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1. INTRODUCTION

The polyphosphorylated inositol phospholipids have multiple effects on
cellular metabolism including regulating cytoskeletal structure, membrane
associated enzymes, ion channels and pumps, vesicle trafficking, and produc-
ing second messengers (Cockcroft and De Matteis, 2001; Laude and Prior,
2004; Roth, 1999; Roth, 2004; Simonsen et al., 2001; Takenawa and Itoh,
2001; Yin and Janmey, 2002). These diverse functions emphasize the impor-
tance of understanding both the spatial and the temporal regulation of phos-
phoinositide (PI) metabolism and the need to characterize the subcellular pools
(Laude and Prior, 2004; Roth, 2004; Sprong et al., 2001; Yin and Janmey,
2002).

Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P,) pools can be regu-
lated by PI kinases, PtdIns(4,5)P,-phosphatases, phospholipase C (PLC), and
lipid transfer and binding proteins. The contribution of each to PtdIns(4,5)P,
pools will depend on the metabolic status of the cell. Enzymes involved in
PtdIns(4,5)P, biosynthesis are shown in Figure 1. Our goal is to convince the
reader of the importance of characterizing the metabolic fluxes within the dis-
crete subcellular phospholipid microdomains that make up the lipid signaling
pools.

The chemistry of the lipid head group helps to explain the ubiquitous nature
of these polar lipids. Sugar phosphates are the most fundamental structures in
biology. They provide the backbone of DNA and RNA and are the building
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Figure 1. A summary of the PI pathway in plants. The enzymes catalyzing each step are shown in
italics. Dashed arrows indicate reactions that have not been reported in plants. Abbreviations:
DAG, diacylglycerol; DAGK, diacylglycerol kinase; Ins, inositol; InsP, inositol monophosphate;
Ins(1,4)P,, inositol (1,4,) bisphosphate; Ins(1,4,5)Ps, inositol (1,4,5) trisphosphate; IP 5PTase,
inositol phosphate 5-phosphatase; PtdIns, phosphatidylinositol; PtdIns3P, phosphatidylinositol-3-
phosphate; PtdIns4P, phosphatidylinositol-4-phosphate; PtdIns5P, phosphatidylinositol-5-phosphate;
PtdIns(4,5)P,, phosphatidylinositol-4,5-bisphosphate; PtdIns(3,4)P,, phosphatidylinositol-3,
4-bisphosphate; PtdIns(3,5)P,, phosphatidylinositol-3,5-bisphosphate; PI4K, phosphatidylinositol
4-kinase; PIP5K, phosphatidylinositol phosphate 5-kinase; PIP, SPTase, phosphatidylinositol(4,5)
bisphosphate 5-phosphatase; PLC, phospholipase C.

blocks for carbon metabolism and energy production by the cell. It is likely that
glycolipids were part of the original matrix coating RNA as the first cells were
formed, but to our knowledge, this remains to be tested (Chen and Szostak, 2004;
Hanakabhi et al., 2000; Hanczyc et al., 2003). Notably, as organisms evolved, the
core proteins that synthesized sugar phosphates became fundamental for life, and
inositol phospholipids became a part of the lipid bilayer. In addition, the inositol
phosphate head group provides a means for rapidly changing the membrane sur-
face charge. The impact of changing the phosphorylation status of proteins on the
biology of the cell is well known. Edmond Fischer and Edwin Krebs were
acknowledged in 1992 for their seminal work in this area. However, the impacts
of altering lipid phosphorylation on fundamental cellular processes are only
beginning to be appreciated (Loewen et al., 2004).

The potential to convey explicit information through the multiple phospho-
rylation sites of the inositol ring validates the conservation of the PI signaling
pathway by biological systems. Furthermore, the stereospecificity of the five
hydroxyl groups in the inositol phospholipids that extend from the surface of
the bilayer conveys structural identity, which will impact multiple interacting
molecules such as metabolites, proteins, and perhaps even nucleic acids. Dis-
crete lipid microdomains are defined by the lipid, protein, and/or nucleic acid
scaffold surrounding them. These regions may be part of the bilayer, they may
bridge the cytoskeleton/bilayer interface, or they may be scaffolds of mole-
cules that are mobilized within the cell.

It is becoming increasingly clear that the PI lipids are organized within dis-
crete subcellular microdomains. At this stage of our knowledge, however, it is
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easier to describe microdomains in terms of function since the structures defin-
ing them are poorly characterized. We will use the term plasma membrane
signaling pool to describe the microdomains of PtdIns(4,5)P, associated with
the plasma membrane which are rapidly hydrolyzed in response to a stimulus.
Our assumption is that some, but not all, plasma membrane PtdIns(4,5)P,
microdomains are a part of the same signaling pool. A corollary to this is that
different stimuli will activate different signaling pools of PtdIns(4,5)P, and
thereby mediate different stimulus—response pathways.

The ability to sense and respond to the environment is essential for the sur-
vival of all living organisms. The PI pathway is involved in sensing environmen-
tal stimuli and is one of the most conserved signaling pathways. Components of
the PI pathway are present in both prokaryotes and eukaryotes. For example,
membranes from the hyperthermophilic archaecon Pyrococcus furiosus will
phosphorylate phosphatidylinositol (PtdIns) to form PtdIns3P (Figure 2).

Comparative analysis of the enzymes involved in the PI pathway suggests
that as organisms evolved, the complexity of the pathway also increased and
multiple families of enzymes were produced as shown in Table 1 (Cockcroft
and De Matteis, 2001; Drbak et al., 1999; Mueller-Roeber and Pical, 2002;
Roth, 2004; Stevenson ef al., 2000). This increase in diversity would increase
the potential for generating discrete subcellular lipid domains.

— PtdOH
— LysoPtdOH

— DAGPP

Ptdins3P — % % & prilnsap

F. furiosus
F. furiosus
D, carota

Figure 2. Membranes isolated from Pyrococcus furiosus will phosphorylate PtdIns to form
PtdIns3P. Microsomal membranes were isolated from Daucus carota (wild carrot cells) grown in
cell culture and P, furiosus. Lipid kinase activity was assayed as previously described using PtdIns
as a substrate (Bunney et al., 2000). The lipids were extracted and separated by thin layer chro-
matography as described by Walsh et al. (1991) to separate PtdIns3P and PtdIns4P. The migrations
of the lipid standards are indicated (Brglez and Boss, unpublished results).
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Table 1. A comparison of the gene families for the major PI pathway enzymes in humans and plants

Gene Families in humans Families in plants
PI3K Type 1, 11, and 11T Type 111 only
PHK Type 1I and 11T Type 111 and possibly 11
PIPK Type L, 11, and III Type I and 111
PLC B, ¥, 8, € and { ¢

2. LIPID-PROTEIN INTERACTIONS

Insights into PI-mediated signaling domains can be gained from under-
standing lipid—protein interaction. The inositol phospholipids have been shown
to bind to proteins ATPases, profilin, phospholipase D (PLD), dynamin, and
patellin]and to alter their function. For example, PtdIns(4,5)P , is required for
PLDyl1 and 1 function and stimulates the activity of PLDal (Pappan and
Wang, 1999; Wang, 1999; Wang, 2001). In a dynamic system such as a living
cell this means that if PtdIns(4,5)P, is hydrolyzed in response to a stimulus,
there would be a decrease in the specific activity of the PLD within the
PtdIns(4,5)P, microdomain until PtdIns(4,5)P, is resynthesized. In this manner,
an oscillation of the activity of selected PLD isoforms would be produced in
response to sequential changes in PLC activity and PtdInsP kinase activity. This
complicates the life of the researcher trying to interpret data on lipid-mediated
signaling and emphasizes the need to include time course studies and to simul-
taneously monitor the suite of lipids and lipid signaling pathways (Li et al.,
2004; Meijer and Munnik, 2003; Van Leeuwen ef al., 2004; Welti ef al., 2002).

Other PI binding proteins include profilins. Profilins are low molecular
weight cytoskeletal binding proteins that bind PtdIns(4,5)P, and other inositol
lipids. Maize profilins have been classified into two groups (Gibbon ef al.,
1998; Kovar et al., 2000). They are thought to competitively bind actin and reg-
ulate actin assembly at different locations within the cell. The class I profilins
are more abundant and are proposed to be low affinity G-actin buffers. The
class II profilins are in lower abundance but have a higher affinity for G-actin.
Both classes of profilins bind PtdIns(4,5)P,; however, the class I profilins bind
with a higher affinity (Kovar ef al., 2000). Studies of knockout and T-DNA
insertion lines have yet to clearly delineate functions of the profilin isoforms.
This is most likely because of the pleotropic effects of the profilins on actin
cytoskeleton, vesicle trafficking and signaling, all of which may be mediated
through PI pathway intermediates (Drbak ef al., 2004; Huang et al., 2003;
Staiger et al., 1997). These studies emphasize the need to understand binding
affinities and the in vivo dynamics of lipid—protein interactions.

Patellin is a newly identified PI binding protein. Patellin 1 (PATL1) is one of
a family of six Arabidopsis proteins containing a Secl4 lipid binding domain
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and a Golgi dynamics domain (GOLD). The GOLD domain is found in proteins
involved in vesicle trafficking and secretion (Anantharaman and Aravind,
2002). The PATL1 Sec14 domain is homologous to the Secl4p domain in
yeast, which binds PtdIns and phosphatidylcholine (Bankaitis ez al., 1989).
However, biochemical characterization of PATL1 indicates that it binds with
highest specificity to PtdInsSP and PtdIns(4,5)P,. Furthermore, it was shown that
PATL1 localized to the cell plate during cytokinesis. The domain structure of
PATL1 and its lipid binding properties indicate a role for PATL1 in membrane
trafficking to the expanding cell plate and reveal a role for PIs in cell plate for-
mation (Peterman et al., 2004). It will be interesting to determine what role, if
any, previously identified lipid transfer proteins play in this process (Kapranov
et al.,2001; Monks et al., 2001). Further study is needed to determine more pre-
cisely the function of the protein—lipid interactions in these processes.

