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During the stationary phase of growth, after 7 to 12 d in culture, the levels of phosphatidylinositol 4,5-bisphosphate
(PtdInsP2) decreased by 75% in plasma membranes of the red alga Galdieria sulphuraria. Concomitant with the decrease in
PtdInsP2 levels in plasma membranes, there was an increase in PtdInsP2 in microsomes, suggesting that the levels of plasma
membrane PtdInsP2 are regulated differentially. The decline of PtdInsP2 in plasma membranes was accompanied by a 70%
decrease in the specific activity of PtdInsP kinase and by reduced levels of protein cross-reacting with antisera against a
conserved PtdInsP kinase domain. Upon osmotic stimulation, the loss of PtdInsP2from the plasma membrane increased from
10% in 7-d-old cells to 60% in 12-d-old cells, although the levels of inositol 1,4,5-trisphosphate (InsP3) produced in whole
cells were roughly equal at both times. When cells with low plasma membrane PtdInsP2 levels were osmotically stimulated,
a mild osmotic stress (12.5 mm KCl) activated PtdInsP kinase prior to InsP3 production, whereas in cells with high plasma
membrane PtdInsP2, more severe stress (250 mm KCl) was required to induce an increase in PtdInsP kinase activity. The
differential regulation of a plasma membrane signaling pool of PtdInsP2 is discussed with regard to the implications for
understanding the responsive state of cells.

The unicellular thermo-acidophilic red alga Galdie-
ria sulphuraria is found in volcanic areas where it
occurs in hot sulfuric springs at temperatures of up to
55°C and at pH values between 0.5 and 4. It is one of
only a few eukaryotic organisms adapted to such
extreme environmental conditions (Gross et al.,
1998). The algae are suspended in the springs and
also grow endolithically, colonizing surrounding
rocks (Smith and Brock, 1973; Merola et al., 1981;
Gross et al., 1998). It has previously been shown that
G. sulphuraria cells are sensitive to osmotic stress, and
that dose-dependent transient increases in inositol
1,4,5-trisphosphate (InsP3) occur after hyperosmotic
stimulation (Heilmann et al., 1999).

In G. sulphuraria, both the basal levels of phospha-
tidylinositol 4,5-bisphosphate (PtdInsP2) and the se-
quence of signaling events after stimulation change
with the time in culture (Heilmann et al., 1999).
Changes in phosphoinositide metabolism with the
age of cell cultures or with senescence have previ-
ously been described in a number of plant systems
(Heim and Wagner, 1986; Falkenau et al., 1987; Bo-
rochov et al., 1994; Heilmann et al., 1999). However,
to our knowledge, the consequences of the age-
related changes in phosphoinositide metabolism
with regard to plasma membrane signaling have not

been addressed in detail. The study of G. sulphuraria
cells of different physiological status allows for the
comparison of cells with differences in phosphoino-
sitide metabolism.

Phosphoinositides and specific phosphoinositide
kinases have been found in various cellular compart-
ments of diverse eukaryotic organisms, in mem-
branes and in soluble fractions, in the actin cytoskel-
eton, and also in the nucleus (for review, see Munnik
et al., 1998; Drøbak et al., 1999; Stevenson et al., 2000).
It is a key hypothesis of this work that the compart-
mentalization of phosphoinositides within eukary-
otic cells aids in the orchestration of the various
functions of phosphoinositides.

The phosphoinositides, and foremost PtdInsP2, can
perform a multitude of cellular functions in addition
to serving as the precursors of the second messenger,
InsP3, and of diacylglycerol. PtdInsP2 can have reg-
ulatory effects on elements of the actin cytoskeleton,
such as profilin or gelsolin (Drøbak et al., 1994; Jan-
mey, 1994; Janmey et al., 1999), on ion channels and
ATPases (Memon et al., 1989; Shyng and Nichols,
1998; Shyng et al., 2000), and on the formation and
secretion of membrane vesicles (Hama et al., 1999,
2000; for review, see Toker, 1998; Anderson et al.,
1999; Hinchliffe et al., 1998).

In this paper, we use the term “pool” to describe
the entirety of phosphoinositides of a certain function
within a cell, a membrane, or a compartment. In this
context, a plasma membrane signaling pool of Ptd-
InsP2 would be defined as the PtdInsP2 that can be
hydrolyzed in the plasma membrane upon stimula-
tion to generate InsP3 signals. Phosphoinositide
pools are characterized by particular lipid-lipid and
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lipid-protein interactions. The immediate environ-
ment within which the phosphoinositides reside can
be described as a “microdomain.” Different phospho-
inositide microdomains can be part of the same phos-
phoinositide pool. For instance, plasma membrane
PtdInsP2 can be associated with ion channels, and
also be accessible for hydrolysis, and both microdo-
mains may be involved in signaling, depending on
the nature and intensity of the stimulus. Stimulation
may affect certain combinations of microdomains
within the signaling pool and would have a different
physiological outcome according to the microdo-
mains affected.

