osmoticallyy active ions from the apoplast and, during a period of adaptation, they 

synthesisee and accumulate organic osmolytes (Bohnert and Sheveleva 1997; Bray 1997; 

Shinozakii  and Yamaguchi-Shinozaki 1997; Zhu et al., 1997). The driving force for 

accumulationn in the vacuole is often the proton gradient over the tonoplast, generated by 

H++ ATPases and H+ PPases (Martinoia and Ratajczak 1997). It accounts for the 

electrogenicc uptake of anions and, via H+ antiporters, for the uptake of cations and sugars. 

Thuss PI(3,5)P2 synthesis during osmo-stress could stimulate the proton gradient and the 

accumulationn of osmolytes. It could therefore be part of a signalling mechanism intrinsic 

too vacuolated cells, that helps the protoplast maintain turgor pressure and growth under 

desiccatingg conditions. 
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Inn mammalian cells, phospholipase D (PLD) and its product phosphatidic acid 

(PA)) are involved in a number  of signalling cascades, including cell proliferation , 

membranee traffickin g and defence responses. In plant cells, a signalling role for  PLD 

andd PA is also emerging. Plants have the extra abilit y to phosphorylate PA to 

producee diacylglycerol pyrophosphate (DGPP), a newly discovered phospholipid 

whosee formation attenuates PA levels, but which could itself be a second messenger. 

Here,, we report that increases in PA and its conversion to DGPP are common stress 

responsess to a water-deficit. Increases occur  within minutes of treatment and are 

dependentt  on the level of stress. Part of the PA produced is due to PLD activity, as 

measuredd by the in vivo transphosphatidylation of 1-butanol and part is due to 

diacylglyceroll  kinase activity, as monitored via 32P-PA formation in a differential 

labellingg protocol. Increases in PA and DGPP are found not only in the green alga 

ChlamydomonasChlamydomonas moewusii and cell suspension cultures of tomato and alfalfa when 

subjectedd to hyperosmotic stress, but also in leaves of the resurrection plant 

CraterostigmaCraterostigma plantagineum when they are dehydrated. These results provide further 

evidencee that PLD and PA play a role in plant signalling and provide the first 

demonstrationn that DGPP is formed during physiological conditions that evoke PA 

synthesis. . 
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Introductio n n 

Plantt cells experience osmotic stress when the solute concentration in their apoplasts 

changess and quickly respond with compensatory adaptations to re-establish the osmotic 

equilibrium.. In order to understand osmotic adaptation, components of the stress-induced 

signall  transduction pathways must be identified. 

Osmoticc stress varies from hypo- to hyper-osmotic and probably activates different 

receptorss dependent on the nature and level of stress. This is the case in yeast where the 

stresss receptor Sholp responds to NaCl concentrations between 200 and 300 mM, while a 

secondd receptor, Slnlp, responds to concentrations between 100 and 600 mM (Maeda et 

al.,, 1995). Another, as yet unidentified yeast receptor, only responds to NaCl 

concentrationss above 900 mM (Dove et al., 1997). As a consequence of activating 

differentt receptors, different signalling pathways will be activated. The osmo-stress 

pathwayss identified so far in plants include abscisic acid (ABA; Bonetta and McCourt, 

1998),, MAP kinases (Shinozaki and Yamaguchi-Shinozaki, 1997; Hirt, 1997; Munnik et 

al.,, 2000), Ca2+ (Bressan et al., 1998), phospholipases (Chapman 1998; Munnik et al., 

1998a)) and lipid kinases (Dove et al., 1997; Meijer et al., 1999). The first plant 

osmosensorr has just been identified in Arabidopsis and resembles the Slnl sensor in yeast 

(Uraoetal.,, 1999). 

Earlyy research on osmo-stress-induced lipid signalling implicated phospholipase C 

(PLC)) activation. The potential signals generated, i.e. inositol 1,4,5-trisphosphate (IP3), 

diacyll  glycerol (DAG) and Ca2+ are thought to cause cell shrinkage (reviewed in Coté, 

1995,, Munnik et al 1998a). Whether DAG is directly involved in signalling is dubious, 

becausee a protein kinase C (PKC) has not been isolated from plants (Munnik et al., 1998a). 

However,, a metabolic product of DAG could be an active signal. 

Inn mammalian cells, DAG is rapidly phosphorylated to phosphatidic acid (PA) by 

DAGG kinase. Originally, this was thought to down-regulate DAG levels and to attenuate 

PKCC activation, but currently, PA is seen as a novel lipid-second messenger (reviewed in 

Englishh 1996, Munnik et al., 1998a; McPhail et al., 1999; Topham and Prescott 1999). PA 

targetss that have been identified so far include NADPH oxidase (Waite et al., 1997; 

Ericksonn et al., 1999), PIP 5-OH-kinase (type I enzymes; Moritz et al., 1992; Jenkins et al., 

1994)) and a variety of protein kinases such as protein kinase C £ (Limatola et al., 1994), 

Raf-11 kinase (Ghosh et al., 1996; Ghosh and Bell, 1997; Rizzo et al., 1999) and novel 

kinasess (reviewed in McPhail et al., 1999). In addition, PA action has been tightly coupled 

too membrane trafficking, regulation of the cytoskeleton and the oxidative defense reactions 

inn neutrophils (see English 1996; McPhail et al., 1999; Topham and Prescott 1999). 
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PAA is not only produced indirectly via PLC and DAG kinase, but can be directly 

generatedd by phospholipase D (PLD). PLD hydrolyzes structural phospholipids such as 

phosphatidylcholinee and phosphatidylethanolamine and, like PLC, it is activated in 

responsee to a variety of signals and implicated in multiple signalling pathways (see 

Munniketal.,, 1998a). 

Inn plant cells, a picture of PLD and PA signalling is slowly emerging (reviewed in 

Munnikk et al., 1998a; Wang 1999). In general, PLD activity is associated with plant stress 

responses.. More specifically, it is thought to play a role in the response to pathogens 

(Youngg et al 1996; Chapman 1998), wounding (Lee et al., 1996; Ryu and Wang 1998), 

waterr stress (Frank et al., 2000; Munnik et al., unpublished data) and the plant stress 

hormoness ethylene (Fan et al., 1997; Lee et al., 1998) and abscisic acid (Fan et al., 1997; 

Ritchiee and Gilroy 1998; Jacob et al., 1999). Some of these effects may be mediated by G-

protein-coupledd stress receptors, because G-protein activators such as mastoparan, 

alcoholss and cholera toxin activate PLD in the absence of stress (Munnik et al., 1995; De 

Vrij ee and Munnik 1997; Munnik et al., 1998b; Van Himbergen et al., 1999). As yet few 

PA-inducedd responses have been reported, but treatment of the green alga Chlamydomonas 

moewusiimoewusii immediately resulted in deflagellation (Munnik et al., 1995), while similar 

treatmentt of barley aleurone cells inhibited the secretion of cc-amylase (Ritchie and Gilroy 

1998)) and recently, PA has been shown to induce stomatal closure (Jacob et al., 1999). In 

bothh latter responses, PA mimicked the effects of abscisic acid. 

Anotherr potential lipid signal is produced when PA is phosphorylated further to the 

novell  phospholipid diacylglycerol pyrophosphate (DGPP). While this lipid was originally 

identifiedd as an in vitro product of PA kinase activity (Wissing and Behrbohm, 1993a), we 

discoveredd that it was rapidly produced in vivo during G-protein activated signalling 

(Munnikk et al 1996, 1998b). Since high DGPP levels are rapidly attenuated (Munnik et al., 

1998b),, it is attractive to think of this lipid as another intracellular signal (Munnik et al., 

1996,, 1998a; Wu et al., 1996). The idea was recently supported by demonstrating that 

DGPPP activates a signalling cascade in human macrophages that involves PLA2, MAP 

kinasess and subclasses of protein kinase C (Balboa et al., 1999). Despite DGPP's general 

presencee in plants (Wissing and Behrbohm, 1993b, Munnik et al., 1996, 1998a), yeast (Wu 

ett al., 1996, Toke et al., 1998a,b) and trypanosomes (Marchesini et al., 1998), changes in 

thee level of DGPP under physiological conditions have yet to be established. 

Inn this study we investigated the phospholipid signalling events induced by hyper-

osmoticc stress. We report here that salts, sugars and drought induce immediate activation 

off  PLD and the accumulation of PA and DGPP, suggesting that these phospholipids are 

involvedd in signalling water stress in plant cells. 
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Resultss and Discussion 

NaClNaCl stimulates the formation of PA and DGPP in a time- and dose-dependent manner 

Inn order to test whether lipid metabolism was affected by hyperosmotic stress, we first 

prelabelledd Chlamydomonas moewusii cells in HMCK medium with "Pi and then added 

NaCl,, to produce final concentrations ranging from 50 to 500 mM. After 5 min, lipids 

weree extracted, separated by TLC and the radioactivity in each spot quantified by 

phosphoimaging.. Salt concentrations above 150 mM stimulated the accumulation of PA 

andd DGPP, whereby the amounts of these two phospholipids were proportional to the 

concentrationss of NaCl added, as shown in Figs, la and lb. The effect of severe treatment 

wass dramatic, for within 5 min, cells in 500 mM NaCl had increased their PA level 7-fold 

andd their DGPP level 14-fold. The increase in PA appeared to be less because of the higher 

backgroundd levels in non-stimulated cells, for PA is an important intermediate in the 

biosynthesiss of phospholipids and because DGPP contains two phosphates whereas PA 

containss only one. However, it should be noted that under the conditions applied, the 

radioactivityy in the structural did not increase (data not shown). Therefore these results 

suggestt that the accumulation of PA and DGPP is not a general metabolic reaction to salt 

stress,, but may primarily function in signal transduction. 
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Fig.. 1. NaCl stimulates the formation of PA and DGPP in the green alga Chlamydomonas moewusii in a 
time-- and dose-dependent manner. ,:Prprelabelled cells were treated with different concentrations of NaCl 
forr 5 min (a,b) or with 300 mM for the times indicated (c,d). Phospholipids were extracted, separated by 
TLC,, and the radioactivity in PA (circles; a,c) and DGPP (squares; b,d) quantified by phosphoimaging. Data 
aree presented as percentages of the total radioactivity in phosphospholipids. The dose-response curve (a,b) is 
representedd by the means (  SE) of three independent experiments while for the time-course (c,d) a typical 
experimentt is shown (n=3). Closed symbols, NaCl; open symbols, control. 
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AA general property of intracellular signals is that any increase in concentration is 

transientt so that the signal level can increase again in response to another stimulus. To 

studyy the nature of the increase in PA and DGPP, radio-labelled cells were treated with 

3000 mM NaCl and samples were taken at subsequent intervals to follow changes in 

phospholipidd levels. A typical result is shown in Figs, lc and d, illustrating the temporary 

naturee of the increase in both lipids, with maxima at about 15 min. Since DGPP is 

synthesizedd from PA during signalling by the activity of PA-kinase (Munnik et al., 1996), 

changess in PA levels slightly preceded those in DGPP, while the latter response, lasted 

longerr (note log scale). 

PAPA and DGPP elevations are general responses to hyperosmotic stress 

Althoughh increasing the external NaCl concentration can represent an osmotic stress, it 

couldd simply represent ion toxicity, especially since this alga is cultivated in the absence of 

NaCl.. Therefore other osmotica were applied for 5 min in concentrations equivalent to 300 

mMM NaCl. As shown in Table 1, they all activated PA and DGPP synthesis. In separate 

timee course experiments, the kinetics of synthesis were found to be very similar to those 

observedd for 300 mM NaCl (results not shown; Figure 1). Together, these data illustrate 

thatt accumulation of PA and DGPP is rapidly induced by all osmotica tested, and is 

thereforee a general response to hyperosmotic stress in C. moewusii. 

fold-increase e 
osmolyte e 

PAA DGPP 

controll 1 1 

NaCll 2.7 2 6.8 2 

KCII 3.1  0.2 7.4  4.7 

glyceroll 2.6  0.4 8.6  3.0 

sucrosee 1.9  0.1 6.5  2.9 

mannitoll 2.8 0 9.2  1.7 

Tablee 1. Hyperosmotic stress triggers PA and DGPP formation. 32P-prelabelled Chlamydomonas cells were 
stimulatedd for 5 min with buffer alone or with 0.55 Os/Kg (equivalent to 300 mM NaCl) of one of the 
compoundss described below. Results are presented as the means of three independent experiments (  SD). 

HyperosmoticHyperosmotic stress activates PLD 

Thee synthesis of PA can result from different lipid signalling pathways. PA can be either 

producedd through an increase in DAG kinase activity, for example due to high levels of 

DAGG being formed via the PLC pathway, or through increased PLD activity. Since PLD 

hass not yet been invoked in signalling hyperosmotic stress, we measured the effect of 300 

mMM NaCl on in vivo PLD activity by repeating the time course experiments in the 
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presencee of 0.25% 1-butanol. This was done because PLD can transfer the phosphatidyl 

groupp of its substrate not only to its natural substrate water, but also to butanol, producing 

phosphatidylbutanoll  (PBut) which can be easily determined as a measure of the in vivo 

PLDD activity (Munnik et al., 1995, 1998b; De Vrije and Munnik, 1997). It should be noted 

thatt this assay cannot determine absolute PLD activities, because most phosphatidyl 

groupss are still transferred to water, forming PA. Figure 2b illustrates a typical time-course 

experiment,, with the synthesis of PBut increasing within the first minute of treatment and 

reachingg a maximum at 10 min. The increase in the synthesis of PBut was always coupled 

too a larger increase in PA (Figure 2a), establishing that PLD is rapidly activated by high 

concentrationss of NaCl as well as by other osmotica (data not shown). 
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Fig.. 2. NaCl rapidly stimulates PLD activity. '"P-prelabelled C. moewusii cells in HMCK buffer containing 
0.2%% 1-butanol were treated with (closed symbols) or without (control; open symbols) 300 mM NaCl for the 
timess indicated. Phospholipids were subsequently extracted, separated by TLC and quantified by phospho-
imaging.. Radioactivity is expressed as the fold-increase over control samples, a) PA formation, b) PBut 
formation.. Closed symbols, 300 mM NaCl; open symbols, control. A typical result is shown from 4 
independentt experiments. 

PartPart of the PA response is due to phosphorylation of DAG 

Thee formation of PBut provides a relative measure of PLD activity, yet the increase after a 

100 min treatment with 300 mM NaCl was about 2.5-fold (Figure 2b), whereas the increase 

inn PA was about 8-fold (Figure 2a), suggesting that PLD activity was not the only 

contributorr to PA formation. To investigate the possible contribution of DAG kinase-

generatedd PA, a differential labelling technique (Munnik et al., 1998b) was used. In short, 

ChlamydomonasChlamydomonas cells were prelabelled with 32Pi for just 5 min before treating them with a 

rangee of NaCl concentrations. Under such short labelling conditions, the structural lipids 
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thatt are hydrolysed by PLD are hardly labelled. Consequently, PA generated by PLD is 

hardlyy labelled. In contrast, lipids synthesized by the incorporation of  12P from ATP, e.g. 

PAA synthesized by DAG kinase, are strongly labelled. Therefore, any increase in 32P-PA 

synthesiss under these conditions cannot be due to PLD but is due to DAG kinase (for a 

detailedd validation of this technique, see Munnik et al., 1998b). 

Too test whether 32P-PA was formed under these circumstances, cells were treated for 

55 min with NaCl concentrations ranging from 100 to 400 mM. As shown in Figure 3, 

treatmentt again stimulated 32P-PA synthesis in a dose-dependent manner, indicating that 

DAGG kinase also makes a strong contribution to PA synthesis during osmotic stress. The 

simplestt explanation for this increase is that the DAG production was increased by PLC 

activity,, for we have previously shown that when PLC hydrolyses phosphatidylinositol 

bisphosphate,, the DAG generated is rapidly phosphorylated to PA (Munnik et al., 1998b). 

Itt is also the most likely explanation because a number of reports have shown that 

hyperosmoticc stress activates polyphosphoinositide metabolism (Cho et al., 1993; 

Heilmannn et al., 1999), an increase in IP3 (Coté 1995; Smolenska-Sym and Kacperska 

1996;; Heilmann et al., 1999) and an increase in intracellular Ca2+ (Knight et al., 1997; 

Bressann et al., 1998). Because vacuolar Ca2+ stores become more sensitive to IP3 after 

osmo-stresss (Allen and Sanders 1994) and the expression of genes involved in PLC 

signallingg are also increased after water stress (Hirayama et al., 1995; Mikami et al., 

1998),, it is likely that a PLC pathway is involved in osmo-signalling in plants and 

Chlamydomonas.Chlamydomonas. Nonetheless, we cannot exclude that part of the response is due to a 

directt activation of DAG kinase. 
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Fig.. 3. Part of the NaCl-induced PA formation is generated through phosphorylation of DAG. C. moewusii 
cellss were prelabelled with HP; for just 5 min. Nearly all the radioactivity incorporated into the phospholipids 
wass then in PA and the polyphosphoinositides. The radioactivity in the structural phospholipids hydrolysed 
byy PLD was then <10% of the total and therefore PLD could hardly contribute to the production of  32P-PA. 
Underr these conditions, cells were treated for 5 min with the NaCl concentrations indicated. The lipids were 
thenn extracted and separated. The radioactivity in PA (top) and DGPP (bottom) was quantified by 
phosphoimaging.. Data are presented as percentages of the total radioactivity in the phospholipids. The fact 
thatt NaCl treament stimulated ,2P-PA formation in short-labelled cells provides evidence that it was 
generatedd by DAG kinase. Three independent experiments produced similar results, one is shown here. 
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ActivationActivation ofPLD and elevation of PA- and DGPP levels are common plant responses to 

waterwater stress 

Sincee osmotic stress consistently stimulated PLD activity and the formation of PA and 
DGPPP in Chlamydomonas, the question remained as to whether this was a common plant 
responsee to hyperosmotic conditions. Therefore tomato and alfalfa cell suspension cultures 
weree tested. Cell suspensions were chosen rather than intact tissues, because they take up 
12Pjj  and react to treatment more synchronously. Accordingly, cells were prelabelled for 3 h 
withh 32P> before treating them for 5 min with different NaCl concentrations in the presence 
off  0.25% 1-butanol. After extracting and separating the lipids, the radioactivity in the 
appropriatee spots was quantified. As shown in Figure 4, alfalfa and tomato cells also 
respondd to NaCl treatment by increasing the synthesis of PA and DGPP in a dose-
dependentt manner and that part of the response is again due to PLD activity, as witnessed 
byy the formation of PBut. We therefore assume that the response is typical of many plant 
cells. . 
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Figuree 4. Osmotic stress stimulates PLD activity and PA and DGPP formation in higher plant cells. 
Suspension-culturedd alfalfa (left panels) and tomato cells (right panels) were prelabelled for 3 h and 
stimulatedd for 5 min with the concentrations of NaCl indicated in the presence of 0.25% 1-butanol. to 
monitorr the activation of PLD. Lipids were extracted, separated by TLC and quantified by phospho-imaging. 
Thee data for PA (top), DGPP (middle) and PBut (bottom, as a measure of PLD activity) are represented as 
fold-increasess compared with the non-stressed control cells. Results of a representative experiment (alfalfa, 
n=4;; tomato, n=2) are shown. '"P-percentages for the alfalfa and tomato controls, respectively, were 1.44 and 
1.00 % PA, 0.31 and 0.53% DGPP, 0.042 and 0.11 % PtdBut. 
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Althoughh it is convenient to add solutions of osmotica to cell cultures, in nature, 

plantss frequently experience osmotic stress under drought conditions. To test whether 

dehydrationn activates similar changes in lipid metabolism, we used leaf discs of the 

desiccation-tolerantt resurrection plant Craterostigma plantagineum. They were prelabelled 

byy floating them for 16 h on a 32Prcontaining solution and exposed to dehydration by 

transferringg them to dry filter paper in a fume cupboard for 30 min. As shown in Figure 5, 

droughtt stress dramatically increased the levels of PA and DGPP. Part of the PA increase 

wass due to the activation of PLD, because a similar increase in PBut formation was found. 

AA more detailed analysis of PLD activation during drought in Craterostigma plantagineum 

iss presented by Frank et al. (2000), but the data shown here illustrate that the activation of 

PLDD and the production of PA and DGPP is typical not only for cell cultures under 

artificiall  conditions, but also for plant tissues under more natural forms of osmotic stress. 
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Figuree 5. Drought activates PLD activity and PA and DGPP formation in the resurrection plant. Leaf dies of 
CraterostigmaCraterostigma plantagineum were prelabelled for 16 h by floating them on 32P; solution. Some were 
transferredd to filter paper in a fume cupboard to simulate drought. After 30 min, their lipids were extracted, 
separatedd and quantified. The radioactivity in PA, DGPP and PBut is represented as fold-increases compared 
withh non-stressed control cells. ,2P-Percentages for the control were 2.75% PA, 0.49% DGPP and 0.37 % 
PtdBut. . 

Inn conclusion, PLD is one of the signalling enzymes that is rapidly activated by 
hyperosmoticc stress. In support of its potential importance to osmo-signalling, a PLD gene 
hass recently been shown to be one of the first expressed in resurrection plants subjected to 
droughtt (Frank et al., 2000). This response is similar to the osmo-stress-induced 
expressionn of genes involved in PLC and MAP kinase signalling in Arabidopsis and alfalfa 
(Shinozakii  and Yamaguchi-Shinozaki, 1997; Hirt, 1997; Munnik et al., 1999), which are 
twoo other pathways thought to be involved in osmo-signalling. Thus PLD signalling could 
bee subject to positive feedback regulation in order to prime cells for further osmo-stress. In 
thiss way plants could adapt to stress, making them more tolerant (see Knight et al., 1998). 
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Withi nn the lipid signalling pathways activated by osmotic stress, PA and its 

phosphorylatedd derivative DGPP could be key players. Future studies will reveal whether 

thesee phospholipids regulate the expression of osmo-stress-inducible genes or whether 

theyy serve other functions. 

Methods s 
MaterialsMaterials — Silica 60 TLC plates and reagents for lipid extraction and analyses were from Merck 

(Darmstadt,, Germany). [32P]-orthophosphate (carrier-free) was from Amersham International ('s-

Hertogenbosch,, The Netherlands). Radioactive DGPP was prepared and identified as in Munnik et al. (1996) 

PlantPlant material, metabolic radiolabelling and osmo-stress — Chlamydomonas cells (C moewusii strain 

UTEXX 10) were cultivated as described earlier (Munnik et al., 1994) and suspended in HMCK buffer (10 

mMM Hepes pH 7.4 [KOH], ImM MgCl2, ImM CaCl2, 1 mM KC1) at a final concentration of 1-2 x 107 cells 

perr ml. 

Phospholipidss were metabolically labelled by incubating cells (1-2 x 10 cells per ml) with 100 pCi 

carrier-freee PO41" per ml in HMCK, usually for 2-4 h but, in a short-term labelling protocol, only for 5 min 

(Figuree 3; Munnik et al., 1998b). Routinely, 100 pi cell suspension was treated in a total volume of 200 pi 

forr the time and at the stress levels indicated. Incubations were stopped by adding 3.75 vol. of 

CHCl3/MeOH/HCll  (50:100:1, by vol.) and lipids were extracted, separated and quantified as described 

earlierr (Munnik et al., 1996). 

Suspension-culturedd alfalfa cells (Medicago sativa ssp. varia cv Rambler, line A2) were cultivated at 

244 °C in MS medium supplemented with 30 g/1 sucrose, 1 mg/3 2,4-dichlorophenoxyacetic acid and 0.1 mg/1 

kinetinn (Munnik et al., 1999). Tomato suspension cells (Lycopersicon esculentumc\. Money Maker) were 

grownn in the same medium supplemented with B5 vitamins (Munnik et al., 1996). 

