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AtPIP5K1, an Arabidopsis thaliana phosphatidylinositol phosphate kinase,
synthesizes Ptdins(3,4)P, and PtdIns(4,5)P, in vitro and is inhibited by

phosphorylation
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PtdIns phosphate kinases (PIPkins), which generate PtdInsP,
isomers, have been classified into three subfamilies that differ in
their substrate specificities. We demonstrate here that the pre-
viously identified AtPIP5KI gene from Arabidopsis thaliana
encodes a PIPkin with dual substrate specificity in vitro, capable
of phosphorylating PtdIns3 P and PtdIns4P to PtdIns(3,4)P, and
PtdIns(4,5)P, respectively. We also show that recombinant

AtPIP5K1 is phosphorylated by protein kinase A and a soluble
protein kinase from A. thaliana. Phosphorylation of AtPIP5K1
by protein kinase A is accompanied by a 40 9, inhibition of its
catalytic activity. Full activity is recovered by treating phos-
phorylated AtPIP5K 1 with alkaline phosphatase.
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INTRODUCTION

PtdIns and its phosphorylated derivatives are involved in many
cellular processes in animal cells. Seven phosphorylated deriva-
tives of PtdIns have been identified in animal cells. Hydrolysis of
PtdIns(4,5)P, by phosphoinositide-specific phospholipase C
results in the generation of two second messengers, Ins(1,4,5)P,
and diacylglycerol, that respectively release Ca** from internal
stores and stimulate protein kinase C[1]. PtdIns(4,5)P, and other
phosphoinositides serve many additional critical functions in
animal cells, by regulating the actin cytoskeleton, vesicular
trafficking, protein activities, nuclear functions and endocytosis
[2-6].

Although plants have been shown to contain all the phospho-
inositides identified in animal cells, except for PtdIns5P and
PtdIns(3,4,5)P,, comparatively little information exists on their
metabolism and functions in plant cells. However, microinjected
‘caged’ Ins(1,4,5)P, can release Ca®" from internal stores [7] and
can trigger stomatal closure [8,9]. There is also evidence that
phosphoinositides might participate in the regulation of cyto-
skeletal structures in plant cells [10,11], in polar pollen tube
growth [12] and in nuclear function [13]. We and others have
recently shown that salt stress stimulates the synthesis of
two types of PtdInsP,, PtdIns(4,5)P, in suspension-cultured
Arabidopsis thaliana cells [14,15], and PtdIns(3,5)P, in Chlamy-
domonas and other plant cells [16].

The synthesis of PtdIns(3,4)P,, PtdIns(4,5)P, and Ptd-
Ins(3,5)P, from PtdInsP isomers is catalysed by PtdInsP kinases
(PIPkins). These enzymes form a family of lipid kinases distinct
from PtdIns 3-kinases and PtdIns 4-kinases, and are classified
into three subfamilies (types I-I1I), depending on their substrate
specificity. Type I enzymes are PtdIns4P 5-kinases, type II
enzymes are PtdInsSP 4-kinases [17] and type III enzymes are
PtdIns3 P 5-kinases; these last are represented by the Saccharo-
myces cerevisiae FABI gene product and its homologues from
other species [18]. In wvitro, type 1 and II PIPkins can also
phosphorylate PtdIns3P and PtdIns [19,20]. It is important to
note that in animal cells PtdIns(3,4)P, can be generated via

phosphorylation of PtdIns4P on the 3-OH position by hetero-
dimeric inositol lipid 3-kinases of the p110 family [21].