The transient and localized accumulation of Ptd-
InsP2 in a microdomain could be conferred by local-
ized increases in PtdInsP2 synthesis, e.g. through
regulation of PtdInsP kinases. Activity and localiza-
tion of PtdInsP kinases can be controlled by post-
translational modification; however, the exact regu-
latory mechanisms are as of now only partly
understood. The activity of human type I and type II
PtdInsP kinases in the plasma membrane (Vancurova
et al., 1999) and in the endoplasmic reticulum (ER;
Itoh et al., 1998) can be modulated by phosphoryla-
tion. Furthermore, in human platelets thrombin-
induced increases in cytoskeleton-associated Ptd-
InsP2 are mediated by the translocation of PtdInsP
kinase (human PtdIns4P 5 kinase C) to the cytoskel-
eton (Hinchliffe et al., 1996). It has been suggested
recently that the co-occurrance of type I and type II
PtdInsP kinases in the nucleus of cultured human
cells may facilitate multiple intranuclear functions of
PtdInsP2 by allowing a distinction of functional pools
within the same compartment (Ciruela et al., 2000). In
addition, isoform-specific regulation of PtdInsP ki-
nase has been demonstrated for the human PtdInsP
kinase II � (Hinchliffe et al., 1999a), suggesting that
cellular PtdInsP2 pools within the same membrane
may be individually regulated.

Although it has been hypothesized that discrete
pools of phosphoinositides are present in animals
and plants (Drøbak et al., 1994; Staiger et al., 1997;
Hinchliffe et al., 1998, 1999b; Heilmann et al., 1999;
Kost et al., 1999), a biochemical characterization of
phosphoinositide pools in distinct subcellular frac-
tions has not been reported. The differential effects of
phospholipase C inhibitors on short-term and long-
term increases in InsP3 in response to gravistimula-
tion in oat shoot pulvini (Perera et al., 2001) suggests
the presence of distinct phosphoinositide pools in
plants. Green fluorescent protein-pleckstrin homol-
ogy domain fusion proteins have been employed to
visualize PtdInsP2 in vivo to study phosphoinositide
pools (Varnai and Balla, 1998; Lockyer et al., 1999;
Varnai et al., 1999; Holz et al., 2000). In plants, Ptd-
InsP2 microdomains visualized by this method have
been implicated in a phosphoinositide pool control-
ling pollen tube growth (Kost et al., 1999).

Although yielding good results for many cell types
studied, changes in the distribution of green fluores-
cent protein-pleckstrin homology fluorescence do not
always reflect the turnover measured in [3H]inositol
labeling studies (Varnai and Balla, 1998). Binding of
the PH domain will depend on the properties of pro-
teins in a PtdInsP2 microdomain. Also, the binding of
PH domains to PtdInsP2 can interfere with normal
cellular functions by itself (discussed in Balla et al.,
2000). As another approach, fluorescent PtdInsP2
(Tuominen et al., 1999) may prove useful to study
phosphoinositide pools. However, the use of fluores-
cent PtdInsP2 faces potential technical difficulties,
such as whether the compound will be incorporated
into the plasma membrane, and whether it will remain
stable and not be hydrolyzed during development or
under stress conditions. It was the aim of this study to
present an alternative means of monitoring the cellu-
lar distribution of PtdInsP2 in plant cells.

To overcome limitations of a single method, a com-
bination of in vitro lipid phosphorylation assays and
PtdInsP2 mass measurements was used with isolated
plasma membranes and microsomes of G. sulphuraria
to investigate and characterize phosphoinositide
pools. Mass measurement of PtdIns(4,5)P2 employed
in this study utilizes the high specificity of the bovine-
brain Ins(1,4,5)P3 receptor for Ins(1,4,5)P3. Also, the
levels of putative PtdInsP kinase protein were fol-
lowed in plasma membranes and in microsomes along
with the determination of PtdInsP kinase specific ac-
tivity. G. sulphuraria was chosen as a model system for
this study based on the indication that the phospho-
inositide signaling pool may be regulated indepen-
dently from other cellular phosphoinositide pools
(Heilmann et al., 1999), thus offering the potential for
a differential characterization of a plasma membrane
phosphoinositide pool with signaling function. In this
study, we show that during the stationary phase (be-
tween d 7 and 12) of the growth period of G. sulphu-
raria, the amount of PtdInsP2, the specific activity of
PtdInsP kinase, and the levels of putative PtdInsP
kinase protein in the plasma membrane gradually de-
creased. PtdInsP2 levels in the plasma membrane de-
clined, whereas they antithetically increased in micro-
somes, suggesting that the plasma membrane
PtdInsP2 represents a distinct phosphoinositide pool
that is regulated differently from phosphoinositides in
other cellular compartments.

RESULTS

PtdInsP2 Levels and Specific PtdInsP Kinase
Activity Decrease in Plasma Membranes during the
Stationary Phase

To characterize changes in the composition of
plasma membranes during the stationary phase,
plasma membranes from G. sulphuraria were enriched
by aqueous two-phase partitioning and analyzed for
PtdInsP2 content and specific activity of PtdInsP ki-
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nase. As indicated in Figure 1A, between d 7 and 12
the PtdInsP2 content in plasma membranes decreased
from 549 � 55 to 132 � 95 pmol mg�1 protein. The in
vitro formation of PtdInsP2 from exogenously sup-
plied substrate (i.e. the specific activity of PtdInsP
kinase) in plasma membranes concurrently decreased
from 1,317 � 145 to 374 � 42 pmol min�1 mg�1

protein (Fig. 1B). In contrast, PtdInsP2 levels in micro-
somal membranes increased between d 7 and 12 from
1,050 � 130 to 2,077 � 265 pmol mg�1 protein (Fig.
1A), and the in vitro formation of PtdInsP2 by micro-
somal membranes from exogenously supplied sub-

strate increased from 95 � 32 to 254 � 24 pmol min�1

mg�1 protein (Fig. 1B). In summary, PtdInsP2 and the
specific activity of PtdInsP kinase in plasma mem-
branes decreased during the stationary phase in con-
trast to a concurrent increase in microsomes.

