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Phosphoinositides are important molecules that serve as second messengers and bind to a complex array of proteins
modulating their subcellular location and activity. The enzymes that metabolize phosphoinositides can in some cases serve to
terminate the signaling actions of phosphoinositides. The inositol polyphosphate 5-phosphatases (5PTases) comprise a large
protein family that hydrolyzes 5-phosphates from a variety of inositol phosphate and phosphoinositide substrates. We
previously reported the identification of 15 putative 5PTase genes in Arabidopsis and have shown that overexpression of the
At5PTase1 gene can alter abscisic acid signaling. At5PTase1 and At5PTase2 have been shown to hydrolyze the 5-phosphate
from inositol phosphate substrates. We have examined the substrate specificity of the At5PTase11 protein, which is one of the
smallest predicted 5PTases found in any organism. We report here that the At5PTase11 gene encodes an active 5PTase enzyme
that can only dephosphorylate phosphoinositide substrates containing a 5-phosphate. In addition to hydrolyzing known
substrates of 5PTase enzymes, At5PTase11 also hydrolyzes the 5-phosphate from phosphatidylinositol (3,5) bisphosphate. We
also show that the At5PTase11 gene is regulated by abscisic acid, jasmonic acid, and auxin, suggesting a role for phospho-
inositide action in these signal transduction pathways.

Phosphoinositides play a role in a variety of critical
eukaryotic cellular processes (Stevenson et al., 2000;
Meijer and Munnik, 2003). For example, phosphati-
dylinositol (4,5) bisphosphate [PtdIns(4,5)P2] serves as
a precursor to second messenger molecules such
as inositol (1,4,5) trisphosphate [Ins(1,4,5)P3], diacyl-
glycerol, and, in animal cells, phosphatidylinositol
(3,4,5) trisphosphate [PtdIns(3,4,5)P3]. In animal cells,
PtdIns(4,5)P2 is also involved in regulation of the actin
cytoskeleton, stress fiber formation, and membrane
trafficking (Toker, 1998). In plants, although much less
is known, evidence suggests that PtdIns(4,5)P2 plays
an important role in actin cytoskeleton rearrange-
ments via its binding to profilin (Staiger et al., 1994;
McCurdy et al., 2001), which has been localized to the
growing ends of root hairs (Braun et al., 1999) and
pollen tubes (Kost et al., 1999). In fact, either hydro-
lyzing PtdIns(4,5)P2 or binding it via a plextrin-
homology domain disrupts tip growth in pollen tubes
(Kost et al., 1999), suggesting that availability of
PtdIns(4,5)P2 is crucial to growth in these cells.

The enzymes that metabolize phosphoinositides
such as PtdIns(4,5)P2 can control the amount of these
molecules and, in general, are considered to be
important targets for understanding disease and

growth control (Pendaries et al., 2003). The inositol
polyphosphate 5-phosphatases (5PTases) are a large
group of enzymes that have the ability to hydrolyze
5-phosphates from a variety of inositol phosphate and
phosphoinositide substrates (Majerus et al., 1999).
Studies on human 5PTases have classified the 5PTases
into four groups according to the substrates they
hydrolyze in vitro. All 5PTases characterized to date
contain a conserved catalytic domain referred to as
the inositol polyphosphate phosphatase catalytic
(IPPc) domain. In addition, the IPPc domain is often
accompanied by other domains that presumably al-
low for modification of 5PTases or association with
specific signal transduction components (Majerus
et al., 1999).

We previously reported the identification of 15
putative 5PTase genes in Arabidopsis (Berdy et al.,
2001). We and others have shown that overexpression
of either At5PTase1 or At5PTase2 alters abscisic acid
(ABA) signaling (Sanchez and Chua, 2001; Burnette
et al., 2003). The At5PTase1 and At5PTase2 gene
products have been characterized biochemically and
shown to hydrolyze the 5-phosphate from inositol
phosphate substrates (Berdy et al., 2001; Sanchez and
Chua, 2001). We have examined the substrate speci-
ficity of another At5PTase, the At5PTase11 protein,
which is one of the smallest predicted 5PTases found
in any organism. We report here that the At5PTase11
gene (At1g47510) encodes an active 5PTase enzyme
that has a different substrate specificity as compared to
other plant 5PTases. We also show that the At5PTase11
gene is regulated by ABA, jasmonic acid (JA), and
auxin, suggesting a role for phosphoinositide action in
these signal transduction pathways.
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RESULTS

Identification of a Unique At5PTase Gene

We previously identified two classes of plant
5PTases based on their phylogenetic relationships:
the Group A 5PTases, such as At5PTase1 (At1g34120)
and At5PTase2 (At4g18010), which contain only the
IPPc domain; and the Group B 5PTases, such as
At5PTase12 (At1g65580), which contain the IPPc do-
main and multiple N-terminal WD40 repeats (Berdy
et al., 2001; Fig. 1). The At5PTase11 gene (At1g47510) is
predicted to encode the smallest Group A 5PTase (331
amino acids, identified as AAD46036 in Berdy et al.,
2001). At5PTase11 contains the conserved IPPc domain
(amino acids 53–324; see supplemental data available
at www.plantphysiol.org), and differs from the pre-
viously characterized Group A 5PTases in that it is not
interrupted by a stretch of nonconserved residues
(compare At5PTase1 and At5PTase11 in Fig. 1; sup-
plemental data). By using BLASTp searches of the
nonredundant protein database at the National Center
for Biotechnology Information (NCBI), we determined
the most closely related protein to At5PTase11 is the
Os3541 protein (AAR01658) from rice (Oryza sativa).
The Os3541gene is predicted to encode 301 amino
acids, and has 50% identity to At5PTase11. The next
most closely related protein to At5PTase11 is the yeast
(Saccharomyces cerevisiae) 5PTase, Inp54 (CAA90520),
which has 20.5% identity. This is similar to the 19.4%
identity At5PTase11 shares with At5PTase1. Thus,
At5PTase11 is more closely related to the rice Os3541
protein than it is to other Arabidopsis or yeast
and animal 5PTases, indicating the possibility that
At5PTase11 and Os3541 may be homologous genes.
We used reverse transcription (RT)-PCR to verify