In plants, the relative abundance of the different PtdInsP,
isomers is very variable, depending on the cell types and/or
growth conditions. For example, in suspension-cultured cells of
A. thaliana, the only PtdInsP, isomer detectable is PtdIns(4,5)P,
[14], whereas PtdIns(3,4)P, is the predominant PtdInsP, form in
Commelina communis stomatal guard cells [22]. In some plant
cells the production of PtdIns(3,5)P, is stimulated on salt stress
[16,23]. A plant enzyme activity capable of phosphorylating
PtdIns4P to a PtdInsP, isomer has long been known to be
present in the plasma membrane [24]. The identity of the PtdInsP,
isomer was not determined [24]. Both PtdIns(3,4)P, and
PtdIns(3,5)P, are generated from endogenous phosphoinositides
when plant plasma membranes are incubated with ATP (S. K.
Dove and B. K. Drebak, unpublished work). The only PtdIns 3-
kinases identified so far in plants [25,26] are homologues of the
yeast Vps34p protein, which only phosphorylates PtdIns, but not
its phosphorylated derivatives, on the 3-OH group. Furthermore,
the genome of A. thaliana does not contain any genes that encode
proteins similar to the heterodimeric inositol lipid 3-kinases from
animals that are able to phosphorylate PtdIns, PtdIns4P and
PtdIns(4,5)P,. This suggests that a distinct enzyme is responsible
for the synthesis of PtdIns(3,4)P, in plant cells. A gene encoding
a functional plant PIPkin has been identified [27]. This gene from
A. thaliana, AtPIP5K1, encodes a protein with sequence similarity
to type I and II PIPkins. The authors tested only PtdIns4P as a
substrate, and the structure of the lipid product formed was not
determined [27]. We have now analysed the properties of
AtPIP5K 1 more closely, and demonstrate that in vitro it generates
PtdIns(4,5)P, and PtdIns(3,4)P, from PtdIns4P and PtdIns3P
respectively. This substrate specificity is identical with that of the
Mssdp PIPkin from S. cerevisiae. Sequence comparison also
demonstrates that AtPIP5SK 1 and Mss4p are more closely related
to each other than to PIPkins from other species. In addition, we
show that AtPIP5K1 can be phosphorylated by protein kinase A
(PKA) and a protein kinase activity present in a cytosol fraction
prepared from A. thaliana plants. The PKA-catalysed
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phosphorylation of AtPIP5K1 had an inhibitory effect on the
catalytic activity of the plant enzyme.

MATERIALS AND METHODS
Materials

[*H]Inositol was from Amersham Pharmacia Biotech. [y-**P]ATP
was synthesized as described [28]. PtdIns3P and PtdIns(3,4)P,
were synthesized as described [29]. PtdIns and PtdIns4P were
from Sigma; PtdIns5P was from Echelon Research Laboratories.
Silica gel 60-A TLC plates were from Merck. PKA and alkaline
phosphatase were from Boehringer Mannheim.

Expression of recombinant AtPIP5K1

Sequencing of the cDNA for AtPIP5K1 provided by Kazuo
Shinozaki (Riken, Ibaraki, Japan) (GenBank® accession number
AB005902) [27] revealed one mistake in the nucleotide sequence
provided: the thymidine base at position 562 is not present in the
cDNA, resulting in a frameshift and a wrong and shorter N-
terminus for the deduced amino acid sequence of AtPIP5K1
given by Mikami et al. [27] (see Figure 1). A different cDNA for
the same gene, with a correct sequence, has been reported
(accession number AF019380) [30]. The entire coding sequence
of AtPIP5SKI was amplified by PCR from the cDNA clone
provided by K. Shinozaki with Pfu polymerase (Stratagene)
using primers that inserted Sa/l and Notl restriction sites at the
5 and 3’ ends respectively. The amplified fragment was digested
and ligated into the expression vector pGEX-4T-2 (Amersham
Pharmacia Biotech) digested with Sa/l and Notl. The resulting
construct was named pGPIP5K 1. The sequence of the amplified
fragment was confirmed by automated DNA sequencing.

Escherichia coli strain BL21(DE3)pLys (BL21) was used for
the expression of a recombinant fusion protein of glutathione S-
transferase (GST) with AtPIP5K1. An overnight culture of
BL21, transformed with pGPIP5K1, was diluted 1:100 with
fresh culture medium and grown at 30 °C with shaking at
200 rev./min until a D, of 0.6-0.8 was reached, at which point
isopropyl f-D-thiogalactoside (IPTG) was added to a final
concentration of 30 M. Cells were incubated for an additional
6h at 16 °C and 200 rev./min; they were then collected by
centrifugation and frozen until the recombinant protein was to
be purified. Frozen cells were thawed and resuspended in TBS
buffer [10 mM Tris/HCI (pH 8.0)/140 mM NaCl] containing
1% (w/v) Triton X-100, ] mM EDTA, 1 mM dithiothreitol
and 1 mM PMSF (extraction buffer). The crude extract was
sonicated and centrifuged for 15 min at 10000 g and 4 °C.
The supernatant was incubated with glutathione—Sepharose
resin (Amersham Pharmacia Biotech), pre-equilibrated with
extraction buffer, for 1 h at 4 °C. The resin was then washed
with extraction buffer supplemented with 0.3 M NaCl, followed
by extraction buffer. Proteins bound to the resin were stored in
aliquots at —80 °C until use.