The specific activity of the vanadate-sensitive
ATPase was similar in plasma membrane-enriched
fractions prepared from 7- and from 12-d-old cells
(896 � 100 and 943 � 100 nmol min�1 mg�1 protein,
respectively), indicating that distribution and activity
of this plasma membrane enzyme did not signifi-
cantly change in G. sulphuraria over the time period

Figure 1. PtdInsP2 levels in the plasma membrane decrease during the stationary phase. The amounts of PtdInsP2 and the
specific activity of PtdInsP kinase in plasma membranes and in microsomes were monitored over the period following the
transition from logarithmic growth to the stationary phase. A, PtdInsP2 content in plasma membranes (light) and in
microsomes (dark). B, Specific activity of PtdInsP kinase in plasma membranes (light) and in microsomes (dark). The results
are averaged from two independent experiments, assayed in duplicate. C, Equal protein amounts (10 �g) of plasma
membrane-enriched fractions (PM) and microsomes (M) were separated by SDS-PAGE and blotted to polyvinylidene
difluoride (PVDF) membranes. Three sets of blots were prepared and independently subjected to immunodetection for BiP,
an ER marker; BCA1, a vacuolar marker; and RGP1, a Golgi marker, as described in “Materials and Methods.”
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under investigation. Therefore, the decrease in Pt-
dInsP2 and PtdInsP kinase activity in plasma mem-
branes over the time period between d 7 and 12 and
the concomitant increase in microsomes suggest that
plasma membrane and microsomal PtdInsP2 pools
are regulated differently. Marker proteins for endo-
membranes (the molecular chaperone binding pro-
tein, BiP, for the ER; BCA1 for the vacuole; and RGP1
for Golgi, as described in “Materials and Methods”)
are significantly less abundant in the plasma
membrane-enriched fraction compared with micro-
somes (Fig. 1C), indicating that the plasma
membrane-enriched fraction has little endomem-
brane contamination.

The Levels of a Putative PtdInsP Kinase Decrease in
Plasma Membranes during the Stationary Phase

One way to regulate the intracellular distribution
of PtdInsP2 is to alter the amount of PtdInsP kinase
present. To test whether the levels of PtdInsP kinase
protein changed, the enzyme was monitored by
western-blot analysis of plasma membrane samples.
Antisera against a conserved domain of an Arabidop-

sis PtdInsP kinase (AtPIP5KI), generated as de-
scribed in “Materials and Methods,” cross-reacted
with an active Arabidopsis PtdInsP 5 kinase ex-
pressed in Escherichia coli (Fig. 2A). The antiserum
recognizes three putative PtdInsP kinase isoforms
(55, 65, and 110 kD) in G. sulphuraria microsomes
(Fig. 2A). Only the 65-kD protein was detected in
plasma membranes from G. sulphuraria cells (Fig. 2B).
The levels of this putative PtdInsP kinase protein
decreased in plasma membranes between d 7 and 12
of the culture period, suggesting that the decrease in
specific PtdInsP kinase activity and in PtdInsP2 levels
in plasma membranes over this time period (compare
Fig. 1) may have been due to a decreased level of
PtdInsP kinase protein. No significant change in any
of the immunopositive bands in microsomes was
obvious over the time period recorded (Fig. 2B).

Changes in PtdInsP2 Levels, Specific PtdInsP
Kinase Activity, and InsP3 after Hyperosmotic
Stimulation during the Stationary Phase

When G. sulphuraria cells were stimulated by the
addition of 25 mm KCl in conditioned medium, the

Figure 2. A putative 65-kD PtdInsP kinase protein decreases in the plasma membrane during the stationary phase. Antisera
were produced in rabbits against a synthetic 15-amino acid peptide representing a conserved PtdInsP 5 kinase domain from
Arabidopsis. A, Equal protein amounts (20 �g) of microsomes from G. sulphuraria were separated by SDS-PAGE and blotted
to PVDF membranes. Immunodetection with rabbit pre-immune serum, and with anti-PtdInsP kinase antiserum, as indicated.
Soluble protein extracts from E. coli expressing AtPIP5KI were separated by SDS-PAGE and blotted to PVDF membranes.
Immunodetection with anti-PtdInsP kinase antiserum with extract from uninduced cells, or from cells induced for 2.5 h with
1 mM IPTG, as indicated. Blots stained with amido black are shown (lower). B, Plasma membranes and microsomes were
prepared from G. sulphuraria samples harvested over the period of time following the transition from logarithmic growth to
the stationary phase. Equal amounts of protein (20 �g) were separated by SDS-PAGE and blotted to PVDF membranes.
Upper, Immunodetection of PtdInsP kinase protein with the anti-PtdInsP kinase antiserum. Lower, Blot stained with amido
black. White arrows indicate Mr markers.
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amount of PtdInsP2 lost from the plasma membrane
increased from d 7 to 12 (Fig. 3). The timing of the
PtdInsP2 loss in the plasma membrane correlated
with the generation of InsP3 (dotted line; compare
Heilmann et al., 1999), suggesting the hydrolysis of
PtdInsP2 by phospholipase C. Because the analysis
for PtdInsP2 was performed with isolated plasma
membranes, whereas InsP3 levels have to be mea-
sured in whole cell extracts, no conclusion can be
drawn as to whether the loss of plasma membrane
PtdInsP2 accounts quantitatively for the amount of
whole cell InsP3 generated.

