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Phosphoinositides are a family of inositol-containing phospholipids which are present in 
all eukaryotic cells. Although in most cells these lipids, with the exception of 
phosphatidylinositol, constitute only a very minor proportion of total cellular lipids, they 
have received immense attention by researchers in the past 15-20 years. This is due to 
the discovery that these lipids, rather than just having structural functions, play key roles 
in a wide range of important cellular processes. Much less is known about the plant 
phosphoinositides than about their mammalian counterparts. However, it has been 
established that a functional phosphoinositide system exists in plant cells and it is 
becoming increasingly clear that inositol-containing lipids are likely to play many important 
roles throughout the life of a plant. It is not our intention to give an exhaustive overview of 
all aspects of the field, but rather we focus on the phosphoinositide kinases responsible 
for the synthesis of all phosphorylated forms of phosphatidylinositol. Also, we mention 
some of the aspects of current phosphoinositide research which, in our opinion, are most 
likely to provide a suitable starting point for further research into the role of 
phosphoinositides in plants. 
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1. Introduction 

Inositol-containing lipids belong to a large and heterogenous group of 
lipids, many of which remain to be fully characterized. That inositol is an 
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important constituent of several complex organic compounds was recog- 
nized more that 100 years ago but it was not until 1930 that the first inositol- 
containing lipids were identified. R. J. Anderson discovered that inositol 
could be isolated from a “phosphatide” fraction from tubercle bacilli, and 
the presence of inositol in brain phospholipids was described by Folch and 
Woolley in 1942. 

The next important breakthrough in our understanding of the cellular 
functions of these enigmatic lipids came from experiments carried out by 
Lowell and Mabel Hokin at the Montreal General Hospital in Canada. 
The Hokin’s discovered that when cholinergic drugs were added to pancre- 
atic tissue (a stimulus which leads to increased secretion of amylase) the 
incorporation of 32P into a “phospholipide” fraction was increased five- to 
nine-fold over the incorporation in control tissues (Hokin and Hokin, 1953). 
It was later shown that the increased 32P labeling was confined to a subset 
of the cellular phospholipid pool, namely, the phosphoinosities, and the 
effect has since then colloquially been referred to as “the PI effect.” 

In the years following the Hokin discovery phosphoinositide research 
progressed steadily, albeit at a somewhat sedate pace, and the field was 
largely kept alive by a small group of highly dedicated “PI-oneers.” By the 
early 1960s it was realized that an increase in the rate of turnover of the 
monoesterified phosphate group of the two polyphosphoinositides, 
phosphatidylinositol(4)phosphate [PtdIns(4)P] and phosphatidylinosi- 
tol(4,5)bisphosphate [PtdIns(4,5)P2], was an integral feature of the PI effect 
and in the mid-1970 it became evident that the receptors which gave rise 
to the PI effect all shared a family resemblance: Their mode of action 
depended on changes in intracellular Ca2+. 

A seminal review by Michell (1975) emphasized the important role of 
polyphosphoinositides in cellular signaling and in particular the link be- 
tween increased phosphoinositide turnover and alterations in intracellular 
Ca2+ levels. This review brought the PI field to the attention of a new 
generation of scientists, and interest in the field started to increase again. 
A major breakthrough came a few years later with the discovery by M. J. 
Berridge, R. F. Irvine, R. H. Michell, and coworkers that PtdIns(4,5)P2, 
which in most cell types is a very minor membrane-associated lipid, can 
act as a precursor for the production of the two second messengers, inositol 
(1,4,5)trisphosphate [Ins( 1,4,5)P3] and 1,2-diacylglycerol (DAG). Whereas 
DAG modulates the activity of a family of Ca2+ and lipid-dependent protein 
kinases (protein kinase C; Nishizuka, 1992), the water-soluble Ins(1,4,5)P3 
is capable of inducing an increase in cytosolic Ca2+ concentrations by spe- 
cifically releasing Ca2+ from intracellular stores (Streb et d., 1983). Thus, 
a causal link was finally established between the PI effect and alterations in 
intracellular Ca2+. The interelationship between phosphoinositide turnover, 
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second messenger production, and intracellular Ca2+ release, known as "the 
phosphoinositide system," is briefly summarized in Fig. 1. 

Although work has been carried out for more that a century to character- 
ize the metabolism and function of inositol and inositol-containing com- 
pounds in plant cells, the discovery of the mammalian phosphoinositide 
system gave new impetus to this area of plant science because the question 
of whether a similar system was involved in cell signaling events in plants 
needed answering. Around the mid-1980s it was discovered that polyphos- 
phoinositides are indeed present in plant cells (Boss and Massel, 1985) 
together with the kinases and lipases responsible for their turnover (Sande- 
lius and Sommarin, 1986; Melin et d., 1987); in addition, Ins(1,4,5)P3 was 
found to be capable of mobilizing Ca2+ from intracellular stores (Drobak 
and Ferguson, 1985). Since these discoveries, it has become evident that 
phosphoinositides are ubiquitous in eukaryotic cells and have far wider 
roles in cell signaling events than merely acting as precursors for second 
messenger production. The unraveling of the bewildering complexities of 
phosphoinositide-mediated signaling in both higher and lower eukaryotic 
cells has in the past 10-15 years captivated the attention of a very large 
number of signal transduction scolars worldwide. Figure 2 illustrates the 
known members of the phosphoinositide family in eukaryotic cells, and 
the likely routes of their interconversion are indicated. That the roster of 
phosphoinositides may not yet be complete is illustrated by the fact that 
no less than two novel members of the family have been identified during 
the time spent writing this review. 

In the mid- to late 1980s, another aspect of phosphoinositide metabolism 
emerged when it was found that immunoprecipitates of pp60'~"'", polyoma 
middle T/pp60c-src complexes, contained a novel type of phosphoinositide 
kinase activity capable of phosphorylating phosphatidylinositol and 4-phos- 
phoinositides in the D3 position of the inositol ring (Whitman et al., 1988). 
The reason for the relatively late discovery of this group of lipids is largely 
due to the very low chemical levels in most mammalian cells; in most cell 
types they represent only or 1 or 2% of total phosphoinositides. However, 
much higher levels of 3-phosphorylated phosphoinositides have been found 
in other organisms such as yeast. In mammalian cells, the levels of the 
polyphosphorylated forms of 3-phosphoinositides were found to increase 
rapidly upon cellular stimulation, and since the 3-phosphoinositides are 
known not to be substrates for either phospholipase C or D the hypothesis 
emerged that the 3-phosphorylated lipids themselves could act as signal 
transmitters. The association of phosphoinositide (PtdIns) 3-kinase activity 
with receptors known to stimulate cell growth further suggested that a 
modulation of PtdIns 3-kinase activity somehow was linked to the control 
of mitogenesis and perhaps could also play an important role in the onset 
of oncogenesis (Cantley et aL, 1991). Numerous studies have addressed 
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FIG. 1 Generation of the second messenger, inositol(l,4,5)trisphosphate, by phospholipase 
C-mediated hydrolysis of phosphatidylinositol(4,5)bisphosphate. This figure shows a simplified 
presentation of some of the key reactions leading from receptor occupancy to inositol( 1,4,5)tris- 
phosphate generation and mobilization of intracellular Ca2+. When certain signals ( S )  arrive 
at the cell surface and associate with specific cell surface receptors the enzyme phospholipase 
C (PLC; phosphoinositide-specific phospholipase C also known as phosphoinositidase C) is 
activated. Several PLC isoforms exist in eukaryotic cells, and the different PIC isoforms have 
isoform-specific modes of activation. The mammalian PLC-P-isoforms are thus activated 
through regulatory, heterotrimeric GTP-binding proteins, whereas the y isoforms depend on 
receptor-associated tyrosine kinase(s) for activation. Common for these two modes of activa- 
tion is that a mediator protein(s) (M), as well as ATP/GTP (NTP) hydrolysis, is required. 
The activated forms of PLC are capable of hydrolyzing phosphatidylinositol(4,5)bisphosphate 
[PtdIns(4,5)P2] which results in the liberation of the two second messenger molecules: inositol(- 
1,4,S)trisphosphate [Ins(1,4,5)P3] and diacylglycerol (DAG). Ins(1,4,5)P3 is capable of specifi- 
cally inducing Ca2' release from intracellular stores, whereas DAG in many cell types modu- 
lates the activity of a group of enzymes known as protein kinase(s) C. The concomitant 
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FIG. 2 Metabolic routes for phosphoinositide formation and degradation in mammalian and 
plant cells. All the currently known members of the eukaryotic phosphoinositide family 
are shown. These molecules have all been found to be present in mammalian cells. The 
phosphoinositides which have been identified in plant cells are contained within the stippled 
box. Metabolic routes which are well established are indicated by solid arrows, whereas 
suggested metabolic steps which need final confirmation either in plants or in mammalian 
cells are indicated by open arrows. Further details of the individual reactions can be found 
in the text. 

increase in cytosolic Ca" and the switch on of protein kinase activity results in a bifurcated 
signal and cell activation. When the stimulus ceases to exert its effect, the agonist-receptor 
complex is dissociated and PLC is converted back into an inactive configuration. When 
PtdIns(4,5)P2 is no longer hydrolyzed the cellular levels of Ins( 1 ,4,5)P3 and DAG decrease 
and the cytosolic Ca2+ levels return 10 low nM courtesy of Ca2+ transporting systems removing 
Ca2' from the cytosol. 
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these and other possibilities, and although there are many unresolved ques- 
tions regarding their mode of action, the consensus has been reached that 
3-phosphoinositides are ubiquitious in eukaryotic cells and play several 
vital roles in cellular function. PtdIns 3-kinases have thus been shown 
to be involved in cellular processes as diverse as mitogenesis, membrane 
trafficking and ruffling, glucose uptake, oxidative burst responses, chemo- 
taxis, and apoptosis (Carpenter and Cantley, 1996). 3-Phosphoinositides 
are also present in plant cells, and although comparatively little is known 
about their function, antisense experiments have revealed that they play an 
essential role in normal growth and development (see sections I1 and V,B). 