that the At5PTase11 gene is expressed in Arabidopsis
tissues. Oligonucleotide primers were designed using
the predicted cDNA sequence surrounding the start
and stop codons. RNA from mixed Arabidopsis tis-
sues, including seedling, roots, flowers, stems, and
leaves, was used as template in an RT reaction. The
products of this reaction were amplified with PCR
using the At5PTase11-specific primers. The resulting

At5PTase11 cDNA was sequenced and shown to be
identical with the predicted cDNA (NM_103644) con-
tained in the NCBI database. We conclude that the
At5PTase11 gene is an expressed gene encoding a small
and unique 5PTase.

At5PTase11 Encodes an Active 5PTase Enzyme

To obtain protein for 5PTase activity assays, the
At5PTase11 gene was expressed as a C-terminal His
fusion under control of the insect metallothionine pro-
moter (pMT) inDrosophilamelanogaster S2 tissue culture
cells (S2 cells). We chose this strategy because previous
efforts to obtain active, recombinant At5PTases in pro-
karyotic expression systems had failed, suggesting
that a eukaryotic modification may be necessary for
At5PTase activity. TheAt5PTase11 expression construct
(pMTAt5PTase11) also contains a C-terminal V5 epi-
tope tag, which we used for immunoprecipitation. We
transfected S2 cells with either pMTAt5PTase11 DNA,
a pMTb-galactosidase (pMTb-gal) control construct, or
no DNA (i.e. mock transfection). After the transfection,
we stimulated expression for 2 d with the addition of
CuSO4. Protein extracts were made, and immunopre-
cipitation with an anti-V5 antibody was performed.
Analysis of the soluble extracts prior to the immuno-
precipitation revealed that the anti-V5 antibodydid not
react with any native Drosophila proteins (Fig. 2, lane
4). S2 cells transfected with the pMTAt5PTase11 con-
struct, however, contained a recombinant protein of
approximately 47 kD that reacted with the anti-V5
antibody. At5PTase11 is predicted to encode a 36.4-kD
protein, and the addition of the C-terminal V5 and His
tags is expected to increase the molecular mass. As is
common with the addition of His tags, the apparent
molecular mass of the recombinant At5PTase11 is
slightly higher than expected.

To isolate the recombinant At5PTase11 protein,
we used the anti-V5 antibody to immunoprecipitate
At5PTase11 and analyzed the resulting complex with
western blotting (Fig. 2). As expected, immunoprecip-
itated complexes from mock transfections (lane 6) or
transfections with pMTb-gal revealed the presence of

Figure 1. Domain structure of At5PTase11 and representative 5PTases. Amino acid sequences corresponding to At5PTase11
(AAD46036), the closely related rice gene Os3541 (ARR01658), At5PTase1 (At1g34120), At5PTase12 (At1g65580), the human
Type IV 5PTase (NP_063945), and the human Type II 5PTase OCRL (Q01968) were analyzed with Pfam and SMART database
tools, and the resulting domain structures are graphically presented. IPPc is the conserved 5PTase catalytic domain; WD
corresponds to WD40 repeat regions.
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the immunoglobulin heavy chain (IgG hc) from the
anti-V5 antibody. Analysis of an immunoprecipitated
pMTAt5PTase11 extract reveals the presence of an
additional protein that is the same size as recombinant
At5PTase11 protein (Fig. 2). To examine the content of
our immunoprecipitations, we analyzed immunopre-
cipitated proteins from pMTAt5PTase11-transfected
and mock-transfected S2 cells (Fig. 2, lanes 1 and 2,
respectively). The immunoprecipitation from mock-
transfected cells reveals the presence of the IgG hc and
IgG light chain migrating at 55 and 25 kD, respectively.
By contrast, an overloaded lane from an immunopre-
cipitation of pMTAt5PTase11-transfected cells contains
one other major band, corresponding in size to re-
combinant At5PTase11. Since other background bands
are not present in stoichiometric amounts with
At5PTase11, we conclude that recombinant At5PTase
can be expressed in S2 cells and immunoprecipitated
in a fairly pure form.