Lipid kinase activity assay

Inositol lipid phosphorylation was performed as described [31].
In brief, phosphoinositides, in chloroform/methanol (2:1, v/v),
were dried under a stream of nitrogen. They were resuspended in
2 x kinase assay buffer [5S0 mM Hepes/KOH (pH 7.4)/3 mM
MgCl,/10 mM 2-glycerophosphate/2 mM dithiothreitol/
240 mM NacCl] supplemented with 29, (w/v) sodium cholate.
Glutathione—Sepharose with recombinant protein was washed
once with 1 x kinase assay buffer before activity measurement.
Each reaction consisted of 5 ug of lipid substrate, resin-bound
GST-AtPIP5K1, and was started by the addition of 50 uM
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[y-**P]JATP (10 xCi per assay) in a final volume of 50 ul. The
reaction was performed for 5min at room temperature and
stopped by the addition of 1 ml of chloroform/methanol (1:1,
v/v) and 20 gl of brain extract (Folch Fraction I; Sigma) in
chloroform (10 mg/ml) was added to provide carrier lipids. The
mixture was vortex-mixed, and 0.5 ml of 1.2 M HCI was added
to separate the phases. After centrifugation, the lower phase was
washed once with 0.5 ml of methanol and 0.5 ml of 0.1 M HCL
The washed lower phase was transferred to a new tube and dried
under a stream of nitrogen. The lipid products were resuspended
in 30 xl of chloroform and separated by TLC with a solvent
mixture composed of chloroform/methanol/water/NH,OH
(45:45:9:5, by vol.). Radiolabelled lipids were detected with a
PhosphorImager (Molecular Dynamics).

Identification of lipid products

After lipid kinase assay, lipids were dried with nitrogen and
deacylated with a methylamine solution prepared as described by
Dove and Michell [32]. A total phospholipid deacylate was
prepared from a S. cerevisiae strain radiolabelled with [*H]inositol
and treated with 1M NaCl to stimulate the synthesis of
PtdIns(3,5)P, [23]. An aliquot of this total *H-labelled deacylate
was added to the deacylation products obtained from the
PtdIns4 P phosphorylation reactions before they were separated
on a Partisphere 46 mm x 250 mm SAX HPLC column (5 gm
pore size; Whatman) with an (NH,),HPO, gradient (gradient B
in [32]). For the identification of the product generated by
AtPIP5K1 from PtdIns3P, an aliquot of a total deacylate
obtained from S. cerevisiae overexpressing a farnesylated p110y
subunit of mouse inositol lipid 3-kinase and radiolabelled with
[*H]inositol was used. This deacylate contained substantial
amounts of [*PH]GroPIns(3,4)P, and [*H]GroPIns(3,4,5)P, as
well as the inositol lipids normally found in yeast cells. Fractions
(1 ml) were collected, and the radioactivity in each fraction was
determined with a scintillation counter.

A. thaliana subcellular fractionation

A. thaliana plants were grown in soil in a greenhouse with
supplementary light (23 W/m?, 350-800 nm; Philips G/86/2
HPLR 400W) and with full nutrient supply.

Plants (4 weeks old; everything above the soil) were harvested
and homogenized in 50 mM Mops/KOH (pH 7.8)/330 mM
sucrose/0.2 %, (w/v) casein (boiled hydrolysate)/5S mM EDTA/
5 mM ascorbic acid/5 mM dithiothreitol/0.6 9%, (w/v) polyvinyl-
polypyrrolidone/1 mM PMSF. The homogenate was filtered
and centrifuged at 10000 g for 15 min. The resulting supernatant
was centrifuged at 30000 g for 1 h, giving a supernatant, termed
the cytosol, and a pellet, termed the microsomal fraction.