Higherr plant cell suspensions were grown on a rotary shaker (125 rpm) at 24 °C in the dark. Cells 

weree subcultured at intervals of 1 week and used 3 to 5 days after transfer. They were labelled at room 

temperaturee in their own medium using 100 uCi  32PS per ml for the times indicated. Cells were osmotically 

stressedd by adding 90 pi of a 2X-concentrated solution to an equal volume of cells. Incubations were stopped 

byy adding 20 pi of 50% (w/v) perchloric acid and freezing them into liquid nitrogen. Lipids were extracted 

byy adding 3.75 vol. of CHC!3/ MeOH/HCl (50:100:1 v/v) and further processed as described before (Munnik 

ett al., 1996). Leaf discs of the resurrection plant Craterostigma plantagineum were 32P;-prelabelIed and 

exposedd to drought stress as described in detail by Frank et al., (2000). 

PAPA and DGPP analysis — Lipids were separated by TLC using an alkaline solvent system 

(CHCyMeOH/25%% NH4OH/H20; 90:70:4:16 by vol.; Munnik et al., 1994). Radiolabeled phospholipids 

weree detected by autoradiography and quantified by phosphoimaging (Storm, Molecular Dynamics, 

Sunnyvale,, CA). Identities of DGPP and PA were confirmed by deacylation and head-group analysis as 

describedd by Munnik et al., (1996). Non-radioactive phospholipid standards (~10 ug) were visualized by 

exposuree to iodine vapour. 

PLDPLD measurements — PLD activity was measured as the production of PBut in living cells essentially as 

describedd by Munnik et al. (1995). Briefly, 32P-prelabelled cells were treated in the presence of 0.25% n-

butanol.. At subsequent times, incubations were stopped and die lipids extracted as described above. The 32P-
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labelledd PBut was separated from the rest of the phospholipids by a modified ethyl acetate TLC system 

(organicc upper phase of a mixture of ethyl acetate/wo-octane/HCOOH/water 12:2:3:10 by vol; Munnik et al., 

1998b).. Radioactivity was visualized by autoradiography and quantified by phosphoimaging (Molecular 

Dynamics,, Sunnyvale, CA). 
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Notee added in proof 
AA recent paper by Weigert et al. (1999, Nature 410, 133-141) describes another interesting 

routee of PA synthesis that could be important for signalling, namely by acylation of 

lysophosphatidicc acid. However, we have found no evidence that would support such a 

pathwayy in response to osmotic stress. 
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Hyperosmoticc stress rapidly generates 
lyso-phosphatidicc acid in Chlamydomonas 
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Plantt  cells are continuously exposed to environmental stresses lik e hyper-

osmolarityy and have to respond in order  to survive. When "P-la b el led 

ChlamydomonasChlamydomonas moewusii cells were challenged with NaCl, the formation of a new 

radiolabelledd phospholipid was stimulated. Before stimulation, it was barely 

detectable.. The phospholipid was identified as lyso-phosphatidic acid (L-PA). It was 

thee only lyso-phospholipid to be accumulated. The increase in L-PA was dose- and 

time-dependent.. When other  osmotically active compounds were used, the formation 

off  L-PA was also induced with similar  kinetics, although salts were better  inducers 

thann non-salts. At least part of the L-PA was generated by phospholipase A2 (PLA2) 

hydrolysingg phosphatidic acid (PA). This claim is based on PA formation preceding 

L-PAA production, and PLA2 inhibitor s decreasing the accumulation of L-PA and 

promotingg the conversion of PA to diacylglycerol pyrophosphate (DGPP). The latter 

iss another  metabolic derivative of PA that is implicated in cell signalling. The 

involvementt  of multipl e lipid signalling pathways in hyperosmotic stress responses is 

discussed. . 

Introductio n n 

Thee exposure of plants to environmental changes requires adaptation in order to withstand 

extremes.. A typical example is osmotic stress that results from drought, salinity or 

freezing.. During evolution plants have developed mechanisms to sense the nature and 

severityy of such stresses and to respond accordingly. Adaptation involves the activation of 

ion-channels,, reorganising membrane trafficking, gene expression and the production of 
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osmo-protectantss (Bohnert et al, 1995; Hasegawa et al, 2000). Whereas some of the late 

responsess to osmotic stress are relatively well documented, the initial signalling pathways 

aree just now being discovered. 

Duringg osmotic stress, several phospholipid-based signalling pathways in plants are 

rapidlyy activated. They include phospholipase D (PLD) and phospholipase C (PLC) 

pathways,, that directly or indirectly result in the production of phosphatidic acid (PA) 

(Dr0bakk and Watkins, 2000; Munnik et al, 1998a; 2000; Pical et al, 1999). Although PA 

iss an intermediate in lipid synthesis, its rapidly induced production is now seen as the 

synthesiss of a novel second messenger (Munnik et al, 1998a; 2000). As for all second 

messengers,, a specific attenuation mechanism also seems to exist for PA, because during 

osmoticc stress PA levels were reduced by the rapid activation of PA-kinase, which 

producess diacylglycerol pyrophosphate (DGPP) (Munnik et al, 1996; 2000; Pical et al, 

1999).. Although discovered as an attenuation mechanism, the production of DGPP only 

takess place during signalling and therefore DGPP is a potential signal in its own right. It 

hass now been identified in plants, yeast and trypanosomes and has been found to induce 

intracellularr signalling in macrophages (Balboa et al, 1999; Marchesini et al, 1998; 

Munnikk et al, 1996; 1998b; 2000; van Himbergen et al, 1999; Wu et al, 1996). Other 

changess in signalling lipids have also been found in hyperosmotically stimulated plant 

cells.. They include transient changes in phosphatidylinositol phosphate (PIP) and 

phosphatidylinositoll  4,5-bisphosphate (PI(4,5)P2) (Cho et al, 1993; Einspahr et al, 1988; 

Picall  et al, 1999) and the accumulation of a novel PIP2 isomer, PI(3,5)P2, that has been 

reportedd for plants and yeast (Dove et al, 1997; Meijer et al, 1999). These effects of 

osmoticc stress on phospholipid metabolism generally occur on a seconds to minutes time 

scalee and should not be confused with longer term responses in adaptation. 

Whilee using the green alga Chlamydomonas moewusii to investigate phospholipid-

basedd signalling during hyperosmotic stress, we noted that a barely detectable unidentified 

phospholipidd increased dramatically in concentration. Here we illustrate the kinetics of 

formation,, identify it as lyso-phosphatidic acid (L-PA) and show that it is synthesised 

whenn cells are treated with hyperosmotic concentrations of salts or non-salts. Based on 

kineticc and inhibitor studies, we conclude that it results from the activation of a 

phospholipasee A2 that specifically hydrolyses PA. 

Results s 

SaltSalt stress induces the formation of a novel phospholipid 

Thee alga C. moewusii has two major attributes for studying phospholipid-based signalling 

inn plant cells: it can easily be labelled with 32Pt and, being a suspension of single cells, all 

cellss respond synchronously to a variety of treatments. Using this system, we have recently 
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shownn that hyperosmotic stress rapidly provokes major effects on the levels of several 

phospholipidss (Meijer et al, 1999; Munnik et al, 2000). Thus, when radiolabelled cells 

weree treated with 300 mM NaCl for 5 min, TLC analysis of their lipids showed clear 

changess in the labelling pattern. As can be seen in lane 3 (Figure 1), the levels of PI(3,5)P2, 

DGPPP and PA dramatically increased as reported previously (Meijer et al., 1999; Munnik 

etet al., 2000). Further analysis of the autoradiogram reveals an increase in a phospholipid, 

designatedd PX, that migrates between DGPP and PA in this alkaline TLC system. This 

lipidd is barely detectable in non-treated cells. The specificity of this NaCl-induced response 

iss illustrated by the use of mastoparan as a G-protein activator. While mastoparan had a 

dramaticc effect on the formation of PA and DGPP (Figure 1, lane 2), it did not provoke the 

accumulationn of PX, nor did it stimulate PI(3,5)P2 synthesis. 
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Fig.. 1. NaCl induces the synthesis of PX in C. moewusii. Chlamydomonas cells were pre-labelled for 2.5 h 
withh 31P, and subsequently treated for 5 min with HMCK buffer (C), mastoparan (MP, 8 uM) or NaCl (300 
mM).. Lipids were extracted, separated by alkaline TLC and visualised by autoradiography. The positions of 
alll  known phospholipids are indicated. The position of PX is marked by an arrow. 

IdentificationIdentification of Phospholipid X as lyso-phosphatidic acid 

Thee formation of PX during NaCl treatment could be a phosphorylation of a non-labelled 

lipidd or, a modification of a prelabelled phospholipid. In order to distinguish between these 

possibilities,, a short labelling strategy was used, as previously described in detail (Munnik 

etet ah, 1998b). In brief, when 32P> is added to cells it is rapidly incorporated into the ATP 

pooll  and subsequently into the phospholipids that are made through kinase activity. Those 

lipidss that are synthesised by phosphorylation are immediately labelled, while structural 
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lipidss become labelled much later via multiple biosynthetic steps (Munnik et al, 1998a; 

1998b;; 2000). When cells were labelled for just 1 min and then were stimulated for 5 min 

withh 300 mM NaCl, a prominent increase in PA, DGPP and PX was found. Of the other 

phospholipids,, only the polyphosphoinositides were labelled (data not shown). This 

indicatess that PX is phosphorylated directly from ATP or is a derivative of such a 

phospholipid.. For example, PX could be lyso-phosphatidic acid (L-PA). This lipid is 

knownn to be an intermediate in phospholipid biosynthesis but can also be involved in 

phospholipid-basedd signalling (Munnik et al, 1998a). We have previously shown that in 

thee alkaline TLC system, it migrates approximately at the position of PX in Fig 1 (Munnik 

etet al, 1996). Therefore, to test whether PX was indeed L-PA, we first removed the fatty 

acid(s)) from PA and PX to see if glycerophosphate was the common product. This 

derivativee was separated from other phospholipid-headgroups by anion-exchange TLC 

(Munnikk et al, 1996). As is shown in Fig 2a, the deacylated product of PX co-migrated 

withh glycerophosphate derived from authentic PA. None of the other phospholipid 

headgroupss migrated at that position (data not shown). 

Anotherr strategy to identify PX was to digest radiolabelled PA with PLA2 to produce 

ann authentic lyso-phospholipid standard (Munnik et al, 1996). The L-PA formed in this 

wayy co-migrated with PX (Figure 2b). Together these results identify PX as L-PA. 
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Fig.. 2. Identification of PX as lyso-phosphatidic acid. C. moewusii cells were pre-labelled with ,2P; for 30 
minn and then stimulated with 300 mM NaCl for 5 min. Their lipids were extracted and separated by alkaline 
TLC.. Spots were visualised by autoradiography and scraped from the TLC. Deacylation of labelled PA and 
PXX produced headgroups (GroP) that co-migrated on PEI-cellulose (a). Hydrolysis of isolated PA by PLA2 

followedd by alkaline TLC shows that the product (L-PA) co-migrates with PX (b). The lipid extract of NaCl-
stressedd cells that was used to isolate PA is shown on the left-hand side of panel b. 
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L-PAL-PA is the only lyso-phospholipid induced during osmotic stress 

L-PAA is the smallest and simplest phospholipid known and migrates to a discrete position 

onn alkaline TLC, free from other phospholipids. Even so, other lyso-phospholipids that 

mayy be formed during salt treatment, e.g. lyso-phosphatidylethanolamine, could co-

migratee with more dominant phospholipids and their synthesis would then go unnoticed. 

However,, careful observation and quantitative analysis failed to reveal any other potential 

lyso-phospholipidd (Figure 1; Munnik et al., 2000). Furthermore 2D-TLC revealed only the 

twoo NaCl-induced spots depicted in Figure 1, which have now been identified as PI(3,5)P, 

andd L-PA (data not shown). 

NaCl-inducedNaCl-induced formation of L-PA is dose- and time-dependent 

Inn order to assess which NaCl concentrations stimulate L-PA production, C. moewusii cells 

weree prelabelled with 32P, for 2.5 h and then treated with a range of concentrations for 5 

min.. The results are presented in Figure 3a. The accumulation of L-PA was dose-

dependentt within the range 150-400 mM NaCl, reaching a maximum at 300 mM. In 

contrast,, formation of PA increased over a wider range, while DGPP formation increased 

att the higher end of this range, somewhat similar to L-PA. The synthesis of L-PA and 

DGPPP could have limited further PA accumulation (Figure 3a). 
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Fig.. 3. NaCl induces the formation of L-PA in a dose- and time-dependent manner. "P-Prelabelled 
ChlamydomonasChlamydomonas cells were incubated for 5 min with NaCl at the concentrations indicated (a), or incubated 
withh 300 mM NaCl for the times indicated (b). Lipids were subsequently isolated, separated by alkaline TLC 
andd visualised by autoradiography. These experiments have been performed at least 3 times. Results of a 
typicall  experiment are shown. 
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AA time-course using 300 mM NaCl is shown in Figure 3b. While PA formation was 

inducedd within 1 min, L-PA accumulation was only observed after 1 min, reaching 

maximall  values at 5-10 min, before approaching the background again at 30 min. DGPP 

formationn started at the same time as L-PA but peaked later and the highest concentrations 

weree maintained longer. Time-course experiments using other concentrations of NaCl 

showedd the same kinetics. When a short labelling protocol was used as discussed before, 

PAA formation still preceded the formation of L-PA, which peaked at 5 min (not shown). 

L-PAL-PA formation is induced by all osmolytes and some other stresses 

NaCl-inducedd formation of L-PA could be due to ion-toxicity rather than hyperosmotic 

stress.. Therefore other osmolytes were tested at equivalent osmotic concentrations (0.55 

Os/Kgg applied for 5 min). As depicted in Figure 4, they all activated the formation of L-

PA,, although non-ionic osmolytes provoked lower levels of L-PA compared with ionic 

ones.. When any of these osmolytes was used in time-course or dose-response experiments, 

thee results were similar to those shown for NaCl (Figure 3). 

Too see whether L-PA production was restricted to hyperosmotic stress, we tested the 

effectt of heat, cold, dark, centrifugation, light or the addition of fresh media. Only cold and 

lightt treatment gave a small (  3 fold) increase in L-PA (data not shown). 

Fig.. 4. Hyperosmotic stress triggers the formation of L-PA. ,2P-Prelabelled C. moewusii cells were treated for 
55 min with buffer or with the compound indicated at a concentration equivalent to 300 mM NaCl (0.55 
Os/Kg).. The results are presented as the average fold-increases from three independent experiments (  SD). 

L-PAL-PA elevation is probably due to the activation ofPLA2 

L-PAA can be synthesised via different metabolic pathways. For example, by 

phosphorylationn of a mono-acylglycerol, although such enzyme activity has not been 

describedd in plants (Shim et ai, 1989). Another route involves lyso-phospholipase D 

actingg on a lyso-phospholipid (Tokumura et al, 1999). This possibility is unlikely since it 

iss not compatible with the short term labelling characteristics of LPA reported here and the 
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factt that no other 32P-lyso-phospholipid was detected that could be a substrate. L-PA could 

alsoo be synthesised by acylation of glycerophosphate, which is the classic route for 

phospholipidd synthesis but again, this seems unlikely, because the accumulation of L-PA 

wass always preceded by the accumulation of PA (Figure 3). Therefore the most attractive 

possibilityy is hydrolysis of PA via PLA2 activity (Gaits et al., 1997). 

Inn animal systems, PLA2 activity has been studied by using certain inhibitors 

(Rosenthall  et al, 1994; Balsinde and Dennis, 1997). These compounds have also been 

usedd in plants (Chandra et al.t 1996; Narvaez-Vasquez et al, 1999; Paul et al, 1998; 

Romeiss et al, 1999; Roos et al, 1999; Scherer and Arnold, 1997; Yi et al, 1996). 

Thereforee we tested their effects on NaCl-induced L-PA formation in living 

ChlamydomonasChlamydomonas cells. Chlorpromazine, used as a non-specific inhibitor of PLA activity, 

hadd no effect on L-PA formation at low concentrations (< 5 uM). At higher concentrations 

itss use was complicated by the activation of PLC and PLD, even in the absence of osmotic 

stresss (Meijer et al, unpublished data). Two other inhibitors, aristolochic acid (AA) and 4-

bromo-phenylacyl-bromidee (BPB) were found to have more specific effects. Interestingly, 

theyy both reduced L-PA formation but increased the levels of DGPP (Figure 5), suggesting 

thatt inhibition of one PA metabolic pathway was compensated by increasing another. 

Wee also tested the PLA2 inhibitor nordihydroguajaretic acid (NDGA). At 40 uM it 

causedd a small (< 10 %) decrease in L-PA formation while increasing the PA and DGPP 

accumulationn two-fold (data not shown). IC^ values could not be assigned, because higher 

concentrationss of all three inhibitors affected the general phospholipid labelling patterns, 

evenn in the absence of an osmotic stimulus. In conclusion, these results indicate that 

deacylationn of PA via an osmotically activated PLA2 is the most likely cause of L-PA 

accumulation.. Nonetheless, we cannot exclude the possibility that some L-PA is generated 

byy de novo synthesis, even though one would not expect blocking this route to increase the 

amountt of PA and DGPP, ass we have shown. 

Discussion n 

Wee have demonstrated that L-PA is rapidly synthesised in Chlamydomonas cells when 

theyy are subjected to hyperosmotic stress. The effect was dramatic because L-PA was 

hardlyy detectable prior to stress application, but on stimulation with moderate osmolyte 

concentrations,, it was synthesised within minutes (10-15 fold). Only two other conditions 

(coldd and light) induced the same but weaker response. No other lyso-phospholipids were 

detected.. Therefore the synthesis of L-PA seems fairly specific for a particular range of 

hyperosmoticc stress levels. The halotolerant alga Dunaliella salina has also been reported 

too synthesise L-PA on salt stress, although no concentration dependency was recorded 

(Einspahr^a/.,, 1988). 
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Fig.. 5. Phospholipase A2 inhibitors inhibit L-PA formation. Chlamydomonas moewusii cells were prelabelled 
withh S1P, and then treated with 300 mM NaCI for 5 min in the presence of PLA2 inhibitors. Inhibitor 
concentrationss are indicated. The relevant parts of representative autoradiograms are shown, (a) aristolochic 
acidd (AA), (b) 4-bromo-phenylacyl-bromide (BPB). (c) Formation of DGPP, L-PA and PA in the presence of 
AAA (100 pM, n = 6) or BPB (5 pM, n = 2), expressed as the percentage of the NaCI response. Standard 
deviationss are indicated by error bars. 

L-PAA can be synthesised as a key intermediate in the biosynthesis of phospholipids. 

However,, the L-PA synthesis described here was not coupled to a detectable increase in 

thee synthesis of structural lipids. What is more, preliminary fatty acid analyses suggest that 

itt is not derived from de novo synthesis but from the PA that was accumulated prior to L-

PAA synthesis (Arisz et al., in prep.). This indicates that a phospholipase A2 was 

responsible.. A similar interpretation can be applied to the formation of L-PA in Dunaliella, 

becausee the levels of PA decreased while L-PA was accumulated (Einspahr et al, 1988). 

Inn our study, PLA2 inhibitors effectively reduced L-PA formation. Since no other lyso-

phospholipidd was detected, the results suggest that a PA-specific PLA2 was activated. Such 

activitiess have been described for mammalian cells (Billah et al, 1981; Higgs and 

Glomset,, 1994; Higgs and Glomset, 1996; Higgs et al, 1998; Lin et al, 2000; Tang et al, 
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1997;; Thomson and Clark, 1995) but, despite plant PLA2s being cloned and characterised, 

nonee has yet been classified as PA-specific (Dhondt et al, 2000; Jung and Kim, 2000; Kim 

etet al, 1994; Kim et al, 1999; May et al, 1998; Senda et al, 1998; Stahl et al, 1998; Stahl 

etet al, 1999; Tavernier and Pugin, 1995). In Dunaliella, the increase in L-PA was 

accompaniedd by LPC accumulation (Einspahr et al, 1988). 

Inn mammalian cells L-PA is an intercellular signalling molecule. It can activate 

restingg platelets, promote cell division, rearrange the cytoskeleton, activate PLC and hence 

mobilisee intracellular calcium (Gaits et al, 1997; Moolenaar, 2000; Moolenaar et al, 

1997).. The fact that L-PA formation in Chlamydomonas is rapid, transient and probably 

formedd from the signal molecule PA, indicates that it is involved in intracellular signalling 

ass well. In the last decade, PA itself and its derivative DGPP have become recognised as 

signall  molecules or signal modulators (Balboa et al., 1999; Munnik etal, 1996; 1998a). It 

iss therefore most likely that L-PA directly or indirectly (by attenuating PA levels) affects 

signalling.. L-PA itself has the potential to be a signal, because when added to 

ChlamydomonasChlamydomonas it induces deflagellation and when added to Vicia sativa roots, it induces 

roott hair deformation (data to be reported elsewhere, den Hartog, personal 

communication). . 

Iff  we assume L-PA is a signal, then a complex but exciting picture of lipid signalling 

inn osmo-stressed Chlamydomonas is emerging. It seems that cells respond differentially to 

increasingg hyperosmotic stress. At levels above 50 mM NaCl, the newly discovered 

polyphosphoinositidee PI(3,5)P2 is rapidly synthesised, probably due to activation of a PI3P 

5-OHH kinase (Meijer et al, 1999). The response exhibits a maximum at 200 mM NaCl, 

decliningg to background levels at about 350 mM. At salt concentrations between 100 and 

4000 mM, cells respond by activating both PLC and PLD (Munnik et al, 2000). This results 

inn the rapid accumulation of PA, either from PLD activity or the combination of PLC with 

diacylglyceroll  kinase. Some of the PA is then converted to DGPP by PA kinase. The net 

resultt is that both PA and DGPP accumulate with increasing NaCl. In this report we have 

presentedd evidence that concentrations from 150 to 300 mM activate PLA2 in a dose-

dependentt manner. This means that at least four lipid signalling pathways are activated by 

hyperosmoticc stress. Since POP 5-OH kinase, PLC/PLD and PLA2 are activated at 

differentt stress levels and exhibit different dose-response relationships, we can assume 

theyy are activated independently of each other. This suggests that there are different stress 

receptorss in Chlamydomonas activating different signal pathways. The concept is strongly 

supportedd by work on yeast, where two osmotically regulated receptors (Sholp and Slnlp) 

havee already been identified, cloned and characterised (Maeda et al, 1995). They operate 

att different stress profiles, i.e. in the range 200 to 300 mM and 100 to 600 mM NaCl, 

respectively.. A third receptor can also be postulated because at very high salt 
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concentrationss (>900 raM), yeast also synthesises PI(3,5)P2 (Dove et al, 1997). Of course 

osmo-stresss also activates protein kinase pathways. For example, Sholp and Slnlp in yeast 

activatee the HOG1 MAP kinase pathway (Kültz and Burg, 1998; Urao et al, 1999). In 

higherr plants, only one stress receptor has been cloned to date (Urao et al, 1999), but 

numerouss protein kinase activities have been documented as responding to osmo-stress and 

theyy also respond to discrete stress ranges (Droillard et al, 2000; Hoyos and Zhang, 2000; 

Mikolajczykk et al, 2000; Munnik et al, 1999). These data illustrate that environmental 

stimulii  of graded intensity wil l probably be detected by different receptors, each 

respondingg to a limited intensity scale, rather than by one receptor accommodating the 

wholee scale. 

Althoughh we have concentrated on the potential significance of L-PA as the 

signallingg product of PLA2 activity, the liberated free fatty acid could also be biologically 

active.. There are two possibilities: either it directly regulates enzyme activity, of which 

manyy examples are known from the literature (Munnik et al, 1998a), or the fatty acid 

couldd be converted to bioactive molecules such as the eicosanoids in mammalian cells 

(Dennis,, 2000; Munnik et al, 1998a). In plants linolenic acid can be metabolised to the 

hormonee jasmonic acid (Farmer and Ryan, 1992; Roos et al, 1999; Ryan, 2000). We are 

presentlyy performing fatty acid analyses to determine the composition of L-PA and its 

precursorr PA and measuring jasmonic acid levels in osmo-stressed and control cells. 