To determine whether At5PTase11 encodes an active
5PTase, we assayed for 5PTase activity directly follow-
ing immunoprecipitation (Taylor and Dixon, 2001). We
controlled for the amount of At5PTase11 added to
activity assays by visual quantification of immuno-
precipitates on SDS-PAGE gels, as shown in Figure 2,
and by using a known amount of standard protein
containing the V5 epitope tag (Fig. 2, lane 7). Figure 3
shows the results of incubating immunoprecipitates
with a fluorescent PtdIns(4,5)P2 substrate. When
PtdIns(5)P, PtdIns(4)P, or PtdIns(4,5)P2 is incubated
under assay conditions in the absence of enzyme and
analyzed by thin-layer chromatography (TLC), we
obtain excellent separation between the mono- and
bis-phosphorylated compounds. We obtained less

separation of PtdIns(5)P and PtdIns(4)P. When
0.12 mg of At5PTase11 is incubated with PtdIns(4,5)P2,
approximately 41% of the fluorescent PtdIns(4,5)P2 is
converted to a product migrating in a similar position
as PtdIns(4)P (Fig. 3, lane 4). When the amount of
At5PTase11 is increased to 1 mg, the conversion of
substrate to product is increased to approximately 90%
(Fig. 3, lane 7). Immunoprecipitates from pMTb-gal- or
mock-transfected cells resulted in no conversion of
substrate to product (Fig. 4; data not shown). This
indicates that the At5PTase11 gene encodes an active
5PTase that dephosphorylates PtdIns(4,5)P2 in vitro.

At5PTase11 Hydrolyzes Various 5-Phosphate-Containing

Phosphoinositide Substrates

Studies of 5PTases from a variety of organisms have
shown that the IPPc domain is capable of remov-
ing the 5-phosphate from both PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 substrates. To determine whether the
At5PTase11 enzyme hydrolyzes phosphoinositide sub-
strates other than PtdIns(4,5)P2, we examined hydro-
lysis of PtdIns(5)P, PtdIns(3,5)P2, and PtdIns(3,4,5)P3

Figure 2. Expression and immunoprecipitation of recombinant
At5PTase11 in Drosophila S2 cells. The pMTAt5PTase11 construct
was transfected into S2 cells, and soluble extracts were prepared and
immunoprecipitated with a monoclonal anti-V5 antibody as described
in ‘‘Materials and Methods.’’ Immunoprecipitates from S2 cells trans-
fected with pMTAt5PTase11 (lanes 1 and 5) and mock-transfected S2
cells (lanes 2 and 6) were stained with Coomassie dye after SDS-PAGE
separation or were analyzed by western blotting with the monoclonal
anti-V5 antibody. Lanes 3 and 4 contain a portion of the soluble protein
extract from pMTAt5PTase11-transfected (lane 3) or mock-transfected
(lane 4) S2 cells. Lane 7 contains purified Positope (Invitrogen) protein
and was used to estimate the amount of recombinant At5PTase11
immunoprecipitated. Arrows on the left indicate the sizes of molecular
mass markers (M); arrows on the right indicate the positions of
At5PTase11 recombinant protein and the IgG hc.

Figure 3. Effect of increasing At5PTase11 concentration on fluorescent
PtdIns(4,5)P2 dephosphorylation. PtdIns(4,5)P2 fluorescent substrate
(1.5 mg), or PtdIns(5)P and PtdIns(4)P standards (1.5 mg each), were
incubated with 0 to 1.0 mg of At5PTase11 for 1 h at room temperature.
Supernatants were processed and separated by TLC as described in
‘‘Materials and Methods.’’ Lane 1, PtdIns(5)P alone; lane 2, PtdIns(4)P
alone; lane 3, PtdIns(4,5)P2 alone; lanes 4 to 7, PtdIns(4,5)P2 incubated
with the indicated amount of At5PTase11 immunoprecipitated protein.
To visualize fluorescent lipids, the TLC plate was analyzed with a Storm
860 (Molecular Dynamics).
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by immunoprecipitates of pMTAt5PTase11- andmock-
transfected S2 cells (Fig. 4). In all experiments, we
incubated standards of fluorescent substrates and
products in assay conditions and observed their mi-
gration on TLC plates within each experiment. As
expected, the order of migration is PtdIns(5)P (fastest)
. PtdIns(4)P . PtdIns(4,5)P2 . PtdIns(3,5)P2 .
PtdIns(3,4,5)P3 (slowest). When immunoprecipitates
from mock-transfected cells are incubated with each
substrate, a small amount of product is observed,
which corresponds to background hydrolysis (Fig. 4,
Control-IP lanes). As expected from the results in
Figure 3, when 0.25 mg of At5PTase11 is incubated with
PtdIns(4,5)P2, conversion to product migrating at the
same position as PtdIns(4)P is observed (Fig. 4A, lane
3). Using the same amount of At5PTase11 protein,
we tested whether At5PTase11 would dephosphory-
late PtdIns(3,5)P2. Figure 4A (lane 6) indicates
that PtdIns(3,5)P2 is also dephosphorylated by the
At5PTase11 enzyme to a greater degree than the back-
ground hydrolysis. Incubation of At5PTase11 with
PtdIns(3,4,5)P3 also reveals conversionof this substrate,
and the conversion is greater than what occurs in the
absence of the enzyme (Fig. 4A, lane 9). The product of
PtdIns(3,4,5)P3 dephosphorylation by a 5PTase is ex-

pected to be PtdIns(3,4)P2, which will migrate slower
than PtdIns(4,5)P2 and PtdIns(3,5)P2. Since the ob-
served product in lane 9 of Figure 4A migrates slower
than the PtdIns(4,5)P2 and PtdIns(3,5)P2 standards, it
suggests that removal of the 5-phosphate has occurred.
Last, we tested whether PtdIns(5)P would be dephos-
phorylated by At5PTase11 and observed no increase in
hydrolysis over background (Fig. 4B, compare lanes 2
and 3). From these experiments we conclude that
At5PTase11 can dephosphorylate tris- and bis- but not
mono-phosphorylated phosphoinositide substrates
that contain a 5-phosphate.

