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Receptor-induced transient reduction in plasma membrane
PtdIns(4,5)P2 concentration monitored in living cells
Thomas P. Stauffer, Seungkril Ahn and Tobias Meyer

Although phosphatidylinositol 4,5-bisphosphate
(PtdIns(4,5)P2) is a well-characterized precursor for the
second messengers inositol 1,4,5-trisphosphate,
diacylglycerol [1] and phosphatidylinositol 3,4,5-
trisphosphate [2], it also interacts with the actin-binding
proteins profilin and gelsolin [3], as well as with many
signaling molecules that contain pleckstrin homology
(PH) domains [4]. It is conceivable that stimuli received
by receptors in the plasma membrane could be
sufficiently strong to decrease the PtdIns(4,5)P2
concentration; this decrease could alter the structure of
the cortical cytoskeleton and modulate the activity of
signaling molecules that have PH domains. Here, we
tested this hypothesis by using an in vivo fluorescent
indicator for PtdIns(4,5)P2, by tagging the PH domain of
phospholipase C d1 (PLC-d1) with the green fluorescent
protein (GFP–PH). When expressed in cells, GFP–PH
was found to be enriched at the plasma membrane.
Binding studies in vitro and mutant analysis suggested
that GFP–PH bound PtdIns(4,5)P2 selectively over other
phosphatidylinositol lipids. Strikingly, receptor
stimulation induced a transient dissociation of GFP–PH
from the plasma membrane, suggesting that the
concentration of PtdIns(4,5)P2 in the plasma membrane
was effectively lowered. This transient dissociation was
blocked by the PLC inhibitor U73122 but was not
affected by the phosphoinositide (PI) 3-kinase inhibitor
wortmannin, suggesting that it is mostly mediated by
PLC and not by PI 3-kinase activation. Overall, our
studies show that PtdIns(4,5)P2 can have second
messenger functions of its own, by mediating a
transient dissociation of proteins anchored in the
plasma membrane.
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Results and discussion
PH domains are protein modules of about 100 amino acids
found in a variety of enzymes [5]. They are thought to

serve as localization modules for signaling molecules by
binding to phosphatidylinositol lipids in membranes [6].
Recent in vitro studies have shown that distinct PH
domains have a selectivity for different phosphatidylinosi-
tols (i.e. PtdIns(4,5)P2, PtdIns(3,4)P2 and PtdIns(3,4,5)P3)
[7–9]. We used this selectivity to create a fluorescent
single-cell in vivo indicator which recognizes specifically
PtdIns(4,5)P2 but not other phosphatidylinositols.

To achieve this goal, we made fusion constructs between
GFP [10] and the PH domain of PLC-δ1 (GFP–PH). This
PH domain has a high selectivity for PtdIns(4,5)P2 as shown
in in vitro binding assays [8] and by X-ray crystallography
[11]. Furthermore, it binds to PtdIns(4,5)P2 with higher
affinity than do the other PtdIns(4,5)P2-binding PH
domains that have been tested thus far — PLC-γ, spectrin,
dynamin, pleckstrin and the Son of sevenless protein [12].
Because we wanted to express GFP–PH by RNA transfec-
tion, we cloned a cassette containing sequences encoding
GFP followed 3′ by sequences encoding the PLC-δ1 PH
domain into an RNA expression vector [13] (Figure 1a). As
a control, we also made a construct (GFP–PH*) in which
two point mutations were introduced into sequences encod-
ing the phosphatidylinositol-binding pocket (Lys30→Asn
and Lys32→Asn) (Figure 1a).

The RNA used for transfection was transcribed and poly-
adenylated by sequential in vitro steps [13]. The integrity of
the expressed protein was tested by SDS–PAGE following
in vitro translation in the presence of [35S]methionine. Both
in vitro translated proteins appeared as major bands at about
49 kDa (Figure 1b) which correspond to the calculated mol-
ecular weight of 48.2 kDa for the GFP–PH fusion protein.
We then used phosphatidylserine liposomes with either no
phosphatidylinositol or 5% PtdIns(4,5)P2, PtdIns(3,4)P2 or
PtdIns(3,4,5)P3 to test whether the GFP tag changed the
phosphatidylinositol specificity of the PLC-δ1 PH domain.
As expected, GFP–PH showed a much higher binding to
liposomes that contain PtdIns(4,5)P2 (Figure 1c). The
binding to liposomes containing PtdIns(3,4)P2 or
PtdIns(3,4,5)P3 was indistinguishable from the binding to
liposomes that did not contain phosphoinositols. This sug-
gests that the specificity of the PLC-δ1 PH domain was not
altered by the addition of the GFP tag. As an additional
control, we confirmed that the GFP–PH* fusion construct
with the mutations in the lipid-binding pocket showed no
specific PtdIns(4,5)P2 binding (Figure 1c). 