Another family of lipid binding proteins involved in vesicle trafficking is
dynamins. Dynamins are a family of large molecular weight (60-110 kDa)
GTP binding proteins involved in membrane trafficking to and from various
compartments, cell plate formation, and mitochondrial and chloroplast divi-
sion. Although dynamins are found in both plants and animals, there are dis-
tinct differences between them. All the animal dynamins contain a pleckstrin
homology (PH) lipid-binding domain for targeting the protein to the mem-
brane. The PH domain consists of approximately 100 amino acids that bind
with varied specificity to inositol phospholipids (Lemmon, 2003; Lemmon
et al., 1996). Of the 16 dynamins in Arabidopsis, only two (DRP2A and
DRP2B) contain a PH domain (Hong ef al., 2003). The most extensively char-
acterized of the two, DRP2A, has been localized to the trans Golgi network and
has been shown to be involved in trafficking to the vacuole (Jin et al., 2001).
The PH domain in DRP2A (previously ADL6) has a unique structure with
three regions of 16—-24 amino acids inserted between the characteristic 3 sheets
that make up the PH domain. Lipid binding studies of the full length DRP2A
protein shows that it binds strongly to PtdIns3P with minimal binding to
PtdIns4P. In contrast, the PH domain alone binds PtdIns3P and PtdIns4P
equally. Further studies indicated that the lipid binding specificity of the
DRP2A PH domain was determined by interactions of the PH domain and the
C-terminus of DRP2A suggesting that this is an important site for lipid—protein
regulation in vivo (Lee et al., 2002). Further investigation is needed into the
exact function of DRP2A in membrane trafficking and how the PH domain and
PtdIns3P contribute to its function.

The specific binding of a PH domain to lipids depends not only on the struc-
ture of the parent protein but also on the protein environment surrounding the
membrane lipids it will bind. Studies using GFP-PH domains to identify lipid
microdomains have shown that some lipids are inaccessible to PH domain
binding and emphasize the need to characterize the binding specificity of the
PH domain prior to engaging in in vivo studies (Balla et al., 2000; Balla and
Varnai, 2002).
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3. SUBCELLULAR LIPID DOMAINS

The proteins and other molecules that bind to the inositol lipids will affect their
turnover rate and the extent of their impact on cellular metabolism. If so many
cytoskeletal proteins bind to the inositol lipids, does this mean that the
lipids are associated with the cytoskeleton? PtdIns 3-kinase activity is
cytoskeletal associated (Dove ef al., 1994) and at least one form of PtdIns
4-kinase, (the type III PtdIns 4-kinase) is cytoskeletal associated (Stevenson
etal., 1998).

AfPI4Kal (Figure 3) is probably the major enzyme contributing to the pre-
viously reported F-actin associated PtdIns 4-kinase activity (Tan and Boss,
1992; Xu et al., 1992). While it was also reported that PIP5K activity was asso-
ciated with the actin-enriched fraction from plants, the specific isoform of the
enzyme has not been identified (Tan and Boss, 1992). As more specific anti-
bodies and molecular probes become available, it will be important to monitor
lipid protein interaction in vivo and in vitro.

AfPI4Kal is a low abundance protein and is difficult to detect on
immunoblots of membranes from Arabidopsis or Nicotina tobaccum. When

Pl14K gene family

Typel lll HsP14K230
(P14KIlla)

AtPl4Ka1

AtPl4Ka2

HsP14K92
(PHKIIB)

AtPI4KB1
and p2

Typelll HsPI4K lla and lIp

AtPI4K y1, y2 and v8

AtPI4K y5, y6 and y7 1 B
AtPI4K y3 and y4 | | I
~100 aa
] Lipid kinase unique domain B Repetitive sequence
[ Pleckstrin homology domain [ Type Il catalytic domain
O Type Il catalytic domain W ubiquitin-like domain

Figure 3. Linear representations the Arabidopsis thaliana (Af) P14Ks in comparison to human
(Hs) isoforms. Thus far, only the type III 4/P14Ks have been shown to be functional enzymes. Con-
served domains are indicated and described in the text.
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expressed in a heterologous system, however, the protein is readily detectable
and has threefold higher specific activity than AfPI4KB1 the other character-
ized PtdIns 4-kinase isoform (Stevenson-Paulik et al., 2003). Of interest,
AtPI4KP1 has a charged repeat domain in the N-terminus that has been pro-
posed to be important for membrane association (Xue ef al., 1999). Based on
in vitro data and heterologous expression in the eukaryotic Spodoptera
Sfrugiperda (S9) insect cells, it is not evident which membrane, if any, is the
predominate location. It is possible, that like the yeast and human orthologs,
AfPTI4KB1 will be involved in membrane secretion from the Golgi apparatus
and could potentially supply the plasma membrane PtdIns4P (Stevenson-
Paulik et al., 2003; Xue et al, 1999). Like their human orthologs, both
AtP14Kal and AfPI4KB1 can be phosphorylated in vitro (Suer et al., 2001;
Zhao et al., 2000) (Stevenson-Paulik and Galva, unpublished results). It will
be interesting to see which peptide domains and posttranslational modifica-
tions regulate the intracellular distribution of the 4-kinases.

A unique feature of the plant type III PI4Ka is the PH domain that binds to
PtdIns4P. Two other PH domains that selectively bind PtdIns4P are the oxys-
terol binding protein, OSBP, and FAPP1 (phosphatidylinositol-four-phosphate
adaptor protein-1) (Dowler et al., 2000; Levine and Munro, 2002). One
Arabidopsis PH domain protein, 4/PH1, isolated as a homolog of pleckstrin has
been reported (Mikami ef al., 1999); however, it binds PtdIns3P and not
PtdIns4P (Dowler et al., 2000). The first question asked about the A/P14Ka1PH
domain was what effect, if any, did it have on enzyme activity? It turns out that
AtPl4Kal activity was differentially sensitive to PtdIns4P, the product of the
reaction. The specific activity of 4fPI4Kal was inhibited 70% by 0.5 mM
PtdIns4P in the presence of 1:1 concentration of substrate, PtdIns. The effect of
PtdIns4P was not simply due to charge, as AtPI4Kal activity was stimulated
approximately 50% by equal concentrations of the other negatively charged
lipids, PtdIns3P, phosphatidic acid, and phosphatidylserine (Stevenson-Paulik
et al., 2003). In contrast, the specific activity of AtPI4KB1, which does not
have a PH domain, was stimulated twofold by PtdIns4P but not other nega-
tively charged lipids and was inhibited 50% by phosphatidylcholine. Expres-
sion of AfP14Ka1 without the PH domain compromised PtdIns 4-kinase activ-
ity; decreased association with fine actin filaments in vitro, and resulted in
mis-localization of the kinase in vivo in the insect cells. These studies support
the idea that the two Arabidopsis type III PI4Ka1 and PI4K1 are responsible
for distinct PI pools.

The fact that 4/PI4Kal activity is inhibited by PtdIns4P and inhibition is
relieved by adding rPH domain suggests a mechanism whereby other PtdIns4P-
binding proteins such as profilin (Drbak et al., 1994), dynamin-like proteins
(Kim et al., 2001b), actin depolymerizing factor (Gungabissoon et al., 1998),
phospholipid transfer proteins (Cockcroft, 1996; Cockcroft and De Matteis,
2001; Monks ef al., 2001), and potentially PIP5K should affect PI4Ka 1 activity
or subcellular distribution and illustrates the importance of studying specific
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microdomains within the cell. In addition, the PH domain may be involved in
the previously characterized activation of PI4K by eEF1A, a translational elon-
gation factor and actin binding and bundling protein (Yang and Boss, 1994a).
eEF1A was shown to bind PLC8 PH domain and increase PLC activity (Chang
et al., 2002). The potential role of eEF1A in regulating PI4K, PLC, and PIP5K
(Davis et al., unpublished results), in additional to its function in actin bundling,
provides a mechanism where the status of the inositol lipids, cytoskeletal struc-
ture, and protein translation would be coordinately regulated.

In addition to the cytoskeleton, the nucleus is an area where PI metabolism
is prevalent. An important and often overlooked observation is that the plant
type III PtdIns 3-kinase activity is present in nuclei and immunodetection of
the enzyme indicates co-localization with putative transcription initiation sites
(Bunney et al., 2000). Also, PtdIns 3-kinase activity and transcript increase
significantly during root nodulation (Hernandez et al., 2004; Hong and Verma,
1994) consistent with a role in membrane trafficking and/or transcriptional
regulation. As previously reported (Bunney et al., 2000; Drbak, 1992;
Mueller-Roeber and Pical, 2002; Stevenson et al., 2000), the only family of
PtdIns 3-kinases found in plants is the type III Vps34-like family that is asso-
ciated with vacuolar trafficking in yeast (De Camilli ef al., 1996; Herman and
Emr, 1990; Simonsen et al., 2001) and may have a similar function in plants
(Kim et al., 2001a; Matsuoka et al., 1995). Like S. cerevisiae, terrestrial plants
do not have the plasma membrane type I and II PtdIns 3-kinases associated with
PtdIns(3,4,5)P5 biosynthesis and with much of the human signaling. It should
be noted, however, that in a heterologous system, Arabidopsis PIP5K1 will pro-
duce PtdIns(3,4,5)P; by phosphorylating PtdIns(3,4)P, (Elge ef al., 2001).

Early studies indicated that nuclei isolated from protoplasts have a high per-
centage of [*Hinositol PtdIns(4,5)P , relative to the total [*Hjnositol phospho-
lipids (Hendrix et al., 1989). In addition, histones cause an 80-fold increase in
microsomal PtdIns 4-kinase (Yang and Boss, 1994b) activity suggesting that
PtdIns4P and PtdIns(4,5)P, along with PtdIns3P (Bunney ef al., 2000) may be
important components of the nuclear matrix or nuclear membrane. Hydrolysis
of the inositol phospholipids by PLC and the formation of diacylglycerol
would facilitate membrane fusion and could be an integral part of nuclear
membrane formation during karyokinesis. The presence of PtdIns(4,5)P; in the
nucleus is also consistent with a role for Ins(1,4,5)P5 derived Ins(1,4,5,6)
P4-mediated transport of RNA from the nucleus (Odom et al., 2000). Whether
the lipids or inositol phosphates would interact directly or indirectly with RNA
is not known. Analysis of inositol lipid or inositol phosphate binding to RNA is
virtually uninvestigated in plants. The role of the PI pathway in plant nucleus is
far from resolved and provides a rich area for future studies (Irvine, 2003).