Thee L-PA molecule has an inverted-cone shape in contrast to the cone-shaped PA 

moleculee from which it is derived. In mammalian cells its shape is thought be instrumental 

inn vesicle formation (Schmidt et al, 1999; Weigert et al, 1999). This could be important 

forr plant cells that are rapidly losing water, because the decline in cell volume has to be 

compensatedd by membrane remodelling. For example, invaginations of the plasma 

membranee that result in vesicle formation could help accommodate such needs (Einspahr 

etet al, 1988; Homann, 1998; Kubitscheck et al, 2000; Schmidt et al, 1999; Weigert et al, 

1999).. L-PA formation in stressed cells reached a maximum in 5 min and then rapidly 

declined.. When Dunaliella was subjected to salt stress, cell shrinkage was measured and 

foundd to be complete in about 3 min (Einspahr et al, 1988). Within this period, the surface 

areaa of several organelles but not the plasma membrane was seen to decline by 30 to 40 %. 

Thereforee L-PA could play a physical role in vesicle formation and reducing organelle 

volume,, independent of its potential as a lipid signal. 
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Methods s 
PlantPlant material — Chlamydomonas moewusii, strain UTEX 10 (mating type minus; ml) from the Culture 

Collectionn of Algae, University of Texas, was grown on agar-containing Ml medium in Petri dishes at 20 °C 

(Schuringg et al., 1987), under a 12-h-dark/12-h-light regime provided by Philips TL65W/33 white 

fluorescentt tubes (Eindhoven, The Netherlands) giving an average light intensity of 2500 lux (30 uE m"2 s"1). 

Gametee suspensions were obtained by flooding 2- to 3-week-old plate cultures for 12-16 h with 20 ml 

HMCKK (10 mM Hepes, pH 7.4, 1 mM MgCl2, 1 mM CaCl2, 1 mM KC1). 

MaterialsMaterials — Silica gel 60 TLC plates and reagents for lipid extraction and analyses were from Merck 

(Darmstadt,, Germany). Aristolochic acid (AA), 4-bromo-phenylacyl-bromide (BPB), chlorpromazine (CPZ), 

nordihydroguajareticc acid (NDGA) and PLA2 were obtained from Sigma-Aldrich Chemie BV (Zwijndrecht, 

Thee Netherlands). Synthetic mastoparan was bought from Calbiochem (La Jolla, CA, USA). [32P]-

orthophosphatee (32Ph carrier-free) was from Amersham International (Roosendaal, The Netherlands). PEI-

cellulosee TLC plates were bought from Machery-Nagel (Duren, Germany). 

PhospholipidPhospholipid labelling and analysis — Metabolic labelling of cell-suspensions was performed for 2.5 h as 

describedd previously (Munnik et at., 1995) or as indicated. Routinely, cells were treated with compounds for 

thee times and in the concentrations indicated. Incubations were halted by adding 3.75 volumes of 

CHClj/MeOH/HCll  (50:100:1 v/v). The lipids were then extracted as described earlier (Munnik et al., 1996). 

Afterr evaporating to dryness, lipids were dissolved in 20 ul CHC1, and used for thin layer chromatography 

(TLC)) analyses immediately or kept at -20°C under nitrogen gas. Lipids were separated by TLC using an 

alkalinee solvent system (CHC13/ MeOH/ 25% NH4OH/ H20; 90:70:4:16 v/v) as described before (Munnik et 

al.,al., 1996). Radiolabelled phospholipids were visualised by autoradiography and quantified on the TLC plate 

usingg a phosphoimager (Molecular Dynamics, Sunnyvale, CA). 

DeacylationDeacylation and TLC analysis of phospholipids — Isolated phospholipids from chromatograms were 

deacylatedd using mono-methylamine as described by Munnik et al. (1994). The remaining headgroups were 

separatedd by PEI-cellulose TLC using 0.4 M ammonium formate and 0.2 M formic acid as described earlier 

(Munnikk et al, 1996). 

PLAPLA22 hydrolysis of phospholipids —32P-labelled phospholipids were isolated from a TLC plate, extracted 

fromm the silica, dried and sonicated in 50 ul incubation buffer (100 mM Tris.HCl, pH 8.95, 9.1 mM CaCl2). 

Thee samples were incubated at 25 °C for 2 h after addition of 50 ul incubation buffer containing 5 units 

PLA2.. After incubation the lipids were extracted and separated by TLC as described above. 
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Polyphosphoinositidess play an important role in membrane traffickin g and cell 
signalling.. In plants, two PIP isomers have been described, PI3P and PI4P. Here, we 
reportt  the identification of a third , PI5P. Evidence is based on the conversion of the 
endogenouss PIP pool into PI(4,5)P2 by a specific PI5P 4-OH kinase, and on in vivo 32P-
labellingg studies coupled to HPLC head-group analysis. In Chlamydomonas, 3-8% of 
thee PIP pool was PI5P,-10-15% was PI3P and the rest was PI4P. In seedlings of Vicia 

ff  aba and suspension cultured tomato cells, the level of PI5P was about 18%, 
indicatingg that PI5P is a general plant lipid that represents a significant proportion of 
thee PEP pool. Activating PLC signalling in Chlamydomonas cells with mastoparan, 
increasedd the turnover  of PI(4,5)P2 at the cost of PI4P, but did not affect the level of 
PI5P.. This indicates that PI(4,5)P2 is synthesized from PI4P rather  than from PI5P 
durin gg PLC signalling. When cells were subjected to hyperosmotic stress however, 
PI5PP levels rapidl y increased, suggesting a role in osmotic stress signalling. The 
potentiall  pathways of PI5P formation are discussed. 
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Introductio n n 

Polyphosphoinositidess (PPI) are only minor lipids in eukaryotic cells but play a major role 

inn cell biology. They are precursors of second messengers [e.g. PI(4,5)P2 is hydrolysed by 

PLCC to produce diacylglycerol and inositol 1,4,5-trisphosphate] but also regulate various 

enzymaticc activities, K+ channels and cytoskeletal proteins (Corvera et al, 1999; 

Hinchliffee et al, 1998a; Leevers et al, 1999; Munnik <?/a/., 1998a; Toker, 1998). PPIs 

regulatee cellular activity by interacting with proteins that contain PPI-binding domains. 

Thesee include CalB, pleckstrin homology (PH) and FYVE domains, for which different 

PPI-bindingg specificities have been determined (Gillooly et al, 2001; Katan and Allen, 

1999;; Lemmon and Ferguson, 2000). Through binding different PPIs, cytosolic target 

proteinss can be recruited to specific membranes where they play a role in signal 

transduction,, regulate enzyme activity, cytoskeleton rearrangements or membrane 

traffickingg (Corvera et al, 1999; Gillooly et al, 2001; Lemmon and Ferguson, 2000). 

Untill  now, two isoforms of PIP have been recognized in plants: PI3P and PI4P 

(Munnikk et al, 1998a; Munnik and Meijer, 2001; Stevenson et al, 2000). POP is thought 

too be the precursor of PI(3,4)P2 (Brearley and Hanke, 1993; Parmar and Brearley, 1995; 

Parmarr and Brearley, 1993) or PI(3,5)P2 (Dove et al, 1997; Meijer et al, 1999) whereas 

PI4PP is seen as the precursor of PI(4,5)P2. All three PIP2 isomers have been identified in 

plantss (Brearley and Hanke, 1992; 1993; Meijer et al, 1999; Munnik et al, 1998a; Parmar 

andd Brearley, 1995; Parmar and Brearley, 1993). A third PIP isomer has been discovered 

inn animal cells, PI5P (Rameh et al, 1997), the in vitro substrate for type-II PIPkins (PI5P 

4-kinase)) and present as a minor fraction of the PIP pool in mouse fibroblasts. In platelets, 

PI5PP levels were found to transiently increase upon thrombin stimulation (Morris et al, 

2000),, indicating that it is directly or indirectly involved in signalling. 

Inn this study, we have investigated the composition of the PIP pool in plant cells and 

providee evidence for the existence of PI5P. We also monitored changes in metabolism 

duringg rapid PI(4,5)P2 synthesis (G-protein activation) and rapid PI(3,5)P2 synthesis 

(hyperosmoticc stress). PI5P levels only changed during hyperosmotic stress, suggesting a 

rolee in osmo-stress signalling. 

Methods s 
MaterialsMaterials — PI and PIP were purified from bovine brain. Reagents for lipid extraction and subsequent 

analysis,, as well as Silica 60 TLC plates were from Merck (Darmstadt, Germany). [32P]Pi (carrier-free) and 

[y-32P]ATPP (110 TBq/mmol) were from Amersham International. Synthetic mastoparan was bought from 

Calbiochemm (La Jolta, CA, U.S.A.). Glass beads (200-400 mesh) were obtained from Sigma-Aldrich. 

Commerciallyy available myo-'H-inositol-labelled HPLC standards were from New England Nuclear (Boston, 

MA,, U.S.A.). 
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PlantPlant Material — Chlamydomonas moewusii (strain Utex 10; Culture Collection of Algae, University of 

Texas,, Austin, TX, U.S.A.) was grown as described before (Munnik et ai, 1995). Cell suspensions were 

producedd by flooding 2- to 4-week-old plates overnight with 20 ml HMCK (10 mM Hepes, pH 7.4, I mM 

MgCl2,, 1 mM CaCl2, 1 mM KC1), giving a cell concentration of (1-2) x 107 cells ml '. Suspension cultures of 

tomatoo (Msk8) were grown as described in Van der Luit et al. (2000). Vicia sativa seedlings were grown in 

modifiedd Fahreus slides as described in Den Hartog etal. (2001). 

PhospholipidPhospholipid Labelling, Extraction and Analysis — Chlamydomonas lipids were labelled, extracted and 

separatedd by TLC as described earlier (Munnik et at., 1996). V. sativa seedlings were labelled in 160 ul 

mediumm (2.72 mM CaCl2, 1.95 mM MgS04, 0.08 mM ferric citrate, 10 mM HEPES, pH 6.5) containing 0.59 

MBqq [32P]Pj/per seedling (Den Hartog et ai, 2001). Tomato cells were labelled as described (Van der Luit et 

al.,al., 2000). Lipids were extracted by adding 3.75 volumes of chloroform/methanol/HCl (50:100:1, by vol), 

andd by using 1 vol. of 0.9% NaCl and 3.75 vol. chloroform to induce phase separation. Extractions were 

processedd further and lipids separated by TLC, as described earlier (Munnik et ai, 1996). Radiolabelled 

phospholipidss were visualized by autoradiography (X-Omat AR film, Kodak) and quantified by 

phosphoimagingg (Storm, Molecular Dynamics and BAS 2000, Fuji). 

PolyphosphoinositidePolyphosphoinositide Standards — 32P-Labelled PI3P was synthesized using phosphoinositide 3 kinase 

activityy that was immunoprecipitated from PDGF stimulated Rat-1 cells by anti-phosphotyrosine antibodies 

ass described (Meijer et ai, 1999). 32P-Labelled PI4P was prepared from PI using recombinant Myc-tagged 

type-III  PI5P 4-OH kinase (Divecha et ai, 1995) that was immunoprecipitated from transgenic Escherichia 

colicoli cells. [32P]PI5P was synthesized using recombinant myc-tagged type-I PI4P 5-OH kinase which was 

immunoprecipitatedd from transiently transfected COS cells. All reactions were performed in 100 ul, 

containingg 50 mM Tris pH 7.4, 10 mM MgCl2, 80 mM KC1, 1 mM EGTA (PIP-kinase buffer), 1 nmole of PI 

andd 1.85 MBq of [y-32P]ATP. After quenching the reactions, lipids were extracted and separated by TLC 

(Munnikk et ai, 1998b). 

Thee glycerophosphoinositofs [3H]GroPIns, [3H]GroPIns4P and [3H]GroPIns(4,5)P2 were produced by 

standardd mono-methylamine deacylation (Clarke and Dawson, 1981) of the corresponding 3H-labelled PPIs. 

Thesee lipids were generally obtained from equilibrium-loaded [3H]Ins-labelling of Swiss 3T3 cells. Cells 

weree maintained in Dulbecco's modified Eagles medium plus 10% fetal bovine serum, as described 

previouslyy (38). After adding cold (-20°C) methanol and scraping cells from the Petri dish, the lipids were 

obtainedd by drying the lower phase of a chloroform/methanol/water/HCl (100:100:48:1; by vol.) extract 

underr nitrogen gas. Deacylation was carried out at 52°C for 45 min in a mono-methylamine mixture (40% 

aqueouss mono-methylamine/water/n-butyl-alcohol/methanol; 4.5:1:1.125:5.875; v/v). After lyophilization, 

sampless were resuspended in 500 ul water, to which 700 ul n-butyl alcohol/petroleum ether (40-60°C 

fraction)/ethyll  formate (20:4:1, by vol.) was added. The tower phase was re-extracted with 500 ul of the 

samee mixture and then lyophilized again. The resulting glycerophosphoinositols were purified by HPLC as 

describedd below. The [32P]GroPIns5P standard was produced by dephosphorylation of [32P]GroPIns(3,5)P2. 

Thee latter was isolated from 32P-labelled Chlamydomonas cells that were osmotically stressed, and 

deacylatedd (Meijer et ai, 1999). The resulting head group was then dephosphorylated selectively at the 3-

positionn by washed human red blood cell ghosts in 25 mM Hepes, pH 7.0/ 2 mM EGTA/ 10 mM EDTA: 

EDTAA was included in the incubation to allow specific removal of the 3-phosphate, and hence the production 

off  [32P]GroPIns5P (Stephens et ai, 1991). After overnight incubation, the reaction was halted by die addition 

off  700 ul H20 and 100 ul 19.25% perchloric acid. After 30 min on ice, the protein was removed by 
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centrifugation.. The supernatant was neutralised to pH 7.5 by addition of 200 ul 50% (w/v) KHCO, and kept 

onn ice for 1 h. The precipitate was removed, and the supernatant used for HPLC analysis. 

IsolationIsolation of PPIs from Chlamydomonas — Lipids from non-labelled Chlamydomonas were dried and 

suspendedd in 500 ul PPI-binding solution (chloroform/methanol/20 mM ammonium formate, 5:10:2 by vol.). 

Afterr addition of 20 ul neomycin-linked glass beads (Schacht, 1978), samples were incubated at 4 °C for 15 

min.. Beads were then centrifuged (1 OOOOg), the supernatant removed and the beads washed three times with 

PPI-bindingg solution. Adsorbed lipids were eluted from the beads by adding carrier lipids 

[phosphatidylserinee [PS] and phosphatidic acid (PA), 5 nmole each] and extracted as described above. This 

proceduree was developed because it removed a kinase inhibitor from the lipid extracts. Using 25 to 200 ul 

radioactivee cell cultures, 98.2  2.0% of the PIP was retrieved. The only other lipid effectively purified was 

PIP22 (95.2  0.6%). Only small proportions of PA (6.0  1.3%), PG (5.8  0.4%), PI, PC and PE (< 0.5%) 

weree recovered by this procedure. 

KinaseKinase Assays — In vi'vo-labelled PIPs were purified by TLC and eluted from the silica gel. After 

resuspendingg them in 10 mM Tris-buffer by sonication, double strength PIP-kinase buffer, including 

enzymess and 200 uM ATP, was added. Phosphorylation was carried out in 100 ul at 30°C in a 15 h 

incubationn and then stopped with 375 ul of cold (-20°C) chloroform/methanol, (1:2 by vol.). Lipids were 

isolatedd and separated as described above. When non-labelled lipids were used, they were isolated from 

neomycinn beads as described above, suspended in 50 ul diethyl ether and 50 ul 10 mM Tris-buffer (pH 7.4) 

andd sonicated for 15 s. Diethyl ether was removed by vacuum centrifugation. Lipid phosphorylation was 

initiatedd by adding 50 ul of double strength PIP-kinase buffer containing 1 ul of the enzyme indicated and 74 

kBqq (7-12P]ATP in the presence of 5 uM ATP. The lower amount of ATP resulted in increased substrate 

specificity.. The mixture was incubated at 30°C for 2 h with shaking. As control for enzyme-specificity, non-

labelledd PIP was phosphorylated by type-II PI5P 4-OH kinase or type-I PI4P 5-OH kinase using [y-32P]ATP. 

Thee resulting type-II- and type-I PI(4,5)P2s were dephosphorylated with a specific recombinant 5-

phosphatase.. All label lost from type-II-PI(4,5)P2 was recovered in PI4P whereas all the 32P from type-I-

PI(4,5)P22 was lost as P;, with no counts remaining in PIP. 

HPLCHPLC Analysis of 3H/nP-Labelled PPI — Deacylated lipids were routinely separated by anion exchange 

HPLCC at a flow rate of 1.0 ml.min ! on a Partisil 10 SAX column (Jones Chromatography, Mid Glamorgan, 

UK)) using a non-linear water (buffer A)/1.0 M ammonium phosphate, pH 3.35 (phosphoric acid; Buffer B) 

gradientt (Berrie et al., 1999). Because the peaks of GroPIns4P and GroPInsSP were only separated by less 

thann 20 s, a modified gradient was utilised: 0-45 min, 0.0-1.5% Buffer B; 45-46 min, 1.5-2.4% Buffer B; 46-

800 min, 2.4-4.5% Buffer B; 80-81 min, 4.5-6.0% Buffer B, 81-141 min, 6.0-35.0% Buffer B, 141-142 min, 

35-100%% Buffer B, 142-147 min, 100% Buffer B, 147-150 min 100-0% Buffer B, 150-180 min 0% Buffer B 

wash.. Individual peaks were identified following periodate treatment by HPLC analysis (Stephens et al, 

1991)) and the use of 'H-labelled standards, including Ins, GroPIns, Ins IP, Ins3P, Ins4P, GroPIns3P, 

GroPIns4P,, Ins(l,4)P2, Ins(l,5)P2, GroPIns(3,4)P2, GroPIns(4,5)P2, Ins(l,3,4)P, and Ins(l,4,5)Pv The latter 

gradientt produced a 1.5 min peak-to-peak separation of GroPIns4P and GroPInsSP (see Fig. 4B) and was 

exploitedd to separate the 32P-labelled samples. Standard [3H]GroPIns4P was included with every sample to 

correctt for minor HPLC run-to-run variability and hence allow for more precise calculation of the relative 

levelss of GroPIns4P and GroPInsSP. The radioactivity in these GroPInsP fractions (see also Fig. 5 and Fig. 6) 

wass determined by dual-label scintillation counting to a 0.5% sample error (low isotope concentrations). 
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Results s 

PI5PPI5P is Present in Plant Cells 

Too investigate whether Chlamydomonas cells contain PI5P, non-stimulated cells were 

incubatedd for 2.5 h in [32P]P| and the radioactive lipids were extracted and separated by 

TLC.. The [32P]PIP spot was then isolated and the lipids incubated with a 4-OH kinase 

(type-III  PIP kinase, isolated from transgenic E. coli cells) in the presence of 200 uM non-

radioactivee ATP. If the PIP spot contained [32P]PI5P, it would be converted to 32P-labelled 

PI(4,5)P2.. The reaction products were subsequently chromatographed together with PIP, 

standards.. As illustrated in Figure 1 A, the PIP 4-OH kinase phosphorylated [32P]PIP into 

twoo products: one co-migrated with PI(4,5)P2> the other with PI(3,4)P2. The production of 

PI(4,5)P22 indicates that PI5P is present in this alga. The production of PI(3,4)P2 confirms 

thee presence of POP (Irvine et al, 1992; Munnik et ah, 1994a). It also shows that the 

enzymee uses substrates other than PI5P under certain conditions, substantiating earlier 

reportss (Morris et al, 2000; Rameh et al, 1997; Zhang et al., 1997). However, type-II PIP 

4-OHH kinase does not phosphorylate PI4P, therefore the PI(4,5)P2 could not have arisen 

fromm the phosphorylation of PI4P (Kunz et al, 2000; Rameh et al., 1997). After 15 h of 

incubation,, approximately 10% of the original [32P]PIP was converted to [32P]PI(3,4)P2, 

indicatingg that at least 10% of the pool exists as PI3P, which is in close agreement with 

resultss obtained previously (Irvine et al, 1992; Munnik et al., 1994a). Based on the same 

arguments,, about 8% of the Chlamydomonas [32P]PIP pool was PI5P. 

ChlamydomonasChlamydomonas standards Vetch h Tomatoo standard 

-PIP P 

PI(4,5)P2 2 

PI(3,4)P2 2 

PI(3,5)P2 2 

""  W " 

4m 4m 

II If PI(4,5)P2 2 

PI(3,4)P2 2 

PI(3,5)P2 2 

•• • -- origin 
-- origin 

PIPP 4-OH kinase PIPP 4-OH kinase 

Fig.. 1. PI5P is present in plant cells. Radioactive PIP spots from 12Prprelabelled plant cells were isolated 
fromm the TLC and incubated for 15 h with a type-II PIP 4-OH kinase at 30°C in the presence of 200 uM 
ATP.. Lipids were then extracted and separated by TLC and visualized by autoradiography. A, 
ChlamydomonasChlamydomonas together with standards of PI(4,5)P:, PI(3,4)P, and PI(3,5)P,. B, Vetch (Vicia sativa) and 
tomatoo lipids together with standard lipids extracted from osmotically stressed Chlamydomonas cells 
containingg PIP, PI(4,5)P, and PI(3,5)P, (Meijer et al, 1999). 
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Too determine whether PI5P is also present in other plant cells, PIP spots from 

radiolabelledd vetch roots (Vicia sativa) and tomato suspension cultures were isolated and 

treatedd with PIP 4-OH kinase as described above. As for Chlamydomonas, two products 

weree formed that co-migrated with PI(4,5)P2 and PI(3,4)P2 (Figure IB). For vetch and 

tomato,, about 8% of the label was phosphorylated to PI(3,4)P2, which is again in 

agreementt with previous estimates of higher plant PI3P levels (Brearley and Hanke, 1992; 

1993;; Munnik et al, 1998a; Munnik et al, 1994b; Pical et al, 1999). Approximately 18% 

wass phosphorylated to [32P]PI(4,5)P2i indicating that PI5P represents a significant fraction 

ofthe[32P]PIPpool. . 

PI4PPI4P But Not PI5P is Diminished When PLC is Activated 

PLCC signalling in Chlamydomonas can be strongly activated by using the wasp-venom 

peptidee mastoparan (Munnik et al, 1998b; Van Himbergen et al, 1999). Upon stimulation, 

mostt of the radiolabelled PI(4,5)P2 is metabolised within the first 30 s, accompanied by the 

formationn of inositol 1,4,5-trisphosphate (Munnik et al, 1998b; Van Himbergen et al, 

1999).. This is associated with a substantial decrease in radiolabelled PIP, which is thought 

too reflect the conversion of PI4P to PI(4,5)P2i to maintain PLC-substrate levels (Munnik, 

2001).. HPLC analysis of the [32P]PIP-head groups revealed that the decrease was not due 

too metabolism of PI3P, and therefore was thought to reflect PI4P metabolism (Munnik et 

al,al, 1998b). However, we must now acknowledge that the decrease in PIP could be due to 

enhancedd metabolism of PI5P, as postulated for animal systems (Morris et al, 2000; 

RamehRameh etal, 1997). 

Inn order to determine whether PI4P and/or PI5P contributed to the decrease in PIP, 

conditionss were selected in which both type-II (PIP 4-OH) and type-I (PIP 5-OH, isolated 

fromm transiently transfected COS cells) kinases specifically phosphorylated their substrates 

inn a time- and concentration-dependent manner. An essential aspect of the procedure was 

thatt the extracted PPIs were first purified on neomycin beads, because it removed an 

unknownn kinase inhibitor from the Chlamydomonas lipid extracts (see Experimental 

procedures).procedures). Phosphorylation was carried out for 2 h in the presence of 5 uM ATP and 74 

kBqq [y-32P]ATP (rather than the previously used 200 uM ATP) using PS and PA as carrier 

lipidss to increase the kinase specificity. Under these conditions, type-I and type-II PIP-

kinasess phosphorylated PI4P and PI5P respectively, and the amount of [32P]PI(4,5)P2 

formedd was linear with time and with respect to PIP concentration. PI3P was not 

phosphorylatedd under those conditions (data not shown). Subsequently, we used the assay 

too quantitate the relative amounts of PI5P and PI4P in extracts of Chlamydomonas cells. 