Because of the multitude of important cellular functions it is obvious 
that the coordinated regulation of the synthesis of phosphoinositides is 
vital to the proper functioning of eukaryotic cells. Our aim in this review 
is not to present an exhaustive catalog of all the factors that may influence 
the synthesis and metabolism of inositol-containing lipids in plants (and 
other organisms) but rather to focus on the specific kinases responsible for 
the generation of the individual members of the phosphoinositide family. 
Also, we will discuss some of the factors which are believed to be important 
for the presentation of substrates to these kinases. We are fully aware that 
the phosphoinositide kinases are not the only enzymes responsible for the 
state of the cellular polyphosphoinositide pools, but since we have relatively 
limited space we elected to concentrate on the enzymes responsible for the 
biosynthesis of polyphosphoinositides, i.e., the phosphoinositide kinases. 

II. Functions of Polyphosphoinositides in Eukaryotic 
Cells, with Special Reference to Their Potential 
Role(s) in Higher Plants 

Although many of the recognized functions of the phosphoinositides which 
we alluded to in the previous section have been reviewed elsewhere, we will 
briefly summarize some of the recent developments in our understanding of 
their function before discussing their route of synthesis. Special attention 
will be given to the aspects which are likely to have most relevance for 
research on plant systems. 

A. Ptdlns(4,5]P2 

One of the most prominent physiological roles for PtdIns(4,5)P2 is unargu- 
ably that of being the precursor of the three second messengers: inositol 
(1,4,5)trisphosphate, 1,2-diacylglycerol, and phosphatidylinositol(3,4,5)tris- 
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phosphate. The second messenger role of DAG in plant cells is undefined, 
and currently there is no evidence for the formation of PtdIns(3,4,5)P3 in 
lower eukaryotes. In contrast, the role of PtdIns(4,5)Pz as a precursor for 
Ins(1,4,5)P3 production in plant cells is now well established, and 
Ins(1,4,5)P3 has been shown to be produced in response to a variety of 
abiotic and biotic stimuli (Drobak, 1992,1996; Cot6 and Crain, 1993; Mun- 
nik et. al., 1998). Being a precursor for no less that three major second 
messengers seems to be justification for the existence of any molecule, but 
recent research suggests that PtdIns(4,5)Pz has several other important 
functions in cells. One such function of PtdIns(4,5)P2 is the regulation of 
cytoskeletal dynamics. 

The cytoskeleton in eukaryotic cells consists of three main components- 
actin, tubulin, and intermediate filaments-and PtdIns(4,5)Pz has been 
found to interact intimately with at least actin and tubulin. An important 
step in the regulation of the cellular actin pool involves the interconversion 
between monomeric actin (globular actin or G-actin) and the polymerized 
form of actin (filamentous or F-actin). This interconversion between G- 
and F-actin is known to be regulated by at least six classes of actin-associated 
proteins; profilin, villin, fragmin, a-actinin, gelsolin, and depactin. 

PtdIns(4,5)Pz can influence the cytoskeleton by interacting with actin- 
binding proteins. The interaction between profilin and PtdIns(4,5)P2 has 
been particularly well characterized and this interaction has been demon- 
strated to occur in all eukaryotic cells studied, including plants. Profilin is 
a small (12-15 kDa) protein which in addition to its actin-binding properties 
also has specific binding sites for polyphosphoinositides. Profilin thus has 
a 10-fold higher affinity for PtdIns(4,5)P2 than for actin, so PtdIns(4,5)P2 
is highly effective in disrupting the formation of profilin-actin (profilactin) 
complexes and it is thus capable of excerting stringent control over the 
ability of profilin to interact with actin. However, profilin also controls the 
availability of PtdIns(4,5)P2 for second messenger production. In fact, the 
association of profilin with clusters of PtdIns(4,5)P2 molecules is so strong 
that it makes the profilin-bound PtdIns(4,5)P2 totally refractory to attack 
by purified mammalian phospholipase-y (PLC-y; Goldschmidt-Clermont 
et al., 1990, 1991). That a very similar scenario also exists in plant cells was 
demonstrated by Drobak et al. (1994). 

PtdIns(4,5)Pz has also been shown to affect the function of another actin- 
binding protein, gelsolin. PtdIns(4,5)P2 is thus known to inhibit the actin- 
severing activity of gelsolin and also to uncap gelsolin from the fast-growing 
end of actin filaments in vivo thus (indirectly) promoting actin filament 
growth (Hartwig et al., 1995). In a recent study it was shown that 
PtdIns(4,5)Pz, in addition to its direct physical-chemical interaction, may 
also affect gelsolin and other actin-binding proteins in other ways. De Corte 
et al. (1997) demonstrated that PtdIns(4,5)P2 is capable of dramatically 
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enhancing the phosphorylation of gelsolin by pp6OC-"'", a membrane- 
associated nonreceptor tyrosine kinase equivalent to the transforming pro- 
tein of Rous sarcoma virus. PtdIns(4,5)P2 was also able to enhance the 
pp6OC-"" phosphorylation of other actin-binding proteins, such as profilin, 
fragmin, and CapG. Interactions have also been reported to take place 
between PtdIns(4,5)P2 and members of the Rho family of GTP-binding 
proteins (Rac, Rho, and Cdc42) which are known to mediate extracellular 
signals to the actin cytoskeleton (see Section V,B). 

PtdIns(4J)P2 has recently been shown to interact specifically with the 
other major component of the cytoskeleton, tubulin. In an elegant study, 
Popova et al. (1997) showed how tubulin can enter into complex interactions 
with the phosphoinositide pathway. First GTP-tubulin at low concentra- 
tions was shown to bind the heterotrimeric G protein subunit G,, and 
activate it by directly transferring GTP. This activation triggers the phos- 
phoinositide signaling cascade which proceeds via PLC-Pl-mediated 
PtdIns(4,5)P2 hydrolysis. Second, it was found that higher concentrations 
of dimeric tubulin inhibited PLC-P1 activity. Finally, it was shown that 
tubulin could interact with PtdIns(4,5)P2 and prevent PtdIns(4,5)P2 hydroly- 
sis by PLC-P1. This scenario is very reminiscent of the scenario described 
previously in which a PtdIns(4,5)P2-actin-binding protein interaction pre- 
vents its hydrolysis by the y group of PLCs. In summary, very close interac- 
tions exist between PtdIns(4,5)P2 and both of the major components of the 
eukaryotic cytoskeleton. Current evidence indicates that these interactions 
are both dynamic and highly complex, and many detailed in vivo studies are 
needed before a genuine understanding of these interactions can be claimed. 

PtdIns(4,5)P2 has also been found to act as a specific activator of several 
enzymes, including protein kinases (Palmer et al., 1995), GTPase-activating 
proteins (Liscovitch and Cantley, 1995), and guanine nucleotide exchange 
factors (Zheng et al., 1996), and PtdIns(4,5)P2 has also been shown to 
mediate protein-protein interactions as exemplified, e.g., by the 
PtdIns(4,5)P2-driven interaction between ADP-ribosylation factor 1 (Arf) 
and the Arf-GTPase activating protein (Arf-GAP; Randazzo, 1997). In 
plant cells, PtdIns(4,5)P2 has been reported to modulate the activity of a 
number of enzymes, including vanadate-sensitive plasma membrane H+- 
ATPase (Memon et al., 1990), protein kinases (Schaller et al., 1992), and 
DAG kinase (Lundberg and Sommarin, 1992). The most recent 
PtdIns(4,5)P2-regulated enzymes to emerge are the mammalian and plant 
phospholipase D isozymes (Exton, 1997). Pappan et al. (1997a,b) identified 
a novel member of the plant PLD family in Arabidopsis thaliana and this 
new enzyme, named PLD-P, has been found to be dependent on both 
PtdIns(4,5)P2 and submicromolar concentrations of Ca2+ for activity. As 
such, PLD-P appears to be eminently well suited to carry out a role as 
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a downstream effector enzyme for signals transduced through the plant 
phosphoinositide pathway. 

Another entirely unexpected role for PtdIns(4,5)P2 has become increas- 
ingly evident during the past 2 or 3 years following the discovery that 
PtdIns(4,5)P2 is an essential regulatory component in the “priming” of 
exocytotic vesicles. Vesicle priming is an ATP-dependent process which 
occurs after vesicle docking but before fusion (Banerjee et al., 1996; Hay 
and Martin, 1993). Hay et al. (1995) found that three cytosolic factors 
were essential for the successful priming of exocytotic vesicles; two PtdIns 
transfer proteins (PITPs; see Section IV) and a type I PtdIns(4)P 5-kinase. 
Together with a vesicular PtdIns 4-kinase, the two PITPs and PtdIns(4)P 
5-kinase catalyze the synthesis of PtdIns(4,5)P2 in the vesicle membrane. 
Although the precise function of PtdIns(4,5)P2 in the priming process is 
still being investigated, it is most likely that PtdIns(4,5)P2 either functions to 
recruit PtdIns(4,5)Pz-binding proteins to the vesicle membrane or perhaps 
activates enzymes within the vesicle membrane. There is no evidence to 
directly imply a role for PtdIns(4,5)Pz in vesicle transport in plant cells, 
although recent experiments by Matsuoka et al. (1995) indicate that inhibi- 
tion of phosphoinositide kinase activity severely affects vesicle transport 
processes in BY-2 cells (see Section V,B,l,e). 