One caveat of the studies of nuclei is that the ER is closely associated with
the nuclear envelope. Lipid kinase activity has been associated with ER and the
role of the inositol lipids in membrane trafficking is well accepted (Cockcroft
and De Matteis, 2001; Godi et al., 2004; Roth, 2004; van Meer and Sprong,
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2004). The early biochemical studies of the lipid kinases were done prior to
having the molecular and biochemical tools that we have today. Future in vivo
studies of the enzymes and lipids should help to sort out the functional biology.
The genomics and biochemistry of the enzymes involved in inositol lipid
metabolism have been reviewed in detail quite recently (Drbak, 1992;
Mueller-Roeber and Pical, 2002; Van Leeuwen ef al., 2004).

The question of lipid trafficking in plants has been addressed thus far pri-
marily with inhibitor studies and the expression of lipid binding peptides.
These studies have led to intriguing results consistent with a role of PtdIns
3-kinase in trafficking to the vacuole (Kim et al., 2001a; Matsuoka ef al., 1995).
Future studies should focus on identifying the scaffolds of interacting proteins
in order to understand more precisely the mechanisms involved. The role of
lipid transfer proteins in plants is still a mystery. While orthologs of the yeast
phosphatidylinositol lipid transfer proteins have been identified, their precise
function in regulating membrane lipid distribution is not clear (Drbak et al.,
1999; Kapranov ef al., 2001; Monks et al., 2001). Knockouts of one isoform of
these lipid transfer proteins lead to aberrant root hair morphology, but other-
wise normal plant growth suggesting that there is functional redundancy within
this multigene family that helps to maintain a normal phenotype (Vincent et al.,
2005). More complete biochemical and genetic characterization of the family
of the putative lipid transfer proteins will reveal specific functions.

4. REGULATION OF PHOSPHATIDYLINOSITOL-
4,5-BISPHOSPHATE POOLS

Regulation of PtdIns (4,5) P, biosynthesis begins with the families of PI4Ks.
The properties of AtPI4Kal and ArPI4KB1 are described above and more
extensively in recent review (Mueller-Roeber and Pical, 2002). These PI4Ks
are orthologs of the yeast and mammalian Stt4p/PI4Ka and Pik1p/PI4K,
respectively. Although two other type 111 P14Ks, AfP14K«?2 and B2 can be iden-
tified in the genomic database, there are no ESTs reported for these two iso-
forms and attempts to recover a full length cDNA using PCR have been unsuc-
cessful (Galva, Stevenson-Paulik ef al., unpublished results) suggesting that
these may not encode functional enzymes. Curiously, there are several 60—70-
kDa polypeptides detected with antibodies raised against the AfPI4K a1 that
were proposed to be encoded by ArPI4Ka2 (Shank et al., 2001; Stevenson-
Paulik ef al., 2003), but the lack of ESTs and the failure to obtain PCR prod-
ucts suggest that these bands either represent proteolytic products of 4/P14Ka1
or B1 or are alternative splice variants encoded by these transcripts. While it is
possible that AfP14K«a2 and 4/P14K[32 transcripts are expressed in specific cell
types under developmental control, they must be in relatively low abundance
as, to our knowledge, they have not been detected in any of the publicly avail-
able transcript array databases.
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Another family of PI4Ks that provides further opportunity for study is the
type II family. Mammalian and yeast type II PI4Ks were recently cloned and
characterized and are thought to function to supply PtdIns4P to the plasma mem-
brane signaling pool (Balla et al., 2002; Minogue et al., 2001; Nishikawa et al.,
1998; Wei et al., 2002). There are eight putative type II PI4Ks sequences in the
Arabidopsis genome (Mueller-Roeber and Pical, 2002); however, to date, none of
them have been shown to encode functional lipid kinases. At the amino acid
sequence level, the lipid kinase domain from the putative plant type II PI4Ks
are 26—-30 % identical to the conserved type II lipid kinase domains from either
mammalian or yeast enzymes. However, unlike the yeast or mammalian
homologs, five of the plant proteins contain N-terminal ubiquitin-/ike (UBL)
domain. Most of UBL domain-containing proteins share the ability to interact
with 26S proteasome but their functions vary depending on the other domains
present (Eskildsen et al., 2003; Hartmann-Petersen et al., 2003). If these plant
proteins are functional lipid kinases, there may be connections between the
controlled protein degradation and the PI pathway, that is, they might be regu-
lated by ubiquitin/26S proteasome. Alternatively, the plant type II PI4Ks may
not have lipid kinase activity, but rather be like the target of rapamycin (TOR)
protein kinases that contain a lipid kinase-like domain but lack lipid kinase
activity (Harris and Lawrence, 2003; Helliwell ef al., 1994).

Two intriguing conundrums in plant PI signaling are, which PI4K iso-
form(s) supplies the plasma membrane pool of PtdIns4P and how is the plasma
membrane PtdIns(4,5)P, signaling pool regulated? Answers to these questions
are integral to understanding the dynamics of the plasma membrane PI signal-
ing pathway. Because PI4Kf1 is product stimulated and because the relative
ratio of PtdIns4P to PtdIns(4,5)P;, is high in plants, PI4K31 might be the major
source of PtdIns4P. It remains to be seen whether PI4KB1 is trafficked to the
plasma membrane and supplies the plasma membrane signaling pool or if that
pool is determined by the newly identified family of putative PI4Ks, the type II
enzymes.

Although several labs have shown that whole cell PtdIns(4,5)P, is rapidly
turning over (Munnik et al., 1998), the plasma membrane signaling pool is
poorly characterized. A profile of the Arabidopsis PIPKs and PLC is given in
Figure 4.

Evidence suggests that under certain physiological conditions, the plasma
membrane signaling pool can become limiting. For example, if cells are grow-
ing in nutrient depleted medium, the plasma membrane PIP kinase activity
increases prior to the production of Ins(1,4,5)P5 in response to stimulation
(Heilmann et al., 2001). An interesting characteristic of plants is that the ratio
of PtdIns4P to PtdIns(4,5)P, is on the order of 10 or 20 to 1 (Boss, 1989; Gross
and Boss, 1993; Meijer and Munnik, 2003; Mueller-Roeber and Pical, 2002;
Stevenson et al., 2000), compared to values of 1:1 or 1:2 found in the most
reactive animal cells such as brain and iris muscle cells. These observations led
many to suggest that PIPKs limit the production of PtdIns(4,5)P, and the flux
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Figure 4. Linear representation of the Arabidopsis PIPKs and PLCs. The Arabidopsis PtdInsP
S-kinases are most similar to the human type I PtdInsP 5-kinases. There are 11 putative type I 47Pt-
dInsP 5-kinases in Arabidopsis arranged in two subfamilies based on size. Subfamily B contains
AtPIPK1-9, all of which contain membrane occupation and recognition nexus (MORN) repeats.
AtPIPK10-11 are in Subfamily A with molecular weights less than that of the members of subfam-
ily B and contain no MORN repeats. The Arabidopsis phosphoinositide specific phospholipase C
family is most similar to the animal PLC{. There are seven functional PI-PLCs in Arabidopisis
(Hunt ef al., 2004). All isoforms contain EF-hand motifs, the X and Y catalytic domains character-
istic of PI-PLCs and a C2 lipid-binding domain.

through the plant PI pathway. Evidence supporting this hypothesis was
reported recently by Perera et al. (2002) who showed that when the human
inositol polyphosphate 5-phosphatase (InsP 5-ptase) was expressed in plants,
there was increased Ins(1,4,5)P5 turnover and a decrease in PtdIns(4,5)P,. The
human InsP 5-ptase is localized to the plasma membrane and specifically
hydrolyzes Ins(1,4,5)P5 and Ins(1,3,4,5)P, but not PtdIns(4,5)P,. As a result of
expressing the human InsP 5-ptase the rate of flux through the plasma mem-
brane PI pool increased dramatically. Although the plasma membrane PtdInsP
5-kinase activity increased threefold, there was a decrease in net PtdIns(4,5)P,
suggesting that synthesis was not keeping up with the hydrolysis. These data
indicate that PtdIns(4,5)P, biosynthesis was limiting in this transgenic system;
however, they do not explain the mechanism nor do they explain the differ-
ences in the inositol phospholipid ratios generally reported for plants and ani-
mals.

Insights into the reasons for the high ratio of PtdIns4P to PtdIns(4,5)P, in
plants have come from comparative biochemical studies of recombinant pro-
teins. The Km of the human PIPKB1 for PtdIns4P is close to 70-fold lower than



192 WF Boss et al.

that found for AfPIPK1 | pnM compared to 69 puM, respectively (Davis et al.,
2004; Kunz et al., 2002)] Moreover, the V.« of the Arabidopsis enzyme is
sixfold less. This means that at low concentrations, PtdIns4P will rapidly be
converted to PtdIns(4,5)P, in animal cells, but a much higher threshold con-
centration of PtdIns4P would be required in plants. These data provide a logi-
cal explanation for the relative high ratio of PtdIns4P:PtdIns(4,5)P, in plants.

In animal cells, selectively increasing intracellular PtdIns(4,5)P, can
decrease apoptosis and stabilize intracellular membranes. For example,
increasing PIPSKla expression 2.6-fold inhibited caspase activity and
decreased apoptosis in Hela cells (Mejillano et al., 2001). Furthermore,
increasing PtdIns(4,5)P, either by overexpressing PIP5K or a constitutively
active PIP5K-regulatory protein, Arf6-GTP, resulted in internalization and
trapping of membranes in PtdIns(4,5)P,-positive, actin-coated endosomal
vesicles that fused to form vacuolar-like structures (Brown et al., 2001). These
data make a compelling argument that altering PIPSK can affect cellular
metabolism.