Thee PIPs were extracted from non-labelled Chlamydomonas cells that had been 

treatedd with or without 2 \JM mastoparan for 30 s (Munnik et al, 1998b), and purified 
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usingg neomycin beads. Thereafter, they were either incubated with type-I or type-II kinase 

inn the presence of [y-32P]ATP. After 2 h, reactions were stopped and the [32P]PI(4,5)P2 

formedd visualized by autoradiography and quantitated by phosphoimaging. As illustrated 

inn Figure 2, the level of PI4P (witnessed as [32P]PI(4,5)P2 formation by type-I kinase) was 

significantlyy lowered by mastoparan treatment. However, no significant change in the level 

off  PI5P was observed ([32P]PI(4,5)P2 produced by type-II kinase). This indicates that the 

hydrolysiss of PI(4,5)P2 upon PLC activation is replenished by the phosphorylation of PI4P 

byy PI4P 5-OH kinase. In contrast, the metabolism of PI5P was unaffected and apparently 

doess not contribute to PI(4,5)P, synthesis under these conditions. 

MultipleMultiple PPI isomers formed upon osmotic stress 

Anotherr stress condition that is known to affect the turnover of PPIs in plants is osmotic 

stresss (Meijer et al, 2001; Meijer et al, 1999; Munnik and Meijer, 2001; Munnik et al, 

2000;; Pical et al, 1999). When 32P-labelled Chlamydomonas cells were treated with 

osmoticallyy equivalent concentrations of NaCl (150 mM), KC1 (150 mM) or mannitol (270 

mM),, the [32P]PIP levels increased, reaching a maximum at 5 min, after which they 

returnedd to control values in the case of the salts (Figure 3A). The salts also stimulated a 

rapidd and transient increase in [32P]PI(4,5)P2, whereas mannitol did not have this effect 

(Figuree 3B). The formation of [32P]PI(3,5)P2 followed a similar pattern, reaching a 

maximumm after 5 min [not shown, (Meijer et al, 1999) which was stimulated by all 

osmotica.. However, as shown in Figure 3C, which represents additional data from HPLC 

analyses,, 300 mM NaCl treatment transiently increased the level of [32P]PI(4,5)P2, whereas 

thee level of [32P]PI(3,5)P2 was maintained high for the duration of the experiment. 

A A 
controll mastoparan 

mm mm 
typee II PIP 4-OH kinase + - + 

typee I PIP 5-OH kinase + - + 

controll mastoparan 

Fig.. 2. Stimulation of Chlamydomonas cells with mastoparan reduces PI4P but not PI5P levels. Non-labelled 
cellss were treated with 2 uM mastoparan or buffer (control) for 30 s. Lipids were extracted and PPIs isolated 
usingg neomycin beads. PIP species were then phosphorylated using either type-I or type-II kinase, in the 
presencee of [3-P]-yATP and 5 uM cold ATP for 2 h at 30°C, conditions under which only PI(4,5)P, is formed. 
A,, Autoradiograph of the [32P]PI(4,5)P, formed. B, Quantification of [32P]PI(4,5)P, generated by PI4P 5-OH 
kinasee type-I from PI4P or PI5P 4-OH kinase type-II from PI5P, from control (n=2) or mastoparan 
stimulatedd cells (n=3). Results are presented as arbitrary units (AU)  SE. 
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Fig.. 3. Effect of osmotic stress on PIP and PIP, synthesis. Chlamydomonas cells were prelabelled with '"P; 
forr 1 h and treated with HMCK (control, cross), NaCl (150 mM, closed diamond), KC1 (150 mM, open 
square)) or mannitol (270 mM, open triangle). Lipids were extracted, separated by TLC and the radioactivity 
quantifiedd by phosphoimaging. The results for the total PIP pool (A) and PI(4,5)P2 (B) are expressed as fold-
increasee with respect to non-treated cells at T=0. C, Changes in PI(4,5)P: (square) and PI(3,5)P2 (circle) in 
responsee to 300 mM NaCl as determined by HPLC. Data represents the averages from two independent 
experimentss (  SE). 

HPLCC analyses were also used to determine which isomers contributed to the 

observedd increase in [32P]PIP. A typical HPLC profile of a total extract of cells stimulated 

withh 150 mM NaCl is shown in Figure 4A. Individual peaks were identified using 3H- or 
12P-labelledd standards. The original HPLC gradient was able to separate GroPIns3P from 

GroPIns4PP and GroPIns5P (Figure 4A), but the latter two were separated by only 20 s. The 

HPLCC gradient was therefore modified (see Experimental Procedures) such that 

[3H]GroPIns4PP and [32P]GroPIns5P were separated by 1.5 min, peak-to-peak (Figure 4B). 
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GfoPlns4P P 
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Fig.. 4. Anion-exchange HPLC of deacylated phospholipids. A, Cells were radiolabelled for l h, treated for 
2.55 min with 150 mM NaCl and the lipids extracted and deacylated. The water-soluble products were 
separatedd by HPLC. B, ['H]GroPIns4P and [32P]GroPIns5P standards were separated by HPLC and collected 
ass 30 s-fractions. Radioactivity was determined by scintillation counting. 

Initiall  HPLC separations of deacylated 32P-labelled Chlamydomonas lipids indicated 

thatt the amount of [32P]PI4P was dominantly high, masking the presence of [32P]PI5P that 

appearedd as a shoulder on the PI4P peak. Therefore, to distinguish between peak and 

shoulder,, [3H]GroPIns4P was included in all further runs to delineate the [32P]PI4P peak. 

Cellss were stimulated with 150 or 300 mM NaCl in time-course experiments, their 

lipidss extracted and deacylated and a [3H]GroPIns4P standard was then added prior to 

HPLCC analysis. All HPLC runs were first monitored on-line without scintillant to define 

thee 32P-profiles. Fractions containing the GroPIns4P/GroPIns5P peak were then analysed 

byy scintillation counting to determinate the individual amounts of  3H- and 32P. This 

proceduree is illustrated by presenting the raw 32P/3H data from non-stimulated (Figure 5A) 

andd NaCl-stimulated samples (Figure 5B). When the 3H- and 32P-profiles are compared, the 
32P-shoulderr in the stimulated sample is clear (Figure 5B; indicated by arrow). The counts 

presentt in [32P]GroPIns4P were calculated by using the [3H]GroPIns4P profile. By 

subtractingg those counts from the total  32P counts, a single peak emerged that eluted at the 

exactt position of [32P]GroPIns5P (Figure 4B). The [32P]PI5P peaks from both Figure 5A 

andd B are presented in Figure 5C, showing that NaCl treatment clearly increased the level 

off  radiolabelled PI5P. 
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Fig.. 5. PI5P is formed upon hyperosmotic stress. ,2P-prelabelled Chlamydomonas cells were treated with or 
withoutt 300 mM NaCl for 15 min. Lipids were isolated, deacylated and separated by HPLC after mixing 
withh a deacylated [3H]PI4P standard. Fractions between 75 and 81 min were collected every 20 s, and their 
radioactivityy measured. The results are shown for ,2P (solid line, circles) and 'H (dotted line, squares) for A, 
controll  cells and B, cells stimulated with 300 mM NaCl for 15 min. Data are expressed as the percentages of 
thee peak maxima for either 12P or 3H after scintillation counting and subtraction of the (beta-counter) 
backgroundd counts. The position of the [,2P]GroPIns5P shoulder is indicated by an arrow. C, Based on the 
co-migrationn of deacylated 3H- and 32P-labelled PI4P, the relative amounts of [32P]PI5P were determined. 
Dataa from control (closed triangle) and NaCl-stimulated cells (open triangle) are presented. The Rfs for the 
maximumm levels of GroPIns4P and GroPIns5P are indicated by two vertical lines. 

Too follow the formation of all PIP isomers, time-course experiments with 150 and 

3000 mM NaCl were performed. As shown in Fig 6A, 150 mM NaCl induced a transient 

2.5-foldd increase in PI5P and a more sustained 4.5-fold increase when 300 mM NaCl was 

used.. Similar results were obtained when the type-II PI5P 4-kinase assay was used instead 
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off  HPLC (data not shown). Treatment affected all the PIP isomers. For example, a 6-fold 
increasee in [32P]PI3P was found after treating cells for 5 min with 300 mM NaCl (Figure 
6B).. [32P]PI4P also increased in concentration, although the effect was only 1.6-fold 
(Figuree 6C). Analyzing the composition of the PIP pool in non-stimulated cells via HPLC 
againn emphasized that PI4P is the dominant isomer in Chlamydomonas. Using this 
techniquee PI5P was estimated to be only about 3% of the PIP pool. 
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PI5P P 
300mNrt____-—<j> > 

^ ~ ~ - ^ 1 5 00 mM 

controll ^ ^ ~ i 

55 10 
Timee (min) 

15 5 

3000 mM 

55 10 
Timee (min) 

155 i 
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Fig.. 6. Time-dependent synthesis of PIP isomers during hyperosmotic stress. Cells were labelled for 1 h and 
treatedd with 150 mM (closed squares) or 300 mM (open circles) NaCl for the times indicated. The lipids were 
thenn extracted, deacylated and separated by HPLC. The radioactivity in A, PI5P, B, PI3P, and C, PI4P was 
determinedd as described (see text). The data represent the means of four individual samples from two 
independentt duplicate experiments (  SE) and are expressed as percentages of the total radioactivity in the 
phosphoinositides.. Control levels during experiments did not change and are represented by dashed lines. 
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Discussion n 

Wee have shown here that PI5P is present in plants. This isomer was previously 

unrecognizedd because it co-migrates with PI4P in all TLC systems and the two can only be 

distinguishedd enzymically or via extensive HPLC analysis (Hughes et al, 2000; Itoh et al, 

1998;; McEwen et ai, 1999; Rameh et al, 1997; Sbrissa et al, 1999; Whiteford et al, 

1997),, this report]. In Chlamydomonas, PI5P is estimated to represent between 3% and 8% 

off  the total PIP pool, whereas for vetch and tomato the percentage is higher, 18%. In 

mammaliann fibroblasts, PI5P was estimated to be 2% of the PI4P pool (Rameh et al, 

1997).. More recently, Morris et al (Morris et al, 2000) showed by enzymatic analysis that 

PI5PP is present in resting platelets, although no indication was given of its level. These 

dataa indicate that PI5P is a minor, but distinct fraction of the PIP pool in eukaryotic cells. 

Howw PI5P is synthesized is not known. A diagram representing the possible routes is 

givenn in Scheme 1. The simplest route involves PI being phosphorylated by PI 5-OH 

kinase.. Although PIP-kinases are capable of producing this lipid from PI in vitro, there is 

noo evidence that this happens in vivo (McEwen et al, 1999; Sbrissa et al, 1999; Tolias et 

al,al, 1998). A second possibility is that PI(4,5)P2 is 4-dephosphorylated. However, no such 

phosphatasee has so far been described (Hinchliffe et al, 1998a; Majerus et al, 1999). 

Duringg thrombin treatment of platelets, both the PI5P levels and PI5P 4-OH kinase activity 

increased,, suggesting that PI5P was involved in the formation of PI(4,5)P2 rather than its 

degradationn (Hinchliffe et al, 1998b; Morris et al, 2000). In our experiments, when 

mastoparann activated the breakdown of PI(4,5)P2, it had no significant effect on PI5P 

levels.. Similarly, all non-salt osmotica induced an increase in radiolabelled PIP and 

PI(3,5)P22 levels without affecting PI(4,5)P2. Therefore it seems unlikely that PI5P 

originatess from PI(4,5)P2. However, PI5P could be formed by dephosphorylation of 

PI(3,5)P2.. This novel PIP2 isomer is synthesized by phosphorylation of PI3P, but its further 

metabolicc fate is unknown (Dove et al, 1997; Hinchliffe et al, 1998a; Meijer et al, 1999; 

Whitefordd et al, 1997). Whereas there is much that we do not know, we do know that PI5P 

cann be phosphorylated to produce PI(4,5)P2 or PI(3,5)P2 (Fruman et al, 1998; Hinchliffe et 

al,al, 1998a; Rameh et al, 1997), but further investigation is required to establish the actual 

pathwayss involved in PI5P metabolism. 

Too investigate the function of PI5P, two conditions known to influence PIP levels 

weree studied. First, PLC was activated by treating Chlamydomonas cells with mastoparan, 

becausee it dramatically decreased PI(4,5)P2 and PIP levels within the first 30 s to produce 

Ins(l,4,5)P33 (Munnik et al, 1998b; Van Himbergen et al, 1999). In contrast to PI4P, 

whichh was reduced by two thirds, the amount of PI5P was not affected. Since the 

hydrolysiss of PI(4,5)P2 by PLC is immediately followed by resynthesis (Munnik et al, 

1998b),, this result clearly indicates that PI4P but not PI5P, is used as precursor. Thus PI5P 

doess not seem to have a role in PLC signalling, at least not when activated by mastoparan. 
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PI3PP < » PI(3,5)P2 

PII < & PI5P 

PI4PP , *" PI(4,5)P2 

Schemee 1. Putative pathways on the metabolism of PI5P. Solid arrows indicate metabolic routes that have 
beenn established for plants or mammals, while others that have been demonstrated in vitro are indicated by 
openn arrows. Those without any conformation in vitro or in vivo are indicated by dashed arrows. 

Second,, Chlamydomonas cells were subjected to hyperosmotic stress, based on 

reportss that such treatment affects phospholipid levels in plant cells (Cho et at, 1993; 

Dr0bakk and Watkins, 2000; Einspahr et at, 1988; Meijer et at, 2001; Meijer et at, 1999; 

Munnikk et at, 2000; Pical et at, 1999), reviewed in Munnik and Meijer (Munnik and 

Meijer,, 2001). We found that the radiolabelled PIP pool increased, and HPLC analysis 

establishedd that PI5P contributed to that increase. The rapid increase in PI5P suggests that 

itt plays a role in signalling, either as a signal itself, a signal precursor or as an attenuation 

productt of PI(3,5)P2 metabolism. In analogy with proteins binding specifically to PI3P via 

theirr FYVE domains (Corvera et at, 1999; Leevers et at, 1999), PI5P might also function 

ass a ligand for certain FYVE-domains and thereby be involved in the membrane targeting 

off  proteins. 

HPLCC analyses showed that PI3P and PI4P, as well as PIP2 levels increased in 

responsee to osmotic stress. The increase in PI(3,5)P2 formation (Figure 3C) was maintained 

forr 10 min and contrasted with the transient increase in the PI(4,5)P2, that was restricted to 

thee first 2 min of treatment. This difference in kinetics in itself suggests that these PIP2 

isomerss have different functions. Furthermore, whereas PI(3,5)P, synthesis was stimulated 

byy all osmolytes tested, PI(4,5)P, only accumulated when cells were stimulated with salts, 

butt not when they were treated with mannitol. This indicates that PI(4,5)P2 accumulates as 

aa result of ionic rather than osmotic stress and therefore that Chlamydomonas cells are 

capablee of discriminating between such stresses (Munnik and Meijer, 2001). The combined 

increasee in both PIP2 isomers has previously been reported for yeast cells treated with 0.9 

MM NaCl (Dove et at, 1997). This resulted in a more than ten-fold increase in PI(3,5)P2 and 

aa 1.7-fold increase in PI(4,5)P2. In contrast, when A. thaliana was subjected to 

hyperosmoticc stress, a dramatic increase in PI(4,5)P2 was found independent of the osmotic 

agentt used (Pical et at, 1999). They did not report changes in PI(3,5)P2 or PI(3,4)P2. 

Duringg our own HPLC analyses of Chlamydomonas, no PI(3,4)P2 was detected. This 
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impliess that the PI(3,4)P2 previously thought to be in Chlamydomonas (Irvine et al, 1992; 

Munnikk et al, 1994a) is PI(3,5)P2. PI(3,4)P2 has also been reported in other plants 

(Brearleyy and Hanke, 1992; 1993; Parmar and Brearley, 1995), however, the recent 

identificationn of PI(3,5)P2, together with the knowledge that these two isomers behave 

similarlyy under many separation conditions, makes it necessary to reassess their identities. 
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Hyperosmoticc stress induces the rapid formation of phosphatidic acid (PA) in 

ChlamydomonasChlamydomonas moewusii via the activation of two signalling pathways: 

phospholipasee D (PLD) and phospholipase C (PLC), the latter in combination with 

diacylglyceroll  kinase (DGK) (Munnik et 0/., 2000). A concomitant increase in cell 

Ca2++ becomes manifest as deflagellation. When KCl was used as osmoticum we found 

thatt two concentration ranges activated deflagellation: one between 50 and 100 mM 

andd another above 200 mM. Deflagellation in low KCl concentrations was complete 

withinn 30 s whereas in high concentrations it took 5 min. At low concentrations, a 

smalll  rise in PA was observed correlated with strong PLD activation, as monitored by 

thee formation of phosphatide Ibutanol (PBut). No PLC activation was apparent. PLD 

wass also activated by high KCl, but to a lesser extend. Potassium was the most potent 

monovalentt cation based on the induction of deflagellation, PA- and PBut formation. 

Duringg treatment, the external medium acidified, indicating an increase in H+-

ATPasee activity in order to re-establish the membrane potential. Activation of PLD 

andd deflagellation at low KCl concentrations were abrogated by treatment with La3*, 

Gd3**  and EGT A, indicating the dependency on extracellular Ca2*. This suggests that 

loww concentrations of KCl depolarize the plasma membrane, resulting in the 

activationn of H+-ATPases and opening voltage-dependent Ca2+-channels, observed as 

deflagellationn and an increase in PLD activity. 
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Introductio n n 

Cellss can detect extracellular chemical and physical stimuli by means of specific receptors 

inn their plasma membranes. The receptor transmits the information into the cell which then 

respondss in an appropriate manner to accommodate the new conditions. One of the 

environmentall  stimuli most commonly encountered by plants is osmotic stress, known to 

activatee different phospholipid signalling pathways to evoke a response (reviewed in 

Munnikk and Meijer, 2001). 

Hyperosmoticc stress-dependent activation of the phospholipase D (PLD) and 

phospholipasee C (PLC) pathways has recently been described for different plant systems 

(DeWaldd et al, 2001; Dr0bak and Watkins, 2000; Frank et al, 2000; Katagiri et al, 2001; 

Munnikk et ai, 2000; Takahashi et al, 2001). PLC hydrolyses phosphatidylinositol 4,5-

bisphosphatee [PI(4,5)P2] producing two potential messengers: inositol 1,4,5-trisphosphate 

(IP3)) and diacylglycerol (DAG). IP3 then mobilizes Ca2+ from internal stores such that local 

cytoplasmicc concentrations can rise dramatically. Increases in IP3 levels have been 

describedd during osmotic stress (DeWald et al, 2001; Dr0bak and Watkins, 2000; 

Heilmannn et al, 2001; Takahashi et al, 2001). Intracellular Ca2+ increases have been 

reportedd for plant cells during drought and salinity treatment (DeWald et al, 2001; Kiegle 

etet al, 2000; Knight et al, 1997; Knight et al, 1998). Increases in DAG have also been 

reportedd (Drory et al, 1992; Ha and Thompson, 1991; Ha and Thompson, 1992) although 

DAGG is then rapidly converted to phosphatide acid (PA) by diacylglycerol kinase (DGK) 

andd so accordingly, osmotic stress induces increases in PA in plants (Munnik et al, 1998b; 

Munnikk et al, 2000; Munnik, 2001). PA formation also results from activating PLD, that 

hydrolysess structural lipids such as phosphatidylcholine and phosphatidylethanolamine 

(PE).. Significantly, there is much more evidence for PA being a lipid second messenger in 

plantss than there is for DAG. PA targets such as protein kinases are being identified as well 

ass the different cellular responses (Munnik, 2001, Munnik and Musgrave, 2001). Plants 

seemm also to have adapted a specific mechanism to attenuated the PA signal for they 

phosphorylatee PA to produce to the novel phospholipid diacylglycerol pyrophosphate 

(DGPP;; Munnik et al., 1996; Munnik, 2001), which levels also increase during 

hyperosmoticc stress (Munnik et al, 2000; Pical et al, 1999) 

Osmoticc stress stimulates not just PA and DGPP formation but also the synthesis of 

lyso-phosphatidicc acid (L-PA; Einspahr et al, 1988a; Meijer et al, 2001a), a novel PIP2 

isomer,, i.e. PI(3,5)P2 (Meijer et al, 1999) and transient changes in other 

polyphosphoinositidess (Cho et al, 1993; DeWald et al, 2001; Einspahr et al, 1988b; 

Meijerr et al, 2001b Pical et al, 1999; Takahashi et al, 2001). Exactly which signaling 

pathwayy is activated seems to depend, at least in some plants, on the level of stress 
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imposedd (Munnik and Meijer, 2001; Meijer et al., 2002b). This emphasizes that 

phospholipidd based signalling in plants is extensive and well orchestrated. 

Inn studying phospholipid based signals the unicellular, biflagellate alga 

ChlamydomonasChlamydomonas moewusii has proved a useful model system because it is so amendable to 

experimentationn (Arisz et al, 2000; Irvine et al, 1989; Kuin et al, 2000; Meijer et al, 

1999;; Meijer et al, 2001a; Meijer et al, 2001b; Munnik et al, 1994; Munnik et al, 1995; 

Munnikk et al, 1996; Munnik et al, 2000; Munnik et al, 1998b; Musgrave et al, 1992; 

Musgravee et al, 1993; Van Himbergen etal, 1999). Invariably, cells are pre-labelled with 

radioactivee inorganic phosphate (32Pi) that is built into the phospholipids. Upon 

stimulation,, changes in the 32P-labelled lipids can be monitored in detail, because cells 

reactt synchronously. An extra advantage is that the activation of PLD and PLC is 

correlatedd with deflagellation, a rapid response that can be easily assessed and quantitated 

(Munnikk et al, 1995; Munnik et al, 1998b; Van Himbergen et al, 1999). It is assumed to 

resultt from an increase in intracellular Ca2+(Quarmby and Hartzell, 1994) that changes the 

structuree of contractile proteins in the transition zone of each flagellum whereby the 

microtubuless are severed and flagella float free in the medium (Sanders and Salisbury, 

1994). . 

Sincee osmotic stress has been shown to activate both PLD and PLC in 

Chlamydomonas,Chlamydomonas, we expected the cells to deflagellate. Indeed, KCl, mannitol and sucrose 

inducedd a dose-dependent deflagellation response. However, to our surprise, low 

concentrationss of KCl induced deflagellation that could not be mimicked by equivalent 

concentrationss of non-ionic osmolytes. The effects of low and high concentrations of KCl 

onn lipid signalling were therefore studied in more detail. Higher KCl concentrations create 

osmoticc stress thereby activating both PLD and PLC as reported before (Munnik et al, 

2000).. At low KCl concentration, only PLD was specifically activated. The potential 

mechanismm of PLD activation is described. 

Results s 
KClKCl induces deflagellation 

Sincee osmotic stress activates PLC and PLD signalling in Chlamydomonas, we tested 

whetherr cells deflagellated. Indeed, the addition of KCl induced deflagellation within 5 

minn but intriguingly two different concentration ranges were effective. Deflagellation was 

foundd at 100 mM but not at 200 mM and then increased to a maximum level at 500 mM 

KCl,, the highest concentration tested (Fig. la). However, when cells were treated for just 

300 s, only the low-KCl was effective. This indicates that KCl induces two different 

responsess determined by the concentration added. 
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Fig.. 1. KCI induces deflagellation in Chlamydomonas. Chlamydomonas cells were incubated with different 
concentrationss of KCI for 30 s and 5 min. Samples were taken, fixed and the percentage of deflagellated cells 
wass determined. Each point represents the score from at least 125 cells. Data from 3 independent 
experimentss are included . (a) Deflagellation over a range of KCI concentrations, (b) Deflagellation at 
lowerr concentrations of KCI . 