It may soon be possible that summarizing the reactions in which 
PtdIns(4,5)P2 either has not been demonstrated or is not suspected to play 
a role could be an easier task than trying to cover the immense, and varied, 
spectrum of cellular events in which it does appear to play a role. 

6. Ptdlns[4]P 

Apart from acting as a precursor for PtdIns(4,5)Pz [and in some cases 
PtdIns(3,4)P2], no “independent” physiological role for PtdIns(4)P has been 
defined in eukaryotic cells, although some early reports indicated that 
PtdIns(4)P may be involved in the regulation of certain enzymes such as 
DNA polymerase a (Sylvia et al., 1988). In many cases PtdIns(4)P has been 
found to share functionality with PtdIns(4,5)P2, e.g., in its ability to bind 
to actin-binding proteins, but in all cases PtdIns(4,5)P2 has been shown to 
possess the highest affinity. However, it should be remembered that such 
experiments are often carried out using equimolar concentrations of poly- 
phosphoinositides. Since PtdIns(4)P is by far the dominant polyphosphoino- 
sitide in plant cells the possibility should not be discounted that physiologi- 
cally this lipid may be the important target for a number of in vivo processes 
in plant cells, although PtdIns(4,5)P2 in in vitro experiments appears to be 
the favored candidate. 
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Little is known about the function of PtdIns(3)P in plant cells. Both 
PtdIns(3)P and PtdIns(3,4)P2 have a turnover rate in plant cells which is 
greater than that of most structural lipids, indicating that the 3-phosphory- 
lated phosphoinositides, like their 4-phosphorylated counterparts, have the 
potential to partake in rapid processes such as those encountered during 
cell signaling events (see Section V,B,l,e). 

As will be discussed in more detail in Section V, the most likely role of 
PtdIns(3)P in plant cells is, as in yeast, in the regulation of vesicle transloca- 
tion and other processes associated with membrane biogenesis and function. 
The molecular basis for this function has not been clarified but one possibil- 
ity is that the phosphorylation of membrane PtdIns by PtdIns 3-kinase 
leads to local changes in the curvature of membrane bilayers which in turn 
may lead to the initiation of transport vesicle formation. Another possible 
function of PtdIns(3)P is as a target for vesicle docking onto target mem- 
branes. Perhaps the most likely proposition is that PtdIns(3)P exerts its 
function by recruiting otherwise soluble proteins to membranes, enabling 
them to function as downstream effectors of the PtdIns 3-kinase. 

D. Ptdlns(3,4]P2 

The presence of PtdIns(3,4)P2 in plant cells appears to be ubiquitous, 
but no physiological role has been ascribed to this member of the plant 
phosphoinositide family. Until recently, in mammalian cells PtdIns(3,4)P2 
was viewed simply as the first hydrolysis product of PtdIns(3,4,5)P3 break- 
down. However, this view has changed dramatically and it is now likely 
that this enigmatic phosphoinositide exerts cellular functions which are 
equal in importance to those of PtdIns(4,5)P2 and PtdIns(3,4,5)P3. One 
important target for PtdIns(3,4)P2 appears to be the Akt protooncogene 
product, Akt. Akt (also referred to as PKB-/3 or Raca) is a serine-threonine 
kinase which participates in the activation of the p70 ribosomal protein S6 
kinase ( ~ 7 0 ~ ~ ~ )  and also plays a role in proliferative and antiapoptotic cell 
responses (Franke et al., 1995; Dudek et al., 1997). It is known that Akt 
activation by growth factors requires PtdIns 3-kinase activity but there are 
also alternative pathways which can lead to Akt activation. It is thus likely 
that one (or more) of the phosphoinositide products resulting from 3-kinase 
activation could be a potential regulator of Akt activity and hence ~ 7 0 ~ ~ ~  
activation. Franke et al. (1997) investigated the effect of various phospho- 
inositides on the activity of Akt and found, somewhat surprisingly, that 
PtdIns(3,4)P2 was capable of activating Akt both in vitro and in vivo. The 
ability to activate Akt was not shared by any of the other phosphoinositides, 
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indicating that this interaction is of physiological relevance and not just 
due to the strong negative charges found in PtdInsP2 molecules for example. 
An interesting question is whether such a function for PtdIns(3,4)P2 extends 
beyond mammalian cells. As mentioned earlier, there is no evidence for 
the presence of PtdIns(3,4,5)P3 in plant cells, so the production of 
PtdIn~(3~4)P~ by a dephosphorylation pathway remains doubtful. 

Nevertheless, PtdIns(3,4)P2 is present in plant cells and has the potential 
to fulfill physiological roles similar to its mammalian counterpart. There 
are several poignant examples of signaling molecules fulfilling similar func- 
tions in different organisms despite being produced by different synthetic 
routes. There is no evidence for a homolog of Akt in plant cells but Mizo- 
guchi et al. (1995) isolated two cDNA clones (cATPK19 and cATPK6) 
from A. thafiana which have sufficient homology to the mammalian ~ 7 0 ~ ~ ~  
to be considered likely functional homolog. It is interesting to note that 
transcription levels of both the ATPK19 and ATPK6 genes were rapidly 
and markedly upregulated when plants were subjected to cold or high salt 
stresses, two environmental stresses that affect components of the plant 
phosphoinositide pathway. The pattern of PtdIns(3,4)P2 synthesis and turn- 
over in plant cells and possible responses to environmental stress must be 
thoroughly investigated in future research. 

E. Ptdlns[5]P and Ptdlns(3,5]P 

The inclusion of these phosphoinositides in this article was not envisaged 
when we started writing this review, but since then these two members have 
been added to the (seemingly) ever increasing family of phosphoinositides. 
Rameh et al. (1997) surprisingly found that type I1 PtdInsP kinases phospho- 
rylate PtdIns(5)P in the D4 position rather than phosphorylating PtdIns(4)P 
in the D5 position as it had been assumed for decades. The authors ex- 
plained that this previous error in interpretation is due to small (but signifi- 
cant) contaminating amounts of PtdIns(5)P in commercial preparations of 
PtdIns(4)P. The fact that PtdIns(5)P is present, albeit in small quantities, in 
fibroblasts strongly suggests that at least a portion of cellular PtdIns(4,5)P2 is 
likely to be formed by sequential 5- and 4-phosphorylation of PtdIns. 

The presence of PtdIns(3,5)P2 in mouse fibroblasts was reported by 
Whiteford et af .  (1997), and findings by Dove et al. (1997) suggest that rapid 
formation of PtdIns(3,5)P2, following the activation of a PtdIns(3)P 5- 
kinase, is a conserved response to osmotic stress in a wide range of cell 
types. PtdIns(3,5)P2 has also been identified in plant cells (Dove et af., 1997) 
and experiments to further investigate this new and enigmatic pathway must 
be carried out. 
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De novo biosynthesis of PtdIns in higher plants, as in animals, occurs via 
the CDP-DAG:inositol 3-phosphatidyltransferase (EC 2.7.8.11) pathway 
(Moore, 1990). The gene encoding CDP-DAG:inositol-3-phosphatidyl- 
transferase, also called PtdIns synthase, has been cloned in yeast (Nikawa 
et al., 1987), rats (Tanaka et al., 1996), and humans (Lykidis et al., 1997). 
Another reaction, initially described in plants, is the Ptd1ns:Ins exchange 
reaction in which the inositol head group is exchanged with free inositol 
in a CMP-dependent manner (Sexton and Moore, 1981; Sandelius and 
Morr6, 1987; Moore, 1990). Using the recombinant enzyme, Lykidis ef al. 
(1997) showed that both the CDP-DAG:inositol3-phosphatidyltransferase 
and Ptd1ns:Ins reactions are catalyzed by PtdIns synthase. PtdIns synthase 
is located primarily on the cytoplasmic face of the endoplasmic reticulum 
(ER) (Ballas and Bell, 1981). 

In addition to being an important component of biological membranes, 
PtdIns can be metabolized to form inositol sphingolipids in both yeast and 
plants. In this reaction, the inositol phosphate head group of PtdIns is 
transferred to a hydroxyl of phytoceramide by inositol phosphorylceramide 
synthase producing DAG and an inositol phosphorylphytoceramide 
(Kearns et al., 1997). Inositol phosphorylphytoceramide biosynthesis also 
takes place in the ER. The regulation of inositol phosphophytoceramide 
biosynthesis can be a critical factor in membrane biogenesis (Kearns et 
al., 1997). 

There is a paucity of information about plant sphingolipids in general 
and inositol sphingolipids specifically (Lynch, 1993), although glycosphin- 
golipids can account for as much as 16 mol% of plant plasma membrane 
lipids (Lynch and Steponkus, 1987). To date, none of the genes of the 
inositol sphingolipid biosynthetic pathway have been cloned in plants, and 
the potential involvement of glycosphingolipids in plant development or 
signaling has been all but ignored. Recently, inositol-containing glycosphin- 
golipids were identified in pea and carrot plasma membranes by using 
antibodies raised against a guard cell microsomal fraction (Perotto et al., 
1995). In addition to localizing inositol sphingolipids within root nodule 
cells, this work serves as an excellent reminder that antibodies raised against 
membranes preparations in some cases can recognize lipid and protein 
antigens. It is hoped that, as the enzymes involved in inositol phosphophy- 
toceramide biosynthesis are identified and the genes cloned, we can engage 
in more extensive studies of the role of inositol sphingolipids in membrane 
biogenesis and signal transduction. 