The absolute amounts of PtdInsP2 lost from plasma
membranes of cells stimulated between d 7 and 12
were comparable. However, because the initial Ptd-
InsP2 pool decreased over this time period, these
amounts represent an increasing percentage of Ptd-
InsP2 lost from the plasma membrane after stimula-
tion (Fig. 3). To be specific, the hydrolysis of 55 � 25
pmol PtdInsP2 mg�1 protein after stimulation of 7-d-
old cells represented approximately 10% of the Pt-
dInsP2 present in plasma membranes on d 7 (Fig.
3A). In contrast, a comparable loss of 78 � 25 pmol
PtdInsP2 mg�1 protein upon stimulation of 12-d-old
cells represented approximately 60% of the PtdInsP2
present in the plasma membrane on d 12 (Fig. 3D).

Although in 7- and 9-d-old cells the specific activity
of PtdInsP kinase in the plasma membranes did not

change after stimulation, in 11- and 12-d-old cells
PtdInsP kinase specific activity increased prior to
changes in both InsP3 and in PtdInsP2. This suggests
that the synthesis of PtdInsP2 prior to the generation
of InsP3 was required only in cells with a reduced
plasma membrane PtdInsP2 pool.

Changes in Specific PtdInsP Kinase Activity and in
InsP3 after Severe Osmotic Stimulation during the
Stationary Phase

As seen in Figure 3, stimulation by 25 mm KCl in
conditioned media did not activate PtdInsP kinase in
7-d-old cells. If the depletion of a plasma membrane
PtdInsP2 pool dictates the demand for PtdInsP2 syn-
thesis, then a more severe stimulus should deplete
the plasma membrane PtdInsP2 pool and activate
PtdInsP kinase in 7-d-old cells. To test this hypothe-
sis, the effects of severe osmotic stimulation on the
activation of PtdInsP kinase were studied in 7- and
12-d-old G. sulphuraria cells. Cultures were subjected
to stimulation by 250 mm KCl in conditioned me-
dium and to a milder stress by 12.5 mm KCl in
conditioned medium (Fig. 4). In both 7- and 12-d-old
cells, the osmotic stimulation caused transient in-
creases in InsP3 with a maximum around 90 s (Fig. 4,
C and D), consistent with our previous findings (Hei-

Figure 3. Changes in PtdInsP2 levels, specific
activity of the PtdInsP kinase, and InsP3 levels
after hyperosmotic stimulation. G. sulphuraria
cultures were stimulated by the addition of 25
mM KCl in conditioned medium 7 (A), 9 (B), 11
(C), and 12 (D) d after transfer. Cells were har-
vested over the first few minutes after stimula-
tion, and plasma membranes were isolated by
aqueous two-phase partitioning. The plasma
membranes were analyzed for PtdInsP2 content
(squares), and PtdInsP kinase activity in vitro
(triangles). Data are presented as the percentage
of the conditioned medium control at each time
point. Transient increases in InsP3 levels in the
cells are represented by the dotted lines, given
as pmol InsP3 g�1 fresh weight The results are
averaged from two independent experiments,
assayed in duplicate.
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lmann et al., 1999). Treatment with 12.5 mm KCl
resulted in an approximately 2-fold increase in InsP3
with both 7- and 12-d-old cells, whereas stimulation
by 250 mm KCl induced a 5-fold increase in 7-d-old
cells, and only a 3-fold increase in 12-d-old cells. This
result suggests that the signaling pool in 12-d-old
cells had been drained by the severe osmotic stress
and not been refilled. Of importance, stimulation by
250 mm KCl resulted in an increase in the specific
activity of PtdInsP kinase in microsomes of both 7-
and 12-d-old cells in addition to the InsP3 signal. In
7-d-old cells, the severe stimulus resulted in a less
rapid increase and the activation was only about
12-fold (Fig. 4A). In contrast, PtdInsP kinase was
activated by about 35-fold within 60 s in 12-d-old
cells (Fig. 4B). The application of conditioned me-
dium as a control produced a minor (approximately
30%), but reproducible, increase in the levels of InsP3
in 7- or 12-d-old cells (data not shown; compare
Heilmann et al., 1999). It is important to notice that a
mild stimulus (12.5 mm KCl) affected the PtdInsP
kinase in the plasma membranes only in 12-d-old
cells, resulting in a transient 8-fold increase in Ptd-
InsP kinase activity (compare Fig. 4, A and B). Thus,
the threshold of the osmostimulus necessary to acti-
vate PtdInsP kinase was higher for 7-d-old cells than
for 12-d-old cells. As was reported before (Heilmann

et al., 1999), stimulation with equivalent concentra-
tions of methyl-Man and KCl induced very similar
increases in PtdInsP kinase activity, suggesting that
the observed changes were primarily the result of
changes in osmotic potential.

DISCUSSION

To characterize a signaling pool of PtdInsP2 in the
plasma membrane of G. sulphuraria, the levels of
PtdInsP2 and the specific activity of PtdInsP kinase
were monitored in time course studies after osmotic
stimulation, using cells from various time points of
the growth cycle. By measuring the amounts of Ptd-
InsP2 in plasma membranes from 7- and 12-d-old
cells, we confirmed that plasma membranes of 7-d-
old cells contained significantly more PtdInsP2 than
those of 12-d-old cells. Between d 7 and 12, a gradual
decrease in PtdInsP2 content and specific activity of
PtdInsP kinase in plasma membranes contrasted
with a concurrent increase in PtdInsP2 content and
specific activity of PtdInsP kinase in microsomes,
providing evidence for the presence of differentially
regulated phosphoinositide pools within the cell.