Protein phosphorylation

Resin with bound GST-AtPIP5K 1 was washed with PKA buffer
[100 mM Tris/HCl (pH 7.5)/0.5M NaCl/100 mM MgCl,/
1 mM EGTA]. GST-AtPIP5K1 bound to glutathione—Sepharose
was phosphorylated with PKA in accordance with the manu-
facturer’s instructions (Boehringer Mannheim). In brief, 20 ul of
PKA buffer was mixed with 20 ul of washed resin and 40 m-units
of PKA; the volume was adjusted to 90 ul with water. The
reaction was started with 10 ul of 50 xM ATP (0.5 uCi/ul) and
incubated at 2042 °C. The reaction was terminated after 30 min
with Laemmli sample buffer [33]. In some cases, phosphorylation
by PKA was followed by treatment with alkaline phosphatase.
Phosphorylated GST-AtPIP5K 1 was washed three times (5 min
each) with alkaline phosphatase buffer [SO mM Tris/HCl
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(pH 8.5)/0.1 mM EDTA] followed by incubation with 10 units
of alkaline phosphatase for 30-60 min at 20+2 °C. Control
samples were exposed to the same treatment except that no PKA
or alkaline phosphatase was present.

Phosphorylation of GST-AtPIPSK1 bound to the resin with
the cytosol and microsome fraction from A. thaliana plants was
performed exactly as with PKA, except that incubation time
was prolonged to 2 h. The effect of Ca** was also tested, by re-
placing 1 mM EGTA in the incubation with 0.1-1 mM CaCl,.

Protein sequence analysis

Alignment of amino acid sequences was performed with the
ClustalW program available from the EXPASY Molecular Biol-
ogy Server (http://www.expasy.ch).

SDS/PAGE

Proteins were separated on 109, (w/v) polyacrylamide gels as
described previously [33].

Protein determination

Protein concentration was determined essentially as described by
Bearden [34], with BSA as standard protein.

RESULTS
Sequence comparison

The A. thaliana gene AtPIP5KI encodes a protein sharing
sequence similarity with PIPkins and possesses PtdInsP kinase
activity [27]. Sequence comparison clearly shows that AtPIP5K1
is significantly more similar to Mss4p than to any other PIPkin
(Figure 1). The amino acid sequences of AtPIPSK1 and Mssdp
are 25 9, identical (195 residues), with an additional 127 residues
conserved between them. Only 159, of the amino acids are
identical when comparing AtPIP5K 1 with animal PIPkins. This
reflects the fact that AtPIP5K1 and Mssd4p both have an N-
terminal extension, which contains a number of identical or
conserved residues (Figure 1, upper panel). This extension is
absent from the type I and type II PIPkins and is not conserved
in type 11 PIPkins (Figure 1, lower panel). Even when comparing
the putative catalytic domains, AtPIP5K1 and Mss4p are more
similar to each other than to type I, II and III PIPkins (Figure 1,
lower panel). In addition, its calculated molecular mass
(85.8 kDa) is similar to that of Mss4p (89.3 kDa), whereas type
I and II PIPkins from animals are smaller (60—72 and 47 kDa
respectively) [17] and FABIp and its homologues are much
bigger (200 kDa or more) [18].

AtPIP5K1 has dual substrate specificity in vitro

Mikami et al. [27] showed that the putative catalytic domain of
AtPIP5K1 phosphorylated commercial PtdIns4P to a PtdInsP,
isomer but the identity was not determined. No other PtdInsP iso-
mers were tested as substrates. To determine the substrate
specificity of the protein encoded by AtPIP5KI, we expressed
full-length AtPIPSK1 as a GST fusion protein (Figure 2).
Induction of the expression of GST-AtPIP5KI in E. coli with
IPTG resulted in the accumulation of a protein of approx.
110 kDa (lane + in Figure 2), which corresponds well to the
calculated size (115 kDa) for the GST-AtPIP5K 1 fusion protein.
Non-induced cells did not contain any significant amount of
this protein (lane — in Figure 2). Affinity purification on
glutathione—Sepharose beads produced a clear enrichment of the
110 kDa protein (lane P in Figure 2). We then tested the activity
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Figure 1 Multiple sequence alignment of AtPIP5K1 with Mss4p, HsPIPKIp,
HsPIPKIIS and FAB1 proteins