Could similar studies be done with plant enzymes? Only 1 of the 14 puta-
tive plant PIPKs, AfPIPK1, has been well characterized (Davis et al., 2004;
Elge et al., 2001; Mueller-Roeber and Pical, 2002; Westergren et al., 2001).
AtPIPK 1 encodes a 752 amino acid protein with a predicted molecular weight
of 86 kDa. Studies using promoter-Gus fusions indicate high levels of
AtPIPK1 expression in procambial tissue of leaves flowers and roots (Elge
et al., 2001). Using recombinant protein, Westergren et al. (2001) have shown
that the enzyme activity is downregulated by protein phosphorylation and that
the substrate preference was for PtdIns4P although PtdIns3P and PtdIns5P
were also phosphorylated, but little else is known about the regulation of the
plant PIPKs. The substrate specificity and enzyme activity of the human type I
and II PIPKs are regulated by an activation loop (Anderson et al., 1999;
Doughman et al., 2003; Kunz et al., 2002). Interchanging the activation loops
of PIPKs predictively alters the site of inositol phosphorylation converting a
type I PtdIns4P 5-kinase into a type II PtdIns5P 4-kinase and vice versa (Kunz
et al., 2000). Furthermore, using site-directed mutagenesis, demonstrated that
a conserved Glu (362) in the activation loop of the human type I PIPKp is
essential for efficient PtdIns4P 5-kinase function. Similarly, the activation loop
of the human type IIB enzymes has a conserved Ala (381) that is essential for
PtdIns5P 4-kinase function (Kunz ef al., 2002). Because the activation loop
plays such a critical role in the human PIPKs, it is possible that evolutionary
changes in the activation loop of the plant PIPKs are responsible, in part, for
the differences in the specific activities.

The Arabdopsis PtdInsP kinase isoforms, AfPIPK1-11, all have the conserved
Glu of the human type I activation loop suggesting that the plant proteins are type
I PIPKs. Biochemical data are more equivocal, but also indicate that PtdIns4P is
the preferred substrate for PIPK1 (Davis ef al., 2004; Elge et al., 2001; Wester-
gren et al., 2001). In addition, biochemical data using recombinant 4/PIP5K10
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indicates that it too is a type I PtdIns4P 5-kinase (Perera et al., 2005). AfPIPK10
and ArPIPK11 are both members of subfamily A of PIPKs in contrast to
AtPIPK1-9, subfamily B (Mueller-Roeber and Pical, 2002). AfPIPK10
(At4g01190) and AfPIPK11 (At1g01460) both lack putative membrane occupa-
tion and recognition nexus (MORN) repeats in the N-terminus suggesting that
they will reside in distinct subcellular locations. Transcript profiles have indi-
cated that 4/PIPK11 is prevalent in pollen (Becker ef al., 2003) so they may also
represent a tissue-specific isoform of the enzyme. Whether this is the isoform
that is involved in Rac regulation of pollen tube growth remains to be seen (Kost
et al., 1999). Regulation of plant PIPKs by Rac is an important finding that iden-
tifies a signaling complex for generating PtdIns(4,5)P, microdomains and a
mechanism for altering PIPK activity in vivo.

Based on predicted amino acid sequences and biochemical data there is
no evidence of type II PIPKs in Arabidopsis. The type II PIPKs are PtdInsP
4-kinases that preferentially phosphorylate PtdIns5P. Putative type III kinases
(AtFabla-d) have been identified in the Arabidopsis genome. The predicted
amino acid sequences of the ArFabs are similar to the human type III kinases
and the yeast FAB enzymes that have a PtdIns3P binding domain (FYVE
domain) and that phosphorylate PtdIns3P to form PtdIns(3,5)P,. At least one
isoform, ArFabla, has been shown to be a functional PtdIns3P 5-kinase
(Drbak, unpublished results).

Although in vitro kinase assays have led to important insights into the regula-
tion of the pathway, it is important to appreciate the potential limitations of these
assays that are usually conducted under optimal conditions. Until we can charac-
terize the enzymes within their subcellular microenvironments, we will not truly
understand their impact. The effects of altering Rac expression on PIPK activity,
actin cytoskeleton and pollen tube growth is one example (Kost ef al., 1999).
Other examples of how microdomains can affect the product produced by
endogenous enzymes comes from recent studies of yeast lacking PTEN, a pro-
tein that dephosphorylates PtdIns(4,5)P,. The PTEN mutant produced
PtdIns(3,4,5)P3, a lipid not normally present in the cells (Mitra et al., 2004). Pre-
sumably as a result of the cell not being able to dephosphorylate PtdIns(4,5)P,
there was a sufficient increase in inositol lipids to favor additional phosphoryla-
tion. Elge et al. (2001) showed that when expressed in insect cells and given
excess substrate AfPIPK1 produced PtdIns(3,4,5)P3;. Whether this would actually
happen under normal or stressed conditions might vary with different species
(DeWald et al., 2001; Dove et al., 1997; Pical et al., 1999). It is not difficult to
imagine that alterations of PI flux during a sustained stress or as a result of
genetic manipulation could result in PtdIns(3,4,5)P5 production in plants.

Plasma membrane PtdIns(4,5)P, levels will be regulated both by synthesis
and catabolism. Hydrolysis by C-type phospholipases is the best studied
PtdIns(4,5)P, catabolic pathway (Cote and Crain, 1993; Hunt et al., 2004).
PLC activity in plants was first described by Sommarin’s lab (Melin et al.,
1992; Melin et al., 1987). Analysis of tissue-specific expression profiles and
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the calcium sensitivity of the seven active Arabidopsis isoforms are reported
by Hunt ef al. (2004). All the data thus far indicate that the plant PLCs are cal-
cium stimulated and belong to the { family of enzymes (Hernandez-
Sotomayor et al., 1999; Hunt et al., 2004). That is, they are calcium regulated
but lack the PH domain of the & family of PLCs (Mueller-Roeber and Pical,
2002). The PH domain of the PLC & binds to PtdIns(4,5)P, and Ins(1,4,5)P3
and in doing so facilitates the binding of the enzyme to the membrane lipids
until sufficient Ins(1,4,5)P5 is produced to displace it (Cifuentes et al., 1994).
In this manner PLC & comes on and off the membrane in response to stimuli.
It is not known what regulates the subcellular distribution of the plant
PtdIns(4,5)P, PLCs. Most of the activity is membrane associated and local-
ized increases in cytosolic Ca®" could selectively activate the specific iso-
forms (Hunt et al., 2004). The specific activities reported in early studies of
isolated membranes were similar for plants and animals (Sandelius and Som-
marin, 1990). If this proves to be true when purified recombinant proteins are
compared, it would support the hypothesis that under normal conditions, plant
PLCs do not limit the flux through the PI pathway.

It is important to remember that there are no G-protein regulated (3 family)
or tyrosine kinase-regulated (y family) PLCs in Arabidopsis. Of all the enzymes
in the plant PI pathway, the PLCs are the least complex and provide the best sup-
port for the notion that the plant PI pathway is not as highly evolved as the
human brain PI signaling pathway. A corollary to this hypothesis is that the {
family of PLCs should be the seminal isoforms from which the others evolved.
Attempts have been made to alter the expression at least two of these in planta
(Hunt et al., 2003; Mills et al., 2004; Sanchez and Chua, 2001). While the anti-
sense plants had no reported guard cell phenotype (Sanchez and Chua, 2001),
plants expressing the sense construct of PLC 1 and 2 under the control of a
guard cell promoter had a wilted phenotype in response to water stress and had
reduced, not increased levels, of PLC transcript and reduced levels of guard cell
PLC activity. Hunt ef al. (2003) suggested that the decreased response of the
guard cells to water stress and abscisic acid (ABA) was consistent with the lack
Ins(1,4,5)P3;-mediated signaling. Comparative analyses of pharmacological and
genetic manipulations of PLC activity of guard cells have revealed the com-
plexity of the response (Mills et al., 2004). Until we know more about the sub-
cellular localization of the proteins and how their activity is regulated, it is diffi-
cult to know what pleiotropic effects result from changes in PLC activity.

Another potential fate of the PtdIns(4,5)P, plasma membrane signaling
pool is that it can be dephosphorylated by phosphatases. The InsP 5-ptase and
the effects of altering gene expression have been described in Chapter 3. The
family of 5PTases most likely to affect the plasma membrane signaling pool
are the type II, which preferentially hydrolyze inositol phospholipid substrates.
Mutations in these genes have been associated with several diseases in humans
(Pendaries et al., 2003; Tronchere et al., 2003). There are at least nine putative
inositol phospholipid PTases in Arabidopsis all of which contain a predicted
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suppressor of actin (SAC, Novick et al., 1989) domain and are predicted to
hydrolyze PtdInsPs (Zhong and Ye, 2003). Some mutations in these SAC
domain-containing proteins affect cell wall biosynthesis and have been charac-
terized as fragile fiber mutants (Zhong and Ye, 2003). The lack of some SAC-
like proteins during development (Despres et al., 2003) suggests an important
role for PtdIns(4,5)P, during embryo development and is consistent with
increased PtdInsP 5-kinase activity and PtdIns(4,5)P, in embryogenic cell cul-
tures (Chen et al., 1991; Ek-Ramos et al., 2003; Wheeler and Boss, 1987).
Mutations in tissue- and cell-specific isoforms of the lipid phosphatases that
result in increased microdomains of PtdIns(4,5)P, will no doubt lead to impor-
tant insights. One exciting example of cellular and subcellular specificity has
been reported for another member of this family, SAC9 (Williams e? al., 2005).
The SAC9 mutant has flaccid guard cells and is a dwarf plant suggesting that
SAC9 is regulating the guard cell plasma membrane signaling pool of
PtdIns(4,5)P,. PtdIns(4,5)P, levels in SAC9 mutant plants increase 40-fold.
Ins(1,4,5)P5 levels also increase indicating a shunt of PtdIns(4,5)P, into the
PLC signaling pool. While one might at first approximation assume that the
increased PtdIns(4,5)P, and Ins(1,4,5)P; might distribute equally throughout
the cell, apparently it does not as reflected in the differences in phenotype of
the SAC9 mutant and the fragile fiber mutants. The flaccid stomata of the
SAC9 mutant is the most intriguing evidence that altering the flux through the
plasma membrane PtdIns(4,5)P, signaling pathways will affect growth and
development. More complete analysis of the impact of altering PtdIns(4,5)P,
5PTases and PLC on other compensatory pathways and measurements of
metabolic flux will surely produce the insights needed to interpret these very
intriguing results.

