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Accumulation of Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3
in thrombin-stimulated platelets
Different sensitivities to Ca2+ or functional integrin

Alexander SORISKY, Warren G. KING and Susan E. RITTENHOUSE*
Department of Biochemistry, University of Vermont College of Medicine, Burlington, Vermont 05405, U.S.A.

Differences in regulation of the accumulation of Ptdlns(3,4)P2 versus that of Ptdlns(3,4,5)P3 were noted in thrombin-
stimulated human platelets. The rapid (within 20 s) response of Ptdlns(3,4,5)P3 contrasted with a distinct lag in the
accumulation of Ptdlns(3,4)P2 that was followed by a pronounced increase by 90 s. The presence of 2.5 mM-CaCl2 further
elevated Ptdlns(3,4)P2 by 50-120 %, but only at a late stage (after 90 s). Tetrapeptide RGDS (Arg-Gly-Asp-Ser), which
blocks the interaction of ligands such as fibrinogen with platelet integrin az1J? (GPIIb-IIIa), inhibited only the late-phase
Ptdlns(3,4)P2 accumulation that was associated with added Ca2+. Although stimulated tyrosine phosphorylation of
platelet protein (total cell lysate) was altered by Ca2+ or RGDS, we could not identify any such proteins that were affected
comparably to Ptdlns(3,4)P2. In contrast to the Ptdlns(3,4)P2 response, the accumulation of Ptdlns(3,4,5)P3 was
unaffected by Ca2+ or RGDS at any time.

INTRODUCTION

The accumulation of 3-phosphorylated phosphoinositides, i.e.
Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3, in stimulated human platelets
is now well documented [1-6]. These phospholipids may play an
important part in cell mitogenesis and transformation [7], al-
though their actual function remains obscure. Proposed modes
of action include regulation of cytoskeletal organization [8], per-
haps via direct interaction with cytoplasmic protein kinases [9].

Positive modulation of the activity of Ptdlns 3-kinase (and
thus 3-phosphorylated phosphoinositide formation) by tyrosine
phosphorylation has been described for several cell types [7]. In
the platelet, agonist-induced stimulation promotes tyrosine
phosphorylation of numerous proteins [10-13]. Platelet integrin
a.IIbf3 (the fibrinogen receptor) has been implicated in the
regulation of tyrosine phosphorylation in platelets, in that a
deficiency of aIIbfi3 or inhibition of fibrinogen binding to
acIIbJ3 by RGDS (Arg-Gly-Asp-Ser) inhibits certain tyrosine
phosphorylations induced by thrombin or by a combination of
phorbol ester and Ca2+ ionophore [11,13]. Integrin aH1I8J3 has also
been reported to contribute to intracellular Ca2+ homeostasis in
the platelet, since the presence of RGDS impairs the net
accumulation of cytosolic Ca2+ measured in stimulated platelets
[14,15].
We have examined the effects of Ca2+ and aIIH/33 function on

the accumulation of 3-phosphorylated phosphoinositides and
tyrosine phosphorylation over time. Our results imply a role for
aIIb,3 and Ca2+ in regulating the late accumulation of one species
of 3-phosphorylated phosphoinositide, Ptdlns(3,4)P2, but not
that of another, Ptdlns(3,4,5)P3.

EXPERIMENTAL

Materials
Except where otherwise indicated, sources of reagents used

were as described previously [1]. a-Thrombin was donated by Dr.
K.G. Mann (University of Vermont, Burlington, VT, U.S.A.).

RGDS was purchased from Peninsula Laboratories (Belmont,
CA, U.S.A.). The anti-phosphotyrosine monoclonal antibody
4G10 was kindly provided by Dr. Brian Druker (Dana Farber
Cancer Institute, Boston, MA, U.S.A.). The enhanced chemi-
luminescence detection system and Hyperfilm-ECL were from
Amersham. [3H]Ins(1,4,5)P3, [3H]Ins(1,3,4)P3 and [3H]Ins-
(1,3,4,5)P4 were from Du Pont-New England Nuclear (Boston,
MA, U.S.A.). [3H]Grolns(3,4)P2, [3H]Grolns(3,4,5)P3 and
[3H]Grolns(4,5)P2 (where Gro is glycero) were generously pro-
vided by Dr. C. Peter Downes (University of Dundee, Dundee,
Scotland, U.K.).