The sequences of AtPIP5K1 (accession no. AF019380), Mss4p (D13716) HsPIPKIS (X92493),
HsPIPKIIZ (U85245), predicted AtFAB1a (AL035525), predicted AtFAB1b (AB022220)
and ScFAB1p (U01017) were aligned by using the ClustalW sequence alignment program and
adjusted by hand. Residues identical in at least the four first sequences are shown in white on
a black background, while those conserved or semi-conserved are shaded in grey. Additional
residues identical in at least AtPIP5K1 and Mssdp are boxed. The insertion in the catalytic
domain of PtdinsP 4/5-kinases is indicated by a line below the aligned sequences. Numbers
at the right indicate the position of the last amino acid in each lane for the respective proteins.
Upper panel: alignment of the N-terminal regions of AtPIP5K1, ScMss4p, HsPIPklA and
HsPIPKIIZ. Lower panel: alignment of the catalytic domains.

of recombinant GST-AtPIP5K1 bound to the glutathione resin
with PtdIns, PtdIns3P, PtdIns4P, PtdIns5P and PtdIns(3,4)P,
as substrates. Strong lipid kinase activity was detected
when PtdIns4 P was the substrate, slightly weaker activity with
PtdIns3P and only very weak activity with PtdIns5P (Figure
3A). No lipid kinase activity was detected with PtdIns or
PtdIns(3,4)P, as substrate (Figure 3A). As expected, GST alone
did not phosphorylate PtdIns4P. The major lipid products
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Figure 2 Expression of recombinant proteins

BL21 cells harbouring the pGPIP5K1 construct were grown overnight at 30 °C. A sample was
withdrawn before induction with IPTG. Recombinant GST—AtPIP5K1 was purified from the
induced cells. Recombinant GST was affinity-purified from BL21 cells harbouring the pGEX-4T-
2 plasmid. Recombinant GST (lane G) and GST—AtPIP5K1 (lane P), as well as supernatants
obtained after the sonication of cell extracts from non-induced (—) and induced (+ ) cells, were
separated by SDS/PAGE and stained with Coomassie Brilliant Blue G-250. The arrow indicates
GST—AtPIP5K1. Molecular mass standards (lane MW) are indicated in kDa at the right.

obtained from PtdIns3P and PtdIns4 P were resolved as distinct
bands when separated by TLC in the region where PtdInsP,
isomers were recovered in this TLC solvent system (Figure 3A),
suggesting that different PtdInsP, isomers were formed from
these two lipids. When PtdIns4 P was the substrate, a minor band
migrating exactly like the product obtained with PtdIns3P was
also detected in some cases (compare Figures 3A and 3B). Both
Mg?* and Mn** could serve as the metal ion in the reaction
(Figure 3B), with Mn?" being slightly more efficient.

To identify the PtdInsP, isomers formed by AtPIP5K1, the
lipid products obtained from PtdIns3P, PtdIns4 P and PtdIns5P
were deacylated, spiked with an aliquot of one of two [*H]inositol-
labelled total yeast lipid deacylates of known composition,
one containing [*H]GroPIns(3,5)P, and [*H]GroPIns(4,5)P,,
the other [PH]GroPIns(3,4)P, and [*H]GroPIns(4,5)P, (see the
Materials and methods section) and then analysed by HPLC.
After deacylation, the major [**P]GroPInsP, isomer obtained
from the lipid products generated from PtdIns4P was cluted at
exactly the same place as [*PH]GroPIns(4,5)P, (Figure 4, upper
panel). The elution profile of [PH]GroPIns(4,5)P, on this column
has been presented earlier [14] and was confirmed by deacylating
[*H]PtdIns(4,5)P, (from NEN Life Science) and using the
resulting [*H]GroPIns(4,5)P, as an internal standard in some
samples. The deacylation product obtained from the lipid
synthesized by GST-AtPIP5K1 from PtdIns3P was eluted at
exactly the same place as [PH]GroPIns(3,4)P, (Figure 4, lower
panel). The same analysis protocol showed that when PtdIns5P
was the substrate, the lipid product generated consisted mainly
of PtdIns(4,5)P, (results not shown). These results indicate that,
in vitro, AtPIP5K1 is a dual substrate-specific lipid kinase,
phosphorylating PtdIns3P to PtdIns(3,4)P,, and PtdIns4P to
PtdIns(4,5)P,.