There are several mechanisms by which phospho-
inositide pools could be regulated. For example, the
size of the plasma membrane PtdInsP2 pool may be

Figure 4. Changes in specific PtdInsP kinase
activity and InsP3 after severe hyperosmotic
stress. The specific activity of PtdInsP kinase in
microsomes and the generation of InsP3 signals
were monitored for the first few minutes after
application 12.5 mM KCl (white symbols) or 250
mM KCl (black symbols). A and B, Specific ac-
tivity of PtdInsP kinase after osmotic stimulation
of 7-d-old cells (A) and 12-d-old cells (B). KCl
(12.5 mM) affected PtdInsP kinase activity only
in 12-d-old cells, not in 7-d-old cells. C and D,
Levels of Ins(1,4,5)P3 after osmotic stimulation
of 7-d-old cells (C) and 12-d-old cells (D). The
results are averaged from two (PtdInsP kinase
activity) or three (InsP3 levels) independent ex-
periments, assayed in duplicate.
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regulated by increased transport of PtdIns or PtdInsP
from the point of synthesis to the plasma membrane
by lipid transfer proteins (Cunningham et al., 1995;
Kauffmann-Zeh et al., 1995; Speed and Mitchell,
2000; for review, see Wirtz, 1997). In addition to
altered lipid transfer, the distribution of enzymes
involved in the synthesis of PtdInsP or PtdInsP2
could change with age. In plants, the specific activity
of PtdIns 4-kinase is on average severalfold higher
than that of PtdInsP kinase (Sommarin and Sand-
elius, 1988; Sandelius and Sommarin, 1990); there-
fore, the subsequent PtdInsP kinase reaction may be
rate limiting and a candidate for a regulatory step in
the synthesis of PtdInsP2. In G. sulphuraria, a decreas-
ing amount of PtdInsP kinase protein in the plasma
membrane could contribute to the decreases in Pt-
dInsP kinase-specific activity and in the levels of
PtdInsP2 between d 7 and 12.

Based on our previous observation that PtdInsP2
formation transiently increased in osmostimulated
12-d-old G. sulphuraria cells prior to the generation of
InsP3 signals, we had hypothesized that PtdInsP ki-
nase was activated to synthesize a PtdInsP2 pool for
the generation of InsP3 signals (Heilmann et al.,
1999). In this scenario, a stimulus-induced activation
of PtdInsP kinase in the plasma membrane would
serve as an indicator for a reduced signaling pool of
PtdInsP2. The comparison of the osmotic stimulation
of 7- and 12-d-old cells indicates that the stimulus
intensity required to activate PtdInsP kinase was
higher in 7-d-old cells (250 mm KCl or 460 mOsmol
kg�1) than in 12-d-old cells (12.5 mm KCl or 28
mOsmol kg�1). The difference in the threshold for
activation may be explained in part by the higher level
of PtdInsP2 in the plasma membranes of 7-d-old cells.
PtdInsP kinase activation after stimulation was sus-
tained for a longer time in 7-d-old cells than in 12-d-
old cells. In both 7- and 12-d-old cells, the need for the
establishment of a signaling PtdInsP2 pool in plasma
membranes ultimately was met by an increased activ-
ity of PtdInsP kinase upon osmotic stimulation. A
similar activation of PtdInsP kinase preceding the gen-
eration of InsP3 in thrombin-stimulated platelets was
reported by Lassing and Lindberg (1990).

The changes in PtdInsP kinase activity and Ptd-
InsP2 levels during osmotic stress reported in this
paper are transient within the first minutes of stim-
ulation and localized to the plasma membrane. Ein-
spahr et al. (1988), reported an increase in
PtdIns(4,5)P2 after 4 min of hyperosmotic stress
(3,280 mOsmol kg�1) in the halophilic green alga
Dunaliella salina. Increases in whole plant cell
PtdIns(3,5)P2 and PtdIns(4,5)P2 were reported by
Meijer et al. (1999) and by Pical et al. (1999), respec-
tively, after 5 min to 2 h of severe hyperosmotic stress
(290–730 mOsmol kg�1). Increases in PtdIns(3,5)P2
were also reported for hyperosmotically stressed
yeast (1,600 mOsmol kg�1; Dove et al., 1997). Meijer
et al. (1999) suggested that the increases in

PtdIns(3,5)P2 observed over time in osmotically
stressed plants may be associated with intracellular
membranes. Both PtdIns3P and PtdIns4P have been
found in plant nuclei (Bunney et al., 2000), and the
recent description of a possible function for PtdIns3P
and PtdIns 3 kinase in the regulation of transcription
in higher plants (Bunney et al., 2000) suggests a
putative means of regulating transcription in re-
sponse to stress. Thus, as cells adjust to hyperosmotic
stress, after the initial stimulation, the increases in
whole cell PtdIns(3,5)P2 and PtdIns(4,5)P2 could re-
flect a potential signaling cascade leading to changes
in the patterns of both vesicle formation and gene
expression (Hirayama et al., 1995; Mikami et al., 1998;
Heilmann et al., 2000). Although it cannot be ruled
out that PtdIns(3,5)P2 contributes to the total amount
of phosphatidylinositol-bisphosphate observed in G.
sulphuraria plasma membranes, neither phosphoryla-
tion of PtdIns to PtdIns3P nor phosphorylation of
PtdIns3P to PtdIns(3,5)P2 were detected by in vitro
assays of G. sulphuraria plasma membranes (data not
shown).