PtdIns in the ER is also the substrate for the biosynthesis of the poly- 
phosphorylated inositol phospholipids. Thus, PtdIns is a highly versatile 
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lipid whose metabolism can have a dramatic effect on the composition 
and fate of the membranes wherein it resides and ultimately the signal 
transduction pathways of the cell. For these reasons, it is important to 
consider the factors which determine whether an individual PtdIns molecule 
enters the polyphosphoinositide pathway or the sphingolipid pathway or 
retains its identity as PtdIns. 

IV. Role of Phosphatidylinositol Transfer Proteins 
in the Regulated Synthesis and Turnover of 
Polyp hosphoinositides 

Although PtdIns is typically the third most abundant phospholipid (after 
PtdCho and PtdEth) in nonphotosynthetic plant tissues and may represent 
up to 20% of the phospholipid content in specific cellular membranes (Har- 
wood, 1980), important questions remain regarding the source of the PtdIns 
substrate for the inositol lipid kinases responsible for the production of 
polyphosphoinositides. Are all PtdIns molecules in the vicinity of these 
kinases equally potential substrates or is this process regulated? Similar 
questions arise concerning the source of polyphosphoinositides that serve 
as precursors in cellular signaling events. Evidence of the existence of both 
agonist-responsive and agonist-nonresponsive pools of polyphosphoinosi- 
tides (Monaco and Gershengorn, 1992) has led to a search for the factors 
responsible for determining the utilization, or channeling, of these mole- 
cules into signaling pathways. 

A. Mammalian PlTPs 

Progress toward understanding the previously discussed issues was made 
with the discovery that the mammalian PITP represents an essential compo- 
nent of PLC-@-mediated inositol lipid signaling in myeloid cells (Thomas 
et al., 1993). Mammalian PITP is an abundant, cytosolic protein that was 
originally characterized more than 25 years ago because of its ability to 
facilitate the exchange of PtdIns (and to a lesser extent PtdCho) between 
distinct lipid bilayers using an in vitro assay (Wirtz, 1991). The involvement 
of PITP in PLC-@ signaling represented the first evidence of an in vivo 
function for this protein. In PLC-@-mediated signaling pathways, stimulated 
cell surface receptors activate specific PLC-p isoforms via heterotrimeric 
GTP-binding protein intermediates. The other well-characterized pathway 
of inositol lipid signaling utilizes phospholipases of the PLC family. Regula- 
tion of these G protein-independent pathways typically involves the stimula- 
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tion of tyrosine kinase receptors that activate PLC isoforms by phosphoryla- 
tion. The demonstration that PITP is also required for stimulated hydrolysis 
of polyphosphoinositides in PLC pathways (Kauffman-Zeh et al., 1995; 
Cunningham et al., 1996) suggests that this activity may represent a general 
requirement in inositol phosphate signaling. 

PITP also plays an important role in intracellular vesicular trafficking. 
Hay and Martin (1993) demonstrated that PITP is one of three cytosolic 
proteins required to restore Ca2+-activated fusion of secretory granules 
with the plasma membrane in semi-intact PC12 rat pheochromocytoma 
cells. Subsequently, a type I PtdIns(4)P 5-kinase was shown to represent 
another (Hay et al., 1995). PITP also restored Ca2+ and GTP-mediated 
exocytosis in permeabilized myeloid cells that had become refractory to 
stimulation after the depletion of cytoplasmic proteins (Fensome et al., 
1996). Finally, the formation of secretory vesicles from the trans-Golgi 
network in a neuroendocrine cell-free system was shown to be a PITP- 
dependent process (Ohashi et al., 1995). Thus, both the formation of secre- 
tory vesicles from donor Golgi membranes and the fusion of transport 
vesicles to the acceptor plasma membrane require PITP. 

Although secretory vesicle trafficking and inositol lipid signal transduc- 
tion are two distinct cellular processes, the specific function of PITP in 
both cases is believed to be the same, i.e., promoting the synthesis of 
PtdIns(4)P and PtdIns(4,5)P2 by presenting the PtdIns substrate to the 
PtdIns 4-kinase. Studies involving epidermal growth factor (EGF)- 
stimulated hydrolysis of PtdIns(4,5)P2 in A431 human epidermoid carci- 
noma cells showed that the EGF receptor, PtdIns 4-kinase, PLC, and PITP 
coimmunoprecipitated as an apparent complex in EGF-treated cells 
(Kauffmann-Zeh et al., 1995). In an elegant series of experiments using 
permeabilized A431 cells, Kauffman-Zeh et al., demonstrated that even 
in the presence of an activated EGF receptor and phosphoinositide 
kinases, promotion of PtdIns(4)P and PtdIns(4,5)P2 synthesis could occur 
only after addition of PITP. These results suggest that in the absence 
of PITP, PtdIns residing in cellular membranes serves as a poor substrate 
for the PtdIns 4-kinase. Not only is PITP necessary for the stimulated 
synthesis of polyphosphoinositides but also it apparently represents the 
rate-limiting step (Thomas et al., 1993; Cunningham et al., 1995). Because 
PITP has a high affinity for PtdIns(4)P and PtdIns(4,5)P2 (Van Paridon 
et al., 1987) and can exist in a complex with PLC, it has been suggested 
that PITP may also function to present PtdIns(4)P to the PtdIns(4)P 5- 
kinase and deliver the subsequently derived PtdIns(4,5)P2 to PLCs to 
stimulate production of the DAG and Ins( 1 ,4,5)P3 signaling molecules 
(Liscovitch and Cantley, 1995). 

Evidence that PITP similarly functions to supply PtdIns substrates for 
polyphosphoinositide synthesis in its role in secretory vesicle trafficking 
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derives from the previously stated observation that PITP and a PtdIns(4)P 
5-kinase represent two of the three cytosolic factors determined to be 
necessary €or restoration of Ca2+-activated exocytosis in semi-intact PC12 
cells (Hay et al., 1995). The primary difference distinguishing the involve- 
ment of PITP in vesicular trafficking versus signal transduction is reflected in 
the fates of the resultant polyphosphoinositides. For inositol lipid signaling, 
associated PLCs hydrolyze the polyphosphoinositides to produce important 
second messengers that continue signal transmission. For PITP-dependent 
secretory processes, however, the polyphosphoinositides per se are believed 
to be the important end product. The role of polyphosphoinositides as 
regulators of vesicular trafficking has been reviewed by De Camilli et al. 
(1996). 

Finally, the proposed model of PITPs functioning to facilitate the regu- 
lated delivery of PtdIns to lipid kinases is not strictly limited to the synthesis 
of D4 polyphosphoinositides. Panaretou et al. (1997) demonstrated a three- 
fold enhancement of a human PtdIns 3-kinase activity upon addition of 
PITP to an in vitro assay. In addition, they successfully coimmunoprecipi- 
tated PtdIns 3-kinase activity from cell lysates using anti-PITP antisera, 
providing strong support for the relevance of this interaction as a mechanism 
for regulating PtdIns 3-kinase activities in vivo. 

6.  Yeast PITP [SEC14p] 

Similar to mammalian systems, a yeast cytosolic protein capable of 
facilitating the in vitro exchange of PtdIns and PtdCho between distinct 
biological or artificial membranes was characterized many years before 
researchers could establish an in vivo function. Although mammalian 
and yeast PITPs possess nearly identical ligand specificities and are 
similar in size, they share no primary amino acid sequence homology. 
The first breakthrough in defining an in vivo function for yeast PITP 
came with the investigation of yeast strains mutated at the SECl4 locus. 
SEC14 mutants are defective in secretory vesicle formation from the 
late Golgi complex (Novick et al., 1980). Bankaitis et al. (1990) discovered 
that yeast PITP is encoded by the SECl4 gene, suggesting that the 
transfer protein’s function in vivo involves the compartment-specific 
stimulation of membrane vesicle flow. How this is accomplished mechanis- 
tically, however, has only recently been elucidated. 

Similar to the mammalian PITP, the cellular function of yeast PITP 
(or SEC14p) appears to have little to do with phospholipid transfer as 
traditionally defined, i.e., the transfer of PtdIns or PtdCho from one distinct 
cellular membrane to another. Instead, a growing body of evidence suggests 
that SEC14p functions as a molecular sensor that monitors and maintains 
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appropriate levels of PtdIns, PtdCho, and DAG within the Golgi. In the 
PtdCho-bound state, SEC14p mediates the downregulation of the CDP- 
choline pathway of PtdCho biosynthesis through the specific inhibition of 
the enzyme cholinephosphate cytidylyltransferase, the rate-limiting step of 
the pathway (Skinner et al., 1995). By continually exchanging the PtdIns 
or PtdCho in its single ligand-binding pocket with Golgi membrane PtdIns 
and PtdCho, SEC14p is believed to coordinate a sensitive feedback loop that 
couples Golgi PtdCho levels with cholinephosphate cytidylyltransferase 
activity. Because the CDP-choline pathway consumes DAG (in contrast 
to the methylation pathway of PC biosynthesis which does not), SEC14p 
activity also functions to influence the DAG content of the Golgi. In fact, 
it is the maintenance of an essential DAG pool in the Golgi (as opposed 
to its influence on PtdIns or PtdCho levels) that is believed to be the 
requisite function of SEC14p in facilitating the formation of secretory 
vesicles (Kearns et al., 1997). 

