
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Osmotic stress-induced phospholipid signalling in plants

Meijer, H.J.G.

Publication date
2002

Link to publication

Citation for published version (APA):
Meijer, H. J. G. (2002). Osmotic stress-induced phospholipid signalling in plants. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/osmotic-stressinduced-phospholipid-signalling-in-plants(212f8869-a674-4bf3-b816-af1e92f831df).html


Chapterr 1 

Review:: Phospholipid signalling in plants 

Haroldd J.G. Meijer and Teun Munnik 

BiochimicaBiochimica Biophysica Acta (In prep.) 





Review:Review: Phospholipid signalling in plants 

Contents s 

1.. Introduction 13 

2.. Phospholipidology 13 

3.. Lipid binding domains 
3.11 FYVE-finger 
3.22 PH-domain 
3.33 C2-domain 
3.44 PHOX-domain 

4.. PPI synthesis 
4.11 PI synthases 
4.22 PI 3-kinases and PI3P 
4.33 PI 4-kinases and PI4P 
4.44 PI5P 
4.55 PI4P 5-kinases and PI(4,5)P2 

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

5.. Phospholipase C 
5.11 Cloning and expression 
5.22 PLC signalling in plants 

5.2.11 Seed germination and stomatal opening 
5.2.22 Plant defence 
5.2.33 Osmotic stress 

5.33 IP3 and IP6 

6.. DAG- and PA-kinase 
6.11 Activity and cloning 
6.22 PA and DGPP in signalling 

7.. Phospholipase D 
7.11 PLD activity 
7.22 Cloning and expression 
7.33 PLD activity requirements 
7.44 Wounding 
7.55 Osmotic stress and dehydration 
7.66 Ethylene 
7.77 Pathogen interaction 

8.. Phospholipase A2 

8.11 Purification, cloning and expression 
8.22 Patatin 
8.33 Pathogen interaction 
8.44 Wounding 
8.55 Hyperosmotic stress 

15 5 
16 6 
17 7 
18 8 
18 8 

19 9 
19 9 
20 0 
21 1 
23 3 
24 4 
26 6 

28 8 
28 8 
29 9 
30 0 
31 1 
31 1 
32 2 

33 3 
33 3 
34 4 

35 5 
35 5 
37 7 
38 8 
39 9 
39 9 
40 0 
41 1 

41 1 
42 2 
43 3 
44 4 
44 4 
45 5 

9.. Perspectives 46 

11 1 





Review;Review; Phospholipid signalling in plants 

1.. Introduction 

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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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. 
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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-binding 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 
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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 

28 8 



Review:Review: Phospholipid signalling in plants 

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), 

39 9 



ChapterChapter 1 

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 

41 1 



ChapterChapter 1 

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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