Platelet preparation
Platelet-rich plasma (in the presence of 0.5 ,uM-prostaglandin

E1 and 1.0 mM-aspirin) and washed platelet suspensions were
prepared as described [1] from blood donated by healthy volun-
teers. Labelling with [32P]Pi and subsequent washing of platelets
was as outlined before [1]. With this protocol, after 1.5 h at
37 'C, incorporation of radioactivity into the major phospho-
inositide phosphates has reached a plateau, i.e. a steady state, as
assessed by comparison at 115 min versus 75 min. As previously
reported, the response to thrombin of [32P]Ptdlns(3,4)P2 is
mirrored by a similar rise in [3H]Ptdlns(3,4)P2, which indicates a
net accumulation of this latter phosphoinositide [1].

Incubations with intact platelets
Aggregation was monitored with a Payton Aggregation Mod-

ule model 300. Platelets at 109/ml were equilibrated with CaCl2
(2.0 mM) at 37 'C with or without RGDS (0.5 mM), and then
thrombin was added (1 unit/ml). At this concentration, RGDS
was 80% inhibitory for aggregation.

32P-labelled platelets (109/ml; pH 7.3) were preincubated at
37 'C with or without added CaCl2 (2.5 mM). RGDS (0.5 mM)
was added simultaneously with or 15 s prior to thrombin addition
(1 unit/ml). Incubations were terminated at various times by the
addition of 3.75 vol. of ice-cold chloroform/methanol/1.0M-
HCI (4:10:1, by vol.). Phases were separated by the addition of
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0.5 vol of 1.0 M-HCl and 1.5 vol. of chloroform. The chloroform
phase was withdrawn and the aqueous upper phase was washed
with 3.0 vol. of chloroform. The chloroform phases were then
pooled and the lipids were dried in preparation for t.l.c.

Immunoblotting of phosphotyrosine
Unlabelled platelets (109/ml) were incubated under parallel

conditions to those for the 32P-labelled platelets indicated above.
Incubations were terminated by the addition of 3 x concentrated
Laemmli SDS reducing buffer at various times [2]. Proteins were
separated by SDS/PAGE (7.5 % gels), then transferred to nitro-
cellulose filters, and incubated with monoclonal antibody 4G10
(1 ,ug/ml) [2]. Detection was carried out with an enhanced
chemiluminescence system as described in the kit protocol.
Phosphotyrosine-containing protein bands detected by
Hyperfilm-ECL were scanned densitometrically for the linear
response range of the system.

Deacylation of lipids and h.p.l.c. of glycerophospholipids
Dried lipids from the above extractions were separated by t.l.c.

on K5 Whatman plates [dipped in 1 % potassium oxalate/2 mM-
EDTA in 1:1 (v/v) ethanol/water and dried] developed with
methanol/chloroform/ammonium hydroxide/water (20:14:3:5
by vol.). 32P-labelled lipids were visualized by autoradiography
and directly deacylated [1] without elution from silica. The
resulting GroPIns polyphosphates and GroP [deacylated form
of phosphatidic acid (PtdOH)] were separated on a Whatman
Partisphere 5 SAX 25 cm column as described [1], with the
following modifications: the column was developed with a
gradient of 0-1.25 M-(NH4)2HP04 (titrated to pH 3.2 with
phosphoric acid) at 1 ml/min (pump A, water; pump B, 1.25 M-
(NH4)2HP04, pH 3.2, as above). The elution gradient was altered
in that the column was washed with 100% pump A for 10 min
followed by a linear increase to 200 pump B over 50 min and
then to 60% pump B over 60 min. The column was washed with
100 % pump B for 10 min before returning to 100 % pump A.
Retention times for GroPIns polyphosphate species were
determined in comparison with 3H standards of GroPIns
polyphosphates and inositol polyphosphates.

RESULTS

We determined the time course for and the effects of Ca2l on
the responses of Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3 in thrombin-
stimulated platelets (Fig. 1). The amounts of a third, previously
described 3-phosphorylated phosphoinositide, [32P]PtdIns3P, do
not change significantly under these conditions [1,2]. In the
absence of 2.5 mM-Ca2 , Ptdlns(3,4,5)P3 reached its peak value
within 20 s, and this was maintained until 300 s. In contrast,
Ptdlns(3,4)P2 increased slightly by 20 s but rose 10-fold by 90 s,
and remained unchanged until 300 s. Preincubation of platelets
with 2.5 mM-Ca2l had no clearly discernible effect, early or late,
on thrombin-stimulated accumulation of Ptdlns(3,4,5)P3. How-
ever, in the case of Ptdlns(3,4)P2, the presence of 2.5 mM-Ca2l
resulted in a slightly enhanced accumulation at 90 s, followed by
a pronounced increase by 300 s.
We compared these effects of Ca2+ on 3-phosphorylated

phosphoinositides to those of RGDS. In platelets preincubated
with Ca2+, a definite inhibitory effect of RGDS on the ac-
cumulation of Ptdlns(3,4)P2 was observed that appeared only at
300 s (Fig. 2a). RGDS did not perturb the response of
Ptdlns(3,4,5)P3 under the same conditions. Fig. 2(b) depicts the
effects of Ca2+ on the accumulation of 3-phosphorylated Ptdlns,

with the data expressed as in Fig. 2(a) to facilitate direct
comparison. The absence of added Ca2l caused a decrease in the
response of Ptdlns(3,4)P2 at 300 s, similar in magnitude to that
caused by RGDS in the presence of 2.5 mM-Ca21 (Fig. 2a).