Phosphorylation of AtPIP5K1 by PKA results in inhibition of
activity

We tested whether GST-AtPIP5K1 could be phosphorylated in
vitro by commercially available protein kinases. GST-AtPIP5K1
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Figure 3 Lipid kinase activity of GST—AtPIP5K1 in vitro

The activity of recombinant GST—AtPIP5K1 bound to glutathione—Sepharose beads was
assayed with five different lipids as substrate [PtdIns, PtdIns3P, Ptdins4P, Ptdins5P and
PtdIns(3,4)A,] in the presence of 1.5 mM MgCl, (A), and with Ptdins4P in the presence of
1.5 mM MgCl, or 0.5 mM MnCl, (B). Lipid products were separated by TLC and detected with
a Phosphorlmager. In (B) duplicates were performed and separated side by side on the TLC
plate. As a control, recombinant GST was also tested with PtdIns4 P as substrate [GST in (A)].
Note that no PtdInsP band, which migrates towards the top of the TLC section presented, is
detected.

bound to glutathione—Sepharose resin was incubated with the
catalytic subunit of PKA in the presence of [y-**P]JATP and
MgCl, and subsequently resolved by SDS/PAGE and analysed
by Phosphorlmaging (Figures 5A and 5B). As shown in Figure
5, PKA actively phosphorylated GST-AtPIP5K1, whereas no
autophosphorylation was detected in the absence of exogenous
protein kinase. GST alone was not significantly phosphorylated
by PKA (Figure 5D), demonstrating that AtPIP5K1 itself was
the target of phosphorylation by PKA. Phosphorylation of
GST-AtPIP5K1 by PKA resulted in an inhibition of its lipid
kinase activity, as measured with PtdIns4P as substrate. The
inhibition reached approx. 40 9%, after 30 min of phosphorylation
with PKA (Figure 5C). Treatment of PKA-phosphorylated
GST-AtPIP5K1 with alkaline phosphatase resulted in a signi-
ficant decrease in the *?P-labelling of GST-AtPIPSK1 (Figure
5B). The dephosphorylation of the recombinant protein was
accompanied by a full recovery of lipid kinase activity (Figure
5C). This suggests that several sites were phosphorylated by
PKA and that not all of them were involved in inhibition of the
catalytic activity of the enzyme. It also indicates that the synthesis
of at least some of the phosphoinositides might be regulated by
protein phosphorylation in plant cells.

AtPIPSK1 is also phosphorylated by an A. thaliana protein kinase

A. thaliana contains several hundred different protein kinases but
very little is known about their site specificity. Therefore, to
investigate whether AtPIPSK1 might be regulated in vivo by
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Figure 4 Identification of the products of the lipid kinase activity of

GST-AtPIP5K1

The activity of GST—AtPIP5K1 was assayed with PtdIns4 P (upper panel) or PtdIns3P (lower
panel) as substrate. The *2P-labelled lipid products (@) were deacylated and analysed by HPLC
on a Partisphere SAX column. The deacylation products were spiked with an internal standard
consisting of the total lipid deacylate obtained from [*HJinositol-labelled yeast cells (O) that
had been shocked with NaCl to stimulate the production of Ptdins(3,5)7, (R), and [*H]inositol-
labelled yeast cells overexpressing the mouse inositol lipid 3-kinase p110y and hence
generating substantial amounts of PtdIns(3,4)~, (B).

phosphorylation, we tested subcellular fractions from A. thaliana
plants for their ability to phosphorylate GST-AtPIP5K1 loaded
on glutathione-Sepharose resin. As shown in Figure 6, the
cytosolic fraction was able to phosphorylate GST-AtPIP5K1,
although relatively weakly. We did not detect any phosphoryl-
ation with the microsomal fraction (results not shown). To
demonstrate that the incorporation was in AtPIP5K 1, we treated
glutathione—Sepharose loaded with **P-labelled GST-AtPIP5K 1
with thrombin. As expected, the GST-AtPIP5K1 protein band
disappeared completely, whereas a smaller phosphorylated pro-
tein of approx. 72 kDa could be detected that was not present
before treatment with thrombin (Figure 6). This is smaller than
the calculated mass of intact AtPIPSK1 (86 kDa) and it probably
reflects cleavage by thrombin at site(s) present in AtPIPSK1 in
addition to the site present between the GST and AtPIP5K1
sequences. The major Coomassie-stained band after cleavage
with thrombin (asterisk in Figure 6), approx. 50 kDa in size,
probably represents a further degradation of AtPIP5K1. This
band is only very weakly phosphorylated. AtPIP5K 1 does indeed
contain several putative thrombin cleavage sites. It is also worth
noting that after cleavage with thrombin, no radioactivity was
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Figure 5 AtPIP5K1 is phosphorylated and inhibited by PKA