As cells begin to adjust to osmotic stress to main-
tain cellular integrity, whole cell PtdInsP2 levels may
be affected by changes in membrane biogenesis.
Changes in cell volume in osmotically stressed mam-
malian cells have been shown to result in the rapid
inhibition of transport processes from the ER to the
Golgi apparatus, while leaving the retrograde traffic
active (Lee and Linstedt, 1999). Consistent with these
results, Kearns et al. (1998) proposed that changes in
phosphorylation of the soybean phosphoinositide-
specific lipid transfer protein Ssh1p during osmotic
stress contribute to the accumulation of phosphoi-
nositides in intracellular membranes. Increased accu-
mulation of PtdIns(4,5)P2 could also result from in-
creased de novo synthesis in the Golgi compartment
(Jones et al., 2000).

Because whole cell PtdInsP2 increases in aging cells
(Heim and Wagner, 1986; Falkenau et al., 1987; Bo-
rochov et al., 1994; Heilmann et al., 1999), to mean-
ingfully interpret changes in phosphoinositide levels
in a cell, the cellular distribution of phosphoinositi-
des must be considered when a particular system is
studied. Phosphoinositide pools may be defined by
the dynamic rearrangement of both lipids and pro-
teins, and the status of the pools may be characteris-
tic for a particular developmental stage. For instance,
if restructuring of PtdInsP2 pools over the time in
culture in G. sulphuraria reflects a change in the phys-
iological state of the cells after they depleted the
heterotrophic substrate around d 7 (Gross and
Schnarrenberger, 1995), then this process could in-
clude a functional shift of PtdInsP2 from plasma
membrane signaling to the regulation of vesicle traf-
ficking and cytoskeletal structure (Drøbak et al.,
1994; Shibasaki et al., 1997; Staiger et al., 1997).

In conclusion, the levels of PtdInsP2 in a cell are
dynamic and change in both a spatial and a temporal
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dimension. The decrease in plasma membrane Ptd-
InsP2 over time described here, as well as increases in
whole cell PtdInsP2 previously described by this
group and others, emphasize the need to identify the
discrete subcellular PtdInsP2 pools of each system
being studied, both with development and in re-
sponse to stimulation.

MATERIAL AND METHODS

G. sulphuraria Cell Culture

G. sulphuraria strain 002 (type strain from the culture
collection of the University of Naples) was grown in the
dark at 37°C and pH 2.0 in 2-L flasks shaking at 100 rpm.
Glc (50 mm) was added as heterotrophic substrate to the
liquid culture medium according to Gross and Schnarren-
berger (1995). Cell growth was monitored spectrophoto-
metrically at 800 nm. The time of inoculation of a new
culture was defined as time zero. Three days after inocu-
lation, cells entered the phase of logarithmic growth. The
stationary phase of growth was reached 7 d after inocula-
tion. Cells from stationary cultures were retransferred to
new media after 21 d. The terms 7- and 12-d-old cells refer
to cells 7 and 12 d after inoculation of the culture,
respectively.

Prior to stimulation, G. sulphuraria cells were kept over-
night in 50 mL of culture medium in 200-mL culture flasks
at 26°C in the dark with shaking (150 rpm). Immediately
before an experiment, conditioned culture medium was
obtained by centrifuging 100 mL of a cell culture at 2,000g
for 10 min at room temperature and decanting the medium.
KCl and methyl-Man solutions were prepared fresh in
conditioned medium for each experiment and adjusted to
26°C before use. Methyl-Man was used for an osmotically
active sugar derivative as a control because, unlike sorbitol
or mannitol, it is not taken up and metabolized by G.
sulphuraria (W. Gross, unpublished data). Stimulation with
equivalent osmolar concentrations of methyl-Man or KCl
in conditioned medium resulted in similar effects on the
activity of PtdInsP kinase or the generation of InsP3, ruling
out nonspecific salt effects (compare Heilmann et al., 1999).
Cells were stimulated by the addition of 5 mL of KCl or
methyl-Man stocks in conditioned culture medium to final
concentrations as indicated in the results. Conditioned me-
dium alone was used as a control.

Isolation of Microsomes

G. sulphuraria cells from 50-mL cultures (0.5–1 g fresh
weight) were harvested by centrifugation at 2,500g for 30 s
and homogenized in 20 mL of ice-cold buffer [250 mm Suc,
3 mm EDTA, 2 mm ethylene glycol-bis(�-aminoethyl ether)
N,N,N�,N�-tetraacetic acid, 14 mm �-mercaptoethanol, 2
mm dithiothreitol, and 50 mm Tris-HCl, pH 7.4] with 0.1 g
of polyvinylpolypyrrolidone, using a blender (VirTis Co.,
Gardiner, NY) and glass beads. For time course experi-
ments, the times indicated denote the initiation of homog-
enization. Microsomal membranes were prepared by cen-
trifuging the homogenate at 2,500g for 15 min at room

temperature and centrifuging the 2,500-g supernatant at
41,000g for 60 min at 4°C. The 41,000g pellets were resus-
pended in 30 mm Tris-HCl, pH 6.5, containing 15 mm
MgCl2. Microsomes were solubilized by the addition of 1%
(v/v) Triton X-100 with shaking for 1 h at 4°C. Soluble and
insoluble compounds were separated by centrifugation at
10,000g for 10 min.