Unlike the mammalian PITP, yeast SEC14p has not been implicated 
in the stimulation of polyphosphoinositide synthesis. Nevertheless, yeast 
SEC14p can functionally substitute for mammalian PITP in restoring 
inositol lipid signaling and secretory vesicle formation in systems lacking 
the mammalian protein (Ohashi et al., 1995; Cunningham et al., 1996). 
Conversely, mammalian PITP can rescue yeast strains carrying SEC14 
lesions, albeit only when expressed at high levels (Skinner et al., 1993). 
Because the yeast and mammalian PITPs share no primary amino acid 
sequence homology, the lipid transfer properties common to both proteins 
are presumed to be the relevant activities that enable one protein to 
substitute for the function of the other. This is somewhat enigmatic, 
however, given that there are no apparent similarities in the mechanisms 
by which each of these proteins function within their respective native 
environments. 

C. Plant PITP-like Proteins 

As described previously, PITP activities in mammals and yeast were recog- 
nized many years before in vivo functions were elucidated. These early 
characterizations were facilitated by the fact that these proteins are rela- 
tively abundant, cytosolic proteins. In contrast, proteins displaying lipid 
transfer properties similar to those of mammalian and fungal PITPs have 
not been described in a higher plant system. Although the occurrence of 
proteins that apparently display transfer properties specific for a single 
phospholipid class has been reported (Tanaka and Yamada, 1982), the only 
well-documented lipid transfer proteins in plants are the class of small 
molecular weight (9-14 kDa), basic proteins that nondiscriminantly fa- 
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cilitate transfer of a broad variety of phospholipids and galactolipids 
(Kader, 1996). 

The recent characterization of plant cDNAs that complement SEC14 
mutant yeast strains, however, demonstrates that although higher plants 
do possess PITP-like proteins, they display unique properties in comparison 
to their mammalian and yeast counterparts. Transformation of the tempera- 
ture-sensitive yeast strain CTY1-1A (secl4ts) with a soybean cDNA library 
cloned into a yeast expression vector resulted in the isolation of two distinct 
classes of cDNAs that complemented the growth and secretory defects of 
the mutant strain (Kearns et af., 1998). The predicted protein products of 
these cDNAs, designated SSHlp and SSH2p (soybean SEC14 homologs 1 
and 2), share approximately 25% primary sequence identity and 50% similar- 
ity with yeast SEC14p. Interestingly, the two soybean proteins display no 
more homology to each other than either shares with the yeast sequence. 

An examination of the lipid transfer properties of SSHlp and SSH2p 
revealed that these proteins are not typical PITPs (Kearns et af., 1998). 
SSH2p displays a very active in vitro PtdIns transfer function but cannot 
transfer PtdCho. This represents the first example of a PITP from any 
organism that has been described that does not also recognize PtdCho as 
a ligand. Even more unexpected were the transfer results of SSHlp; no 
PtdIns or PtdCho transfer activity could be detected using standard assays. 

Although both soybean PITP-like proteins show primary amino acid 
sequence similarity to yeast SEC14p, three lines of evidence suggest that 
functionally they may have more in common with the mammalian PITP 
than does yeast SEC14p (Kearns et al., 1998). First, similar to the mamma- 
lian PITP, SSHlp and SSH2p will only complement Secl4 mutants when 
expressed at high levels. Second, both soybean proteins efficiently bind the 
polyphosphoinositides PtdIns(4)P and PtdIns(4,5)P2, a trait shared with 
mammalian PITP that is not observed with yeast SEC14p (Kearns et af., 
1998). Finally, complementation of SEC14 mutants by SSHlp and SSH2p 
occurs by a mechanism that does not involve the CDP-choline pathway 
of PC biosynthesis (R. E. Dewey, unpublished results). 

The apparent involvement of SSHlp in cellular signaling is also reminis- 
cent of mammalian PITP. SSHlp exists in the plant both in a nonphosphory- 
lated state and as a phosphoprotein (Monks et af., 1998). Under typical 
growth conditions, nonphosphorylated SSHlp predominates. Upon expo- 
sure of the plant to a variety of hyperosmotic stresses, however, SSHlp is 
rapidly phosphorylated. Surprisingly, the hyperosmotic stimulation of 
SSHlp phosphorylation is recapitulated in the heterologous yeast system 
(Kearns et af., 1998). An investigation of the plant enzyme responsible for 
this phosphorylation led to the discovery that SSHlp is the substrate of an 
osmoregulated kinase that displays properties characteristic of MAP ki- 
nases (Monks et d., 1998). MAP kinase cascades represent important signal- 
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ing pathways that have been implicated in a number of stress responses, 
including osmotic stress (Hirt, 1997; Mizoguchi et al., 1997). Although sev- 
eral MAP kinase cascades have been documented in animals and yeast, no 
complete pathway has been described in a higher plant. However, since all 
the essential components are known to exist in plants (Mizoguchi et aZ., 
1997), the elucidation of individual pathways should be forthcoming. 

The discovery that soybean SSHlp appears to serve as a substrate for 
an osmoregulated MAP kinase raises interesting questions regarding the 
downstream consequences of SSHlp phosphorylation and the fate of the 
polyphosphoinositide ligand. If some functional similarity does exist be- 
tween SSHlp and mammalian PITP, its role in signal transduction may be 
to present polyphosphoinositides to other proteins. Candidate proteins 
include PLCs, leading to increased synthesis of inositol phosphate messen- 
gers (as proposed for mammalian PITP), or other proteins that are regulated 
by polyphosphoinositides (see Section 11). Although such suggestions are 
clearly speculative, further study of SSHlp promises to provide new insights 
into the role of plant PITP-like proteins and polyphosphoinositides in 
cellular signaling pathways. 

The other soybean PITP-like protein, SSH2p, appears to serve a function 
very distinct from that of SSHlp. Although SSH2p also exists within the 
cell as two distinct species (the larger of which possibly represents phosphor- 
ylated SSH2p), no alteration in the relative abundance of these species is 
observed upon exposure of plant materials to a large variety of biotic and 
abiotic stresses, including hyperosmotic stress (D. E. Monks and R. E. 
Dewey, unpublished results). The differential localization of the two SSH2p 
species, however, may provide clues toward the ultimate determination of 
function. Cellular fractionation experiments have shown the larger SSH2p 
species to be predominantly cytoskeleton associated, in contrast to the 
smaller SSH2p, which partitions between both soluble and Triton X-100 
extractable membrane fractions (P. D. Courtney and R. E. Dewey, unpub- 
lished results). The localization of the larger SSH2p species to the cytoskele- 
ton is particularly intriguing in light of previous studies demonstrating 
a significant proportion of the plant PtdIns 4-kinase to be cytoskeleton 
associated (Tan and Boss, 1992; Xu et aZ., 1992). Because SSH2p is the 
soybean PITP-like protein that displays in vitro PtdIns transfer activity, it 
is tempting to speculate that, similar to mammalian PITP, one in vivo 
function may be to deliver PtdIns to the PtdIns 4-kinase for stimulation of 
polyphosphoinositide synthesis. Considering the demonstrated involvement 
of polyphosphoinositides in the regulation of the actin-based cytoskeleton 
( Janmey, 1994; Drgbak, 1996), the possibility that cytoskeleton-localized 
SSH2p and PtdIns 4-kinase may be part of a complex involved in the 
regulation of actin polymerization/depolymerization warrants further inves- 
tigation. 
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A. Synthesis of 4-Phosphoinositides 

1. PtdIns 4-Kinases 

The seminal work on the phosphorylation of PtdIns to PtdIns(4)P and 
PtdIns(4,5)P2 in plant cells was done by Sommarin and Sandelius (1986; 
Sandelius and Sommarin, 1990). Characteristic of higher plant membranes 
and in contrast to membranes from animal cells, PtdOH constitutes approxi- 
mately 70% of the phosphorylated lipid products, whereas PtdIns(4)P and 
PtdIns(4,5)P2 typically comprise not more than 20 and 3%, respectively, of 
the 32P-labeled lipid products (Sandelius and Sommarin, 1990; Gross and 
Boss, 1992; I. Y. Perera, I. Heilmann, and W. F. Boss, unpublished results). 
Under similar assay conditions, the specific activity of the PtdIns 4-kinase 
from rat liver is on the order of 10- to 20-fold greater than that of higher 
plants (Sandelius and Sommarin, 1990; Heilmann and W. Boss, unpublished 
results). Understanding the physiological relevance of these differences will 
lead to new insight into the signaling pathway. 

PtdIns 4-kinases are in relatively low abundance and tend to copurify 
with heat shock proteins. As a result, they eluded researchers for many 
years and their characterization was limited to biochemical traits of partially 
purified proteins. For example, PtdIns 4-kinases inhibited by adenosine 
( K j ,  20-100 p M )  and having a low K,,, for ATP (30-100 p M )  were denoted 
type 11, whereas PtdIns 4-kinases insensitive to 100 p M  adenosine (Ki, 1520 
p M )  and having a high K,,, for ATP (150-750 p M )  were denoted type I11 
(Carpenter and Cantley, 1990; Pike, 1992). It was not until Flanagan and 
Thorner (1992) took advantage of the power of yeast genetics by using a 
heat shock null mutant that the first PtdIns 4-kinase was cloned (Flanagan 
et al., 1993). Subsequently, PtdIns 4-kinases have been cloned and se- 
quenced from rat (Nakagawa er al., 1996), human (Wong and Cantley, 
1994), bovine (Gehrmann et al., 1996), and higher plants (Stevenson et 
al., 1997). 

Based on the predicted amino acid sequences, the PtdIns 4-kinases fall 
into two major families. One family comprises the large-molecular-weight 
proteins (-200-230 kDa), which have a C-terminal lipid kinase domain 
and a lipid kinase unique domain separated by a pleckstrin homology 
domain (PH domain) (Fig. 3). Members of this family are generally type 
111, adenosine-insensitive PtdIns 4-kinases (Balla et al., 1997; Nakagawa et 
al., 1996). The other family contains smaller molecular weight proteins 
which lack a PH domain. They have the lipid kinase domain at the C 
terminus, but the unique lipid kinase domain is closer to the N terminus. 
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FIG. 3 Structural features of selected PtdIns 4-kinases and PtdIns 3-kinases. 