As illustrated by the examples above, the key to understanding the PI path-
way is to comprehend the nature of the regulation of discrete subcellular
microdomains of the lipids. Any changes in a specific plasma membrane sig-
naling pool, whether a transient oscillation in PtdIns(4,5)P, or a more sus-
tained change in rate of flux through the pathway in response to a stimulus,
will result in changes in cytoskeletal structure, membrane enzyme activity,
and pump or channel activity within the microdomains where the lipid
resides.

Evidence for the rapid and transient production of Ins(1,4,5)P; comes from
many studies beginning with those of Satter’s group (Morse et al., 1987). Once
Rich Crain’s group demonstrated the validity of using the commercially avail-
able brain binding assay for monitoring InsP(1,4,5)P; in plants, the field
expanded rapidly (Cote and Crain, 1993; Cote ef al., 1996). Prior to this time,
many were mislead by the large amounts of [*Hinositol labeled metabolites
that could be recovered from plants, many of which co-migrated with
Ins(1,4,5)P3 on the simple gravity-mediated ion exchange chromatography
columns used. The rapid and selective Ins(1,4,5)P5 assays enabled more exten-
sive time course studies that revealed sustained elevations of Ins(1,4,5)P; in
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addition to the rapid transient increases in response to stimuli (DeWald et al.,
2001; Drbak and Watkins, 2000; Perera et al., 1999; Perera ef al., 2001). The
shorter transients were predicted to be part of a ubiquitous “wake up call”
which is probably transmitted by several signaling pathways in sessile organ-
isms such as plants and the long-term response was predicted to reflect a spe-
cific Ins(1,4,5)Ps-mediated event (Perera et al., 1999).

We do not know what roles Ins(1,4,5)P5 plays in regulating plant growth
and development. Of interest, plant cells appear to be able to survive quite
well with almost no detectable steady state Ins(1,4,5)P5 (Perera ef al., 2002;
Perera et al., unpublished results). It is important to remember that this is
not a static system and, as mentioned above, the flux through the pathway
will increase as a result of the increased rate of hydrolysis of Ins(1,4,5)P5
and the attenuation of Ins(1,4,5)P5 signal. Thus, transgenic plants express-
ing the human InsP 5-ptase gene may prove to be a useful tool for assessing
the impact of the plasma membrane generated Ins(1,4,5)P5 and PtdIns(4,5)P,
turnover on plant growth and development. Understanding the source of the
Ins(1,4,5)P5, how these signals intersect and what determines which interact-
ing signaling networks or interactomes will be activated is a challenge for
future studies.

5. FUTURE CHALLENGES

Living cells are constantly engaged in sensing, interpreting, and responding to
environmental cues. To fully appreciate the dynamics of the signaling
microdomains it is essential to think in terms of flux. This is difficult for most
of us as our vision is limited to a great extent by the measurement methods we
use. For example, we often analyze transcript levels, enzyme activities, or cel-
lular structures at fixed moments in time. Only in death does one reach a truly
static state. The challenge for scientists is to envision the dynamics of the liv-
ing cell and appreciate the constant flux within the cellular milieu. While mod-
ern microscopy is making great advances, the ability to investigate
microdomains and metabolic fluxes of the PI pathway is limited in part by our
lack of nanoprobes. We know from in vivo labeling studies that synthesis
(phosphorylation) of PtdIns and PtdInsP occurs within seconds indicating
rapid turnover of the phosphate group. We also know that the lipid kinases are
associated with many of the membranes of the cell, the cytoskeleton, and the
nucleus (Drbak et al., 1999; Mueller-Roeber and Pical, 2002); however, we
have yet to fully characterize the subcellular distribution of the specific iso-
forms of the plant PI metabolizing enzymes.

As more genetic manipulations of the PI pathway are encountered, exten-
sive and more complete analyses of the inositol metabolites as well as the phos-
pholipids will be required. Fortunately, the methods have been refined and
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standards are more readily available than in 1985; so there is the potential to
characterize the metabolic fluxes in signaling pools (Welti ef al., 2002; Wenk
et al., 2003) (Chapters 1, 3, and 4 in this book).

In addition, through evolving technologies, we are gaining the tools to do
these studies in vitro and in vivo by using molecular genetics and recombinant
proteins. With these new techniques, however, the cautions and comments of one
of the great biochemists of the 20th century, Efraim Racker are still appropriate:
“As a biochemist I have stressed the need for obtaining pure proteins more than
once; I have also stressed the need to distrust data obtained with crude systems.
As a physiologist [ want to stress the need to pay attention to data obtained with
native membrane or even with intact cells and to distrust data obtained with pure
proteins. . . . the only way we can find out whether the whole is the sum of the
parts is by putting the pieces together again and learning how they work. It is the
task of the physiologist to help the biochemist by pointing out what is missing.”
(Racker, 1965)

In vitro analyses of protein—lipid interactions are essential to understand the
mechanisms involved, and as Racker indicates, these must be analyzed in the
context of the whole organism. An example of the importance of Racker’s advice
comes from studies of a potential PI pathway inhibitor neomycin. In earlier stud-
ies, adding PtdIns(4,5)P, increased the specific activity of reconstituted the dog
kidney ATPase (Lipsky and Lietman, 1980). If neomycin was added to the
PtdIns(4,5)P, micelles prior to adding them to the ATPase, neomycin inhibited
ATPase activation as one might anticipate; however, if PtdIns(4,5)P, was added
to the ATPase and then neomycin was added, there was no effect of neomycin on
the PtdIns(4,5)P,-mediated activation. That is, in the reconstituted system,
PtdIns(4,5)P, bound the ATPase with such a high affinity that neomycin could
not competitively bind and displace the lipid. Although many have documented
the fact that neomycin at 1:1 concentrations will bind to PtdIns(4,5)P, micelles
and prevent PLC hydrolysis in vitro (Gungabissoon ef al., 1998; Staxen et al.,
1999), it is unlikely that neomycin would preferentially bind PtdIns(4,5)P,
already associated with cellular proteins including PLC. Why is it that so many
use neomycin to inhibit the PI pathway in vivo and see an effect? There are sev-
eral explanations. One may be that neomycin, which is a positively charged
aminoglycoside will bind to the cell wall and will prevent the penetration of
elicitors (Cho et al., 1995). Another is that neomycin, once it enters the cell,
will inhibit protein synthesis and thereby affect cellular metabolism.

The insights from the studies using neomycin are mentioned to emphasize
the need for multifaceted approach to studying these pathways and to highlight
the need to characterize individual pools of PtdIns(4,5)P,. Importantly, genetic
manipulations also are not sufficient to predictively alter a pathway as multi-
cellular organisms will induce compensatory mechanisms to survive. Conflict-
ing results from inhibitor and molecular genetic studies may seem insurmount-
able (Mills et al., 2004), and yet, by combining technologies and doing
comprehensive analysis at the cellular and subcellular level, these conflicts will
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eventually be resolved and scientists will weave together the interactome of the
signaling networks. Advances in nanotechnology will surely lead to new levels
of understanding as probes are developed to visualize fluxes in lipid
microdomains in vivo. Our ultimate goal should be to reach a point where as
scientists we can predictively alter plant growth responses by manipulating the
flux through a selective signaling pathway.

ACKNOWLEDGMENTS

This work was supported in part by a National Science Foundation grant to
WFB, a NASA grant to [YP, and a fellowship from the National Council for
Scientific and Technological Development (CNPq), Ministry of Science and
Technology (MCT), Brazil to RMG. The authors would like to thank Mary
Williams of Harvey Mudd College, Claremont, CA for sharing her unpub-
lished work and Amy Grunden of North Carolina State University for Pyro-
coccus furiosus membranes and Irena Brglez for doing the kinase assays and
maintaining the laboratory. This chapter was written as a perspective and not a
comprehensive review. Several reviews have been written recently and are
cited in the chapter.

REFERENCES

Anantharaman, V., and Aravind, L., 2002, The GOLD domain, a novel protein module involved in
Golgi function and secretion. Genome Biol. 3: research0023.0021-0023.0027.

Anderson, R.A., Boronenkov, 1.V.,, Doughman, S.D., Kunz, J., and Loijens, J.C., 1999,
Phosphatidylinositol phosphate kinases, a multifaceted family of signaling enzymes. J. Biol.
Chem. 274: 9907-9910.

Balla, T., Bondeva, T., and Varnai, P, 2000, How accurately can we image inositol lipids in living
cells? Trends Pharmacol. Sci. 21: 238-241.

Balla, A., Tuymetova, G., Barshishat, M., Geiszt, M., and Balla, T., 2002, Characterization of type
II phosphatidylinositol 4-kinase isoforms reveals association of the enzymes with endosomal
vesicular compartments. J. Biol. Chem. 277: 20041-20050.

Balla, T., and Varnai, P,, 2002, Visualizing cellular phosphoinositide pools with GFP-fused protein-
modules. Sci. STKE 2002: PL3.

Bankaitis, V.A., Malehorn, D.E., Emr, S.D., and Greene, R., 1989, The saccharomyces-cerevisiae
sec14 gene encodes a cytosolic factor that is required for transport of secretory proteins from
the yeast Golgi-complex. J. Cell Biol. 108: 1271-1281.

Becker, J.D., Boavida, L.C., Carneiro, J., Haury, M., and Feijo, J.A., 2003, Transcriptional profiling
of Arabidopsis tissues reveals the unique characteristics of the pollen transcriptome. Plant
Physiol. 133: 713-725.

Boss, W.E, 1989, Phosphoinositide metabolism: Its relation to signal transduction in plants, in
Boss, W.F,, Morre, D.J. (ed): Second Messengers in Plant Growth and Development. New York,
Alan R. Liss, pp 29-56.

Brown, FD., Rozelle, A.L., Yin, H.L., Balla, T., and Donaldson, J.G., 2001, Phosphatidylinositol
4,5-bisphosphate and Arf6-regulated membrane traffic. J Cell Biol. 154: 1007-1017.