GST [lane 1 in (D)] and GST—AtPIP5K1 [(A—C), and lane 2 in (D)] were incubated with the
catalytic subunit of PKA in the presence of [7-32P]ATP and MgCl, (PKA), or with PKA,
[y—”P]ATP and MgCl, followed by alkaline phosphatase (PKA+AP), as described in the
Materials and methods section. In a control experiment, GST—AtPIP5K1 was incubated in the
same conditions without PKA or AP (control). The samples were then separated by SDS/PAGE
and stained with Coomassie Brilliant Blue (A) followed by drying and Phosphorlmaging (B). The
migration of molecular mass markers is indicated (in kDa) at the right. In parallel, samples
treated in the same way were assayed for lipid kinase activity, with PtdIns4P as substrate in
the presence of 1.5 mM MgCl,. Lipid products were analysed by TLC and quantified
(means +S.D.) from the Phosphorimage (C). (D) Left panel, Coomassie staining; right panel,
Phosphorlmage. Lanes 1, GST; lanes 2, GST—AtPIP5K1.

detected in the GST band, confirming that the 2P labelling
present in GST-AtPIP5K1 was not in GST itself. Similar results
were obtained whether Ca®" was present or not during
phosphorylation with plant subfractions, suggesting that the
protein kinase responsible was not Ca*'-dependent. We were
unable to detect any effect of phosphorylation of GST-AtPIP5K 1
by the cytosol on its activity, measured with PtdIns4 P as substrate
(results not shown).

© 2001 Biochemical Society
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Figure 6 AtPIP5K1 is phosphorylated by an A. thaliana protein kinase

GST—AtPIP5K1 bound to glutathione—Sepharose beads was incubated with a cytosolic fraction
obtained from A. thaliana plants in the presence of [y»”P]ATP and MgCl, and separated by
SDS/PAGE followed by Phosphorlmaging (—). GST was released from phosphorylated
GST—AtPIP5K1 fusion protein by incubation of resin with thrombin, followed by SDS/PAGE and
Phosphorlmaging (+). The double-headed arrow indicates GST—AtPIP5K1; the single arrow
indicates the major phosphoprotein obtained after treatment of phosphorylated GST—AtPIP5K1
with thrombin. The positions of molecular mass markers (in the leftmost lane) are indicated in
kDa at the left.

DISCUSSION

We demonstrate that AtPIPSK1 has dual substrate specificity in
vitro, catalysing the synthesis of PtdIns(4,5)P, and PtdIns(3,4)P,
from PtdIns4 P and PtdIns3 P respectively. This substrate specifi-
city resembles that of type I PIPkins, but the latter can also
generate PtdIns(3,5)P, and PtdIns(3,4,5)P, from PtdIns3P
[19,35], which AtPIP5K1 cannot. However, it is the S. cerevisiae
PIPkin Mssdp that shows the most similar substrate specificity
[36]. Indeed, in vitro, the substrate specificities of these two
enzymes are almost indistinguishable.

Further investigations will be required to determine whether
AtPIP5K1 participates in the synthesis of PtdIns(4,5)P, and/or
PtdIns(3,4)P, in vivo. Because AtPIP5KI is constitutively ex-
pressed in the plant, although at a low level in some tissues [27],
it is most probable that it is involved in the synthesis of
PtdIns(4,5)P, in vivo. Alternatively, AtPIP5K1 could be involved
in the response to stress conditions and hormones because
AtPIP5K]I expression is stimulated by such factors [27]. We have
recently demonstrated that 4. thaliana cultured cells subjected to
salt or hyperosmotic stress respond by a marked increase in the
synthesis of PtdIns(4,5)P, [14]. This increase in PtdIns(4,5)P,
could be accounted for by the stimulation of the expression of a
gene encoding a PIPkin generating PtdIns(4,5)P, or by the
stimulation of such an enzyme already present in cells. AtPIP5K1
would obviously be a good candidate for this response. Stimu-
lation of pre-existing AtPIPSK1 enzymes could involve de-
phosphorylation by a specific protein phosphatase, because we
show here that phosphorylation of AtPIP5K1 inhibits its activity
and that full activity is restored by treatment of phosphorylated
AtPIP5K1 with a protein phosphatase.