Too investigate the low-KCl effect in more detail, the assay was repeated with more 

dataa points at low concentrations. Again the dual character was evident (Fig lb) but now 

300 s-deflagellation was detected at 12.5 mM KCI while peaking at 50-75 mM. At higher 

concentrationn it decreased to control values around 200 mM KCI and remained there (Fig 

lb).. In contrast, when reassayed after 5 min, KCI concentrations above 200 mM induced 

dose-dependentt deflagellation. One hundred percent deflagellation was achieved at 500 

mMM KCI, whereas deflagellation at 50-75 mM KCI seldom exceeded 60%. This dual 

naturee of the response to KCI suggested that two different biological effects were being 

activatedd and that both led to deflagellation. 
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KClKCl activates PLD at different concentrations 

Too test whether specific phospholipid signalling pathways were correlated with 

deflagellation,, Chlamydomonas cells were metabolically labelled with 32P; and treated for 5 

minn with different concentrations of KCl. Lipids were subsequently extracted, separated by 

thinn layer chromatography and visualized by autoradiography. 32P-levels were determined 

byy phosphoimaging. A representative result is shown in figure 2a. KCl treatment increased 

thee levels of several phospholipids including PA, DGPP, L-PA and PI(3,5)P2, as described 

previouslyy for osmotic stress treatments (Meijer et al, 1999; Meijer et al, 2001a; Munnik 

etet al, 2000; Munnik and Meijer, 2001). 

Interestingly,, quantitative analysis of the 32P-PA level revealed increases over two 

distinctt dose ranges (Fig. 2b). A minor but significant response (~2.5-fold) at low 

concentrations,, peaking around 50-100 mM KCl, and a more pronounced increase (~6-

fold)) at concentrations above 200 mM KCl. Only the high-KCl PA response was 

accompaniedd by L-PA (Fig. 2a) and DGPP increases (Fig. 2c), indicating that the dual 

naturee of the KCl response was translated via different lipid signalling pathways. 

Sincee PA formation can result from both PLC/DGK and/or PLD activities, additional 

experimentss were performed to distinguish which pathways were being activated. To 

specificallyy test for PAPLC, a short-term labelling protocol was used that preferentially 

visualizess the combined activities of PLC and DGK (Munnik et al, 1998b). It is based on 

thee fact that DGK phosphorylates DAGPLC using ATP, which is rapidly labelled as 32PÉ is 

takenn into the cells. The method has proven to be very effective in different plant systems 

(Munnik,, 2001). In practice, when cells were pre-labelled for 5 min, 32P-PA formation only 

occurredd in high-KCl (above 200 mM), illustrating that PLC/DGK were only then 

activatedd (data not shown; Munnik et al, 2000). 

Too establish whether PLD was involved, KCl-treatments were repeated with 

ChlamydomonasChlamydomonas cells that were radiolabelled for several hours. The experiments were 

performedd in the presence of 0.2% n-butanol to monitor the in vivo production of PBut, 

thatt is a specific, relative measure of PLD activity (Munnik et al, 1995). A typical result is 

shownn in Fig. 2d. Strikingly, PBut formation reached a maximum at about 75 mM KCl 

(~2-foldd increase), and was correlated with the minor increases in 32P-PA evoked by low-

KC11 (Fig. 2b). At 200 and 300 mM KCl, no PLD activation was found although higher 

concentrationss had a weak stimulatory effect (~ 1.5-fold increase). 

Together,, these results indicate that both PLC/DGK and PLD contribute to the 

formationn of PA at high-KCl, whereas the response at low concentrations is exclusively 

generatedd by PLD. 
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Fig.. 2. KCl-induced changes in the 12P-labelling pattern of Chlamydomonas lipids. Chlamydomonas cells 
weree labelled with ^P, for 3h and treated with different concentrations of KCI for 5 min. Lipids were then 
extracted,, subjected to alkaline TLC and visualized by autoradiography. ,2P-levels were determined by 
phosphoimaging.. The results shown are typical of several independent experiments, (a) Autoradiogram of an 
alkalinee TLC. (b-d) Radioactivity levels in PA, DGPP and PBut. 

CharacterizationCharacterization of the KCl-induced PLD activation 

Too investigate whether PLD activation was due to hyperosmotic stress, several other 

commonlyy used osmolytes (sucrose, mannitol and sorbitol) were tested for their ability to 

activatee PLD. Two osmolalities were used, 0.1 and 0.74 Os kg"1, equivalent to an osmotic 
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strengthh of 50 mM and 400 mM KCl. The results are presented in Fig. 3. At the lower 

osmolality,, only KCl stimulated the formation of PBut whereas at the higher osmolality all 

compoundss were effective. Thus, PLD activation in high-KCl is probably part of a 

signallingg mechanism triggered by hyperosmotic stress, confirming previously results 

(Munnikk et ah, 2000), while activation in low-KCl may be the result of an ionic effect. 

Too investigate whether other ions also activated PLD, cells were stimulated with 50 

mMM concentrations of KCl, KBr, KI, LiCl, NaCl and RbCl. Fig. 4 shows that basically all 

K++ salts were potent activators of PLD (Fig. 4a) and deflagellation (Fig. 4b). In contrast, 

chloridee in combination with other cations was less effective. The potency order was 

K+>Rb+>Li+=Na+.. Interestingly, this series resembles the ion permeability properties of 

somee K+ channels (Maathuis et al., 1997). 

fpfSf fpfSf 
0.100 Os kg"1 

^ rr i j r ^m 
0.744 Os kg"1 | PBut t 

Fig.. 3. Distinguishing between hyperosmotic- and KCl-specific effects. 12Prprelabelled cells were treated for 
55 min with several osmotically active compounds at two different strengths: 0.10 Os kg ' (upper panel) and 
0.744 Os kg ' (lower panel). Osmolytes included sucrose, mannitol, glycerol and KCl. Buffer was used as a 
controll  and all treatments were performed in the presence of 0.2% «-butanol. Cellular lipids were then 
extracted,, separated by ethyl acetate TLC and visualized by autoradiography. Only the relevant parts of the 
autoradiographh are shown, representing PLD-catalyzed ':P-PBut formation. 
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Fig.. 4. PLD activation and deflagellation in Chlamydomonas is K*-specific. (a) "Pi-prelabelled cells were 
treatedd with different K*- and Cl-salts at a concentration of 50 mM for 5 min in the presence of 0.2% n-
butanol.. Salts included KCl, KBr, KI, NaCl, LiCl, and RbCl. Cellular lipids were extracted, separated by 
ethyll  acetate TLC and the 12P-PBut formation quantified by liquid scintillation counting. Results of a typical 
experimentt are shown, (b) Cells were treated for 5 min with various concentrations of KCl or with 50 mM of 
aa given K* / CI" salt. Samples were then fixed and the percent of cells determined that had lost both flagella. 
Eachh point in the figure represents the score of at least 125 cells. Data from 3 independent experiments are 
included. . 
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KK++  induces acidification of the extracellular medium. 

Iff  KC1 treatment of Chlamydomonas depolarizes the plasma membrane as K+ enters, it 

shouldd activate the local H+-ATPase to help repolarize it, with the result that the external 

pHH declines. This was tested by continuous pH measurement of the medium while adding 

differentt KC1 concentrations to cells in non-buffered medium. The data in Fig. 5a show 

thatt KCl-treatment indeed induced a rapid and dose-dependent acidification, reaching a 

maximumm rate at about 75 mM. This effect was maintained at higher KC1 concentrations 

(Fig.. 5b). In the absence of cells there was no change of pH. When different cation/anion 

combinationss were tested at a concentration of 75 mM, K+ was again the most potent, 

followedd by the others in the order: K+>Rb+>Na+>Li*  (Fig. 5c), more or less reflecting the 

potencyy order for PLD activation. 

Byy having such a rapid effect on the extracellular pH, we presume that KC1 

concentrationss up to ~75 mM depolarize the plasma membrane and activate the proton 

pumpp with increasing magnitude, just as they activate PLD with increasing magnitude 

(Fig.. 2d). 

(a) ) :.33 ^ KCI(mM): 
,, 0 

-S - " i -- — 6.25 

r-^ZCr-^ZC 12.5 

"*""" " 25 
pH H 

7.9 9 

7.7 7 

7.5 5 

\ \ 

f\ \ 

w w 
\\ \ 
\\ \ 
\\ \ 

\\ \ 

</< </< 
\ \ 

50 0 

'100 0 

1 22 3 4 
timee (min) 

(b) ) 1000 i 

80 0 

60 0 

40 0 

20 0 

0 0 

-200 & 

•• • ° H S 

(c) ) 

0 0 

-200 H 

-40 0 

-60 0 

-80 0 

00 100 200 300 400 500 
KC!! (mM) 

200 1 r -

I I 

'T! ! 
KCII KBr KI NaCI UCI RbCI 

Fig.. 5. KCI induces acidification of the extracellular medium and is K*-specific. Cells were treated with 
differentt concentrations of KCI or with 75 mM of different K* / CI salts. Acidification of the extracellular 
mediumm was measured by a decrease in the extracellular pH monitored directly on line. Typical results are 
shown,, (a) Recordings of the pH at different KCI concentrations, (b) Effect of KCI concentrations on the 
slopee by which the pH decreased. Closed triangle. Chlamydomonas strain Utex 10; open squares, strain 
5.39.4.. (c) Acidification is salt specific. 
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KCl-inducedKCl-induced deflagellation and PLD depend on extracellular Ca2* 

AA frequent consequence of depolarizing the plasma membrane is the opening of voltage-

dependentt Ca2+ channels (White, 2000). This could explain the deflagellation response 

illustratedd in Fig. 1. Moreover, the increase could also be responsible for activating PLD 

viaa its CalB domains (Pappan and Wang, 1999; Zheng et al., 2000). One would then expect 

Ca2++ binding to result in PLD translocation from the cytosol to membranes, the location of 

itss substrate, with a subsequent increase in activity (Munnik et al, 1998a). Furthermore, 

PAA itself is known to induce deflagellation and is thought to act as a calcium-ionophore 

(Munnikk et al., 1995; Munnik et al, 1998a). Therefore, an increase in intracellular Ca2+ 

duee to KCl treatment could be a common factor in these responses. To investigate this 

possibility,, Ca2+-influx from the medium was blocked by 10 uM La3+ or Gd3+ (Quarmby 

andd Hartzell, 1994; Quarmby, 1996). When cells were then treated with 50 mM KCl for 5 

min,, deflagellation was inhibited about 80% and PBut formation about 50% (Fig 6). 

Equivalentt results were obtained when cells were pre-incubated in 10 mM EGT A (data not 

shown).. This suggests that external calcium is directly or indirectly involved in the specific 

KMnducedd deflagellation and PLD activation. 

Thee dose-dependency of KCl treatment on deflagellation was also tested in the 

presencee of La3+ and Gd3+ (Fig 6c). Whereas deflagellation at low concentrations was 

sensitivee to the Ca2+-blockers, the effect at higher concentrations was relatively unaffected. 

Thiss suggests that in high-KCl, internal stores may release Ca2+ perhaps as a result of PLC 

activation,, while in low-KCl deflagellation is the result of Ca2+-influx from the medium. 

Discussion n 

Wee have shown that Chlamydomonas cells were deflagellated by two different 

concentrationn ranges of KCl, one centred around 75 mM and the other ranging from 300 to 

5000 mM, the highest concentration tested. Although deflagellation was the common result, 

differentt signalling pathways instigated it. Since the high-range response could be induced 

byy all osmolytes, we conclude that it was a response to hyperosmotic stress. This treatment 

iss known to activate a number of phospholipid-based signalling pathways, including PLD 

andd PLC/DGK (Meijer et al, 1999; Meijer et al, 2001a; Munnik et al, 2000; Munnik and 

Meijer,, 2001). The concomitant production of IP3 by PLC was not directly recorded for 

osmo-stressedd Chlamydomonas, but has been recorded for other plant cells (DeWald et al, 

2001;; Dr0bak and Watkins, 2000; Heilmann et al, 2001; Takahashi et al, 2001), and 

presumablyy it releases Ca2+ from intracellular stores. This could account for deflagellation 

andd the insensitivity to Ca2+-uptake blockers. In contrast, the low-KCl effect has some 

differentt properties that are new and therefore the focus of this report. 
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Fig.. 6. Inhibition of KCl-induced deflagellation and PLD activation by La3*  or Gd1* . Cells were pre-
incubatedd for 5 min in HMCK with or without 10 uM LaCl, or 10 |jM GdCl,. Cells were then treated with 50 
mMM KCI or HMCK as a control and the percentage deflagellation or PLD activation determined. For the 
latter,, cells were 12Pl-prelabelled for ~3h and the treatment performed in the presence of 0.2% n-butanol. 
Cellss were harvested, their lipids extracted and the "P-PBut formation quantified. Data are the means of two 
independentt experiments, (a) Percentage of deflagellated Chlamydomonas cells, (b) PLD activity, (c) KC1-
dependentt deflagellation in the presence of Ca2*  blockers. 

Low-KCll  stimulated PA synthesis and surprisingly, this was solely due to the 

activationn of PLD, without any contribution from PLC/DGK. This is unusual because the 

twoo are normally activated together and in animal systems, PLD is nearly always activated 

downstreamm from PLC (Munnik et al, 1998a). However, there are exceptions, for 

example,, via activating the L-PA receptor on endothelial cells or the antibody receptor on 

macrophagess (Melendez et ah, 1998; Pettitt et al, 1997), but this is the first record of PLC-

independentt activation of PLD in plant cells. It provides an opportunity to assess PA 

productionn from both pathways. At 75 mM KCI the increase in PA due to PLD was about 

2.5-fold,, whereas at 300 mM KCI the increase due to PLC/DGK was about 8-fold, 

illustratingg the latter's dominant role, a feature we have previously illustrated in respect to 

mastoparan-activatedd signalling (Munnik et al, 1998b). 
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Sincee only ionic osmolytes activated PLD in low concentration, depolarization rather 

thann osmotic stress is probably the effector. The potency order of the cations indicates that 

theyy entered the cells via K+-channels (Maathuis et al, 1997). On depolarization, the cell's 

majorr ionic pumps are activated to re-polarize the plasma membrane. In plants they are H+-

ATPases.. Using Chlamydomonas their activity was witnessed as a decrease in the external 

pH.. Other plant cells have been shown to respond in a similar manner (Babakov et al, 

2000;; Curti et al, 1993; Shabala et al, 2000; Teodoro et al, 1998). 

Whenn cells depolarize, voltage-dependent Ca2+-channels open, increasing the 

cytosolicc Ca2+ concentration (Thuleau et al, 1994; White, 2000). This Ca2+ signal triggers 

compensatoryy responses. The effect can be fast, for example the Ca2+-influx upon 

depolarizationn of carrot plasma membrane vesicle was nearly completed within one minute 

(Kurosaki,, 1997). In Chlamydomonas such Ca2+-influxes presumably caused deflagellation 

withinn 30 s, markedly faster than in the high-KCl range, reflecting the rapid kinetics of 

depolarizationn and Ca2Mnflux. Since intermediate KCl concentrations were not capable of 

inducingg deflagellation, other components might be involved. This could be the production 

off  PA that was previously found also to induce deflagellation (Munnik et al, 1998a). 

Increasingg cytoplasmic Ca2+ levels can activate plant PLDs via their calcium- and 

phospholipid-bindingg CalB domains, whereby the enzyme translocates to substrate-

containingg membranes (Munnik et al, 1998a; Pappan and Wang., 1999; Wang, 2000; 

Zhengg et al., 2000). This could account for the increase in PLD activity up to 75 mM KCl, 

butt why did it decline at higher concentrations, even though depolarization (seen as H+-

ATPasee activity) was induced over the whole KCl range? Perhaps due to cross-talk 

betweenn signalling pathways (Munnik and Meijer, 2001). For example, reduction in PLD 

activityy above 75 mM KCl was correlated with the accumulation of PI(3,5)P, (Meijer et 

al,al, 1999), that could down regulate PLD. The increase in PLD activity above 300 mM 

KCl,, could then be explained by the decrease in PI(3,5)P2 production that declines to 

backgroundd levels by 400 mM KCl (Meijer et al, 1999). Alternatively, this latter increase 

couldd be activated by osmotic stress rather than depolarization. In this scenario a different 

PLDD is activated by a receptor that senses cell shrinkage. Since KCl and NaCl activate 

PLD,, PLC/DGK, PI 3-kinase, PLA2, PA-kinase and a MAP-kinase pathway, but each over 

aa different concentration range, we can conclude that several different osmosensors are 

involvedd (Munnik and Meijer, 2001). One of them could be responsible for PLD activation 

abovee 200 mM KCl. We know that receptor- rather than Ca2+-activated PLDs exist because 

G-proteinn activators also stimulate PLD (Frank et al, 2000; Munnik et al, 1995; Munnik 

etet al, 1998b; Ritchie and Gilroy, 2000; Van Himbergen et al, 1999), indicating that PLD 

cann be activated by G-protein-coupled receptors. If depolarization and osmo-stress trigger 

differentt PLDs, plants must possess PLD families. This is the case. Arabidopsis has four 
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differentt classes (a, p\ y, 8) that differ in their biochemical properties (Katagiri et al, 2001; 

Wang,, 2000) and tomato has at least five genes belonging to the a and (5 classes (Laxalt et 

al,al, 2001). The expression of AtPLD8 in Arabidopsis and the LePLD(3l in tomato is 

activatedd by high salt (Katagiri et al, 2001; Laxalt et al, 2001). This suggests that 

AtPLDSS and LePLDpi could be involved in signalling KC1 stress. Significantly, the 

expressionn of LePLDpi was activated by 250 mM NaCl but not by 400 mM sorbitol, 

indicatingg that it responded to ionic rather than osmotic stress (Laxalt et al, 2001). The 

ArabidopsisArabidopsis gene was activated by salt and dehydration (Katagiri et al, 2001), implying a 

moree general role in hyperosmotic stress signalling. In support, when anti-sense AtPLD8 

plantss were dehydrated, PA production was significantly lowered compared with the 

controls.. A PLD in Craterostigma plantagineum (CpPLD-2) could play an equivalent role, 

becausee its expression was also activated by dehydration (Frank et al, 2000). Since 

dehydratingg C. plantagineum activated PLD activity, the authors argued that CpPLD-2 was 

thee enzyme responsible. 

Thee idea of PLD families suggests that individual enzymes have specific locations in 

specificc cells. Even when located in the same membrane, they could be in separate 

domains,, for example in lipid rafts or in a complex that contains the components of a 

specificc pathway (Munnik and Musgrave, 2001). In the future it will be increasingly 

importantt to couple signal production to location, to know what the signal means. The 

importancee of location is illustrated here by the metabolism of PA generated by different 

KC11 concentrations. PA generated in response to 75 mM KC1 was not metabolized to 

DGPPP or L-PA. In contrast, the PA generated in 200 mM KC1 was metabolized (for L-PA 

dataa see Meijer et al, 2001a). Presumably the enzymes responsible for their generation 

weree not situated close to the PLD activated by depolarization but were more likely located 

proximall  to PLC/DGK activated during hyperosmotic stress, alternatively, they need to be 

(in)activatedd by other signalling pathways such as protein kinases (Mikolajczyk et al, 

2000;; Munnik et al, 1999; Munnik and Meijer, 2001). This is the first demonstration that 

thesee enzymes can discriminate between PA species. Although we explain this selectivity 

inn terms of location, the enzymes could discriminate based on the fatty acid composition, 

sincee PAPLD arises from PE while PAPLC arises from PI(4,5)P2, which has a very different 

compositionn (Arisz et al, 2000; Arisz et al, in prep). 

Ourr results indicate that in plants, PLD can be specifically activated when 

membraness depolarize. This suggests that other treatments inducing depolarization or the 

influxx of external Ca2+ might also induce the activation of distinct PLD classes. 
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Experimentall  procedures 
CellCell cultures —- C. moewusii, strain Utex 10 (mating type minus) from the Culture Collection of Algae, 

Universityy of Texas, and strain 5.39.4 (Schuring et al., 1987) were cultivated on agar-containing Ml -medium 

inn Petri dishes at 20 °C (Munnik etal, 1995). Cells were subjected to a 12-hr-dark/12-hr-light regime which 

wass provided by Philips TL65W/33 white fluorescent tubes (Eindhoven, The Netherlands) giving an average 

lightt intensity of 2500 lux (30 uE m2 s '). Swimming cell suspensions were obtained by flooding 2- to 3-

week-oldd cultures for 14-18 hr with 20 ml HMCK buffer (10 mM HEPES-KOH, pH 7.4, 1 mM MgCl2, 1 

mMM CaCl2, 1 mM KCl) to give a final concentration of 1 to 2 x 107 cells per ml. For measurements of the 

extracellularr pH, water was used instead of HMCK buffer. 

J2J2P-PhospholipidP-Phospholipid labelling, extraction, and analysis —Cells (1-2 x 107 cells per ml) were routinely labelled 

forr 2-4 hr with 100 uCi carrier-free 32P04
3 (32Pj) (Amersham International, s'-Hertogenbosch, The 

Netherlands)) per ml HMCK pH 7.4 and then incubated with osmoticum for the times and in the 

concentrationss indicated. Cells were only prelabelled for 5 min if PLC- or PLD-generated PA was to be 

distinguishedd (see Munnik et al., 1998b). Incubations were stopped by adding 375 ul of CHC13/MeOH/HCl 

(50:100:11 by vol.) to 100 ul of sample while vortexing. Lipids were extracted and analysed by TLC using an 

alkalinee solvent (CHCl,/MeOH/NH4OH/H20 90:70:4:16 by vol.) as described earlier (Munnik et al., 1994; 

Munnikk et aL, 1995). Radiolabelled phospholipids were visualized by autoradiography and quantified by 

scintillationn counting or phosphoimaging (Storm, Molecular Dynamics). Unlabelled phospholipid standards 

(-100 ug) were visualized by exposure to iodine vapor. Reagents for lipid extraction and subsequent analyses, 

ass well as Silica 60 TLC plates (0.25 x 200 x 200 mm) were from Merck (Darmstadt, Germany). 

InIn vivo phospholipase D measurements — Phospholipase D activity was monitored as the production of PBut 

inn vivo as described in detail before (Munnik et al., 1995; Munnik et al., 1998b). Briefly, "P-prelabelled cells 

weree treated with KCl, buffer (control) or any other salt in the presence of 0.2% n-butanol for 5 min. 

Incubationss were then stopped, the lipids extracted as above, but they were now separated by ethyl acetate 

TLCC (ethyl acetate/iso-octane/formic acid/water 12:2:3:10 by vol.). 32P-labelled PBut and PA were visualized 

andd quantified as described above. 

ExtracellularExtracellular acidifications — One ml of KCl solution was added to 2 ml of cells (1-2 x 107 cells per ml) in 

waterr while stirring. The extracellular pH was registered with a glass pH electrode attached to a recorder. The 

ratee of acidification of the extracellular medium is expressed as the slope by which the pH decreased under 

standardd conditions. 