Phosphoinositide metabolism 199

Bunney, T.D., Watkins, PA., Beven, A.F., Shaw, P.J., Hernandez, L.E., Lomonossoff, G.P., Shanks,
M., Peart, J., and Drbak, B.K., 2000, Association of phosphatidylinositol 3-kinase with
nuclear transcription sites in higher plants. Plant Cell 12: 1679-1688.

Chang, J.-S., Seok, H., Kwon, T.-K., Min, D.S., Ahn, B.-H., Lee, Y.H., Suh, J.-W., Kim, J.-W.,
Iwashita, S., Omori, A., Ichinose, S., Numata, O., Seo, J.-K., Oh, Y.-S., and Suh, P-G., 2002,
Interaction of elongation factor-lalpha and pleckstrin homology domain of phospholipase
c-gammal with activating its activity. J. Biol. Chem. 277: 19697-19702.

Chen, 1.A., and Szostak, J.W., 2004, Membrane growth can generate a transmembrane pH
gradient in fatty acid vesicles. Proc. Natl. Acad. Sci. U.S.A4. 101: 7965-7970.

Cho, M.H., Tan, Z., Erneux, C., Shears, S.B., and Boss, W.E,, 1995, The effects of mastoparan on
the carrot cell plasma membrane polyphosphoinositide phospholipase C. Plant Physiol. 107:
845-856.

Cifuentes, M.E., Delaney, T., and Rebecchi, M.J., 1994, D-myo-Inositol 1,4,5-trisphosphate
inhibits binding of phospholipase C-delta 1 to bilayer membranes. J. Biol. Chem. 269:
1945-1948.

Cockceroft, S., 1996, Phospholipid signaling in leukocytes. Curr. Opin. Hematol. 3: 48—54.

Cockceroft, S., and De Matteis, M.A., 2001, Inositol lipids as spatial regulators of membrane
traffic. . Membr. Biol. 180: 187—194.

Cote, G.G., and Crain, R.C., 1993, Biochemistry of phosphoinositides. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 44: 333-356.

Davis, A.J.,, Perera, LY., and Boss, W.F, 2004, Cyclodextrins enhance recombinant
phosphatidylinositol phosphate kinase activity. J. Lipid. Res. 45: 1783-1789.

De Camilli, P, Emr, S.D., McPherson, P.S., and Novick, P., 1996, Phosphoinositides as regulators
in membrane traffic. Science 271: 1533-1539.

Despres, B., Bouissonnie, F., Wu, H., Gomord, V., Guilleminot, J., Grellet, F., Berger, E., Delseny,
M., and Devic, M., 2003, Three SAC1-like genes show overlapping patterns of expression in
Arabidopsis but are remarkably silent during embryo development. Plant J. 34: 293-306.

DeWald, D.B., Torabinejad, J., Jones, C.A., Shope, J.C., Cangelosi, A.R., Thompson, J.E.,
Prestwich, G.D., and Hama, H., 2001, Rapid accumulation of phosphatidylinositol 4,5-
bisphosphate and inositol 1,4,5-trisphosphate correlates with calcium mobilization in salt-
stressed Arabidopsis. Plant Physiol. 126: 759-769.

Doughman, R.L., Firestone, A.J., and Anderson, R.A., 2003, Phosphatidylinositol phosphate
kinases put P14,5P, in its place. J. Membr. Biol. 194: 77-89.

Dove, S.K., Cooke, FT., Douglas, M.R., Sayers, L.G., Parker, PJ., and Michell, R.H., 1997,
Osmotic stress activates phosphatidylinositol-3,5-bisphosphate synthesis. Nature 390:
187-192.

Dove, S.K., Lloyd, C.W,, and Drbak, B.K., 1994, Identification of a phosphatidylinositol
3-hydroxy kinase in plant cells: Association with the cytoskeleton. Biochem. J. 303:
347-350.

Dowler, S., Currie, R.A., Campbell, D., Deak, M., Kular, G., Downes, C.P, and Alessi, D., 2000,
Identification of pleckstrin-homology-domain-containing proteins with novel phosphoinositide-
binding specificities. Biochem. J. 351: 19-31.

Drbak, B.K., 1992, The plant phosphoinositide system. Biochem. J. 288: 697-712.

Drbak, B.K., Dewey, R.E., Boss, W.E., 1999, Phosphoinositide kinases and the synthesis of
polyphosphoinositides in higher plant cells, in Jeon KW (ed): International Review of
Cytology. New York, Academic Press, vol 189, pp 95-130.

Drbak, B.K., Franklin-Tong, V.E., and Staiger, C.J., 2004, The role of the actin cytoskeleton in
plant cell signaling. New Phytol. 163: 13-30.

Drbak, B.K., and Watkins, P.A., 2000, Inositol(1,4,5)trisphosphate production in plant cells: an
early response to salinity and hyperosmotic stress. FEBS Lett. 481: 240-244.

Drbak, B.K., Watkins, P.A.C., Valenta, R., Dove, S.K., Lloyd, C.W., Staiger, C.J., 1994,
Inhibition of plant plasma membrane phosphoinositide phospholipase C by the actin-binding
protein, profilin. Plant J. 6: 389—400.



200 WE Boss et al.

Ek-Ramos, M.J., Racagni-Di Palma, G., and Hernandez-Sotomayor, S.M.T., 2003, Changes
in phosphatidylinositol and phosphatidylinositol monophosphate kinase activities
during the induction of somatic embryogenesis in Coffea arabica. Physiol. Plant. 119:
270-277.

Elge, S., Brearley, C., Xia, H.J., Kehr, J., Xue, H.W., and Mueller-Roeber, B., 2001, An
Arabidopsis inositol phospholipid kinase strongly expressed in procambial cells: Synthesis of
PtdIns(4,5) P, and Ptdlns(3,4,5)P; in insect cells by S-phosphorylation of precursors. Plant J.
26: 561-571.

Eskildsen, S., Justesen, J., Schierup, M.H., and Hartmann, R., 2003, Characterization of the 2'-
5’-oligoadenylate synthetase ubiquitin-like family. Nucleic Acids Res. 31: 3166-3173.

Gibbon, B.C., Zonia, L.E., Kovar, D.R., Hussey, PJ., and Staiger, C.J., 1998, Pollen profilin
function depends on interaction with proline-rich motifs. Plant Cell 10: 981-993.

Godi, A., Di Campli, A., Konstantakopoulos, A., Di Tullio, G., Alessi, D.R., Kular, G.S., Daniele,
T., Marra, P, Lucocq, J.M., and De Matteis, M.A., 2004, FAPPs control Golgi-to-cell-surface
membrane traffic by binding to ARF and PtdIns(4)P. Nat. Cell Biol. 6: 393-404.

Gross, W., Boss, W.F., 1993, Inositol phospholipids and signal transduction, in D.P.S. Verma (ed):
Control of Plant Gene Expression. Boca Raton, CRC Press, Inc, pp 17-32.

Gungabissoon, R.A., Jiang, C.-J., Drbak, B.K., Maciver, S.K., and Hussey, PJ., 1998, Interaction
of maize actin-depolymerising factor with actin and phosphoinositides and its inhibition of
plant phospholipase C. Plant J. 16: 689—696.

Hanakahi, L.A., Bartlet-Jones, M., Chappell, C., Pappin, D., and West, S.C., 2000, Binding of
inositol phosphate to DNA-PK and stimulation of double-strand break repair. Cell 102:
721-729.

Hanczyc, M.M., Fujikawa, S.M., and Szostak, J.W., 2003, Experimental models of primitive
cellular compartments: Encapsulation, growth, and division. Science 302: 618—622.

Harris, T.E., and Lawrence, J.C., Jr., 2003, TOR signaling. Sci. STKE 2003: rel5.

Hartmann-Petersen, R., Hendil, K.B., and Gordon, C., 2003, Ubiquitin binding proteins protect
ubiquitin conjugates from disassembly. FEBS Lett. 535: 77-81.

Heilmann, 1., Perera, 1.Y., Gross, W., and Boss, W.F., 2001, Plasma membrane phosphatidylinositol
4,5-bisphosphate decreases with time in culture. Plant Physiol. 126: 1507—-1518.

Helliwell, S.B., Wagner, P, Kunz, J., Deuter-Reinhard, M., Henriquez, R., and Hall, M.N., 1994,
TOR1 and TOR?2 are structurally and functionally similar but not identical phosphatidylinositol
kinase homologues in yeast. Mol. Biol. Cell 5: 105-118.

Hendrix, W., Assefa, H., and Boss, W.F., 1989, The polyphosphoinositides, phosphatidylinositol
monophosphate and phosphatidylinositol bisphosphate are present in nuclei isolated from
carrot protoplasts. Protoplasma 151: 62-72.

Herman, PK., and Emr, S.D., 1990, Characterization of VPS34, a gene required for vacuolar
protein sorting and vacuole segregation in Saccharomyces cerevisiae. Mol. Cell Biol. 10:
6742-6754.

Hernandez, L.E., Escobar, C., Drbak, B.K., Bisseling, T., and Brewin, N.J., 2004, Novel
expression patterns of phosphatidylinositol 3-hydroxy kinase in nodulated Medicago spp.
plants. J. Exp. Bot. 55: 957-959.

Hernandez-Sotomayor, S.M.T., De Los Santos-Briones, C., Munoz-Sanchez, J.A., and Loyola-
Vargas, V.M., 1999, Kinetic analysis of phospholipase C from Catharanthus roseus
transformed roots using different assays. Plant Physiol. 120: 1075-1082.

Hong, Z., Bednarek, S.Y., Blumwald, E., Hwang, 1., Jurgens, G., Menzel, D., Osteryoung, K.W.,
Raikhel, N.V,, Shinozaki, K., Tsutsumi, N., and Verma, D.P.S., 2003, A unified nomenclature
for Arabidopsis dynamin-related large GTPases based on homology and possible functions.
Plant Mol. Biol. 53: 261-265.

Hong, Z., and Verma, D.P,, 1994, A phosphatidylinositol 3-kinase is induced during soybean
nodule organogenesis and is associated with membrane proliferation. Proc. Natl. Acad. Sci.
U.S.A.91: 9617-9621.