At5PTase11 Does Not Hydrolyze Ins(1,4,5)P3 and
Ins(1,3,4,5)P4 Substrates

Since many 5PTase enzymes also hydrolyze inositol
tris- and tetrakis-phosphate substrates containing a
5-phosphate, we tested the ability of At5PTase11 to
dephosphorylate Ins(1,4,5)P3 and Ins(1,3,4,5)P4. For
these experiments, we incubated immunoprecipitates
from mock-transfected or pMTAt5PTase11-transfected
S2 cells with [3H]myo-inositol (1,4,5)P3 or [3H]myo-
inositol (1,3,4,5)P4. To analyze the products of these
reactions, a small amount was injected onto a Spher-

Figure 4. Determination of At5PTase11 substrate specificity using fluorescent phosphoinositide substrates. A and B, Phosphatase
reactions containing 1.5 mg of the indicated fluorescent phosphoinositide substrates were incubated in the same reaction
conditions as described for Figure 3. A, Lanes 1, 2, 5, and 8 contain the substrate indicated at the bottom incubated in the
presence of buffer only. Lanes 3, 6, and 9 contain the indicated substrate, buffer, and immunoprecipitated At5PTase11. Lanes 4,
7, and 10 contain the indicated substrate, buffer, and immunoprecipitates of mock-transfected S2 cells (Control-IP). B, Lanes 1
and 2 contain the PtdIns and PtdIns(5)P substrates alone. Lane 3 contains PtdIns(5)P incubated in the presence of
immunoprecipitated At5PTase11. The migration of fluorescent standards and the origin are indicated (at left and right).
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isorb S5 SAX HPLC column, and separation of inositol
phosphates was performed with an ammonium phos-
phate (AP) gradient (Stolz et al., 1998). Radiolabeled
standards incubated under assay conditions were
used to assign peak positions. When either At5PTase11
or no enzyme is incubated with [3H]myo-inositol
(1,4,5)P3 substrate, no conversion to product [3H]myo-
inositol (1,4)P2 takes place (Fig. 5, A and C, respec-
tively). We saw a similar lack of hydrolysis when
[3H]myo-inositol (1,3,4,5)P4 was incubated with At5P-
Tase11 (data not shown). In these experiments, we
used up to 10 times the amount of At5PTase11 protein
as in the experiments testing phosphoinositide sub-
strates and still found no hydrolysis. As a control
for our assay conditions, we incubated 0.12 and 0.25

mg immunoprecipitated V5-tagged At5PTase1 with
both [3H]myo-inositol (1,4,5)P3 and [3H]myo-inositol
(1,3,4,5)P4. In each case, conversion to [3H]myo-inositol
(1,4)P2 and [3H]myo-inositol (1,3,4)P3 took place as
expected (Fig. 4B; data not shown). From these data,
we conclude that, under our in vitro assay conditions,
the substrate specificity of At5PTase11 differs from
previously characterized At5PTase enzymes in that it
does not hydrolyze the water-soluble inositol phos-
phate substrates Ins(1,4,5)P3 and Ins(1,3,4,5)P4.

At5PTase11 Hydrolyzes PtdIns(4,5)P2 In Vivo in

Drosophila Cells

Our in vitro experiments with fluorescent phosphoi-
nositide substrates have shown that At5PTase11 has
the ability to hydrolyze PtdIns(4,5)P2, PtdIns(3,5)P2,
and PtdIns(3,4,5)P3. To determine whether At5PTase11
can hydrolyze phosphoinositides produced within
the cell (in vivo), we used [3H]myo-inositol labeling of
S2 cells that were transiently expressing recom-
binant At5PTase11. S2 cells were transfected with
pMTAt5PTase11 or pMTb-gal, and 36 h postinduction,
[3H]myo-inositol was added for 12 h. Deacylated
phosphoinositides were then analyzed by HPLC and,
in each case, data were normalized to the total [3H]
counts in each run (Fig. 6). To identify the peak
position of PtdIns(4,5)P2, we used a radiolabeled stan-
dard. To identify the peak position of PtdIns(4)P, we
incubated extracts from labeled cells with a previously
characterized, purified human 5PTase and examined
the peak position of the resulting PtdIns(4)P product.
Comparison of HPLC traces in Figure 6, A and B,
indicates that PtdIns(4,5)P2 is reduced and PtdIns(4)P
is elevated in cells transiently expressing At5PTase11.
We have repeated this experiment multiple times
and found that the PtdIns(4)P and PtdIns(4,5)P2 levels
are always altered in cells transiently expressing
At5PTase11. Specifically, levels of PtdIns(4)P are
increased 15% 6 0.3% on average in our experiments,
indicating that, in vivo, At5PTase11 hydrolyzes
PtdIns(4,5)P2. We were not able to detect any
PtdIns(3,4,5)P3 in either transfected or control cells.
This is not surprising since PtdIns(3,4,5)P3 is present in
very low amounts in most eukaryotic cells (Czech,
2000).