These enzymes are generally type I1 kinases. Importantly, the sequence 
data clearly indicate that there are several subclasses of the PtdIns 4-kinases 
within these two families and distinct isoforms appear to be associated with 
the ER and Golgi (Wong et al., 1997; Balla et al., 1997). Whether all the 
isoforms result from unique sequences or some result from alternative 
splicing remains to be determined (Balla et al., 1997). Based on current 
data from animal cells, the small molecular weight type I1 kinases which 
lack the PH domain are thought to generate the receptor signaling pool 
of PtdIns(4)P and PtdIns(4,5)P2 in the plasma membrane, whereas the 
type I11 PtdIns 4-kinases with the P domain are loosely associated with 
endomembranes (Balla et al., 1997). 

The carrot plasma membrane PtdIns 4-kinase is a type I11 kinase based 
on biochemical studies (Yang and Boss, 1994a). It differs from the plasma 
membrane 4-kinase of A431 cells (a type I1 kinase) not only with regard 
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to adenosine sensitivity but also in its sensitivity to other positively charged 
compounds (Yang and Boss, 1994a; Vogel and Hoppe, 1986). When solubi- 
lized from the plasma membrane, it can be activated four- to eightfold by 
elongation factor l a  (eEF-la) (Yang et al., 1993). This activation is depen- 
dent on phosphorylation of eEF-la, but does not involve the GTP hydrolyz- 
ing function of this small G protein (Yang and Boss, 1994b) and is thus 
distinct from the mechanism of activation of PtdIns(4)P 5-kinases by the 
Rho family of GTP-binding proteins (Hartwig et al., 1995). Most of the 
membrane-associated PtdIns 4-kinase activity in plants colocalizes with the 
intact cytoskeleton or a F-actin fraction (Xu et al., 1992; Tan and Boss, 
1992). Therefore, regulation by an actin binding and bundling protein such 
as eEF-la may be important for the plant enzymes in vivo. Only 10% of 
the total PtdIns 4-kinase is recovered in the soluble fraction and this is a 
type I1 enzyme (Okpodu et al., 1995). 

The only PtdIns 4-kinases cloned from plants (AtPIKa and DcPIKa) 
both contain a functional PH domain and have high homology to the 
large molecular weight, type I11 enzymes (Stevenson et al., 1998). This is 
consistent with earlier biochemical data. In vitro studies using the Esche- 
richia coli-expressed PH domain of AtPIKa showed that it binds PtdIns(4)P 
but not PtdIns(3)P, suggesting that the binding is biologically relevant 
(Stevenson et aL, 1998). In addition, based on Western blot analysis using 
antibodies raised to the C terminus containing the conserved lipid kinase 
domain and the PH domain, AtPIKa was found in the F-actin fraction 
isolated from microsomes. If the major form of the plant PtdIns 4-kinase 
is a cytoskeletal-associated type I11 kinase with a functional PH domain 
that binds PtdIns(4)P, what can we imply about the regulation? 

The PH domain is a region of approximately 100 amino acids which 
was first identified in pleckstrin, a major protein kinase C substrate, and 
subsequently found in many proteins involved in signal transduction includ- 
ing PLC (Shaw, 1996). PH domains facilitate the binding of proteins to 
lipids such as PtdIns(4)P and PtdIns(4,5)P2, inositol phosphates, and various 
proteins involved in signaling. One proposed model for the functional role 
of PH domains is based on studies of PLC in which the PH domain of PLC 
binds PtdIns(4,5)P2 and in doing so recruits the enzyme to the plasma 
membrane. The catalytic domain of PLC then binds the substrate 
[PtdIns(4,5)P2] and hydrolyzes it to produce Ins(1 ,4,5)P3 (Lemmon et al., 
1996). When enough Ins(1,4,5)P3 is produced, Ins(1,4,5)P3 will bind the PH 
domain, dissociating the enzyme from the membrane and thereby decreas- 
ing further lipid hydrolysis. While this is a logical model for PLC, what 
would be the advantage of having the enzyme, PtdIns 4-kinase, bind its 
product? One explanation is that it sequesters the product. If PtdIns is 
phosphorylated to PtdIns(4)P on the cytoskeleton in vivo, then once the 
PtdIns(4)P is formed it would be advantageous for the kinase to bind 
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PtdIns(4)P and protect it from further metabolism. The ultimate fate of 
the PtdIns(4)P would then depend on competitive binding of the transfer 
proteins, cytoskeletal binding proteins, lipases, or other kinases with the 
PH domain. If PtdIns(4)P is in excess or not utilized in other metabolic 
pathways, then it would remain bound to the PH domain and may feedback 
regulate the PtdIns 4-kinase. 

If the primary PtdIns 4-kinase in plants is the AtPIKa which has a 
PH domain, this may account for the low levels of PtdIns(4,5)P2 in that 
PtdIns(4)P, once formed, is not available for further phosphorylation. This 
would mean that the soluble, type I1 PtdIns 4-kinase, which represents 
only 10% of the total cellular activity, would be the enzyme available 
for generating or rapidly refilling the PtdIns(4)P and PtdIns(4,5)P2 pools 
involved in signal transduction. More biochemical studies will need to be 
done with purified and recombinant forms of the enzyme to test these 
hypotheses; however, the biochemical differences in the plant and animal 
PtdIns 4-kinases and the uniformly low levels of PtdIns(4,5)P2 compared 
to the PtdIns(4)P in plants are certainly consistent with a mechanism for 
tight regulation of PtdIns(4)P biosynthesis. 

2. PtdIns 4-Monophosphate 5-Kinases 

The PtdIns(4)P 5-kinases form a unique family of lipid kinases which lack 
sequence homology to the kinase domains of the phosphatidylinositol and 
inositol phosphate kinases (Boronenkov and Anderson, 1995; Loijens and 
Anderson, 1996). The absence of sequence homology implies that their 
catalytic mechanism is distinct, a notion which is consistent with the observa- 
tion that the PtdIns(4)P 5-kinases can utilize both GTP and ATP as phos- 
phoryl donors. The PtdIns(4)P 5-kinases, like the PtdIns 4-kinases, are 
classified into two families based on their biochemical characteristics. The 
activity of type I PtdIns(4)P 5-kinases is stimulated by PtdOH and small 
G proteins, whereas the type I1 enzymes are not. Both type I and I1 are 
rather promiscuous with regard to substrates (Zhang et aZ., 1997). 

The type I enzyme, in addition to phosphorylating PtdIns(4)P in the D5 
position, can phosphorylate PtdIns(3)P and PtdIns(3,4)P2 in the D4 position 
and the D5 position, respectively. The type I1 enzyme will phosphorylate 
PtdIns(3)P and PtdIns(4)P equally well but does not phosphorylate 
PtdIns(3,4)P2. The type I1 enzyme has also been shown to phosphorylate 
PtdIns(S)P, a newly identified phospholipid, in the D4 position (Rameh et 
aL, 1997). The general lack of substrate specificity led Zhang et al. (1997) 
to suggest that PtdIns kinases should be renamed PtdInsP 4Bkinases. 

These unique lipid kinases which catalyze the last step in the biosynthesis 
of PtdIns(4,5)P2 appear to hold one of the keys to understanding how the 
Rho family of GTP-binding proteins transduces extracellular signals to the 
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actin cytoskeleton. When PtdIns(4,5)P2 binds to actin-capping proteins and 
monomeric actin-binding proteins, the net result is an increase in filament 
formation. GTP-Rho binds and activates PtdIns(4)P 5-kinase in vitro 
(Chong et al., 1994; Tolias et al., 1995), and in vivo studies of permeabilized 
and transfected cells indicate that GTP-activated Rac indeed promotes 
increases in actin filament formation by activating PtdIns(4)P 5-kinase 
(Hartwig et al., 1995; Shibasaki et al., 1997). Overexpression of PtdIns(4)P 
5-kinase alone also results in increases actin filament formation, suggesting 
that PtdIns(4)P 5-kinase acts downstream of GTP-Rac. In addition, it has 
been found that not all Rac-related changes in actin polymerization are 
mediated by PtdIns(45)Pz. Importantly, studies of PtdIns(4)P 5-kinases in 
animal cells indicate that these enzymes have other functions than merely 
replenishing phosphoinositide pools, and they suggest that the rate of bio- 
synthesis of PtdIns(4,5)P2 may act as regulator of several cytoskeletal and 
membrane-associated processes. 

Putative PtdIns(4)P 5-kinases have been cloned in A. thaliana. Three geno- 
mic (accession Nos. U95973, AF007269, and Y12776) and two cDNAs have 
been reported to date (accession No. AF019380; I. Y. Perera and W. F. BOSS, 
unpublished data). These genes are predicted to encode enzymes ranging in 
size from 427 to 859 amino acids. These may be tissue-specific isoforms or 
they may reflect differences in their intracellular locations [plasma mem- 
brane (Sommarin and Sandelius, 1988), cytoskeletal (Tan and Boss, 1992), 
and nuclear (Hendrix et al., 1989)]. At the amino acid level, the Arabidopsis 
PtdIns(4)P 5-kinases are almost equally similar to both the type I and type 
I1 isoforms of animal cells. At least two cDNAs are predicted to encode large 
molecular weight proteins and one has 47% amino acid homology to the yeast 
Mss4p kinase (Yoshida et al., 1994), which is an essential enzyme that has 
been classified as a type I1 PtdIns(4)PS-kinase (Zhangetal., 1997). Biochemi- 
cal characterization of the plant PtdIns(4)P 5-kinases is lacking; however, 
activation by PtdOH is unlikely because there is a large amount of PtdOH 
produced during the in vitro reaction, but the specific activity is at least 10- 
fold lower than that of most animal cells (Sandelius and Sommarin, 1990). 
Labeling studies indicate that PtdIns(3,4,5)P3 is unlikely to be present in 
plants and that PtdIns(3,4)P2 most probably is synthesized via phosphoryla- 
tion of PtdIns(3)P (Brearly and Hanke, 1993; Dove et al., 1994), suggesting 
that the plant enzyme may also be a PtdInsP 5/4-kinase. 