Isolation of a Plasma Membrane-Enriched Fraction

For enrichment of plasma membranes, microsomal pel-
lets were resuspended in 1 mL of 30 mm Tris-HCl, pH 7.4,
and 15 mm MgCl2, and layered on 5.9% (w/v) polyethylene
glycol/dextran polymer two-phase gradients (Carbowax-
PEG 3350, Fisher Scientific, Pittsburgh; Dextran T500, Am-
ersham Pharmacia Biotech, Piscataway, NJ) to separate the
plasma membranes according to Wheeler and Boss (1987).
The gradient solutions and membranes were mixed by
inversion (80 times) and centrifuged at 600g for 10 min at
4°C. The upper phase was diluted to 30 mL with 30 mm
Tris-HCl, pH 7.4, and 15 mm MgCl2, and centrifuged at
41,000g for 1 h at 4°C. The pellet was washed twice in 30
mm Tris-HCl, pH 7.4, and 15 mm MgCl2, centrifuged at
41,000g for 45 min at 4°C, and resuspended in the same
buffer.

Estimation of Protein Contents

Protein concentrations were estimated by using the
Bradford assay (Bio-Rad, Hercules, CA) with bovine serum
albumine as a standard.

Characterization of the Plasma
Membrane-Enriched Fraction

To ensure a comparable integrity of the plasma mem-
branes studied, the vanadate-sensitive ATPase activity of
plasma membrane preparations from 7- and 12-d-old cells
was determined as total phosphate released in vitro ac-
cording to Taussky and Shorr (1953). Plasma membrane
samples (10 �g protein per reaction) were assayed in qua-
druplets in a buffer of 200 mm Suc, 25 mm HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid]-KOH, pH
7.0, 10 mm KCl, 3 mm MgSO4, 3 mm ATP, 1 mm dithio-
threitol, and 1 �m CaCl2 in a final reaction volume of 200
�L. The reaction mixture was incubated at room tempera-
ture for 30 min. Reactions were stopped by the addition of
2 mL NH4/FeSO4 reagent containing 1% (w/v)
(NH4)2MoO4, 1 n H2SO4 and 0.18 m FeSO4. The A660 was
monitored to quantify the inorganic phosphate generated.
Samples containing between 0 and 0.1 �mol KH2PO4 per
assay were used as standards. Reactions were incubated
with or without 200 �m vanadate, and the difference in
phosphate release was calculated. To determine the degree
of purity of plasma membrane-enriched fractions achieved
by two-phase partitioning, immunoblots were performed
to monitor endomembrane contaminants, using antisera
against marker proteins for ER (the chaperone, BiP; Fontes
et al., 1991), Golgi (the reversibly glycosylated polypeptide,
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RGP1; Dhugga et al., 1997), and vacuole (the vacuolar
Ca2�-ATPase, BCA1; Askerlund, 1996). Equal protein
amounts from plasma membrane-enriched fraction or mi-
crosomes were analyzed (Fig. 1C). The term “plasma
membrane” is to be read as “plasma membrane-enriched
fraction” throughout the manuscript.

Lipid Kinase Assays

PtdInsP kinase activity was assayed as described by Cho
and Boss (1995), using 20 �g of microsomal or 2 �g of
plasma membrane protein per assay in 50 �L of reaction
mixture. The reaction mixture contained 30 mm Tris-HCl,
pH 6.5, 7.5 mm MgCl2, 1 mm Na2MoO4, 0.01% (v/v) Triton
X-100, and 0.9 mm [�-32P]ATP (0.2 �Ci nmol�1). Reactions
were incubated for 10 min at room temperature with inter-
mittant mixing. For assays containing exogenous substrate,
PtdIns4P (Sigma, St. Louis) was presolubilized in 1% (v/v)
Triton X-100, and added to give a final concentration of 25
�g of lipid in 0.1% (v/v) Triton X-100 per reaction. After
incubation, inositol phospholipids were extracted accord-
ing to Cho et al. (1992).

Separation of Phospholipids

Lipids were separated by thin-layer chromatography on
silica gel plates (type LK5D, Whatman, Clifton, NJ) by a
solvent system containing CHCl3:methanol:NH4OH:H2O
mixed in a ratio of respective volumes as 86:76:6:16 (Cho
and Boss, 1995). The [32P]-labeled phospholipids were
quantified using a radioimaging scanner (system 500, Bio-
scan, Inc., Washington, DC).

Quantification of Ins(1,4,5)P3 and PtdIns(4,5)P2 Content

For determination of Ins(1,4,5)P3 after various times of
osmotic stimulation, G. sulphuraria cells were harvested by
centrifugation at 2,000g for 10 to 30 s into preweighed tubes.
The supernatant was discarded and cells were immediately
frozen in liquid N2. The times indicated in the results denote
the duration between the application of the stimulus and the
freezing of the cells in liquid N2. The frozen cells were
weighed and 500 �L of ice-cold 20% (v/v) perchloric acid
(PCA) was added. After a 20-min incubation on ice, pro-
teins were precipitated by centrifugation at 2,000g for 15
min at 4°C. For Ins(1,4,5)P3 assays, the supernatant was
transferred to a new tube and adjusted to pH 7.5, using
ice-cold 1.5 m KOH in 60 mm HEPES containing 5% (v/v)
of universal pH indicator dye (Fisher Scientific). The neu-
tralized samples were assayed for Ins(1,4,5)P3, using the
[3H]Ins(1,4,5)P3 receptor-binding assay kit (Amersham
Pharmacia Biotech). Assays were carried out along with
controls for complete and nonspecific binding according to
the manufacturer’s instructions, using 50 �L of sample per
assay in a total assay volume of 200 �L. The Ins(1,4,5)P3

content of each sample was determined by interpolation
from a standard curve generated with commercial
Ins(1,4,5)P3.