Analysis of At5PTase11 Expression

To examine expression of At5PTase11, we utilized
semiquantitative RT-PCR. Oligonucleotide primers
that amplify the 3# ends of At5PTase11 and an actin
genewere used to amplify cDNAproducts synthesized
from RNAs of different tissues (Fig. 7). We have shown
that the At5PTase11 primers are specific for the
At5PTase11 gene by using the primer sequences as
queries in a search of the BLAST short, nearly exact
match database, and by comparing them to similar re-
gions of the other At5PTase genes. The expected
product from At5PTase11 cDNA using these primers

Figure 5. At5PTase11 does not hydrolyze [3H]Ins(1,4,5)P3. Immuno-
precipitated At5PTase11 (0.25 mg) (A), At5PTase1 (0.25 mg) (B), or
buffer (C) was incubated with [3H]Ins(1,4,5)P3. Products were sepa-
rated using HPLC as described.
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is 363 bp. Contaminating At5PTase11 genomic DNA
presentwould yield a 1,071-bp PCR product.We found
that At5PTase11 is expressed in several Arabidopsis
tissues, including flowers, rosette leaves, cauline
leaves, roots, siliques, bolts, and seedlings (Fig. 7A).
Examination of the promoter of At5PTase11 indi-

cated the presence of putative regulatory elements for
JA and auxin. To test if At5PTase11 is regulated by JA
or auxin, we measured At5PTase11 mRNA levels
during JA and auxin stimulation. Since this approach
was previously used to show that the At5PTase1 gene
is regulated by ABA, we included seedlings stimu-
lated by ABA in our analysis. Figure 7B shows that
At5PTase11 mRNA levels increase during the first 3 h
of ABA treatment and decrease slightly after this (Fig.
7B). This pattern is different from At5PTase1 regula-
tion by ABA in which rapid induction is followed by
an oscillatory behavior (Burnette et al., 2003). Seed-
lings treated with solvent alone (0.1% ethanol) and
analyzed at various time points indicated no induction
of the At5PTase11 gene (data not shown). We have also
tested regulation of At5PTase11 mRNA levels in re-
sponse to JA and auxin. At5PTase11 mRNA levels
increased within 2 h of JA treatment and remained at
induced levels for 24 h (Fig. 7C). Auxin also stimulated
At5PTase11 expression (Fig. 7C). In contrast to ABA
and JA treatments, auxin-stimulated At5PTase11 ex-
pression was transient, decreasing after 12 h. We
conclude that ABA, JA, and auxin regulate At5PTase11
RNA expression.

DISCUSSION

We previously identified the Arabidopsis 5PTase
protein family, which contains 15 putative proteins
(Berdy et al., 2001). At5PTase1 and At5PTase2 have
been characterized and shown to remove a 5-phos-
phate from the water-soluble substrates, Ins(1,4,5)P3
and Ins(1,3,4,5)P4 (Berdy et al., 2001; Sanchez and
Chua, 2001). In these studies, there was no evidence
that these proteins could remove a 5-phosphate from
radiolabeled PtdIns(4,5)P2 as measured by TLC sepa-
ration of products (Berdy et al., 2001; Sanchez and
Chua, 2001). In our studies on At5PTase11, we utilized
fluorescent phosphoinositide substrates that have
been used by others (Giuriato et al., 2002; Laporte
et al., 2002) and allows for more sensitivity in detecting
reaction products (Taylor and Dixon, 2001). We show
here that At5PTase11 hydrolyzes 5-phosphates from
a group of phosphoinositide substrates including
PtdIns(4,5)P2, PtdIns(3,5)P2, and PtdIns(3,4,5)P3. By
comparing the activity of At5PTase1 and At5PTase11,
we have shown that, unlike At5PTase1 and At5PTase2,
At5PTase11 does not act on the water-soluble sub-
strates Ins(1,4,5)P3 and Ins(1,3,4,5)P4 in our in vitro
assay conditions. For comparison purposes, we also
tested the ability of At5PTase1 and At5PTase2 to
hydrolyze fluorescent PtdIns(4,5)P2 and found that,
in contrast to previous reports (Berdy et al., 2001;
Sanchez and Chua, 2001), these enzymes do hydrolyze
phosphoinositide substrates (M.E. Ercetin and G.E.
Gillaspy, unpublished data). This discrepancy is most
likely due to the increased sensitivity of our assay.
These data suggest that At5PTase11 has a more
restricted substrate specificity than At5PTase1 and
At5PTase2.

Figure 6. PtdIns(4,5)P2 is an in vivo substrate for At5PTase11. HPLC
analysis of deacylated [3H]myo-inositol-labeled lipids from S2 cells
that were transfected with pMTAt5PTase11 (A) or pMTb-gal (B). The
positions of GroPtdIns standards are indicated. Equal amounts of total
counts were analyzed for each sample.

Figure 7. ABA, JA, and auxin treatment alters At5PTase11 expression in
seedlings. Five- to 7-d seedlings were treated with either of 100 mM

ABA, 10 mM auxin, or 100 mM JA and harvested at the indicated times.
Total RNA was harvested and used in RT-PCR experiments with
At5PTase11- and actin-specific primers as described in ‘‘Materials
and Methods.’’
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Under controlled conditions, At5PTase11 dephos-
phorylated more PtdIns(4,5)P2 than either of the other
two substrates, PtdIns(3,5)P2 and PtdIns(3,4,5)P3, in-
dicating a possible preference for this substrate (Fig. 4).
Besides its involvement in cytoskeletal rearrangements
and potential roles in vesicle trafficking and ion trans-
port, PtdIns(4,5)P2 is known to act as a docking site for
proteins via binding to plextrin-homology and Tubby
protein domains (Toker, 1998). In some cases, binding
to these domains can mediate the subcellular location
and activity of the bound proteins. Thus, regulated
PtdIns(4,5)P2 hydrolysis would lead to the loss of such
docking sites and could influence several processes.