DeflagellationDeflagellation assays — Cell suspensions (100 ul, 1-2 x 107 cells per ml) were incubated with an equal 

volumee of KCl or other salt. After 5 min, cells were fixed by adding 200 ul 1.5% formaldehyde, 0.5% 

glutaraldehydee and examined for the loss of their flagella by phase-contrast microscopy. At least 125 cells 

weree scored for each sample and only cells that had lost both flagella were scored as deflagellated. 
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Adaptationn to salt modifies the activation of several 
osmo-stress-inducedd signalling pathways 

Haroldd J.G. Meijer , John A J. van Himbergen, Herman van den Ende, Alan 
Musgravee and Teun Munnik 

PlantPlant Physiology (submitted) 

Swammerdamm Institute for Life Sciences, Dept. of Plant Physiology, University of Amsterdam, Kruislaan 

318,, NL-1098 SM, Amsterdam, The Netherlands 

Osmoticc stress rapidly activates several phospholipid signalling pathways in the 

unicellularr  alga Chlamydomonas. In this report, we have studied the effects of salt-

adaptationn on growth and phospholipid signalling. Cells growing on media containing 

1000 mM NaCl increased their  salt-tolerance but did not show differences in overall 

phospholipidd content, except that levels of phosphatidylinositol phosphate (PIP) and 

phosphatidylinositoll  4,5-bisphosphate [PI(4,5)P2] were reduced by one third . When 

thesee NaCl-adapted cells were treated with increasing concentrations of salt, the same 

lipi dd signalling pathways as in non-adapted cells were activated. This was witnessed 

ass increases in phosphatidic acid (PA), lyso-phosphatidic acid (L-PA), diacylglycerol 

pyrophosphatee (DGPP), PI(4,5)P2 and its novel isomer PI(3,5)P2. However, first ) the 

dose-dependentt  responses were shifted to higher  osmotic stress levels and, second) the 

responsee levels were lower  than in non-adapted cells. When NaCl-adapted cells were 

treatedd with other  osmotics, such as KC1 and sucrose, the same effects were found, 

illustratin gg that they were due to hyperosmotic rather  than hyperionic adaptation. 

Thee results indicate that adaptation to moderate salt stress modifies stress perception 

andd the activation of several downstream pathways. 

Introductio n n 

Plantss are often exposed to drought, salinity and freezing resulting in osmotic stress. Since 

theyy cannot avoid such conditions, they must withstand them. Therefore plants perceive 

hyperosmoticc stress and adapt by modifying their  development, structure, physiology and 

metabolismm (Aon et a/., 1999; Bohnert and Sheveleva, 1998; Bray, 1997; Hasegawa et al.f 
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2000;; Yeo, 1998). Many studies have focused on identifying compounds that accumulate 

duringg osmo-stress e.g. ions, proteins, amino acids and sugars, because they play a role in 

osmoticc adjustment and osmo-protection (Bray, 1997; Hasegawa et al, 2000; Niu et al, 

1995). . 

Stresss signalling involves perception and transduction to signalling cascades that 

activatee the appropriate responses. Mechanisms to detect osmotic stress exist in plants and 

thee first Arabidopsis osmosensor has recently been identified (Urao et al, 1999). Different 

phospholipidd signalling pathways are also rapidly activated (Munnik and Meijer 2001). 

Onee such route results from phospholipase C (PLC) activation, producing inositol 1,4,5-

trisphosphatee (IP,) and diacylglycerol (DAG; DeWald et al, 2001; Dr0bak and Watkins, 

2000;; Munnik et al, 1998a; Takahashi et al, 2001). IP3 releases Ca2+ from internal stores 

resultingg in increased cytosolic concentrations during salinity and drought (Knight et al., 

1997;; Knight et al, 1998). DAG is rapidly phosphorylated by DAG-kinase (DGK) to 

phosphatidicc acid (PA; Den Hartog et ai, 2001; Munnik et al, 1998b, Munnik et ai, 2000; 

Vann der Luit et al., 2000; Van Himbergen et al., 1999) whose role in plant signalling is 

rapidlyy emerging (Munnik, 2001). Phospholipase D (PLD) also contributes to this PA rise 

(Frankk et ai, 2000; Katagiri et al, 2001; Munnik et ai, 2000; Munnik and Meijer, 2001), 

namelyy by hydrolyzing structural phospholipids such as phosphatidylcholine and 

phosphatidylethanolaminee (Munnik et al., 1998a; Munnik, 2001; Munnik and Meijer, 

2001).. Thus two different routes produce PA in response to osmotic stress (reviewed in 

Munnik,, 2001; Munnik and Meijer, 2001). 

Hyperosmoticc stress also promotes the formation of lyso-phosphatidic acid (L-PA) 

byy activating a phospholipase A2 (PLA2; Einspahr et al., 1988a; Meijer et ai, 2001a). 

Apartt from producing new potential signals (L-PA and a free fatty acid), it also 

metabolizess and therefore attenuates the PA signal. The PA signal is also attenuated by the 

formationn of diacylglycerol pyrophosphate (DGPP) when PA-kinase is activated (Munnik 

etet al., 1996; Munnik et al., 2000). Both L-PA and DGPP have signalling properties in 

animall  cells (Balboa et al., 1999; Moolenaar, 2000) but their biological activities in plant 

cellss have yet to be established. 

Osmo-stresss results in the formation of the lipid phosphatidylinositol 3,5-

bisphosphatee (PI(3,5)P2; Meijer et al, 1999). Its formation was originally reported for 

yeastt (Dove et al., 1997) where it is involved in regulating the homeostasis of the vacuolar 

membranee (Wurmser et al., 1999). Other polyphosphoinositides such as PI(4,5)P2 and 

phosphatidylinositoll  phosphate (PIP) are reported to accumulate in osmotically stressed 

plantt cells (Cho et al, 1993; DeWald et al, 2001; Einspahrr et al, 1988b; Meijer et al., 

2001b;; Munnik et al, 2000; Pical et al, 1999; Takahashi et al, 2001). 
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Thee unicellular, bi-flagellate green alga Chlamydomonas is an excellent system for 

studyingg phospholipid metabolism because it rapidly takes up and incorporates 32P, into all 

phospholipidss (Arisz et al., 2000; Munnik et al., 1998b) and because treatment 

synchronouslyy affects all cells. Metabolism can then be followed by monitoring the 

changess in lipid radioactivity patterns. What is more, all osmo-stress-induced signalling 

mechanismss described above have already been documented for this alga and, more 

intriguingly,, each individual pathway seems to be activated in a characteristic dose-

dependentt manner (Meijer et al., 1999, Meijer et al., 2001a; Munnik et al., 2000; Munnik 

andd Meijer, 2001). 

Whenn plant cells are subjected to low stress levels they need to adapt and modify 

theirr cellular processes to restore growth and development. Adaptation has been correlated 

withh changes in (phospho)lipid and fatty acid compositions that are generally thought to 

affectt the biophysical properties of the membranes rather than change their signalling 

propertiess (Aziz and Larher, 1998; Surjes and Durand, 1996; Wu et al., 1998). However, 

sincee osmo-stress is known to activate phospholipid signalling, these changes may help to 

regulatee signalling in the adapted plants. In this study, Chlamydomonas cells were adapted 

too 100 mM NaCl before assessing changes in osmo-stress-induced phospholipid signalling 

inn order to establish to what extent signalling was affected. 

Results s 

EffectEffect of NaCl on cell growth and the phospholipid composition of Chlamydomonas 

Too determine whether salt-pretreatment results in salt tolerance, Chlamydomonas moewusii 

cellss were pre-cultured in the presence of 0 or 100 NaCl. When cells were transferred to 

freshh liquid media containing different NaCl concentrations, the growth rate of adapted and 

non-adaptedd cells in low concentrations of NaCl was the same (0, 100 and 200 mM; Fig. 

1A).. However, non-adapted cells did not grow at 400 mM NaCl and their growth was 

delayedd in 300 mM NaCl, whereas pre-treated cells grew at both concentrations without a 

lagg phase. When pre-treated cells were grown on salt-containing agar media, adapted cells 

greww well on 300 mM NaCl whereas control cells did not grow at all (Fig. IB). These 

resultss illustrate that salt-pretreatment leads to salt-tolerance. 

Inn order to study whether adaptation affects phospholipid-based signalling, cells 

weree directly cultured on Ml-agar medium supplemented with 0, 50, 100 or 200 mM 

NaCl.. However, when 200 mM cultures were flooded with buffer containing the same 

concentrationn of NaCl, no swimming cells were generated, whereas cultures grown and 

floodedd with 50 and 100 mM NaCl did generate masses of swimming cells. Therefore only 

cellss grown on 50 or 100 mM NaCl were incubated with 32P; to label the phospholipids. 

Whenn lipids were extracted and separated by TLC, the phospholipid patterns seen by 
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autoradiographyy were similar to those observed for control cells. We therefore focused on 

cellss grown up to 100 mM NaCl, the highest concentration to which they could adapt 

withoutt losing vitality. The quantified results from TLC analysis are represented in Table 

1.. No significant changes in the structural phospholipids were found but radiolabelled 

PI(4,5)P,, and PIP were reduced by about one-third in salt-adapted cells. 
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Fig.. 1. Salt-adaptation affects the growth of Chlamydomonas cells. Cells were pre-grown for two weeks with 
orr without 100 mM salt and than (a) transferred to fresh liquid media containing a range of NaCl 
concentrations.. Cell numbers were registered with time. Values represent the means of two independent 
experimentss  standard deviation. Data are shown for control cells (closed symbols) and adapted cells (open 
symbols)) growing in 0 mM NaCl (squares), 300 mM NaCl (triangles) or 400 mM NaCl (circles), (b) Other 
cellss were plated on Ml-agar supplemented with different NaCl concentrations. The growth after two weeks 
iss shown (C = control cells; A = adapted cells). 
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Tablee 1. Effect of adaptation to 100 mM NaCl on the relative phospholipid composition of Chlamydomonas. 
Cellss were grown for 2-3 weeks on agar-containing medium with or without 100 mM NaCl. Cultures were 
floodedd for 12-16 h and the cells labelled with ™P, for 2.5 h. Phospholipids were extracted, separated by 
alkalinee TLC and quantified by phosphoimaging. Data are means  SD from six independent experiments. 

Phospholipid d 

PI(4,5)P2 2 

PIP P 

PA A 

PI I 

PE PE 

PG G 

Control l 

5.22 7 

6.66  0.7 

2.44 3 

38.88  3.6 

8.77 9 

23.33  3.4 

Adapted d 

2.99  0.2 

4.66  0.3 

2.55 4 

41.99 7 

10.55  1.6 

22.55  1.9 

NaCl-adaptedNaCl-adapted cells are less sensitive to salt-shock 

Too determine how cells grown in 100 mM NaCl responded to higher NaCl concentrations, 

pre-labelledd control and adapted cells were treated with a range of NaCl concentrations for 

55 min. Treatments consisted of mixing 50 jal cell suspension with 50 ul cell-free medium 

containingg the extra salt. Cell-free medium from control cells contained less then 1 mM 

NaCll  while that from adapted cells contained approximately 100 mM NaCl, since this was 

previouslyy added to the buffer by which the cells were flooded. Lipids were extracted, 

separatedd by TLC and visualized by autoradiography. In Figure 2 a typical result is shown. 

Itt should be noted that the concentrations listed in the figure refer to the extra NaCl salt in 

thee cell-free medium. 

(a)) (b) 
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Fig.. 2. Salt-induced phospholipid signalling in control and adapted cells. Control (a) and adapted cells (b) 
weree prelabelled with ,:P, for 2.5 h and then treated for 5 min with the concentrations of NaCl indicated. Note 
thatt these are the concentrations added to cell-free medium. The lipids were then extracted and separated by 
alkalinee TLC and visualized by autoradiography. 
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Whereass the structural phospholipids (PI, PE and PG) were relatively unaffected by 

saltt treatment of non-adapted cells, the metabolism of other lipids was profoundly affected 

(Fig.. 2A). For example, the synthesis of PI(3,5)P2 was stimulated by as littl e as 50 mM, 

whereass PI(4,5)P2 levels started to increase at slightly higher concentrations of NaCl. PA 

levelss responded above 150 mM, while L-PA and DGPP increased at 150 mM and 250 

mM,, respectively. These changes reflect increases in the activation of PI- and PIP-kinases, 

PLD,, PLC, DGK, PLA2 and PA-kinase, confirming previous reports (Meijer et al., 1999, 

Meijerr et al., 2001a; Meijer et al, 2002a; Munnik et al, 2000). At the two highest 

concentrationss tested (500 and 600 mM), radioactivity in most signalling lipids decreased. 

Sincee cells were prelabelled, this means that catabolism exceeded synthesis, perhaps 

becausee cell vitality was lost. This is not apparent from the structural lipids, because their 

turnoverr rate is much lower (Munnik et ah, 1998b). 

Inn salt-adapted cells, extra salt-stress activated the same lipid signalling pathways, 

butt to a lesser extent (Fig. 2B). This is best illustrated in Figure 3, where radioactivity 

levelss in each signalling phospholipid are represented with those in non-adapted cells. For 

alll  phospholipids, a clear shift can be observed in the dose-response curves towards higher 

NaCll  concentrations and the signal levels are reduced. For example, whereas DGPP 

formationn was clearly stimulated in non-adapted cells by 250 mM (0.46 Os kg"1), a 

comparablee stimulation in salt-adapted cells was only reached at 500 mM NaCl (0.93 Os 

kg"1).. Furthermore, the maximum increase in DGPP in adapted cells was 13-fold, in 

contrastt to a 23-fold increase in non-adapted cells (Fig. 3). Whereas this phenomenon was 

typicall  of most signalling phospholipids, a clear exception was PI(4,5)P2, that exhibited 

increasess similar to those in non-adapted cells, although at higher osmolalities. 

AdaptationAdaptation does not affect phospholipid signalling kinetics 

Osmoticc stress results in the activation of several signalling pathways, each activated over 

aa specific concentration range with typical kinetics (Munnik and Meijer, 2001). To see 

whetherr adapted cells exhibited an accelerated or retarded response that was undetected by 

measurementss after 5 min, radiolabelled control and adapted cells were treated with 300 

mMM NaCl and harvested at different time points. Samples were taken and the increase in 

signallingg lipids was determined. The results from a representative experiment are shown 

inn Figure 4. NaCl treatment increased the levels of signalling phospholipids with similar 

kinetics,, reaching maximum levels at the same time for both control and adapted cells. 

Thereforee the apparent insensitivity of adapted cells was not due to modifications of 

signallingg kinetics but rather to lower signal levels being generated. 
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Fig.. 3. Effects of NaCI, KCI and sucrose on the metabolism of signalling phospholipids in Chlamydomonas. 
Prelabelledd Chlamydomonas cells were treated in a dose-dependent manner with NaCI, KCI or sucrose for 5 
minn at concentrations that produced the osmotic values indicated. They are equivalent to 0. 50. 100. 150, 200, 
250,, 300, 350, 400, 500 and 600 mM NaCI. Lipids were extracted, separated by TLC and quantified by 
phosphoimaging.. The radioactivity levels in the responsive phospholipids are presented for control (open 
symbols)) and adapted cells (closed symbols). Each point is the average of two independent experiments with 
thee standard errors indicated. 
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NaCl-grownNaCl-grown cells are adapted to osmotic rather than ionic stress 

Prolongedd growth on 100 mM NaCl-containing medium can result in two types of 

adaptation,, ionic and osmotic. To establish whether Chlamydomonas cells became adapted 

too salinity or to hyperosmotic stress, we tested their response to a range of KCl-and sucrose 

concentrations.. Control and adapted cells were treated for 5 min with the osmolytes added 

too the cell-free medium, as described above. The changes in phospholipid labelling were 

quantitatedd and summarized in Figure 3. 

55 10 
Timee (min) 

55 10 
Timee (min) 

Fig.. 4. NaCI induced phospholipid signalling in control and adapted cells generates similar kinetics. 
ChlamydomonasChlamydomonas cells were labelled for 2.5 h and then treated with 300 mM NaCI for the times indicated. 
Lipidss were isolated, separated by TLC and quantified by phosphoimaging. The results are shown for the 
phospholipidss that were responsive to osmotic stress in control (open squares) and adapted cells (closed 
squares).. Data from two independent experiments are included . 

Beforee considering the effects of adaptation, it is worth emphasising that the changes 

inn lipid metabolism described for non-adapted cells mixed with NaCI, recurred when 

mixedd with equivalent concentrations of KC1 or sucrose (compare open squares). Thus the 

dominantt factor inducing these signalling responses is hyperosmotic stress. Nonetheless, it 

iss also clear that NaCI and KC1 induced stronger responses than sucrose. Therefore 

hyperionicityy is more than hyperosmolarity alone, although the cell translates both 

treatmentss into common signalling responses. 

Treatmentt of NaCl-adapted cells with KC1 or sucrose (Fig. 3, compare filled squares) 

underliness the common effects of hyperosmotic adjustment, for in both cases the responses 

inn lipid metabolism were similar to those observed for NaCl-treatment of salt-adapted 

cells.. Again the signalling maxima in the NaCl-adapted cells were shifted to higher 

concentrationss and generally reduced in magnitude. Thus adaptation to 100 mM NaCI 

bestowedd resistance to high concentrations of other osmolytes, whether ionic or not. 
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PLDPLD activity is affected during adaptation 

PAA is a reporter lipid for both PLC/DGK and PLD activities. In a previous report we have 

shownn that both signalling pathways are activated in Chlamydomonas during hyperosmotic 

stresss (Munnik et ah, 2000). In addition, we reported that PLD is more strongly activated 

att relatively low salt concentrations (Meijer et al., 2002a). In order to determine whether 

PLDD activation was affected by adaptation, both control and NaCl-adapted cells were 

treatedd with a range of NaCl concentrations in the presence of 0.25 % n-butanol to report 

thee formation of PLD-catalyzed phosphatidylbutanol (PBut). As is evident from Figure 5, 

non-adaptedd cells responded to NaCl treatment in a dose-dependent manner, resembling 

thee response to KC1 (Meijer et al, 2002a). When salt-adapted cells were used, the PBut 

increasee shifted towards higher concentrations, while the response level was greatly 

reduced.. Similar results were found when KC1 was used (data not shown). This illustrates 

thatt adaptation affects the activation of PLD in a manner similar to the other lipid 

signallingg pathways described above. 
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Fig.. 5. Osmotic stress-induced PBut formation in control and adapted cells. 12P-prelabelled Chlamydomonas 
cellss were treated with a range of NaCl concentrations in the presence of n-butanol for 5 min. Phospholipids 
weree then extracted and subjected to ethyl acetate TLC analysis and (a) the radioactivity in PBut was 
visualizedd by autoradiography, control (upper panel) and NaCl-adapted (lower panel). The results of a 
representativee experiment are shown, (b) ,:P-levels of PBut were determined by phosphoimaging and shown 
forr control (open squares) and adapted cells (closed squares; n=3). 
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Discussion n 

Wee have studied the effect of salt-pre-treatment on Chlamydomonas cells. When grown 

underr low salt-stress conditions (100 mM NaCl), cells tolerated still higher salt 

concentrationss that were inhibitory for control cells, suggesting they adapt to salt stress. 

Sincee osmo-stress has been reported to activated different phospholipid signalling 

pathwayss (Meijer et al., 1999; Meijer et al., 2001a; Meijer et al., 2001b; Munnik et al., 

2000;; Munnik and Meijer, 2001), we studied the effects of salt-adaptation (100 mM) on 

osmo-stress-inducedd phospholipid metabolism. Whether adapted or not, cells exhibited 

dramaticc changes in their minor lipids within 5 min of adding extra osmolyte. Since these 

lipidss have already been assigned signalling functions (Munnik and Meijer, 2001), we 

proposee that these changes represent dose-dependent signalling responses to hyperosmotic 

stress. . 

Althoughh specific changes in lipid signalling have been reported previously for 

osmo-stressedd cells (Cho et al, 1993; DeWald et al, 2001; Meijer et al, 1999, Meijer et 

al,al, 2001a; Munnik etal, 2000; Munnik and Meijer, 2001; Pical et al, 1999), these data 

representt the first complete picture of all changes being activated at the same time in the 

samee cells. It epitomises the complexity of signalling abiotic stress, especially since 

phospholipidd pathways represents only one facet of intracellular signalling. Five 

independentt routes can be quickly distinguished, those represented by increases in 

PI(3,5)P2,, PI(4,5)P2, PA, DGPP and L-PA. This is justified because of known 

independence,, e.g. PI(3,5)P2 and PI(4,5)P2, or because lipid signals formation over 

differentt stress ranges. For example, the formation of L-PA by a PLA2 (Meijer et al., 

2001a)) depends on PA synthesis but peaks at lower osmotic stresses than does PA 

formationn (Fig. 3). Similarly, DGPP formation only occurs at high salt concentrations, 

whereass the PA that is generated via PLD at relatively low salt concentrations is not 

phosphorylatedd to DGPP (see also Meijer et al., (2002a). In addition, there are treatments 

thatt trigger dramatic increases in PA, e.g. mastoparan, that result in the concomitant 

formationn of DGPP (Munnik et al, 1998b; Van Himbergen et al, 1999) but do not result 

inn the formation of L-PA (Meijer etal, 2001a). 

Hyperosmoticc stress activates the formation of PA via both PLD and PLC/DGK 

pathwayss (Munnik et al, 2000). However, while PLD was strongly activated by lower 

concentrationss of salts, the increase in ,2P-PA was much more apparent at higher 

concentrationss (Meijer et al, 2002a). This is because i) 32P-PBut is made at the cost of 

PLD-generatedd "P-PA, ii) most of PLD's substrate is not labelled within the three hours 

labellingg period and therefore PAPLD is not well labelled iii ) in contrast to the structural 

lipids,, ATP is rapidly labelled as soon as 32PS is taken up by the cells, so when DAGPLC is 

convertedd to 32P-PA, it becomes well labelled, making 32P-PAPLC stand out more strongly 
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thann 32P-PAPLD (see Munnik, 2001). Interestingly, only at high osmotic concentrations, 32P-

PAA is converted to 32P-DGPP. This means that either the two PA pools, generated at low or 

highh salt conditions, resides at different locations in the cell while PA-kinase is only 

presentt at one of them, or that PA-kinase is only activated at hyperosmotic conditions. This 

emphasizess that PA signals can be of different nature, and that we can speak of a PA 

signaturee that incorporates parameters such as concentration increase, cellular localisation 

andd biochemical context. 

Thee rapid activation of signals with different stress-reaction profiles probably reflects 

thee presence of different osmosensors. The concept is strongly supported by work on yeast, 

wheree two osmotically regulated receptors (Sholp and Slnlp) have already been identified, 

clonedd and characterized as operating at different stress profiles between 100 and 600 mM 

NaCll  (Maeda et al., 1995; Munnik and Meijer, 2001). A third receptor can be postulated 

becausee at very high salt concentrations (>900 mM), yeast also synthesizes PI(3,5)P2 

(Dovee et ah, 1997). In higher plants, only one putative osmo-stress receptor has been 

clonedd to date (Urao et al., 1999). However, protein kinase activities responding to discrete 

osmoticc levels have been documented (Munnik and Meijer, 2001). These data suggest that 

environmentall  stimuli of graded intensity are detected by different osmosensors, each 

respondingg to a limited intensity scale, rather than one osmosensor accommodating the 

wholee scale. Although the nature of these sensors is not known, the shift in response 

towardss higher concentrations during salt-adaptation suggests that they respond to the 

differencee between external and internal water potentials, rather than to a distinct range of 

externall  water potentials. For example, they could be stretch-activated, responding to 

shrinkagee of the plasma membrane as water is lost from the cell. Their function is to 

translatee a stress continuum into 'signal blends' that are specific for small stress ranges. 

Forr example, non-adapted cells respond in the low osmotic ranges with an increase in 

PI(3,5)P2,, PI(4,5)P2 and PBut, while at intermediate concentrations all signalling routes are 

activatedd to a lesser or higher extent. Each signal blend then activates responses necessary 

too compensate that level of osmo-stress e.g. K+ channel regulation, H+-ATPase activity or 

osmoticumm synthesis (Munnik and Meijer, 2001). 

Whenn plant cells adapt to 100 mM NaCl, they not only compensate the cytoplasmic 

waterr potential, but also desensitize detection and signalling. This was seen as the lower 

signall  levels generated by osmo-stress in adapted compared with non-adapted cells. This 

couldd be because adapted cells experience a less severe stress when shifted from 100 to 

2000 mM NaCl, compared with non-adapted cells (1 to 100 mM NaCl). However, we 

presumee that at least part of the effect is due to the down-regulation of sensors or their 

effectorr enzymes like PLC, PLD, PLA2,DGK and PA-kinase. We think this because 

adaptedd cells responded less strongly, not only to osmo-stress but also to mastoparan, 
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producingg only half of the normal amounts of PA and DGPP (data not shown; see Munnik 

etet al., 1998b; Van Himbergen et al, 1999). This effect could be explained by a reduction 

inn osmosensors or signalling enzymes or by a modification that reduces their sensitivity. 