© 2001 Biochemical Society

PtdIns(3,4)P, is present in yeast cells in trace amounts and
much more is made when MSS4 is overexpressed [36]. It is not
clear whether this lipid has a relevant function in yeast [36]. No
PtdIns(3,4)P, was detected in A. thaliana cultured cells either,
under the various experimental conditions tested [14]. However,
significant amounts of this phosphoinositide have been detected
in plant cells, for example in guard cells of C. communis [22] and
in Spirodela polyrhiza[37]. It thus seems that plant cells synthesize
this phosphoinositide in unstimulated conditions. The plant
PIPkin(s) responsible for the synthesis of PtdIns(3,4)P, in vivo
have not been identified ; an involvement of AtPIP5K 1 is plausible
but remains to be demonstrated. This hypothesis is in line with
the work of Brearley and Hanke [37] in which the synthesis of
PtdIns(3,4)P, in S. polyrhiza was shown to proceed via the
4-phosphorylation of PtdIns3P. However, the A. thaliana
genome contains several other genes encoding proteins very
similar to AtPIP5K1 and Mss4p (C. Pical, unpublished work),
adding other potential candidates that might be involved in the
synthesis of this phosphoinositide. In platelets it has been shown
that the stimulation of PtdIns(3,4)P, generation via the thrombin
receptor is due to a new type of PIPkin, namely an enzyme that
phosphorylates PtdIns3P on the 4-OH group distinct from any
type I-1II PIPkins identified so far [38]. It is not yet known
whether such an enzyme is also present in plants and yeast. As far
as A. thaliana is concerned, we can safely say that PtdIns(3,4)P,
is not generated by the only PtdIns 3-kinase present in
A. thaliana, because this enzyme, AtVps34, belongs to the family
of PtdIns 3-kinase that uses only PtdIns as a substrate, both
in vitro and in vivo [39].

We also demonstrate that AtPIP5K1 is inhibited by PKA-
catalysed phosphorylation. Two PIPkin activities have recently
been shown to be negatively regulated by phosphorylation.
Mouse PIPKIx was phosphorylated on a Ser residue by PKA,
resulting in a 50 9, inhibition of its activity [40]. A similar result
was obtained with a PIPkin partly purified from Saccharomyces
pombe plasma membranes on phosphorylation with the S. pombe
casein kinase I orthologue Ckil [41]. The PKA phosphorylation
motif RRXS (single-letter amino acid codes) containing the Ser
residue believed to be the target of PKA in mouse PIPKI«x [38]
is conserved in other type I PIPkins from animals but is absent
from A. thaliana PIPkins. The genome of A. thaliana does not
contain any gene encoding a protein with significant similarity to
the catalytic subunit of PKA, but it is possible that one of the
many protein kinases present in plants has a sequence recognition
motif similar to that of PKA. AtPIP5K 1 was weakly phosphoryl-
ated by a cytosolic fraction prepared from A. thaliana plants in
a Ca*-independent manner. However, no change in lipid kinase
activity was observed. This is most probably due to the poor
phosphorylation level achieved with the crude cytosol. For the
preparation of plant cytosolic fractions, plant material is homo-
genized with a volume of buffer equivalent to 2-3-fold the weight
of fresh tissue, resulting in an extensive dilution of the soluble
proteins.

In conclusion, our results suggest that plants contain at least
one potential homologue of yeast Mssdp, although it still remains
to be proved that AtPIPSK 1 is able to replace Mssdp functionally,
for example by complementing an MSS4 deletion mutant. We
also demonstrate for the first time that a plant enzyme involved
in the metabolism of phosphoinositides can be regulated
by phosphorylation and dephosphorylation. Identification of
the phosphorylated residue(s) in AtPIPSK1 as well as the plant
protein kinase and phosphatase responsible for the phosphoryl-
ation and dephosphorylation of this enzyme is now necessary for
a resolution of its role in the regulation of phosphoinositide
metabolism.
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