For the determination of PtdIns(4,5)P2, whole cell PCA
precipitates were washed twice with ice-cold deionized
water. Lipids were extracted from PCA precipitates or
from microsomal or plasma membrane preparations ac-
cording to Cho et al. (1992) and hydrolyzed by adding 1 mL
of 1 m KOH and heating to 100°C for 15 min. After hydro-
lysis, samples were adjusted to pH 7.5 with 20% (v/v) PCA
containing universal pH indicator dye. Fatty acids were
removed by washing twice with 20% (v/v) petroleum ether
in 1-butanol. A 500-�L aliquot of the aqueous phase from
each sample was lyophilized, resuspended in 110 �L of
deionized water, and assayed for Ins(1,4,5)P3.

Equal fresh weights of cells were used to compare how
much PtdIns(4,5)P 2 was recovered from PCA precipitates
of whole cells, microsomal pellets, or upper and lower
phases of two-phase systems. Approximately 65% of the
PtdIns(4,5)P2 measured in PCA-precipitates was recovered
in microsomes, whereas 60% was recovered in the com-
bined upper and lower phases of the two-phase systems.
The soluble homogenate was not analyzed; therefore, lipid
bound to soluble proteins cannot be taken into account.

To rule out the possibility that inositol phosphate me-
tabolites other than Ins(1,4,5)P3 affected the displacement
of [3H]Ins(1,4,5)P3 from the bovine Ins(1,4,5)P3 receptor in
the assay, aliquots of the samples were pretreated with a
recombinant human inositol polyphosphate 5�phospha-
tase I, as described by Perera et al. (1999). The content of
Ins(1,4,5)P3 was determined before and after incubation
with the phosphatase. The phosphatase pretreatment
eliminated the Ins(1,4,5)P3 from G. sulphuraria samples.
Heat-denatured phosphatase had no effect. These controls
confirm the specificity of the assay for d-myo-inositol
1,4,5-trisphosphate. The human inositol polyphosphate
5�phosphatase I cDNA (Auethavekiat et al., 1997) was a
gift from Dr. Philip Majerus (Washington University
School of Medicine, St. Louis).

Design of a PtdInsP 5 Kinase Consensus Peptide and
Production of Antisera

PtdInsP 5-kinases are characterized by four conserved
domains common to all animal and plant PtdInsP
5-kinases. A consensus peptide was designed according to
one of the conserved domains of seven Arabidopsis Ptd-
InsP 5-kinase sequences. A BLAST (blastp) search against
the nonredundant protein sequences using the 15-amino
acid peptide DDRFMIKTVKKSEIK retrieved exclusively
PtdInsP 5-kinase sequences of Arabidopsis. The template
peptide was synthesized by Genosys Biotechnologies, Inc.
(The Woodlands, TX). The synthetic peptide (200 �g in
Complete Freund’s Adjuvant) was injected into two rabbits
(New Zealand white rabbit) to generate antisera against the
synthetic peptide. Biweekly boost injections of the rabbits
with 100 �g of the synthetic peptide in Incomplete
Freund’s Adjuvant were carried out three times before the
first production bleed. ELISA experiments with first bleed
antisera showed a several hundred-fold increase in reac-
tivity with the syhthetic peptide compared with the pre-
immune sera. The third production bleed antisera used in

Regulation of Phosphatidylinositol 4,5-Bisphosphate Pools

Plant Physiol. Vol. 126, 2001 1515



this study cross-reacted with an active recombinant Ptd-
InsP 5-kinase protein from Arabidopsis (AtPIP5KI, acces-
sion no. AF019380; Satterlee and Sussman, 1997) expressed
in Escherichia coli (Fig. 2A). The synthetic peptide and an-
tisera described are available upon request.

Affinity Purification of the Antipeptide Antibodies on
Protein A Beads

To reduce nonspecific reactivity between the rabbit an-
tisera and G. sulphuraria proteins in western blots, the
antisera were purified on beads coated with protein A,
specifically binding IgG antibodies. Protein A beads (Sig-
ma) were washed twice in deionized water, filtered
through a Büchner funnel, and rehydrated for 2 h in fil-
tered 100 mm Tris-HCl, pH 8.0. The hydrated resin was
equilibrated with 100 mm Tris-HCl, pH 8.0. Antiserum (2
mL) was adjusted to pH 8.0 by adding 200 �L of 1 m
Tris-HCl, pH 8.0, and applied to the column. The column
was washed sequentially with 100 mm Tris-HCl, pH 8.0,
and 10 mm Tris-HCl, pH 8.0. The eluates of the loading and
all washing steps were collected. Antibodies were eluted in
500-�L increments with 100 mm Gly, pH 3.0. Fractions of
500 �L were collected into microfuge tubes containing 50
�L 1 m Tris, pH 8.0, and the fractions were neutralized by
gentle mixing.

Immunodetection (Western Blotting)

Proteins were separated by SDS-PAGE according to Lae-
mmli (1970) in gels containing 8% (w/w) or 10% (w/w)
polyacrylamide and transferred to PVDF membranes. Pro-
teins were detected with affinity-purified rabbit antiserum
against the synthetic PtdInsP 5-kinase peptide (diluted
1:5,000). Preimmune serum was used as a control. Primary
antibodies were detected with goat anti-rabbit-IgG antisera
conjugated to horseradish peroxidase. Horseradish perox-
idase was detected using a chemiluminescence detection
kit (Pierce, Rockford, IL) with subsequent exposure of
X-Omat film (Eastman Kodak Co., Rochester, NY).
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