Phosphoinositide metabolism 201

Huang, S.J., Blanchoin, L., Kovar, D.R., and Staiger, C.J., 2003, Arabidopsis capping protein
(AtCP) is a heterodimer that regulates assembly at the barbed ends of actin filaments. J. Biol.
Chem. 278: 44832-44842.

Hunt, L., Mills, L.N., Pical, C., Leckie, C.P,, Aitken, FL., Kopka, J., Mueller-Roeber, B.,
McAinsh, M.R., Hetherington, A.M., and Gray, J.E., 2003, Phospholipase C is required for the
control of stomatal aperture by ABA. Plant J. 34: 47-55.

Hunt, L., Otterhag, L., Lee, J.C., Lasheen, T., Hunt, J., Seki, M., Shinozaki, K., Sommarin, M.,
Gilmour, D.J., Pical, C., and Gray, J.E., 2004, Gene-specific expression and calcium activation
of Arabidopsis thaliana phospholipase C isoforms. New Phytol. 162: 643—654.

Irvine, R.F,, 2003, Nuclear lipid signalling. Nat. Rev. Mol. Cell Biol. 4: 349-360.

Jin, J.B., Kim, Y.A., Kim, S.J,, Lee, S.H., Kim, D.H., Cheong, G.W., and Hwang, 1., 2001, A new
dynamin-like protein, ADL6, is involved in trafficking from the trans-Golgi network to the
central vacuole in Arabidopsis. Plant Cell 13: 1511-1525.

Kapranov, P, Routt, S.M., Bankaitis, V.A., de Bruijn, EJ., and Szczyglowski, K., 2001, Nodule-
specific regulation of phosphatidylinositol transfer protein expression in Lotus japonicus.
Plant Cell 13: 1369-1382.

Kim, D.H., Eu, Y.-J,, Yoo, C.M., Kim, Y.-W., Pih, K.T., Jin, J.B., Kim, S.J., Stenmark, H., and
Hwang, 1., 2001a, Trafficking of phosphatidylinositol 3-phosphate from the trans-Golgi
network to the lumen of the central vacuole in plant cells. Plant Cell 13: 287-301.

Kim, Y.W.,, Park, D.S., Park, S.C., Kim, S.H., Cheong, G.W., and Hwang, 1., 2001b, Arabidopsis
dynamin-like 2 that binds specifically to phosphatidylinositol 4-phosphate assembles into a
high-molecular weight complex in vivo and in vitro. Plant Physiol. 127: 1243-1255.

Kost, B., Lemichez, E., Spielhofer, P., Hong, Y., Tolias, K., Carpenter, C., and Chua, N.H., 1999,
Rac homologues and compartmentalized phosphatidylinositol 4,5-bisphosphate act in a
common pathway to regulate polar pollen tube growth. J. Cell Biol. 145: 317-330.

Kovar, D.R., Drbak, B.K., and Staiger, C.J., 2000, Maize profilin isoforms are functionally
distinct. Plant Cell 12: 583-598.

Kunz, J., Fuelling, A., Kolbe, L., and Anderson, R.A., 2002, Stereo-specific substrate recognition
by phosphatidylinositol phosphate kinases is swapped by changing a single amino acid
residue. J. Biol. Chem. 277: 5611-5619.

Kunz, J., Wilson, M.P, Kisseleva, M., Hurley, J.H., Majerus, PW., and Anderson, R.A., 2000, The
activation loop of phosphatidylinositol phosphate kinases determines signaling specificity.
Mol. Cell 5: 1-11.

Laude, A.J., and Prior, I.A., 2004, Plasma membrane microdomains: Organization, function and
trafficking. Mol. Membr. Biol. 21: 193-205.

Lee, S.H., Jin, J.B., Song, J.H., Min, M.K., Park, D.S., Kim, Y.W., and Hwang, [.H., 2002, The
intermolecular interaction between the PH domain and the C-terminal domain of Arabidopsis
dynamin-like 6 determines lipid binding specificity. J. Biol. Chem. 277: 31842-31849.

Lemmon, M.A., 2003, Phosphoinositide recognition domains. Traffic 4: 201-213.

Lemmon, M.A., Ferguson, K.M., and Schlessinger, J., 1996, PH domains: Diverse sequences with
a common fold recruit signaling molecules to the cell surface. Cell 85: 621-624.

Levine, T.P, and Munro, S., 2002, Targeting of Golgi-specific pleckstrin homology domains
involves both PtdIns 4-kinase-dependent and -independent components. Curr. Biol. 12:
695-704.

Li, W, Li, M., Zhang, W., Welti, R., and Wang, X., 2004, The plasma membrane-bound
phospholipase Ddelta enhances freezing tolerance in Arabidopsis thaliana. Nat. Biotechnol.
22:427-433.

Lipsky, J.J., and Lietman, P.S., 1980, Neomycin inhibition of adenosine triphosphatase: Evidence
for a neomycin—phospholipid interaction. Antimicrob. Agents Chemother. 18: 532-535.

Loewen, C.J., Gaspar, M.L., Jesch, S.A., Delon, C., Ktistakis, N.T., Henry, S.A., and Levine, T.P,,
2004, Phospholipid metabolism regulated by a transcription factor sensing phosphatidic acid.
Science 304: 1644-1647.



202 WE Boss et al.

Matsuoka, K., Bassham, D.C., Raikhel, N.V., and Nakamura, K., 1995, Different sensitivity to
wortmannin of two vacuolar sorting signals indicates the presence of distinct sorting
machineries in tobacco cells. J. Cell Biol. 130: 1307-1318.

Meijer, H.J.G., and Munnik, T., 2003, Phospholipid-based signaling in plants. Annu. Rev. Plant
Biol. 54: 265-306.

Mejillano, M., Yamamoto, M., Rozelle, A.L., Sun, H.Q., Wang, X.D., and Yin, H.L., 2001, Regulation
of apoptosis by phosphatidylinositol 4,5-bisphosphate inhibition of caspases, and caspase
inactivation of phosphatidylinositol phosphate 5-kinases. J. Biol. Chem. 276: 1865-1872.

Melin, PM., Pical, C., Jergil, B., and Sommarin, M., 1992, Polyphosphoinositide phospholipase
C in wheat root plasma membranes. Partial purification and characterization. Biochim.
Biophys. Acta 1123: 163-169.

Melin, PM., Sommarin, M., Sandelius, A.S., and Jergil, B., 1987, Identification of Ca?'-
stimulated polyphosphoinositide phospholipase C in isolated plant plasma membranes. FEBS
Lett. 223: 87-91.

Mikami, K., Takahashi, S., Katagiri, T., Yamaguchi-Shinozaki, K., and Shinozaki, K., 1999,
Isolation of an Arabidopsis thaliana cDNA encoding a pleckstrin homology domain protein,
a putative homologue of human pleckstrin. J. Exp. Bot. 334: 729-730.

Mills, L.N., Hunt, L., Leckie, C.P,, Aitken, F.L., Wentworth, M., McAinsh, M.R., Gray, J.E., and
Hetherington, A.M., 2004, The effects of manipulating phospholipase C on guard cell ABA-
signalling. J. Exp. Bot. 55: 199-204.

Minogue, S., Anderson, J.S., Waugh, M.G., dos Santos, M., Corless, S., Cramer, R., and Hsuan,
J.J., 2001, Cloning of a human type II phosphatidylinositol 4-kinase reveals a novel lipid
kinase family. J. Biol. Chem. 276: 16635-16640.

Mitra, P, Zhang, Y., Rameh, L.E., Ivshina, M.P,, McCollum, D., Nunnari, J.J., Hendricks, G.M., Kerr,
M.L., Field, S.J.,, Cantley, L.C., and Ross, A.H., 2004, A novel phosphatidylinositol(3,4,5)P3
pathway in fission yeast. J. Cell Biol. 166: 205-211.

Monks, D.E., Aghoram, K., Courtney, P.D., DeWald, D.B., and Dewey, R.E., 2001,
Hyperosmotic stress induces the rapid phosphorylation of a soybean phosphatidylinositol
transfer protein homolog through activation of the protein kinases SPK1 and SPK2. Plant
Cell 13:1205-1219.

Morse, M.J., Crain, R.C., and Satter, R.L., 1987, Light-stimulated inositol phospholipid turnover
in Samanea saman leaf pulvini. Proc. Natl. Acad. Sci. U.S.A. 84: 7075-7078.

Mueller-Roeber, B., and Pical, C., 2002, Inositol phospholipid metabolism in Arabidopsis.
Characterized and putative isoforms of inositol phospholipid kinase and phosphoinositide-
specific phospholipase C. Plant Physiol. 130: 22—46.

Munnik, T., Irvine, R.F.,, and Musgrave, A., 1998, Phospholipid signalling in plants. Biochim.
Biophys. Acta 1389: 222-272.

Nishikawa, K., Toker, A., Wong, K., Marignani, P.A., Johannes, FJ., and Cantley, L.C., 1998,
Association of protein kinase Cmu with type II phosphatidylinositol 4-kinase and type I
phosphatidylinositol-4-phosphate 5-kinase. J. Biol. Chem. 273: 23126-23133.

Novick, P, Osmond, B.C., and Botstein, D., 1989, Suppressors of yeast actin mutations. Genetics
121: 659-674.

Odom, A.R., Stahlberg, A., Wente, S.R., and York, J.D., 2000, A role for nuclear inositol 1,4,
S-trisphosphate kinase in transcriptional control. Science 287: 2026-2029.

Pappan, K., and Wang, X., 1999, Molecular and biochemical properties and physiological roles
of plant phospholipase D. Biochim. Biophys. Acta 1439:151-166.

Pendaries, C., Tronchere, H., Plantavid, M., and Payrastre, B., 2003, Phosphoinositide signaling
disorders in human diseases. FEBS Lett. 546: 25-31.

Perera, 1.Y., Davis, A.J., Galanopoulou, D., Im, Y.J., Boss, W.E,, 2005, Characterization and
comparative analysis of Arabidopsis phosphatidylinositol phosphate 5-kinase 10 reveals
differences in Arabidopsis and human phosphatidylinositol phosphate kinases. FEBS Lett.
579: 3427-32.