The GFP-based fluorescent indicator for PtdIns(4,5)P2
was expressed in rat basophilic leukemia (RBL) cells by



microporation of the RNA encoding the GFP–PH [14]
and visualized, typically three hours after microporation,
by confocal laser microscopy. Interestingly, GFP–PH was
highly enriched at the plasma membrane and nearly uni-
formly distributed along the membrane (Figure 2a). The
plasma membrane localization is likely to be due to the
binding interaction between the PH domain and
PtdIns(4,5)P2 in the plasma membrane as shown by the
failure of the GFP–PH* fusion protein to localize to the
plasma membrane (Figure 2b). These observations
strongly suggest that the PH domain of PLC-δ1 binds to
PdtIns(4,5)P2 in living cells and can therefore be used a
fluorescent indicator for PtdIns(4,5)P2.

Because the plasma membrane localization of GFP–PH is
likely to provide a direct measure of the plasma mem-
brane concentration of PtdIns(4,5)P2, we tested whether a
receptor stimulus that induces the hydrolysis of
PtdIns(4,5)P2 could be sufficiently strong to lower the
PtdIns(4,5)P2 concentration and thereby induce a dissocia-
tion of the GFP–PH probe from the plasma membrane.
An RBL cell line stably transfected with the receptor for
the platelet activation factor (PAF) was used for these
studies [15]. Strikingly, within less than 60 seconds of
PAF addition, the GFP–PH probe almost completely dis-
sociated from the plasma membrane and became uni-
formly distributed within the cytosol (Figure 3a, upper
panels). Nevertheless, the GFP–PH probe dissociated
from the plasma membrane only transiently and relocal-
ized to the plasma membrane within 3–8 minutes after
stimulation (a movie of the dissociation and reassociation
of GFP–PH after receptor stimulation is available as Sup-
plementary material published with this paper on the
internet). As expected, the cytosolic localization of the

GFP–PH* mutant did not change during stimulation
(Figure 3a, lower panels).

To determine the time course of the transient dissocia-
tion of the GFP–PH probe from the plasma membrane
more quantitatively, a timed series of confocal fluores-
cence images of cells expressing the GFP–PH probe were
recorded before and after receptor stimulation. The rela-
tive change in the plasma membrane fluorescence inten-
sity was determined in each image using line intensity
profiles across each of the cells (Figure 3b). The relative
decrease in the fluorescence intensity of the plasma
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Figure 1

The PH domain of PLC-δ1 was fused with
GFP and expressed in rat basophilic leukemia
(RBL) cells. (a) The GFP–PH and GFP–PH*
fusion proteins. The PLC-δ1 PH domain, or a
mutant version (PH*) carrying mutations in the
phosphatidylinositol-interacting residues
(Lys30→Asn and Lys32→Asn), was cloned
3′ to a cycle 3 mutant of GFP [13]. (b) The
integrity of the radiolabeled GFP–PH fusion
proteins was determined by SDS–PAGE
following translation in vitro in the presence of
[35S]methionine. (c) Specific binding of
GFP–PH to PtdIns(4,5)P2. 35S-labeled
GFP–PH or GFP–PH* was incubated with
liposomes containing phosphatidylserine
(PtdSer) and 5% (w/w) PtdIns(4,5)P2,
PtdIns(3,4)P2, or PtdIns(3,4,5)P3. For each
fusion protein, the amount of bound fusion
protein was determined by scintillation
counting and standardized against the total
amount of the fusion protein used. No

selective PtdIns(4,5)P2 binding was observed
with the GFP–PH* mutant. The results shown
are the average of three independent

experiments with the bars indicating the
standard error.
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Figure 2

Localization of GFP–PH or GFP–PH* in RBL cells. The fusion proteins
were expressed in adherent RBL cells by microporation of in vitro
transcribed and polyadenylated RNA, and visualized by confocal laser
scanning microscopy. (a) GFP–PH is predominantly localized to the
plasma membrane. (b) The GFP–PH* mutant is uniformly distributed.
Each scale bar is 10 µm.
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membrane to that of the cytosol was calculated by mea-
suring the amplitude of the fluorescence signal at the
plasma membrane and dividing it by an average intra-
cellular fluorescence intensity [(Imb – Icy)/(Imb + Icy)].

Figure 3c shows the intensity ratio for each time point as
a function of time. 