Thiss adaptation response, measured in weeks, should not be confused with the up-

regulatedd expression of genes involved in phospholipid signalling that can be detected with 

thee first hours of stress (Hirayama et al., 1995; Katagiri et al., 1996; Katagiri et al, 2001; 

Laxaltt et al, 2001; Mikami et al, 1998). 

Sincee PLC together with DGK play a major role in the production of PA during 

osmo-stress,, as well as during mastoparan treatment (Munnik et al., 1998b; Munnik et al., 

2000;; Munnik, 2001), lowering their substrate levels would automatically down-regulate 

thee signalling response. In practice, adapted cells contained less PI(4,5)P2 than control cells 

andd therefore lipid substrate availability rather than enzyme levels could also account for 

thee down-regulation mechanism. Paradoxically, when adapted cells were subjected to 

osmo-stress,, they rapidly synthesised PI(4,5)P2, as if re-sensitizing the PLC/DGK pathway. 

Thiss was not translated into a subsequent increase in PA, either because these enzymes 

weree themselves down regulated or because the PI(4,5)P2 was not available for hydrolysis. 

PI(4,5)P22 is known to have a strong regulatory function independent of PLC signalling, for 

example,, it is also involved in cytoskeletal rearrangements, vesicle trafficking, K+-channel 

activityy and various signalling pathways (Munnik et al., 1998a; Munnik and Meijer, 2001; 

Stevensonn et al, 2000). 

Inn conclusion, our results provide a first illustration of how plant cells adapt to stress 

byy modifying the activity of those phospholipid signalling pathways that triggered the 

initiall  response. 

Experimentall  procedures 
MaterialsMaterials — Reagents for lipid extraction and subsequent analyses, as well as Silica 60 TLC plates were 

fromm Merck (Darmstadt, Germany). 12P-orthophosphate (carrier-free, ^P,) was from Amersham International 

(Roosendaal,, The Netherlands). 

CellCell cultures — Chlamydomonas moewusii (strain Utex 10; mating type minus. Culture Collection of Algae, 

Universityy of Texas) was cultivated on agar-containing Ml-medium in Petri dishes at 20 °C (Munnik et al., 

1995).. Osmotically adapted cells were produced by cultivating them on Ml-medium supplemented with 100 

mMM NaCl. Cell suspensions containing 1-2 x 107 cells per ml were obtained by flooding 2- to 3-week-

culturedd plates of control cells for 14-18 h with 20 ml HMCK buffer (10 mM HEPES-KOH, pH 7.4, 1 mM 

MgCL,, 1 mM CaCl2, 1 mM KC1). Adapted cells were flooded with HMCK buffer containing 100 mM NaCl. 

Growthh was analysed using cells that were grown with or without 100 mM NaCl. Flasks that 

containedd liquid media with various concentrations of NaCl were inoculated with the same number of cells. 

Sampless were subsequently harvested and the cells immediately fixed in 1.25% glutaraldehyde. Cell numbers 

weree registered with a Coulter counter (Coulter Multisizer II; Coulter Electronics Ltd. Luton, Bedfordshire, 
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UK).. Alternatively, cells were plated on Ml-agar, supplemented with a range of NaCl concentrations and 

grownn for two weeks. 

MetabolicMetabolic radiolabelling and phospholipid analyses — The phospholipids were metabolically labelled by 

incubatingg 100 uJ cell suspension (1-2 x 107 cells per ml) for 2.5 h with 100 uCi of carrier-free 32P04
3' ml"1. 

Cellss were then incubated for the times indicated in cell-free medium containing the appropriate 

concentrationn of osmoticum. Cell-free medium refers to the fluid collected after centrifuging cell-suspension 

cultures.. Incubations were stopped by adding 3.75 vol. CHCl^/MeOH/HCl (50:100:1, by vol.). Lipids were 

extracted,, separated by TLC plates using an alkaline TLC solvent, detected by autoradiography and 

quantifiedd by phosphoimaging as described by Munnik et al. (2000). 

Forr in vivo PLD activity measurements, n-butanol was included at a concentration of 0.25 % during 

treatments.. After lipid extraction, samples were separated by TLC using an ethyl acetate solvent system 

(Munnikk et al., 2000) and the radiolabelled phospholipids were visualized by autoradiography. 
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Plantt  are continuously exposed to all kinds of water  stress such as drought and 

salinity.. In order  to survive and adapt, they have developed survival strategies that 

havee been well studied but littl e is known about the early mechanisms by which the 

osmoticc stress is perceived and transduced into these responses. However, during the 

lastt  few years, a variety of reports suggest that specific lipid - and MAPK pathways 

aree involved. This review briefly summarises them and presents a model showing that 

osmoticc stress is transmitted by multipl e signalling pathways. 

1.. Introductio n 

Osmoticc stress, in the form of drought, freezing temperatures or salt-contaminated soils, is 

aa major limiting factor for plant growth and the colonisation of land. To survive these 

conditions,, plants respond and adapt using a range of biochemical and developmental 

changess including the synthesis of stress hormones like abscisic acid (ABA) and the 

synthesiss of proteins that prevent denaturation and oxidative damage (Hasegawa et al., 

2000;; Zhu, 2000). Osmotic pressure and turgor are quickly regulated by modifying ionic 

fluxess and, over a longer period, via the synthesis of osmolytes such as sugar and amino 

acidd derivatives (Bray, 1997; Hasegawa et al, 2000). 

Inn contrast to what is known on the longer timescale, relatively littl e is known about 

thee primary signalling events. Nonetheless, one of the early responses to both salinity and 

droughtt is a rapid increase in cytosolic free Ca2+ concentration (Kiegle et al, 2000; Knight 

etet al, 1998; Knight et al, 1997). Although Ca2+ signals can be cell specific and differ in 

kineticss and magnitude dependent on the nature of the stress, producing a so-called 'Ca2+ 
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signature',, it should be clear that Ca2+ is not the only signalling event that determines the 

'signature'' (McAinsh and Hetherington, 1998; Ng et al, 2001; Trewavas, 1999). 

Duringg the last few years, extensive evidence has shown that plant cells contain a 

varietyy of phospholipid-based signalling pathways (Meijer et al, 1999; Munnik, 2001; 

Munnikk et al, 1998a). These include phospholipase C (PLC), D (PLD), A2 (PLA2) and 

novell  pathways involving the formation of diacylglycerol pyrophosphate (DGPP) and 

phosphatidylinositoll  3,5-bisphosphate [PI(3,5)P2]. What is striking is that they can all be 

activatedd by osmotic stress but that the stress level determines which combination is 

activated.. In a similar way, protein kinases and especially MAPK pathways are also 

invoked.. Therefore in this review we summarise recent data and fit it into a model showing 

thatt osmotic stress is signalled via an array of pathways 

2.. Osmotic stress-induced lipid signalling 

2.12.1 Phospholipase C and PI(4,5)P2 formation 

PLCC signalling represents the paradigm for phospholipid-based signal transduction. Upon 

activation,, PLC hydrolyses the minor lipid phosphatidylinositol 4,5-bisphosphate 

[PI(4,5)P2]]  into two second messengers: inositol 1,4,5-trisphosphate (IP,) and 

diacylglyceroll  (DAG). IP3 releases Ca2+ from intracellular stores whereas DAG activates 

certainn members of the PKC super-family. In combination, these lipid-derived second 

messengerss trigger a host of biochemical reactions in probably every mammalian cell. 

Inn plants, all components of the PLC signalling cascade have been shown to be 

presentt except PKC (reviewed in Munnik, 2001; Munnik et al, 1998a). Since DAG 

formedd on signalling is rapidly phosphorylated to phosphatidic acid (PA), this led to the 

speculationn that not DAG but PA is the lipid signal produced (Munnik et al, 1998a). In 

support,, the evidence that PA is rapidly formed as a biologically active lipid under a 

varietyy of stress conditions, has now become convincing (Munnik, 2001). This suggests 

thatt DAG kinase (DGK) should receive more attention as an important component of the 

PLCC signalling cascade. 

Thatt osmotic stress activates the PLC pathway has long been presumed but only 

recentlyy established. Earlier work showed that the level of polyphosphoinositides (PPIs) 

rapidlyy changed upon stimulation (Cho et al, 1993; Einspahr et al, 1988; Heilmann et al, 

1999;; Pical et al, 1999), but as we now know, these lipid molecules do much more than 

actt as precursors for IP3 (see below). Nonetheless, it has recently been shown for various 

plantt systems, that IP3 levels rapidly increase upon hyperosmotic stress (DeWald et al, 

2001;; Dr0bak and Watkins, 2000; Heilmann et al, 1999; Takahashi et al, 2001) and that 

thee DAG formed is concomitantly converted to PA (Munnik et al, 2000). Not surprisingly 

then,, putative inhibitors of PLC, i.e. neomycin and U73122, have been shown to affect the 
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osmoticc stress-induced calcium signal, to inhibit the increase in IP3 and to block the 

expressionn of some dehydration-induced genes (Knight et al, 1997; Takahashi et al, 

2001).. It is tempting to believe that the IP, produced during stimulation is responsible for 

thee rise in intracellular Ca2+ (Kiegle et al, 2000; Knight et al, 1998; Knight et al, 1997), 

especiallyy since osmotic stress has been reported to enhance the competence of vacuoles to 

respondd to EP3 (Allen and Sanders, 1994), but that remains to be established. 

Anotherr typical response to osmotic stress seems to be the accumulation of PIP2 

(DeWaldd et al, 2001; Heilmann et al, 1999; Pical et al, 1999). As mentioned above, not 

alll  PIP2 made in response to stimulation is meant to be hydrolyzed by PLC. In mammalian 

cells,, it also functions as a localised membrane-docking site that recruits and/or activates 

proteinss into functional complexes involved in processes such as signal transduction, 

cytoskeletall  rearangements, and membrane trafficking. Proteins bind PIP2 via pleckstrin 

homologyy (PH) domains, CalB/C2 domains and via lysine-arginine-rich (KR) regions 

(Hurleyy and Meyer, 2001; Lemmon and Ferguson, 2000; Martin, 1998). Presumably, 

osmoticc stress-induced PIP2 formation in plants has a similar function. A few plant PH 

domainss have already been described (Deak et al, 1999; Mikami et al, 2000; Mikami et 

al,al, 1999; Stevenson et al, 1998) and importantly, by fusing a PH domain with green 

fluorescentt protein (Hurley and Meyer, 2001; Kost et al, 1999), they can be used to 

localisee PIP2 in plant cells. This promises to be a powerful new technique for monitoring 

lipidd signalling in living cells, for different GFP chimeras can be made using other lipid-

bindingg domains, e.g. domains specific for PI(3,5)P2 and PA (Dowler et al, 2000; Rizzo et 

al,al, 2000). 

Severall  genes encoding components of the PLC system are strongly expressed in 

responsee to drought and/or salt stress. These include PLC, PIP kinase and DGK (Hirayama 

etet al, 1995; Katagiri et al, 1996; Mikami et al, 1998). This may represent a 'priming' 

response,, sensitising the cell to further osmotic stress, but as pointed out by Hirt (Hirt, 

1999),, increased expression has seldom been correlated with increased enzyme activity. 

Moreover,, osmotic stress induceses the expression of numerous genes so it may be part of 

aa general response (Seki et al, 2001). 

Underr drying conditions, the plant must prevent water loss via transpiration and must 

thereforee control stomatal aperture. There is evidence that PLC is involved in the closing 

mechanism.. Micro-injecting caged-IPj into guard cells and releasing it by photolysis, 

elevateselevates Ca2+ levels and activates stomatal closure via the reversible inactivation of K+-

channelss (Blatt et al, 1990; Gilroy et al, 1991; Gilroy and Trewavas, 1994; Schroeder and 

Hagiwara,, 1989). ABA, the phytohormone produced during water stress, also induces 

stomatall  closure and this can be blocked by a PLC-inhibitor (Staxen et al, 1999). ABA is 

alsoo reported to increase the levels of IP3 and Ca2+ and to trigger small changes in the 32P-
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labellingg of PPI and PA (Gilroy and Trewavas, 1994; Lee et al, 1996; Smolenska-Sym and 

Kacperska,, 1996). Together these data suggest that ABA activates PLC. Nonetheless, such 

resultss could not always be confirmed (Lemtiri-Chlieh et al, 2000; Munnik, 2001; 

Takahashii  et al, 2001). This could be due to differences in the biological systems, but a 

veryy different explanation has recently been presented. Brearley's lab have questioned the 

rolee of IP3 in raising Ca2+ concentrations by showing that IP6 does the trick (Lemtiri-Chlieh 

etet al, 2000). They also showed that the effects of microinjected IP3 are probably due to 

conversionn to IP6. One can also question whether ABA treatment results in IP3 increases. 

First,, the response was very small, increasing only 20-40%. Second, the radio-ligand IP3 

assayy kit is not very specific and may well measure molecules other than the I(1,4,5)P3 

isomerr that releases calcium. For example, I(1,3,4)P3 is present in 9-fold higher 

concentrationss and also increased on ABA treatment (Lee et al, 1996). 

2.2.2.2. Phospholipase D 

Itt is clear that PA is not only generated through the PLC/DGK pathway but also via the 

activationn of PLD (Munnik, 2001). One can distinguish between the two by using a 

'differentiall  32Prlabelling protocol' (Munnik, 2001; Munnik et al, 1998b) and by PLD's 

uniquee ability to transphosphatidylate primary alcohols such as ethanol or 1-butanol in 

livingg cells (Munnik, 2001; Munnik et al, 1995; Munnik et al, 1998b). The subsequent 

formationn of phosphatidylethanol or phosphatidylbutanol is a relative but specific measure 

off  PLD activity. In this way osmotic stress was shown to activate PLD in suspensions of 

Chlamydomonas,Chlamydomonas, tomato and alfalfa cells (Munnik et al, 2000), and dehydration was 

shownn to activate PLD in the resurrection plant Craterostigma plantagineum and 

ArabidopsisArabidopsis (Frank et al, 2000; Katagiri et al, 2001; Munnik et al, 2000). Extractable 

PLDD activity also increased during drought stress in cow pea and by using drought-

resistantt and drought-sensitive cultivars, the increase was found to be much higher in the 

drought-sensitivee cultivar (El Maarouf et al, 1999). Since the latter results reflected 

increasess in PLD mRNA levels, PLD activity could be regulated at the transcriptional 

level.. Part of this response could have been via ABA, for this hormone is synthesised 

duringg water stress and it induces PLD expression in a similar manner (Fan et al, 1997; 

Frankk et al, 2000; Ryu and Wang, 1995). However, whether these results represent PLD 

operatingg as a signalling enzyme or an enzyme involved in the adaptation response, e.g. 

remodellingg the membrane, is still unclear. In this respect the timing of the different events 

iss important. For example, salt and water stress activate PLD within minutes, which is 

likelyy to reflect signalling rather than a change in PLD gene expression, that occurs only 

afterr hours of osmotic stress. Similarly, ABA has been shown to activate PLD within 

minutess in leaf guard cells and in barley aleurone (Jacob et al, 1999; Ritchie and Gilroy, 

128 8 



Review:Review: Osmotic stress activates signalling pathways 

1998;; 2000). Moreover, extracellular addition of PA evoked ABA responses, supporting its 

rolee as a signal. In a complementary manner, when primary alcohols competed with water 

forr transphosphatidylation and specifically inhibited the production of PA by PLD, ABA-

inducedd responses were reduced. Those PA-related effects not only suggest that PA is 

neededd for the responses, but raise the possibility that other alcohol-inhibitory effects could 

alsoo be due to reductions in PLD-generated PA. The importance of PA as a second 

messengerr in plants, particularly when subjected to different abiotic and biotic stresses, has 

beenn highlighted by a review on the subject (Munnik, 2001). 

Recently,, the lipid sphingosine-1-phosphate (SIP) was implicated in drought 

signallingg (Ng et ai, 2001). Leaf concentrations increased 1.3 to 2.4-fold after 11 days of 

waterr abstinence and when epidermal peels were treated with SIP, Ca2+ oscillations were 

triggeredd and stomatal closure induced. The report is reminiscent of that from Gilroy's lab 

onn PA (Jacob et al, 1999), especially since these lipids have the same head group and only 

differr in their lipid moieties. However, in contrast to SIP, PA did not increase the cytosolic 

Ca2++ concentration (Jacob et al, 1999), even though it has been shown to do so in 

numerouss animal cell systems (see Munnik et al, 1998a). Considering that IP3 and cyclic 

ADPP ribose have already been invoked in regulating Ca2*  levels, these new results add 

anotherr level of complexity to stomatal guard cell signalling but at least underscore the 

importantt contribution that lipid signalling makes. 

2.3.2.3. PA Kinase andDGPP 

Iff  PA functions as a signalling molecule, it is important to down-regulate its level after 

stimulation.. In this respect, the discovery of a PA kinase (PAK) that converts PA into the 

novell  phospholipid diacylglycerol pyrophosphate (DGPP) during signalling, was an 

importantt discovery (Munnik et al, 1996). Initially, the enzyme was an in vitro activity 

describedd by Wissing and co-workers who extracted it from many plants and tissues 

(Wissingg and Behrbohm, 1993b). Currently, DGPP formation is seen as a common 

responsee to a variety of plant signals, including osmotic stress (Fig. 1) (Den Hartog et al, 

2001;; Kuin et al, 2000; Munnik, 2001; Munnik et al, 1996; Munnik et al, 1998a; Munnik 

etet al, 2000; Munnik et al, 1998b; Van der Luit et al, 2000; Van Himbergen et al, 1999). 

Thesee include hyperosmotically stressed alga and suspension-cultured plant cells but also 

dehydratedd intact resurrection plants (Munnik et al, 2000; Pical et al, 1999). 

Itt is unlikely that DGPP's only function is to attenuate PA levels, for in animal cells 

itt has been shown to induce several inflammatory responses in macrophages, activating a 

MAPKK pathway and a PLA2 (Balboa et al, 1999). Of course, if DGPP is itself a signal, 

thenn it also needs to be down-regulated. In yeast, a DGPP phosphatase is responsible for 

thatt (Carman and Henry, 1999; Oshiro et al, 2000) and recently, two Arabidopsis 
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homologuess were found (Pierrugues et al, 2001). Interestingly, their expression levels 

weree strongly up-regulated by various stresses known to activate DGPP formation, 

includingg mastoparan, radiation and a pathogenic elicitor. Unfortunately, water stress was 

nott tested. The enzyme dephosphorylates both PA and DGPP, although one of the two 

isozymess clearly preferred DGPP (Carman and Henry, 1999; Pierrugues et al, 2001). Such 

duall  specificity enzymes allow the cell to metabolise DGPP to DAG without accumulating 

'active'' PA. 
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Fig.. 1. Osmotic stress activates distinct lipid-signalling pathways. A) 32Prlabelled Chlamydomonas cells 
weree treated for 5 min with different concentrations of KCI after which the lipids were extracted, separated 
byy TLC and autoradiographed (for details, see (Meijer et al., 1999)). B) Schematic representation of the 
differentt phospholipid signalling pathways that are activated. The interpretation is based on the 
autoradiographh in 'A' but also on other analyses. 

2.4.2.4. Phospholipase A2 

PLA22 hydrolyses phospholipids at the sn-2 position, generating lyso-phospholipids and 

freee fatty acids. Osmotic stress rapidly stimulates PLA, activity. For example, in the alga 

Chlamydomonas,Chlamydomonas, high concentrations of NaCl and other osmolytes were very effective in 

inducingg the synthesis of lyso-PA (L-PA) in a time- and dose dependent way (Meijer et al, 
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2001).. A transient peak of L-PA was formed as PA was generated by activation of both the 

PLC/DGKK and PLD pathways. Since it could be blocked by PLA2 inhibitors, a PLA2 was 

clearlyy implicated. Earlier, an L-PA response was observed in the halo-tolerant alga 

DunaliellaDunaliella salina when the NaCl concentration in the growth medium was raised from 

1.711 to 3.42 M (Einspahr etal, 1988). In animal systems, L-PA is an important signalling 

moleculee (Moolenaar, 1995) but in plants this must still be shown. Nonetheless, lyso-

phospholipids,, and especially lyso-phosphatidylcholine, have been shown to affect protein 

kinasee activity and H+-ATPase pumping in plants, having dramatic consequences for the 

intracellularr pH (Munnik et al, 1998a). A similar role has been proposed for the free fatty 

acidss produced by PLA2. In addition, if CI8:2 and CI8:3 fatty acids are released, they can 

bee metabolised via the octadecanoid pathway to compounds like jasmonic acid (Farmer et 

al,al, 1998; Munnik et al, 1998a). Indeed, osmotic stress activates a 6 to 10-fold increase in 

thee concentration of jasmonic acid in Chlamydomonas [Dr. W. Dathe, Pers. Commun.]. 

2.5.2.5. Phosphoinositide 3-kinase 

Thee final lipid-signalling pathway that will be discussed is the so-called phosphoinositide 

3-kinasee (PI3K) pathway, although this reflects more the increase in D3-phosphorylated 

inositoll  lipids than the activation of a PI3K. More specifically, we recently discovered that 

plantt cells rapidly convert phosphatidylinositol 3-phosphate (PI3P) to the novel PIP2 

isomerr PI(3,5)P2 when subjected to water stress (Meijer et al, 1999). This was found in 

celll  cultures of Chlamydomonas, tomato, and alfalfa and also in pea leaves and 

ArabidopsisArabidopsis plants, although it was not observed in cell suspensions of the latter (DeWald 

etet al, 2001; Meijer et al, 1999; Pical et al, 1999). The increase in PI(3,5)P2 can be 

dramatic,, fast and transient. In yeast, where PI(3,5)P2 signalling was discovered (Dove et 

al,al, 1997), it is made in response to severe osmotic stress e.g. 1M NaCl or 1.5M of sorbitol. 

Inn comparison, plants respond to much lower concentrations, ranging from 50 to 300 mM 

NaCll  (see for example Fig. 1) or to other compounds in the same osmolar range (Meijer et 

al,al, 1999). 

Thee enzyme that makes PI(3,5)P2 in S. cerevisiae is called Fablp (Cooke et al, 

1998;; Gary et al, 1998; Odorizzi et al, 1998). Homologues are present in plants and our 

labb is currently cloning and characterizing two cDNAs from tomato (Meijer and Munnik, 

unpublished).. Fablp contains a FYVE domain that specifically binds to PI3P and thereby 

locatess it to endocytic and vacuolar compartments. Yeast Fabl mutants have abnormally 

largee vacuoles that cannot divide or turnover. Therefore PI(3,5)P2 seems to be crucial for 

vacuolarr scissions (discussed in Meijer et al, 1999). When plant and yeast cells are 

dehydrated,, the water reservoir in the vacuole can compensate the water deficit in the 

cytosol,, but its volume is consequently reduced while its surface area is unchanged. 
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Fragmentingg the vacuole easily solves the problem, and the more vesicles formed, the 

smallerr the volume, while maintaining the membrane area. The formation of PI(3,5)P2 

couldd therefore help compensate a water deficit by promoting vacuole vesiculation. Indeed, 

osmo-stressedd Nicotiana tabaccum and Schizosaccharomyces pombe fragment their 

vacuoless (Bone et al, 1998; Hasegawa et al, 2000), although the two processes have yet 

too be causally related. 

Fabll  mutants have another interesting phenotype, their vacuolar pH is neutral rather 

thann acidic. This suggests that PI(3,5)P2 regulates vacuolar H+-ATPase activity, perhaps by 

directlyy activating the pump. Yeast and plant cells can compensate a water deficit by 

accumulatingg osmotically active ions from the apoplast and, during a period of adaptation, 

theyy synthesise and accumulate organic osmolytes (Hasegawa et al, 2000). The driving 

forcee for accumulation in the vacuole is the proton gradient over the tonoplast, generated 

byy H+-ATPases and H+-PPases. This accounts for the electrogenic uptake of anions and, 

viaa H+-antiporters, for the uptake of cations and sugars. Thus PI(3,5)P2 synthesis during 

osmo-stresss could stimulate the proton gradient and the accumulation of osmolytes, 

representingg a signalling mechanism intrinsic to vacuolated cells, that helps the protoplast 

maintainn turgor pressure and growth under desiccating conditions. 