The in vitro substrate specificity of At5PTase11 is
somewhat similar to that of the human Type IV
5PTase, although the Type IVenzyme has a lower Kapp
for PtdIns(3,4,5)P3 than it does for PtdIns(4,5)P2
(Kisseleva et al., 2000). Because the molecular basis
for 5PTase substrate specificity is of critical interest,
several investigators have mutated various amino acid
residues of 5PTase proteins in attempts to discern
required sequence elements for specificity (Tsujishita
et al., 2001). As both At5PTase11 and the human Type
IV enzyme fail to act on inositol phosphate substrates
in vitro, a comparison of these two protein sequences
with other 5PTases that act on both phosphosinositide
and inositol phosphate substrates might be expected
to reveal critical residues for substrate specificity. Our
sequence alignments (supplemental data) did not re-
veal any amino acid differences in At5PTase11 and the
human Type IV enzyme as compared to other charac-
terized 5PTases.

A unique feature of At5PTase11 is its ability to
hydrolyze PtdIns(3,5)P2 in vitro. PtdIns(3,5)P2 is a re-
cently identified phosphoinositide that was first found
in hyperosmotic-stressed yeast (Dove et al., 1999)
and some lower plants like Chlamydomonas moewusii
(Meijer et al., 1999). However, since PtdIns(3,5)P2 levels
were found to be very low in Arabidopsis and do not
change after osmotic or salt stress (Pical et al., 1999;
DeWald et al., 2001), the role of this phosphoinositide
is unclear at this time. It is also interesting to note that,
under our conditions, At5PTase11 did not hydrolyze
PtdIns(5)P, which has been found to be up-regulated in
response to osmotic stress in plants (Meijer et al., 2001).

We have also shown that At5PTase11 can hydrolyze
PtdIns(3,4,5)P3 in vitro, and the potential role of
At5PTase11 with regard to this substrate is also un-
clear. PtdIns(3,4,5)P3 synthesis has not been shown in
any plant to date. In animal cells, PtdIns(3,4,5)P3 is
present at very low levels, and synthesis is stimulated
by specific signal transduction pathways. Thus, it is
possible that PtdIns(3,4,5)P3 has escaped our attention
in plant cells because conditions for maximal synthesis
have not been examined. In support of this, it is
important to note that a recombinant Arabidopsis
phosphatidylinositol-4-phosphate 5-kinase (AtPK51)
protein produced in insect cells can phosphorylate
PtdIns(3,4)P2 producing PtdIns(3,4,5)P3 (Elge et al.,
2001). In addition, anArabidopsis homolog of a human

tumor suppressor (Pten) has been shown to remove
a 3-phosphate from PtdIns(3,4,5)P3 in vitro and is
essential for pollen development (Gupta et al., 2002). It
is possible that each of these proteins, At5PTase11,
AtPten1, and AtPK51, maintains the ability to interact
with PtdIns(3,4,5)P3 as a consequence of another func-
tion and that they do not encounter PtdIns(3,4,5)P3
in the plant cell. Examination of knockout mutants in
these genes combined with careful labeling studies
utilizing [3H]myo-inositol or [32P]orthophosphate un-
der the appropriate signaling or growth conditions
may resolve this issue.

The regulation of At5PTase11 by the three different
signaling conditions tested is intriguing, and may
point to the involvement of phosphoinositides in these
pathways. There are many published data regarding
ABA signal transduction and phosphoinositides. It is
known that ABA stimulates phospholipase C activity,
resulting in new Ins(1,4,5)P3 synthesis (for review, see
Meijer andMunnik, 2003). Genetic studies have shown
the necessity of the fiery1 gene encoding an inositol
polyphosphate 1-phosphatase for ABA signaling
(Xiong et al., 2001). This suggests that inositol phos-
phate breakdown is critical for ABA signaling. It has
also been shown that ABA stimulates production of
At5PTase1, which hydrolyzes Ins(1,4,5)P3, and that
this terminates ABA signaling (Burnette et al., 2003).
Our present data indicate that ABA-stimulated ex-
pression of At5PTase11 may also be involved in ABA
signal termination. Reduction of PtdIns(4,5)P2 by
At5PTase11 could reduce the pool of PtdIns(4,5)P2
available for Ins(1,4,5)P3 synthesis, imparting another
level of control over Ins(1,4,5)P3 production. Reduc-
tion of PtdIns(4,5)P2 could also reduce phospholipase
D activity, as some isoforms of this enzyme require
PtdIns(4,5)P2 for activity (Pappan et al., 1997; Qin et al.,
1997). With respect to At5PTase11 induction after
auxin and JA addition, much less is known about
whether these signaling pathways utilize phospho-
inositides. Our data are consistent with information in
the MPSS database, which reports very low levels of
At5PTase11 expression except in callus tissue that was
grown on auxin-containing media and in salicylic
acid-treated plants (http://mpss.udel.edu/).

In summary, the cloning and identification of a novel
inositol 5-phosphatase with a substrate specific-
ity toward PtdIns(4,5)P2, PtdIns(3,5)P2, and PtdIns
(3,4,5)P3 expand our knowledge of the eukaryotic
5PTase protein family and offer a unique tool to ex-
amine the importance of these phosphoinositides in
plant physiological processes.

MATERIALS AND METHODS

Plant Growth and Treatment

Arabidopsis ecotype Columbia plants were used for all experiments.