Low PtdIns(4,5)P2 levels (based on radiolabeling experiments) appear 
to be a hallmark of higher plants and the upregulation of PtdIns(4) 5-kinase 
may reflect changes in the physiological status of the cells. Algae, like 
mammalian cells, have several-fold higher PtdIns(4)P 5-kinase activity when 
compared to higher plants (Gross and BOSS, 1992; I. Heilmann and W. F. 
Boss, unpublished results). Interestingly, the specific activity of PtdIns(4)P 
5-kinase increases in membranes isolated from stationary-phase Galdieria 
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sulphuraria cells (Heilmann and W. Boss, unpublished results) and from 
senescent petunia flower petals (Borochov et al., 1994). It is hoped that 
future experiments will determine what factors regulate PtdIns(4)P 5-kinase 
activity in higher plants and whether the enzyme can be activated to the 
levels of the animal enzyme or if the plant enzyme is missing factors such 
as the Rho-activated pathway characteristic of the animal type I kinases. 

6. Synthesis of 3-Phosphoinositides 

1. PtdIns 3-Kinases 

Despite the fact that many of the PtdIns 3-kinases are now well character- 
ized there has until quite recently been considerable controversy regarding 
the pathway(s) of 3-phosphoinositide synthesis in vivo. However, most 
scientists agree that there are two main routes leading to 3-phosphoinositide 
formation in higher eukaryotes. The first route involves activation of 
PtdIns(4,5)P2 3-kinases and the formation of PtdIns(3,4,5)P3 followed by 
sequential dephosphorylation by 5- and 3-phosphatases, resulting in the 
production of PtdIns(3,4)P2 and PtdIns(4)P (Stephens et al., 1991). The 
other route utilizes direct 3-phosphorylation of PtdIns by PtdIns 3-kinases. 
In some cells, there may be a certain “overlap” between these two pathways, 
and evidence has been presented which shows that some PtdIns(3,4)P2 may 
be formed by 4-phosphorylation of PtdIns(3)P and/or 3-phosphorylation 
of PtdIns(4)P and that smaller amounts of PtdIns(3)P may also be generated 
by the action of a 4-phosphatase upon PtdInds(3,4)P2. 

Several groups have searched for 3-phosphorylated phosphoinositides in 
plant cells and have had varying degree of success. As mentioned previously, 
the levels of these lipids in mammalian cells are exceedingly low but in 
yeast and Neurospora, as much as 50% of the PtdInsP pool is made up of 
PtdIns(3)P; however, early studies suggested that if 3-phosphoinositides 
were present in plant cells they were likely to be only rather minor compo- 
nents of the polyphosphoinositide pool (Irvine et al., 1989). Later work, in 
which more sensitive methods of detection were used, has shown that 
PtdIns(3)P and PtdIns(3,4)P2 are present in plant cells (Brearley and Hanke, 
1993; Munnik et aL, 1994a,b) and very approximate estimates indicate that 
PtdIns(3)P in plant cells may constitute 2-20% of the PtdInsP pool, whereas 
PtdIns(3,4)P2 in most cases constitutes 5-10% of the PtdInsPz pool. How- 
ever, in a few cases PtdIns(3,4)P2 may approach the levels of PtdIns(4,5)P2 
but the physiological relevance and frequency of this occurrence remains to 
be investigated. Despite considerable effort from several different groups, 
PtdIns(3,4,5)P3 has eluded detection in plant cells. It should be noted that 
PtdIns(3,4,5)P3 has also not been indentified in yeast, slime molds, or fungi. 
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In mammalian cells PtdIns(3,4,5)P3 avoided detection for decades, so it is 
perhaps premature to totally discount the possibility that PtdIns(3,4,5)Pz 
can be produced in certain circumstances in plant cells and in cells of 
other lower eukaryotes. However, the universal presence of PtdIns(3)P 
and PtdIns(3,4)Pz and their rapid rate of turnover suggest that these lipids 
are likely to have several important functions in plant cells. 

It has been determined that a number of distinct isoforms of “PtdIns 
3-kinase” exist that are capable of selectively phosphorylating PtdIns and/or 
PtdIns4P/PtdIns(4,5)Pz, the resulting lipids being PtdIns(3)P, PtdIns(3,4)Pz, 
and PtdIns(3,4,5)P3, respectively. The currently known PtdIns 3-kinases 
can be divided into four families, each with their preferred substrate(s) 
and distinct biochemical profile (Domin and Waterfield, 1997). 

a. The pllO/p85 PI 3-Kinase Family The first group contains type I 
PtdIns 3-kinases first identified as tyrosine kinase receptor-associated lipid 
kinases. These enzymes form heterodimeric complexes with an adaptor 
protein which confers sensitivity to ligand stimulation. The kinase complex 
is composed of a 110-kDa catalytic subunit (p110) and an 85-kDa regulatory 
subunit (p85). The p l l0  subunits contain a domain which interacts with 
p85, a region thought to be involved in ras interactions, a PI-kinase domain 
(PIK) shared by all known phosphoinositide kinases, and a C-terminal 
catalytic domain. The p85 adaptor protein contains two SH2 domains sepa- 
rated by an internal SH2 domain through which the adaptor interacts with 
the catalytic subunit. In addition, the p85 adaptor protein contains an SH3 
domain toward the N terminus which has been suggested to facilitate the 
interaction with cytoskeletal components. The N terminal also contains a 
breakpoint cluster region homology domain (BH domain) flanked by two 
proline-rich regions. Although the role of the BH domain remains conten- 
tious, it is possible that it is involved in intramolecular interactions with 
the SH3 domain. 

b. The p l l 0 - y  PI 3-Kinase Family The second group of 3-kinases act 
downstream of receptors which signal via heterotrimeric G proteins. These 
kinases also exist as heterodimers with a p110 catalytic subunit and a 
regulatory adaptor subunit called p101. This class of PtdIns 3-kinases is 
activated by subunits from heterotrimeric regulatory G proteins. plOl 
is not related to p85 and its precise mode of action is being investigated. 

c. The PI3K-d8D/cpk PI 3-Kinase Family The third class of PtdIns 
3-kinases includes the largest of the known 3-kinases (170-220 kDa), which 
all contain a C2 domain (thought to be involved in Ca2+-mediated phospho- 
lipid binding) toward the C terminal. The first member of this type of 3- 
kinase was identified in Drosophila as PI3K-68D, an enzyme which is widely 
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expressed throughout the life cycle of the fly. Other members of this family 
have been cloned in mouse and humans. A distinct biochemical difference 
between these enzymes and those of family I and family I1 described 
previously is associated with their substrate specificity. Thus, this group of 
kinases selectively phosphorylate PtdIns and PtdIns(4)P but not 
PtdIns(4,5)P2. This finding led to the idea that the structural differences 
between members of the different PtdIns 3-kinase classes reflect the type 
of preferred substrate. This idea is still viable, but conclusive evidence is 
lacking. However, it is possible that the presentation of the substrate to a 
PtdIns 3-kinase, at least in some cases, may determine the willingness of 
the enzyme to partake in the reaction. 

d The vps34-Related PI 3-Kinase Family The first member of this fam- 
ily to be identified was the vps34 gene product from yeast which was 
identified in a screen of mutants defective in vesicle sorting. Subsequently, 
a human homolog has also been identified and vps34-related PtdIns 
3-kinases have now been found to exist other eukaryotes, including Dictyos- 
teliurn, Drosophilu, and plants. Despite a high degree of sequence homology 
between this family and other PtdIns 3-kinases, the members of the vps34 
kinase family have a distinguishing biochemical feature: They only phospho- 
rylate PtdIns both in vivo and in vitro and cannot use PtdIns(4)P and/or 
PtdIns(4,5)P2 as substrate. Relatively little is known about the functional 
domains of vps34 except that it contains PIK domains, a catalytic lipid 
kinase domain, and an unidentified motif involved in the interaction with 
an adaptor protein(s). It is worth mentioning that vps34 also possesses 
intrinsic protein kinase activity but the physiological relevance of this re- 
mains to be determined. 

Since this kinase is the only form of PtdIns 3-kinase present in yeast 
(and probably in higher plants) it may be considered to be the primordial 
form of PtdIns 3-kinase. However, in a manner similar to the 3-kinases 
belonging to the group I and group I1 enzymes, the activity of vps34-related 
kinases is also dependent on the interaction with an adaptor protein. The 
partner of vps34 is a ser/thr kinase named vpsl5. It is believed that vpsl5 
recruits vps34 to membranes and activated its lipid kinase activity. In hu- 
mans a homolog to vpsl5 has also been identified and has been named 
p150. Both vps34 and p150 have N-terminal myristylation sites, a ser/ 
thr kinase domain, a set of HEAT repeats, and WD motifs toward the 
C terminal. 