Although the dissociation of GFP–PH from the plasma
membrane could at least in theory be the result of a dis-
placement by other plasma membrane binding proteins, it
is more likely to be caused by the receptor-induced degra-
dation of PtdIns(4,5)P2. Several enzymes including PLC,
PI 3-kinase, which is activated after PAF receptor stimu-
lation (T.P.S., unpublished observations), or
PtdIns(4,5)P2 phosphatase might contribute to the
removal of PtdIns(4,5)P2 after receptor stimulation. To
test the role of PLC and PI 3-kinase in the reduction of
PtdIns(4,5)P2 concentration, we incubated GFP–PH-
transfected RBL cells with the relatively specific PLC
inhibitor U73122 [16], or the PI 3-kinase inhibitor wort-
mannin [17]. Before stimulation, the localization of the
GFP–PH probe was not altered by the two drugs
(Figure 4a,b). Cells incubated with U73122 failed to show
the transient plasma membrane dissociation of GFP–PH
(Figure 4a), whereas cells incubated with wortmannin
showed a normal response (Figure 4b), which indicates
that PI 3-kinase is not a major contributor in the reduction
of PtdIns(4,5)P2 concentration after receptor activation.
These results strongly suggest that G-protein activation
can induce a transient and cell-wide hydrolysis of plasma
membrane PtdIns(4,5)P2 that is mediated by PLC. This
model is further supported by the finding that the time
course of the PAF-induced Ca2+ transient directly corre-
sponds to the dissociation of GFP–PH from the plasma
membrane (Figure 4c). 

These results are of particular interest since a number of
signaling proteins as well as cortical cytoskeletal structures
are attached to the plasma membrane by binding to
PtdIns(4,5)P2. The transient reduction in plasma mem-
brane PtdIns(4,5)P2 concentration may therefore repre-
sent a negative feedback mechanism which can
downregulate signaling processes by releasing the signal-
ing complex from the plasma membrane. In addition, the
parallel dissociation of the actin-binding proteins gelsolin
and profilin from the plasma membrane might activate
their severing activity and might trigger a restructuring of
the cortical cytoskeleton.

Materials and methods
cDNA constructs and in vitro RNA synthesis 
The PH domain of human phospholipase C δ1 (amino acids
Met1–Ile175) as well as the corresponding lipid-binding mutant PLC-
δ1 Lys30→Asn, Lys32→Asn were subcloned 3′ to cycle3 GFP [18]
into the eukaryotic RNA expression vector Hiro3 [13]. An additional
Ser65→Thr mutation was added to cycle3 GFP to increase its bright-
ness [19]. The RNA was transcribed and polyadenylated by sequential
in vitro steps as described in [13].

In vitro translation and binding assay
The PH domains were transcribed, translated and labeled with
[35S]methionine in vitro using the TNT coupled reticulocyte lysate
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Figure 3

Receptor-induced transient dissociation of GFP–PH from the plasma
membrane. (a) Sequential images of RBL cells expressing GFP–PH
(upper panels) or GFP–PH* (lower panels) taken immediately before,
or 60 sec and 240 sec after receptor stimulation with PAF.
(b) Schematic representation of the method used to calculate the
relative decrease in plasma membrane staining. For each cell in a given
image, a line intensity profile across the cell was obtained. Typical
intensity profiles before and after receptor stimulation are shown. The
relative decrease in plasma membrane localization was calculated from
the plasma membrane fluorescence intensity [Imb] and the average
cytosolic fluorescence intensity [Icy]. The scale bar in (a) is 10 µm and
applies to all images; the scale bar in (b) is 5 µm. (c) Plasma
membrane translocation was reflected as a relative increase in plasma
membrane localization when plotted as a function of time. Each
resulting curve shows the time course of the transient plasma
membrane dissociation of GFP–PH in response to PAF receptor
activation. An average of 12 curves is shown in the plot; the bars
indicate the standard error.
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system (Promega). The specificity of the PH domains was determined
as described [7].

Cell preparation and microporation of RNA
The RNA was microporated into rat basophilic leukemia cells (2H3
type) expressing PAF receptors [15] as described [14,20].

Supplementary material
A movie of the dissociation and reassociation of GFP–PH after recep-
tor stimulation is published with this paper on the internet
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Figure 4

Receptor-induced dissociation of GFP–PH is mediated by PLC.
(a) RBL cells were incubated for 10 min with 1 µM U73122 (PLC
inhibitor). Sequential images of RBL cells expressing GFP–PH were
taken immediately before, and 30 sec and 360 sec after receptor
stimulation with 100 nM PAF. (b) The PI 3-kinase inhibitor wortmannin
(50 nM) was added to RBL cells for 30 min prior to activation.
Sequential images of RBL cells expressing GFP–PH were taken
immediately before, and 30 sec and 360 sec after receptor stimulation
with 100 nM PAF. In both (a) and (b), the size bar is 10 µm. (c) The
PAF-dependent Ca2+ release from internal stores was measured in
single cells using the calcium indicator Fluo-3. The average change in
fluorescence with time is shown for eight cells, together with the time
course of the transient plasma membrane dissociation of GFP–PH in
response to PAF receptor activation.
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