Growth conditions of soil-grown plants have been described previously

(Berdy et al., 2001). For ABA (Sigma-Aldrich, St. Louis), JA (95% methyl

jasmonate solution, Sigma-Aldrich), and auxin (a-naphthalene acetic acid,

Ercetin and Gillaspy
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Sigma-Aldrich) experiments, seed from wild-type plants was germinated in

flasks containing 13 Murashige and Skoog medium containing 1% Suc and

grown for 5 d under constant light and shaking (91 rpm). Seedlings were then

treated with 100 mM ABA (0.1% ethanol final concentration), 100 mM methyl

jasmonate, and 10 mM 1a-naphthalene acetic acid and frozen in liquid nitrogen

at the indicated times. Hormone treatment experiments were repeated three

times.

Gene Cloning and Sequence Analysis

Full-length At5PTase11 cDNAwas generated by RT-PCR using Arabidop-

sis mixed- tissue mRNA and the following oligonucleotide primers: At5P-

Tase11-Nterm (5#ATGGGGAATAAGAATTCGATGT3#) and At5PTase11-

Cterm (5#TTAACTGTTGACCCACTTCAAGCAAA3#). RT reaction (2 mL),

At5PTase11-Nterm (12.5 pmol mL21), At5PTase11-Cterm (12.5 pmol mL21),

elongase polymerase and supplied buffer (Invitrogen, Carlsbad, CA), 0.5 mM

dNTPs, and 2.5 mM final MgCl2 were mixed and heated to 94�C for 3 min. PCR

amplification consisted of 30 cycles (1 min 94�C, 1 min 58�C, 1.5 min 72�C).
The full-length At5PTase11 cDNA product was gel purified (Qiagen gel

extraction kit; Qiagen, Valencia, CA), and cloned into the T7/NT TOPO TA

expression vector (Invitrogen) according to the manufacturer’s instructions.

The resulting prokaryotic expression construct (pNTTOPOAt5PTase11) was

used as template in a PCR reaction with primers pMTAt5PTase11-Nterm

(5#GCCATGGGGAATAAGAATTCGATGTGTGGGT3#) and pMTAt5PTase11-

Cterm (5#ACTGTTGACCCACTTCAAGCAAA3#) to introduce a Kozak se-

quence for efficient translation initiation and to generate a C-terminal V5-His

tag. The modified cDNA was cloned into the pMT/V5-His-TOPO vector

(Invitrogen). The resulting construct (pMTAt5PTase11) was sequenced and

compared to the genomic and predicted cDNA sequences present in the NCBI

database (AC007519 and NM_103644). The At5PTase1 full-length cDNA

(Berdy et al., 2001) was similarly expressed as a C-terminal V5-His-tagged

protein in S2 cells, resulting in the production of recombinant At5PTase1

protein as judged by SDS-PAGE and western blotting. Purified human OCRL

protein was a gift from Drs. Phillip Majerus and Marina Kisseleva (Wash-

ington University School of Medicine, St. Louis); its purification and activity

have been described (Zhang et al., 1995). 5PTase protein alignments were

created with ClustalX and Boxshade software.

Transient Expression of At5PTase11 in

Drosophila melanogaster Cells

For transient expression studies, pMTAt5PTase11 was used to transfect

Drosophila melanogaster S2 cells utilizing an Effectene transfection kit (Qiagen).

Briefly, S2 cells were cultured in Schneider’s Drosophila medium supple-

mented with 10% heat-inactivated (60�C for 30 min) fetal bovine serum,

50 units/mL penicillin, and 50 mg/mL streptomycin. Cells were incubated

in a 28�C incubator with humidity and were routinely passaged every 3 d at a

cell density of approximately 5 3 106 cells/mL. For transfections, cells were

seeded into 25-cm2 flasks at a density of 1 3 106 cells/mL in 10 mL of

medium; 24 h later cells were spun at 800 g for 3 min and washed with 13

phosphate-buffered saline (pH 7.2), and the resulting cell pellets were

resuspended in 4 mL of fresh medium. Two micrograms of plasmid DNA,

16 mL of enhancer, and 20 mL of Effectene reagent (Qiagen) were mixed

according to manufacturer’s instructions and added into the cell culture. After

24 h, cells were induced with 500 mM (final concentration) CuSO4 for 2 d. Cells

were harvested and washed with 13 phosphate-buffered saline (pH 7.2) and

frozen in liquid N2 at 280�C. For labeling of S2 cells, we have modified

a described method for human astrocytoma cells (Stephens et al., 1989).

Transfections were performed as described above, except 125 mCi of [1,2 3H

(N)]myo-inositol (American Radiolabeled Chemicals, St. Louis; 30 Ci/mM in

sterile water) was added after 36 h of induction with CuSO4. Cells were

harvested 12 h later and lipids were purified using an acidified Bligh and Dyer

extraction (Bird, 1998). Deacylation of the purified lipids was performed (Bird,

1998), and the resulting deacylated lipids (GroPtdInss) were analyzed by

HPLC.

Immunoprecipitation of At5PTase11 from Transiently
Transfected S2 Cells

S2 cells (10 mL) transfected with pMTAt5PTase11 or pMTb-gal were

harvested and cell pellets were dissolved in 300 mL of immunoprecipitation

buffer (50 mM Tris, pH 7.8, 150mMNaCl, 5 mMMgCl2, and 0.05% Triton X-100).