Phosphoinositide metabolism 203

Perera, 1.Y., Heilmann, 1., and Boss, W.E,, 1999, Transient and sustained increases in inositol
1,4,5-trisphosphate precede the differential growth response in gravistimulated maize pulvini.
Proc. Natl. Acad. Sci. U.S.A. 96: 5838-5843.

Perera, 1.Y., Heilmann, 1., Chang, S.C., Boss, W.E,, and Kaufman, P.B., 2001, A role for inositol
1,4,5-trisphosphate in gravitropic signaling and the retention of cold-perceived
gravistimulation of oat shoot pulvini. Plant Physiol. 125: 1499-1507.

Perera, 1.Y., Love, J., Heilmann, 1., Thompson, W.E.,, and Boss, W.F., 2002, Up-regulation of
phosphoinositide metabolism in tobacco cells constitutively expressing the human type I
inositol polyphosphate 5-phosphatase. Plant Physiol. 129: 1795-1806.

Peterman, T.K., Ohol, Y., McReynolds, L., and Luna, E.J., 2004, Patellinl, a novel secl4-like
protein, localizes to the cell plate and binds phosphoinositides. Plant Physiol. 136: 3080—
3094.

Pical, C., Westergren, T., Dove, S.K., Larsson, C., and Sommarin, M., 1999, Salinity and
hyperosmotic stress induce rapid increases in phosphatidylinositol 4,5-bisphosphate,
diacylglycerol pyrophosphate, and phosphatidylcholine in Arabidopsis thaliana cells. J. Biol.
Chem. 274: 38232-38240.

Racker, E., 1985, Reconstitutions of transporters, receptors, and pathological states. Orlando,
Academic Press.

Roth, M.G., 1999, Lipid regulators of membrane traffic through the Golgi complex. Trends Cell
Biol. 9: 174-179.

Roth, M.G., 2004, Phosphoinositides in constitutive membrane traffic. Physiol. Rev. 84: 699-730.

Sanchez, J.P, and Chua, N.H., 2001, Arabidopsis PLCI is required for secondary responses to
abscisic acid signals. Plant Cell 13: 1143—-1154.

Sandelius, A.S., Sommarin, M., 1990, Membrane-localized reactions involved in poly-
phosphoinositide turnover in plants, in Morre, D.J., Boss, W.E,, Loewus, F. (ed): Inositol
Metabolism in Plants. New York, Wiley-Liss, pp 139-161.

Shank, K.J., Su, P, Brglez, 1., Boss, W.E.,, Dewey, R.E., and Boston, R.S., 2001, Induction of lipid
metabolic enzymes during the endoplasmic reticulum stress response in plants. Plant Physiol.
126: 267-277.

Simonsen, A., Wurmser, A.E., Emr, S.D., and Stenmark, H., 2001, The role of phosphoinositides
in membrane transport. Curr. Opin. Cell. Biol. 13: 485-492.

Sprong, H., van der Sluijs, P, and van Meer, G., 2001, How proteins move lipids and lipids move
proteins. Nat. Rev. Mol. Cell Biol. 2: 504-513.

Staiger, C.J., Gibbon, B.C., Kovar, D.R., and Zonia, L.E., 1997, Profilin and actin-depolymerizing
factor: Modulators of actin organization in plants. Trends Plant Sci. 7: 275-281.

Staxen, I., Pical, C., Montgomery, L.T., Gray, J.E., Hetherington, A.M., and McAinsh,
M.R., 1999, Abscisic acid induces oscillations in guard-cell cytosolic free calcium that involve
phosphoinositide-specific phospholipase C. Proc. Natl. Acad. Sci. U.S.A. 96: 1779-1784.

Stevenson, J.M., Perera, 1.Y., and Boss, W.E,, 1998, A phosphatidylinositol 4-kinase pleckstrin
homology domain that binds phosphatidylinositol 4-monophosphate. J. Biol. Chem. 273:
22761-22767.

Stevenson, J.M., Perera, 1.Y., Heilmann, 1., Persson, S., and Boss, W.E., 2000, Inositol signaling
and plant growth. Trends Plant Sci. 5: 252-258.

Stevenson-Paulik, J., Love, J., and Boss, W.F.,, 2003, Differential regulation of two Arabidopsis
type 111 phosphatidylinositol 4-kinase isoforms. A regulatory role for the pleckstrin homology
domain. Plant Physiol. 132: 1053—-1064.

Suer, S., Sickmann, A., Meyer, H.E., Herberg, F.W., and Heilmeyer, L.M., Jr., 2001, Human
phosphatidylinositol 4-kinase isoform PI4K92. Expression of the recombinant enzyme and
determination of multiple phosphorylation sites. Eur. J. Biochem. 268: 2099-2106.

Takenawa, T., and Itoh, T., 2001, Phosphoinositides, key molecules for regulation of actin
cytoskeletal organization and membrane traffic from the plasma membrane. Biochim.
Biophys. Acta 1533: 190-206.



204 WE Boss et al.

Tan, Z., and Boss, W.E., 1992, Association of phosphatidylinositol kinase, phosphatidylinositol
monophosphate kinase, and diacylglycerol kinase with the cytoskeleton and F-actin fractions
of carrot (Daucus carota L.) cells grown in suspension culture. Plant Physiol. 100: 2116—
2120.

Tronchere, H., Buj-Bello, A., Mandel, JL., and Payrastre, B., 2003, Implication of
phosphoinositide phosphatases in genetic diseases: The case of myotubularin. Cell Mol. Life
Sci. 60: 2084-2099.

Van Leeuwen, W., Okresz, L., Bogre, L., and Munnik, T., 2004, Learning the lipid language of
plant signalling. Trends Plant Sci. 9: 378-384.

van Meer, G., and Sprong, H., 2004, Membrane lipids and vesicular traffic. Curr. Opin. Cell Biol.
16: 373-378.

Vincent, P., Chua, M., Nogue, F., Fairbrother, A., Mekeel, H., Xu, Y., Allen, N., Bibikova, T.N.,
Gilroy, S., Bankaitis, V.A., 2005, A Secl4p-nodulin domain phosphatidylinositol transfer
protein polarizes membrane growth of Arabidopsis thaliana root hairs. J Cell Biol. 168:
801-12.

Walsh, J.P., Caldwell, K.K., and Majerus, PW., 1991, Formation of phosphatidylinositol 3-
phosphate by isomerization from phosphatidylinositol 4-phosphate. Proc. Natl. Acad. Sci.
U.S.A4. 88: 9184-9187.

Wang, X., 1999, The role of phospholipase D in signaling cascades. Plant Physiol. 120: 645-651.

Wang, X., 2001, Plant phospholipases. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52: 211-231.

Wei, Y.J., Sun, H.Q., Yamamoto, M., Wlodarski, P, Kunii, K., Martinez, M., Barylko, B.,
Albanesi, J.P, and Yin, H.L., 2002, Type II phosphatidylinositol 4-kinase beta is a cytosolic
and peripheral membrane protein that is recruited to the plasma membrane and activated by
Rac-GTP. J. Biol. Chem. 277: 46586-46593.

Welti, R., Li, W,, Li, M., Sang, Y., Biesiada, H., Zhou, H.-E., Rajashekar, C.B., Williams, T.D.,
and Wang, X., 2002, Profiling membrane lipids in plant stress responses. Role of
phospholipase Dalpha in freezing-induced lipid changes in Arabidopsis. J. Biol. Chem. 277:
31994-32002.

Wenk, M.R., Lucast, L., Di Paolo, G., Romanelli, A.J., Suchy, S.F,, Nussbaum, R.L., Cline, G.W.,
Shulman, G.I., McMurray, W., and De Camilli, P, 2003, Phosphoinositide profiling in
complex lipid mixtures using electrospray ionization mass spectrometry. Nat. Biotechnol. 21:
813-817.

Westergren, T., Dove, S.K., Sommarin, M., and Pical, C., 2001, AtPIPSK1, an Arabidopsis
thaliana phosphatidylinositol phosphate kinase, synthesizes PtdIns(3,4)P, and PtdIns(4,5)P,
in vitro and is inhibited by phosphorylation. Biochem. J. 359: 583-589.

Wheeler, J.J., and Boss, W.F., 1987, Polyphosphoinositides are present in plasma membranes
isolated from fusogenic carrot cells. Plant Physiol. 85: 389-392.

Williams, M.E., Torabinejad, J., Cohick ,E., Parker, K., Drake, E.J., Thompson, J.E., Hortter, M.,
Dewald, D.B., 2005, Mutations in the Arabidopsis phosphoinositide phosphatase gene SAC9
lead to over accumulation of PtdIns(4,5)P, and constitutive expression of the stress-response
pathway. Plant Physiol. 138: 686—700.

Xu, P, Lloyd, C.W., Staiger, C.J., and Drbak, B.K., 1992, Association of phosphatidylinositol 4-
kinase with the plant cytoskeleton. Plant Cell 4: 941-951.

Xue, H.W., Pical, C., Brearley, C., Elge, S., and Muller-Rober, B., 1999, A plant 126-kDa
phosphatidylinositol 4-kinase with a novel repeat structure. Cloning and functional expression
in baculovirus-infected insect cells. J. Biol. Chem. 274: 5738-5745.

Yang, W., and Boss, W.F,, 1994a, Regulation of phosphatidylinositol 4-kinase by the protein
activator PIK-A49. Activation requires phosphorylation of PIK-A49. J. Biol. Chem. 269:
3852-3857.

Yang, W., and Boss, W.E,, 1994b, Regulation of the plasma membrane type I1I phosphatidylinositol
4-kinase by positively charged compounds. Arch. Biochem. Biophys. 313: 112—-119.



Phosphoinositide metabolism 205

Rev. Physiol. 2: 2.

Yin, H.L., and Janmey, P.A., 2002, Phosphoinositide regulation of the actin cytoskeleton. Annu.
Zhao, X.H., Bondeva, T., and Balla, T., 2000, Characterization of recombinant

phosphatidylinositol 4-kinase beta reveals auto- and heterophosphorylation of the enzyme. J.
Biol. Chem. 275: 14642-14648.

Zhong, R., and Ye, Z.-H., 2003, The SAC domain-containing protein gene family in Arabidopsis.
Plant Physiol. 132: 544-555.