Experiments in yeast have shown that vps34 and vpsl5 can form tight 
complexes in vivo and that the formation of such complexes depends on 
the activation of the vpsl5 protein kinase activity. It is thus reasonable to 
assume that vpsl5 is an upstream regulator of vps34 function. That the 
level of PtdIns 3-kinase activity is dependent on the vps34-vps15 interaction 
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has been demonstrated by deletion experiments in which levels of 
PtdIns(3)P in sVpsl5 yeast strains (strains in which vpsl5 has been deleted) 
were below the level of detection. In addition to the vpsl5 interaction, it 
also appears that PI-transfer proteins may play a role in the activation of 
vps34. Panaretou er al. (1997) showed that addition of PITP to human 
PtdIns 3-kinase-pl50 complexes (the equivalent of the yeast vps34-vps15 
complex) resulted in a several-fold increase in PtdIns 3-kinase activity, and it 
was also found that PtdIns 3-kinase activity could be coimmunoprecipitated 
from human cell lysates using anti-PITP antisera. 

e. Plant PtdIns 3-Kinases As mentioned previously vps34-related PtdIns 
3-kinases appear to be the only form of PtdIns 3-kinase present in plant 
cells and as such this presents a situation analogous to that found in yeast. 
Most of the current structural information regarding plant PtdIns 3-kinases 
stems from the studies of Hong and Verma (1994) and Welters et al. (1994). 
These groups cloned and sequenced two very similar cDNAs encoding 
vps34-related enzymes from soybean and Arabidopsis, respectively. The 
structures of these two proteins are shown in Fig. 3 together with other 
members of the eukaryotic PtdIns 3-kinase and PtdIns 4-kinase family. 

The soybean PtdIns 3-kinase gene identified by Hong and Verma (1994) 
encodes a polypeptide (SPI3K-5) of 814 amino acids and has a predicted 
molecular mass of 93 kDa; a second PtdIns 3-kinase gene encodes SP13K-1, 
a polypeptide of 812 amino acids. Both kinases were found to have catalytic 
PtdIns 3-kinase activity when expressed in E. coli and assayed with exoge- 
nous PtdIns liposomal substrates. One of the interesting features of the 
study by Hong and Verma (1994) was the discovery that the two PtdIns 
3-kinase genes were differentially expressed during the organogenesis of 
root nodules induced by Rhizobium. Thus, the induction of expression of 
the SPZ3K-I gene, encoding the nodule form of PtdIns 3-kinase, was found 
to repress the expression of SPI3K-5, the root form of PtdIns 3-kinase. 
Only after nodule maturation was the expression of SPI3K-5 reinduced to 
prenodulation levels. These induction and repression events were found to 
be directly correlated with the degree of membrane proliferation in the 
root nodules. These data lend support to the hypothesis that the plant 
PtdIns 3-kinase, like its yeast and mammalian counterparts is involved in 
the trafficking and/or sorting of membrane and in plants plays a central 
role in membrane biogenesis and the development of endosymbiotic com- 
partments. 

The other currently known plant PtdIns 3-kinase gene was identified in 
A. thaliana by Welters et al. (1994). AtVPS34 is a polypeptide of 814 amino 
acids and shares 40% identity with the yeast vps34 and is 25% identical to 
bovine p110. It is interesting to note that the N-terminal part of AtVPS34 
contains a domain with strong homology to the CaLB domain of rabphilin 
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3a, and Welters et af. (1994) suggest that this domain may be involved in 
the binding of phospholipids. A chimeric gene in which the coding sequence 
for the C-terminal third of VPS34 was replaced with the corresponding 
sequence from the plant gene was able to rescue a yeast-deletion mutant. 
Perhaps more significant was the finding that the expression of AtVPS34 
antisense constructs gave rise to second-generation transformed plants 
which were severely inhibited in both growth and development, indicating 
a significant role for PtdIns 3-kinase in these processes. 

One of the compounds which has been extensively used in the character- 
ization of mammalian PtdIns 3-kinase enzymes is the fungal metabolite, 
wortmannin, which has been found to be a very potent inhibitor of certain 
PtdIns 3-kinase isozymes. Matsuoka et af. (1995) used wortmannin to inves- 
tigate whether PtdIns 3-kinase had the potential to affect vacuolar sorting 
processes in tobacco BY-2 cells. In these experiments, wortmannin inhibited 
both PtdIns 3-kinase and PtdIns 4-kinase activity and was highly inhibitory 
to at least one type of vacuolar sorting. These studies point to a link between 
PtdIns kinase activity and vesicle trafficking in plant cells, although it must 
be stressed that it can often be difficult to unequivocally prove causal links 
from inhibitor studies. 

Little is known about the subcellular localization of plant PtdIns 
3-kinase(s) but Dove et af. (1994) found that the highest specific activity 
of plant PtdIns 3-kinase was associated with a detergent-resistant nucleocy- 
toskeletal compartment. It is unclear whether this location is a true intracel- 
Mar site for PtdIns 3-kinase association because the methods for preparing 
the nucleocytoskeletal fractions involve a number of steps known to dramat- 
ically upregulate the plant phosphoinositide signaling system. The targeting 
and translocation of other signaling enzymes to the cytoskeleton/nucleus 
in response to cellular stimulation is a well-characterized phenomenon in 
higher eukaryotic cells. Little is known about the regulation of PtdIns 3- 
kinase activity in plant cells and a plant adaptor protein corresponding to 
vpsl5 and p150 has not been identified. 

2. PIK-Related Kinases 

In addition to PtdIns 4-kinases and the four families of PtdIns 3-kinases 
mentioned previously, another enigmatic group of kinases are related quite 
closely to phosphoinositide kinases. These kinases are the so-called PIK- 
related kinases (PIK-rk). Despite their similarity to phosphoinositide ki- 
nases, their relevant substrates have not been identified and in vitro experi- 
ments have not been successful in demonstrating that these kinases have 
the ability to phosphorylate PtdIns. Members of this new kinase family, 
however, have been shown to fulfill some very important roles in cell physi- 
ology. 



PHOSPHOINOSITIDE KINASES AND SYNTHESIS IN HIGHER PLANT CELLS 123 

One member of this family is the Saccharornycces cerevisiae gene MEC1/ 
ESRl (mitosis entry checkpoint mutant), which encodes a 273-kDa PIK- 
rk. Cells in which MECl has been mutated are incapable of blocking entry 
into mitosis even when DNA replication is incomplete or if cells are exposed 
to certain genotoxic agents. Thus, MECl is essential for the proper function 
of cellular checkpoint mechanisms monitoring the status of the genome at 
the GI/S and G2/M transition phases. Also, in S phase MECl is thought 
to be involved in the control of correct genomic organization. Functional 
homologs to MECl have been identified in Drosophila (mei-41) and in 
humans (FRP1). 

The sensitivity of cells to DNA-damaging agents is also evident in cells 
with mutations in another PIK-rk, DNA-PKcs. DNA-PKcs is the 465-kDa 
catalytic subunit of the DNA-dependent protein kinase, and cells containing 
defect copies of DNA-PKcs become hypersensitive to X-ray radiation and 
similar mutations can also cause severe dysfunction of the immune system. 
It is believed that the underlying biochemical causes of these phenotypes are 
directly related to an inability to rejoin breakages in double-stranded DNA. 

A third member of the PIK-rk family is the S. cerevisiae gene TEL1, 
which was first identified in a screen to  identify cells with abnormal telomere 
length. TELl encodes a 322-kDa protein which, like the other PIK-rks, 
plays a central role in the control of mitotic recombination and control of 
cell cycle checkpoint functions. Since maintenance of telomere length and 
integrity is generally seen as one of the key functional determinants for 
longevity, it is highly likely that proper functioning of PIK-rps is also 
intimately linked to this vital cellular characteristic. 

The final member of this family to be mentioned in the current context 
is the human FKBP-rapamycin associated protein (FRAP). It has been 
found that FRAP plays a vital role in the successful progression through 
the GI phase of the cell cycle by participating in the activation of p70 S6 
kinase which results in an increase in the translation of certain messen- 
ger RNAs. 

Recent experiments in one of our labs indicate that the relationship 
between the plant PtdIns 3-kinase, SPI3K-5, and the PIK-rk may be closer 
than hitherto expected. Using monoclonal antibodies raised to a heterolo- 
gously expressed truncated form of SPI3K in immunolocalization studies 
has led to the surprising discovery that a significant proportion of cellular 
SPI3K-5 activity resides in the nucleolus (T. D. Bunney, P. F. Shaw, and 
B. K. DrQbak, manuscript in preparation). The intimate association of the 
plant 3-kinase with this cellular compartment suggests that this enzyme 
may be involved in the regulation of nucleolar processes; that such processes 
may be related to those controlled by members of the PIK-rp family is 
obviously an attractive hypothesis. However, further experimentation is 
clearly needed to investigate this possibility in more detail. 
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VI. Summary and Conclusions 

We have attempted to summarize some of the current knowledge of phos- 
phoinoside metabolism in plant cells and have presented a few ideas which 
are currently receiving attention. It is clear that the metabolism and function 
of phosphoinositide in eukaryotic cells is far more bewildering and complex 
than it was envisaged just a few years ago. Also, phosphoinositides are 
far from just being precursor molecules for second messengers; they also 
themselves play several very important physiological roles. Although there 
are many apparent similarities between phosphoinsitide metabolism in dif- 
ferent eukaryotes, we warn against the oversimplistic view that such similari- 
ties necessarily also infer similarity in function. The use of inositol- 
containing lipids as mediators of many important functions is of early 
evolutionary origin, but there are many indications of subsequent species- 
specific adaptation. 

We hope that this short overview of some of the current ideas in the 
plant phosphoinositide field may help to convey some of the complexities 
and fundamentally important aspects of “inositol lipidology” to both estab- 
lished and young researchers and thus perhaps attract them to the study 
of this enigmatic and exciting area of modern biology. 
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