3.. Osmotic stress-activated protein kinases 

Thee involvement of MAP kinase (MAPK) pathways in osmotic stress signalling has been 

presumedd for years because their mRNA levels are up-regulated upon salt and drought 

stresss (Shinozaki and Yamaguchi-Shinozaki, 1997), yet proof that they are activated was 

onlyy produced two years ago. In alfalfa cells, osmotic stress led to the rapid activation of 

twoo protein kinases that phosphorylated myelin basic protein in an in-gel assay (Munnik et 

al,al, 1999). One kinase was activated at moderate concentrations, responding in a dose-

dependentt way, peaking at 500 raM NaCl, whereas the other was only activated at very 

highh concentration, starting at 500 mM NaCl [see also Fig. 1C]. Both kinases were 

activatedd within minutes. Immunological studies identified the first as SIMK, the stress-

inducedd MAPK from alfalfa. The second is still unknown but is likely to be a homologue 

off  the Arabidopsis serine/threonine kinase 1 (ASK1), a member of the sucrose non-

fermentingg 1 (SNF1) kinase family that was found in tobacco (Mikolajczyk et al, 2000). 

There,, the salicylic acid-induced protein kinase (SIPK) was identified as the osmotic 

stress-activatedd MAPK (Mikolajczyk et al, 2000). Besides salt, the enzymes are also 

activatedd by osmolytes such as sorbitol, suggesting that activation represents a general 

signallingg response. Meanwhile various stress-activated protein kinases have been 

characterisedd in plant systems (Droillard et al, 2000; Halfter et al, 2000; Hoyos and 

Zhang,, 2000; Ichimura et al, 2000; Mikolajczyk et al, 2000; Munnik et al, 1999) and 
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recentlyy the first MAPK kinase that activates SIMK was identifiedd (Kiegerl et al.t 2000). 

hihi Arabidopsis, the salt-overlay-sensitive (sos) mutants are involved in salt-signalling 

(Zhu,, 2000). SOS2 is a protein kinase that physically interacts with and is activated by the 

calcium-bindingg protein SOS3 (Halfter et al.f 2000). Thus an osrno-stress-induced increase 

inn cytosolic Ca2+ (Knight et ai, 1997) is translated into higher SOS2 kinase activity. This 

inn turn is transduced into up-regulation of SOS1, a putative Na+/H+ antiporter. However, it 

mustt be emphasised that these components are only involved in the pathway leading to Na+ 

tolerance,, for the mutants are not sensitive to other forms of osmotic stress (Zhu, 2000). 

4.. Perspectives: Cross-talk and integration of signalling pathways 

Inn considering the signalling pathways activated by hyperosmotic stress, we have so far 

ignoredd the question of how the signal is instigated, simply because only one potential 

osmoticc stress receptor has so far been identified (Urao et at., 1999). It is a histidine kinase 

inn Arabidopsis referred to as AtHKl that can rescue osmo-sensor SLN1 knockouts in yeast. 

Itss expression in Arabidopsis is up-regulated by osmo-stress. We predict that it is the first 

off  many that will be discovered, because yeast has at least three, SLN1 and SHOl that 

operatee between 100 and 600 mM NaCl (Maeda et ai, 1995), and feed into the HOG 

pathway,, a MAPK cascade, while a third receptor must be assumed to explain the 

activationn of PI(3,5)P2 synthesis at NaCl concentrations above 0.9 M (Dove et al.t 1997). 

Sincee we know from animal cells that individual receptors can make use of several effector 

enzymes,, one can expect osmo-signalling to be complex, in keeping with the growing 

complexityy reported in this review. 

Interestinglyy there is order in the complexity. This is best illustrated with data for 

Chlamydomonas,Chlamydomonas, where cells were pre-labelled with 32P; and then treated for just 5 min 

withh concentrations of KC1 ranging up to 500 mM. When the lipids were extracted, 

separatedd and an autoradiogram made from the TLC, the result was as shown in Fig. 1A. 

Thee lipid patterns illustrate that specific signalling pathways are activated over discrete 

rangess of KC1 concentration (schematically represented in Fig. IB). The clearest examples 

aree for L-PA and PI(3,5)P2 formation but, at lower concentrations for example, PLD is 

activated.. It accounts for the initial peak in PA formation centred around 50 mM, but was 

measuredd more definitively on another TLC system via PLD's transphosphatidylation 

activityy (data not shown). At very high concentrations, PLD and PLC/DGK were activated. 

Somee of this signalling may reflect ionic stress as well as osmo-stress, but the picture 

clearlyy illustrates that a single stress factor is translated into different signals in a dose-

dependentt manner. This is not just true for lipid signals but also for protein kinase 

signalling,, illustrated here for alfalfa cells treated with a range of NaCl concentrations (Fig. 

2;; adapted from Munnik et at., 1999). These data mean that each stress level produces its 
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ownn unique combination of signals (signal signature) that activates the appropriate graded 

response.. The fact that different salt ranges activate different pathways supports the 

conceptt that stress is detected by different receptors responding over those limited ranges, 

inn a manner similar to the osmo-sensors in yeast. 
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Fig.. 2. Osmotic stress activates distinct protein kinase pathways. In-gel assay of protein kinase activity in 
osmotically-stressedd alfalfa cells. Suspension-cultured cells were treated with different concentrations of 
NaCII  for 15 min, after which proteins were extracted and separated on a SDS-PAGE gel containing myelin 
basicc protein. After protein renaturation, a kinase reaction was carried out in the gel using [y-32P]ATP, to 
reveall  the presence of two active protein kinases: one at intermediate NaCI concentrations, identified as the 
MAPKK 'SIMK', and one at high concentrations whose identity is still unknown but is likely to be a SNF1 
homologuee (Mikolajczyk et al., 2000; Munnik era/., 1999). Reprinted with permission from the Plant 
JournalJournal (Munnik et al., 1999). 

Thesee ideas are summarised in the model presented in Fig. 3. Each signalling 

pathwayy is presented as an independent route even though we have emphasised that each 

receptorr can activate several effector enzymes. One must also appreciate that the cross-talk 

betweenn pathways, absent from our scheme, will  eventually prove to be extensive, 

althoughh now hard to justify. The best example has recently been published and shows that 

PA,, generated by PLD or PLC/DGK pathways, can activate a specific MAPK pathway 

(Leee et al, 2001). While this is an exciting report that underlines the significance of PA as 

aa plant signal, we do not know whether the response represents a downstream step in the 

samee pathway or cross-talk between different pathways. Certainly a number of PA targets 

havee recently been identified (reviewed in Munnik et al, 1998a). Other potential examples 
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off  cross-talk are seen in the optima exhibited by the signalling responses in Fig. 1. For 

example,, PLD signalling is down-regulated at KC1 concentrations above 50 mM KC1, 

thereforee the PI3K pathway, that is activated above 50 mM, could be negatively regulating 

it.. However, cross-talk is not yet our prime concern. The first challenge is to identify all 

thee signalling pathways and assess their relevance to short- and long-term responses. Only 

thenn can we build up a picture of their interactions to produce an integrated model of 

osmo-stresss detection and signalling. 
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Fig.. 3. Model showing osmotic stress activates distinct lipid - and MAPK signalling pathways. The model 
shouldshould be viewed from top to bottom. It represents stress as a graded phenomenon that activates different 
receptors,, dependent on the stress level. They in their turn activate different lipid signalling pathways. The 
secondd messengers produced are listed together with some potential targets. The targets are speculative but 
basedd on literature reports discussed in the text. Many details have been omitted for simplicity. 
Abbreviations:Abbreviations: CDPK, calmodulin-Iike domain protein kinase; DAG, diacylglycerol; DGPP, diacylglycerol 
pyrophosphate;; IP3, inositol 1,4,5-trisphosphate; L-PA, lyso-PA; MAPK, mitogen-activated protein kinase; 
PA,, phosphatidic acid; PI3K, phoshoinositide 3-kinase; PI(3,5)P2, phosphatidylinositol 3,5-bisphosphate; 
PLA2,, phospholipase A2; PLC, phospholipase C; PLD, phospholipase D. 
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AA new technique that will help elucidate osmo-stress signalling is based on the 

expressionn (or injection) of GFP chimeras in plant cells. For example, GFP-PH and GFP-

FYVEE constructs have already been used to locate PI(4,5)P2 and PI3P in plant cells (Kim 

etet al, 2001; Kost et al., 1999). They can also be used to monitor the changes in 

concentrationn associated with signalling, as originally illustrated by Stauffer et al. (Stauffer 

etet al, 1998) for rat basophilic leukaemia cells. Thus prior to signalling, PI(4,5)P2 in the 

plasmaa membrane was labelled by GFP-PH but when hydrolysed by PLC, the label 

dissociatedd into the cytosol, producing a much lower membrane: cytosol fluorescence ratio 

ass a quantitative measure of the response. The technique has great potential because GFP 

chimerass can be produced for other lipid signals such as PI(3,5)P2 and PA (Dowler et al., 

2000;; Rizzo et al, 2000). Since GFP exists in different spectral variants, different forms of 

lipidd signalling can be measured in real time in the same cell. Such methods should not 

onlyy help identify and locate the osmo-stress signalling pathways in plant cells but also 

accuratelyy integrate them on a time scale. 

Wee emphasise that the data in Fig. 1 represent the initial signals formed in response 

too osmo-stress. All the changes in lipid metabolism took place within 5 min of treatment 

andd should be distinguished from the adaptation responses, that involve increased 

expressionn of signalling genes. Assuming increased expression results in higher enzyme 

activity,, it could be involved in a second round of signalling events, for example to 

fragmentt the vacuole further [PI(3,5)P2] or to further enhance membrane remodelling 

(PLD).. Unfortunately, we do not yet know whether expression of the initial signalling 

enzymess is enhanced or whether different isozymes with different functions are being 

expressed.. Nor do we know the general significance of different signalling isozymes in 

plants;; what does it mean that a PLD belongs to class a, p\ y or 8 (Katagiri et al, 2001; 

Laxaltt et al, 2001; Wang, 2000)? Consequently, an immediate goal of present research is 

too assess enzyme function and location via gene knock-outs and isozyme-specific 

antibodies. . 

Onee of the consequences of adapting to osmo-stress is the modification of stress 

signalling.. When Chlamydomonas was grown in 100 mM NaCl and then stressed by 

additionall  salt (same additions as in Fig. 1), the same signalling pathways were still 

activatedd in the same response pattern (Meijer et al, 2002). This is interesting because the 

osmo-sensorss and their signalling pathways are now responding to much higher salt 

concentrations.. Since this seems unlikely, if they detect salt concentrations, we can 

concludee that they detect a consequence of increased salt, such as loss of turgor. This 

suggestss that the osmo-sensors are stretch receptors that respond to changes in membrane 

pressuree and so remain operative irrespective of whether the cells are osmo-adapted or not. 

However,, the change in turgor when cells are shifted from 100 mM to 200 mM salt should 
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bee less than when shifted from 1 mM to 100 mM salt, as in Fig. 1. Accordingly, although 

thee pattern of signalling in adapted cells remained the same, all optima were shifted to 

higherr concentrations and in general less signal was formed. 

Thiss review is the first devoted solely to osmo-stress-induced signalling. It therefore 

reviewss "what promises to be" rather than well established facts. Still, there is no denying 

thatt the most excitement in any research field is generated from getting the new plane into 

thee air. In other words, now is the time to become involved. 
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Summaryy &  Samenvatting 





Summary y 

Externall  factors such as cold, heat, pathogens and osmotic stress influence plant 

developmentt and growth. Plants have mechanisms to perceive these signals and transduce 

themm into an appropriate response. During recent years, enzymes involved in phospholipid 

metabolismm have been implicated in this signal transduction process. The recent advances 

inn this field are discussed in Chapter 1. 

Chapterss 2 to 7 describe the effects of osmotic stress on phospholipid signalling in 

plants.. In general this is illustrated in the bi-flagellate green alga Chlamydomonas 

moewusii,moewusii, that was used as a model system for higher plants. When these cells are 

osmoticallyy stressed, they respond by the activation of several phospholipid signalling 

pathways. . 

Uponn osmotic stress, two new phospholipids were found. The characterization and 

identificationn of one of them, phosphatidylinositol 3,5-bisphosphate [PtdIns(3,5)P2], is 

describedd in Chapter 2. When the cells were treated with moderate osmotic stress, they 

respondedd by producing another new phospholipid, that was identified as lyso-

phosphatidicc acid (L-PA). The identification and characterization is described in Chapter 4. 

Twoo previously known phospholipids, phosphatidic acid (PA) and diacylglycerol 

pyrophosphatee (DGPP), were found to increase due to the activation of phospholipase C 

(PLC)) and phospholipase D (PLD), which is described in Chapter 3. A recently identified 

phospholipidd in animal systems is phosphatidylinositol 5-phosphate (PtdIns5P). This novel 

phospholipidd was not previously recognized in plants but has now been identified in 

Chlamydomonas.Chlamydomonas. Its level is affected by osmotic stress (Chapter 5). We noticed that 

treatmentt of Chlamydomonas cells with low concentrations of KC1 resulted in the specific 

activationn of PLD, independently of all other lipid signalling pathways. A study of this 

phenomenonn is presented in Chapter 6. When plants are grown on low levels of salt they 

adaptt to the osmotic stress. The effect of adaptation on phospholipid signalling was 

investigatedd and in Chapter 7 cells are shown to react to renewed osmotic stress as before 

butt with lower response levels and with the dose-dependent responses shifted to higher 

stresss levels. 

Ann overview of phospholipid signalling and mitogen-activated protein kinase 

(MAPK)) signalling during osmotic stress is given in Chapter 8. 
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Samenvatting g 

Externee factoren, zoals koude, hitte, pathogenen en osmotische stress, beïnvloeden de 

ontwikkelingg en groei van planten. Deze hebben mechanismen die externe signalen 

ontvangenn en omzetten in een toepasselijke respons. Gedurende de laatste jaren is 

aangetoondd dat enzymen die een functie hebben in het metabolisme van fosfolipiden, een 

roll  spelen in dit signaaltransductie proces. De recente ontwikkelingen in dit 

onderzoeksveldd worden beschreven in Hoofdstuk 1. 

Inn de Hoofdstukken 2 tot en met 7 worden de effecten beschreven van osmotische 

stresss op fosfolipide signalering in planten. Hierbij is hoofdzakelijk de bi-flagellaire 

groenalgg Chlamydomonas moewusü gebruikt, als model systeem voor hogere planten. Als 

cellenn van deze alg osmotisch worden behandeld, reageren ze door activatie van 

verschillendee fosfolipide signalerings routes. In een aantal hoofdstukken wordt de turnover 

vann diverse bekende signalerings fosfolipiden tijdens osmotische stress beschreven. 

Daarnaastt wordt er in andere hoofdstukken aandacht besteed aan de vorming van 

fosfolipidenn die specifiek worden gesynthetiseerd gedurende osmotische stress en 

voorheenn niet of nauwelijks zijn herkend in planten. 

Inn Hoofdstuk 2 wordt ingegaan op de karakterisering en identificatie van een nieuw 

fosfolipide,, fosfatidylinositol 3,5-bisfosfaat [PI(3,5)P2], dat specifiek wordt gesynthetiseerd 

tijdenss osmotische stress, maar niet tijdens andere stress behandelingen. 

Tweee reeds bekende fosfolipiden in planten signalering zijn fosfatidylzuur (PA), en 

zijnn gefosforyleerde vorm, diacylglycerol pyrofosfaat (DGPP). De synthese van beide 

moleculenn wordt gestimuleerd door osmotische stress als gevolg van de activatie van de 

enzymenn fosfolipase C (PLC) en fosfolipase D (PLD). Dit is beschreven in Hoofdstuk 3. 

PAA kan ook worden omgezet in een ander molecuul, namelijk lyso-fosfatidylzuur (L-PA). 

Ditt lipide wordt gevormd gedurende osmotische stress zoals blijkt uit de identificatie van 

eenn nieuw gesynthetiseerd fosfolipide in Hoofdstuk 4. Uit de karakterisering van L-PA 

synthesee blijkt dat het gevormd wordt door de activatie van een specifiek fosfolipase A2. 

Inn dierlijke systemen is recentelijk een nieuw lipide gevonden: fosfatidylinositol 5-

fosfaatt (PI5P). Dit was voorheen niet geïdentificeerd in planten, in tegenstelling tot twee 

vann zijn isomeren (PI3P en PI4P). Met behulp van geavanceerde technieken is ons 

duidelijkk geworden dat PI5P ook aanwezig is in Chlamydomonas. In Hoofdstuk 5 wordt 

naastt de identificatie van PI5P ook beschreven dat de concentratie van dit lipide wordt 

beïnvloedd door osmotische stress. 

Dee activatie van de PLC en PLD route zoals beschreven in Hoofdstuk 3, vindt 

plaatss bij een relatief hoge osmotische stress. Echter, wanneer lage concentraties KC1 
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wordenn gebruikt, resulteert dit in de specifieke activatie van de PLD route, onafhankelijk 

vann andere lipide signalerings routes. Een studie naar dit fenomeen is beschreven in 

Hoofdstukk 6. Hieruit blijkt dat deze specifieke activatie niet het resultaat is van osmotische 

stresss maar het gevolg is van depolarisatie van de membraan, geïnduceerd door KC1. 

Alss planten groeien op lage zoutconcentraties, kunnen zij zich aanpassen om zo te 

kunnenn overleven. Het effect van adaptatie op fosfolipiden signalering werd onderzocht 

voorr Chlamydomonas cellen. In Hoofdstuk 7 wordt getoond dat zout-geadapteerde cellen 

nogg steeds in staat zijn te reageren op hernieuwde osmotische stress maar dan met lagere 

responss niveaus en met de dosis-afhankelijkheid curves verschoven naar hogere 

concentraties. . 

Tenslottee wordt er in Hoofdstuk 8 een algemeen overzicht gegeven van osmotische 

stresss geïnduceerde fosfolipiden signalering en mitogen-geactiveerde eiwit kinases 

(MAPK)) in planten waarin de hierboven beschreven effecten in een breder kader worden 

geplaatst. . 

169 9 





Dankwoord d 

Notenn spelen is niet zo moeilijk, de kunst is om er muziek van te maken. Eigenlijk is 

wetenschapp net zoiets als muziek maken. Een ieder draait mee in een orkest en heeft zijn 

roll  in het geheel, naar vermogen, muzikaliteit, karakter en in de toepasselijke muzieksoort. 

Inn een orkest kom je ooit eens binnen, na een opleiding. Sommigen aarden snel en 

vervullenn hun positie binnen het orkest met verve, anderen haken af en zoeken een ander, 

beterr bij hun passend orkest. Als bursaal ben ik opgenomen in een goed orkest, prima 

mensen,, een leuke melodie, al een geweldige sound. Tijdens mijn AIO tijd is het orkest ge-

groeidd en zelfs gepromoveerd tot de hoogste afdeling! Om de muziekstukken goed te 

kunnenn spelen heeft iedereen een functie te vervullen binnen het orkest. 

Eenn onderdeel van een muziekvereniging is het bestuur. Zij dragen vaak muzikaal 

bij,, maar gebruiken ook hun talenten op andere terreinen. In die hoedanigheid zou ik als 

voorzitterr Herman van den Ende willen voorstellen. Op de achtergrond meedraaiend en 

indienn nodig soms duidelijk op de voorgrond aanwezig zijn. Herman, bedankt voor jou 

bijdrage,, zowel organisatorisch als experimenteel. Tevens bedankt voor het corrigeren van 

dezee compositie. 

Dee functie van secretaris zie ik ingevuld worden door Alan Musgrave. Beste Alan, in 

dee afgelopen jaren heb ik je leren kennen als een veelzijdig mens. Een van die kanten was 

hett zijn van een goede componist. Je hebt in al die jaren heel wat ruwe ideeën voor liedjes 

herschrevenn en van die ruwe massa mooie wijsjes gemaakt, zoals in dit proefschrift te 

lezenn is. Soms werd je gebruikt als praatpaal, en in die functie heb je ook heel wat 

betekend.. Hiervoor wil ik je hartelijk bedanken. 

Voorr het orkest hoor iemand te staan met een visie, een echte dirigent die met zijn 

orkestt de top wil bereiken. Teun Munnik pas perfect in deze positie. Beste Teun, toen ik op 

dee afdeling kwam was de symfonie der fosfolipiden voor mij een onbekend terrein. Nu 

voell  ik mij er in thuis en heb inmiddels, vooral dankzij jouw steun, een mooie partij hierin 

meee mogen blazen en hoop dat ook de komende tijd te blijven doen. In de afgelopen jaren 

zijnn we samen een aantal keren op tournee geweest, waarvan ik heb genoten en geleerd. Je 

kritischee opmerkingen en goede suggesties hoop ik dan ook nog vaak te mogen horen. Ik 

wenss je veel succes toe met je orkest en gezien de huidige bezetting zal dat zeker lukken. 

Bestee John, ji j bent diegene geweest die mij, als nieuw lid binnen het orkest wegwijs 

hebtt gemaakt en de diverse secties heeft laten ontdekken. Daarna hebben we nog vaak met 

plezierr een duet geblazen. Naast het geven van practica heb je ook bijgedragen aan het 

onderzoekk dat is beschreven in dit proefschrift. Ook nu, ben je nog bij mijn onderzoek 

betrokkenn en ben je één van mijn paranimfen. Daarvoor wil ik je graag bedanken. 



Bestee Steven, al jaren van de partij en zelden op een valse noot te betrappen. Ook ji j 

bentt een belangrijke muzikale spil binnen het geheel met een geheel eigen stijl en hopelijk 

kunn je nog lang mag musiceren en een grote bijdrage leveren aan dit orkest. 

Martine,, eigenlijk zijn we samen in dit orkest begonnen, ji j in eerste instantie als 

studente,, maar al snel als volwaardig lid van de groep. Een ding is duidelijk, je soleert 

graagg en laat je crescendo's horen. Ik wil je bedanken voor alle vrolijke noten en hoop dat 

jee in de toekomst je partij nog lang blijf t invullen. 

Bas,, al jaren ben je binnen onze sectie aanwezig. Zelden sla je een repetitie over en 

jee inzet is geweldig, ook gezien je contributie aan dit concert werk. Hoewel walsen en 

polka'ss niet jouw stijl zijn, kan ik niet anders zeggen dat jouw beats ook best goed klinken. 

Dearr Ana, I appreciate your special Argentinian tango music and have enjoyed the 

timee that you have spent in our orchestra. You are leaving soon but I bet that you will sing 

yourr grandest aria elsewhere, also with great success. 

Dee stagiaires Bram en Evie, die tijdelijk hun deuntje meespeelden wil ik bedanken 

voorr hun hulp en ik hoop julli e in de toekomst nog eens tegen te komen. 

All ee andere leden van het orkest wil ik hierbij bedanken voor de partijen die zij 

spelen,, met name: Christa, Michel, Wessel, Rafa, Bastiaan, Rob, Julian, Kai, Gert-Jan, 

Chris,, Piet, leden van Fytopathologie. Ook wil ik de mensen bedanken die eerder 

meegespeeldd hebben en elders hun plek gevonden hebben, o.a. Ap, Hans, Hilda, Eddy, Jet, 

Corrien,, Tjeerd, Monique, de "Gist-mensen" en alle anderen die niet genoemd zijn. 

Eenn muzikant speelt meestal in zijn eigen kapel maar soms heeft hij een 

gastoptreden.. Therefore, I want to thank Nullin Divecha who gave me the opportunity to 

workk in his group at the NKI. I enjoyed our collaboration and appreciate the enthusiasm 

thatt you showed while working on our musical "Grease" together. 
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