Cell lysis was achieved by passage through a 25-gauge syringe 10 times. The

lysate was spun at 14,000 rpm for 10 min, and the resulting soluble fraction

was incubated with protein A sepharose (Sigma-Aldrich) complexed with

mouse anti-V5 monoclonal antibody (Invitrogen) for 2 h at 4�Cwith end-over-

end rotating. The protein A sepharose beads were pelleted and washed three

times with IP buffer followed by one wash with 5PTase activity assay buffer. A

portion of this immunoprecipitate was analyzed by SDS-PAGE and western

blotting to estimate the amount of immunoprecipitated protein.

Western-Blot Analysis

Protein extracts and immunoprecipitates prepared from pMTAt5PTase11-

transfected, pMTb-gal-transfected, and mock-transfected S2 cells were sepa-

rated on 10% SDS-PAGE gels and either stained with Coomassie dye or

transferred to nitrocellulose. Western-blot conditions have been previously

described (Burnette et al., 2003). For detection of the V5 epitope tag, a 1:5,000

dilution of the mouse anti-V5 monoclonal antibody, followed by a 1:5,000

dilution of goat anti-mouseHRP conjugated antibody (Amersham, Piscataway,

NJ),was used. PurifiedPositopeV5-tag protein (175 ng; Invitrogen)was loaded

on the same gel to estimate the amount of recombinant V5-tagged protein.

5PTase Activity Assays

Fluorescent substrates (Echelon Research Laboratories, Salt Lake City)

were used in a modified version of a previously described phosphatase assay

(Taylor and Dixon, 2001). Briefly, immunoprecipitated At5PTase11 was

incubated for 1 h at room temperature with 1.5 mg of di-C6-NBD6-phos-

phatidylinositol 4,5-bisphosphate, di-C6-NBD6-phosphatidylinositol 3,5-

bisphosphate, di-C6-NBD6-phosphatidylinositol 3,4,5-trisphosphate, or di-

C6-NBD6-phosphatidylinositol 5-monophosphate, in lipid assay buffer con-

taining 50 mM HEPES, pH 7.5, 5 mM MgCl2, and 50 mM KCl with agitation

every 15min. The reaction was stopped by addition of 100 mL acetone andwas

dried under low heat vacuum. After dissolving in 10 mL of methanol:

2-propanol:glacial acetic acid; 5:5:2), samples were loaded on a TLC plate

that had been pretreated in 1.2% potassium oxalate in 60:40 MeOH:water and

dried at 100�C for 30 min. The plates were developed in 180 mL of

chloroform:methanol:acetone:glacial acetic acid:water (70:50:20:20:20). To

visualize fluorescence lipids, the TLC plate was dried and analyzed using

a Storm 860 Blue Fluorescence Chemifluorescence and Scanner Control

Software version 4.1 (Molecular Dynamics, Piscatawy, NJ). For densitometric

analysis of the images produced via Storm 860, we have utilized AlphaEaseFC

software version 3.1.2 (Alpha Innotech, San Leandro, CA).

For the analysis of inositol phosphate substrates, activity assays were

performed using [3H]myo-inositol (1,4,5)P3 (10 mCi mL21; NEN, Shelton, CT)

and [3H]myo-inositol (1,3,4,5)P4 (10 mCi mL21; NEN). Immunoprecipitated

5PTases were incubated with 30 nCi of [3H]myo-inositol (1,4,5)P3 and [3H]myo-

inositol (1,3,4,5)P4 in reaction buffer (250 mM KCl, 3 mM MgCl2, 50 mM Tris, pH

7.5) in a total volume of 300 mL at room temperature for 1 h. The resulting

products were stored at 220�C and analyzed by HPLC (Beckman System

Gold; Beckman Instruments, Fullerton, CA) using aWaters Spherisorb S5 SAX

4 3 125-mm analytical column (Milford, MA) equilibrated with a 10 mM AP

buffer at pH 3.8. Samples were applied to column using an autosampler, and

products were eluted with a linear gradient from 10mMAP to 340mMAP over

30 min; 340 mM AP to 1.02 M AP over 15 min; and constant 1.02 M AP over 5

min (Stolz et al., 1998). For the analysis of deacylated phosphatidylinositols,

a gradient described by Stephens et al. (1989) was used. Radioactivity was

counted with an in-line Beckman 171 radioisotope detector and the data file

was converted to an asci file format by 32 Karat software (Beckman Coulter,

Fullerton, CA) and analyzed by Excel (Microsoft, Seattle).

RT-PCR

Conditions for semiquantitative RT-PCR have been described previously

(Berdy et al., 2001). Total RNA was extracted from 100 mg of frozen tissue

using the Qiagen Plant RNeasy kit according to manufacturer’s specifications.

RNA (1 mg) was analyzed by two-step RT-PCR utilizing a Qiagen Omniscript

reverse transcriptase kit and the manufacturer’s instructions. Conditions for

actin amplification have been described and generate a 428-bp product

(An et al., 1996; Berdy et al., 2001). For At5PTase11-specific amplification,

At5PTase11 for primer (5#GAGCCGTGGCTATTCGTATT3#) andAt5PTase11rev

primer (5#AGTCGCTGCTTCCTACATTG3#) were used, resulting in a 363-bp
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product. Amplification with a cloned At5PTase11 cDNA and Arabidopsis

genomic DNAwas used as a control for all PCR experiments to verify the sizes

of bona fide reaction products from RNA and contaminating genomic DNA.

Molecular weight markers were used to determine product sizes. Each RT-

PCR experiment was independently repeated three times to verify that the

observed changes in expression were reproducible.

Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession numbers AC007519.
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