Parallel studies on unlabelled thrombin-stimulated platelet
preparations were performed to study the effects of Ca2l and
RGDS on tyrosine phosphorylation, since this was one plausible
route through which the accumulation of 3-phosphorylated
phosphoinositide might be altered (Fig. 3). Densitometric scan-
ning of the protein bands was performed on the immunoblot
exposures, and we compared the signal intensities at 20 s, 90 s and
300 s to the corresponding basal values for each band. Analysis
of the data as fold increases over basal (results not shown)
permitted comparison of two different immunoblot exposures,
and verified that signal intensities remained in the linear range
for each band that was quantified.

Significant but small increases were observed at 60 kDa, the
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Fig. 1. Time course of accumulation of Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3
in thrombin-stimulated platelets with or without added Ca21

Human platelets were labelled with [32P]Pi as described and stimu-
lated with thrombin (1 unit/ml) in the presence (-, V) or absence
(0, V) of 2.5 mM-CaCl These data, from a single experiment, are
expressed as averages + ranges of duplicates. They are representative
of five similar experiments. 0, 0, Ptdlns(3,4)P2; V, A,
Ptdlns(3,4,5)P3.
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Fig. 2. Effects of Ca2" or RGDS on the accumulation of Ptdlns(3,4)P2 and
Ptdlns(3,4,5)P3 with time in thrombin-stimulated platelets

Human platelets were labelled with [12P]Pj as described and stimu-
lated with thrombin (1 unit/ml) under various conditions. (a) Data
are expressed as values in the presence of RGDS divided by values
in the absence of RGDS. All incubations contained 2.5 mM-CaCl2.
No difference was observed in + RGDS/ - RGDS in the absence of
added Ca2+. (b) Data are expressed as values in the absence of added
Ca2' divided by values in the presence of 2.5 mM-CaCl2. RGDS was

absent from these incubations.
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Fig. 3. Effects of Ca2l or RGDS on tyrosine phosphorylation with time in thrombin-stimulated platelets

Human platelets were stimulated with thrombin (1 unit/ml) under various conditions as described. Immunodetection was performed using
monoclonal antibody 4G10 and an enhanced chemiluminescence system. The X-ray film was exposed for two different times so that signal intensity
of various protein bands remained in the linear range. This immunoblot, from a single experiment, is representative of two similar experiments.
Densitometric scanning of the immunoblot exposures was performed in the linear range as described (results not shown).

region of pp60c-src migration. Other bands, in contrast, displayed
decreases upon platelet activation. We observed a major and
rapid increase in tyrosine phosphorylation (by 20 s), that levelled
off somewhat after 90 s for protein bands of apparent molecular
masses of 125, 109, 99, 89 and 84 kDa. Tyrosine phosphorylation
of these proteins was affected by the presence of added Ca2+ or
RGDS as early as 20 s, and these effects continued until 300 s.
Unlike the accumulation of Ptdlns(3,4)P2, the tyrosine
phosphorylation response of these protein bands was inhibited by
RGDS in the absence as well as in the presence of added Ca2 .
No protein band could be identified whose tyrosine phosphoryl-
ation response matched that of the accumulation of
Ptdlns(3,4,5)P3, i.e. occurring within 20 s and unaffected by Ca2+
or RGDS.
We did not detect any effect of RGDS on phospholipase C

(PLC) activation, as monitored by the accumulation of PtdOH
[16], in agreement with other reports on RGDS-treated or
thrombasthenic (lacking cIIb3) platelets [17,18]. Added Ca2+ was
similarly without effect (results not shown).

DISCUSSION

We conclude that there are distinct regulatory features that
govern the accumulation of Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3 in
platelets. Our data demonstrate that (1) Ca2+ increases the late-
phase accumulation of Ptdlns(3,4)P2 only, and (2) RGDS, which
blocks the interaction of platelet integrin a,IIbl3 with adhesive
proteins such as fibrinogen, decreases the late-phase accumu-
lation of Ptdlns(3,4)P2 that is associated with Ca2 .
A recently discovered pathway in mitogenic signal transduc-

tion, the accumulation of 3-phosphorylated phosphoinositides
[7], has been identified in the terminally differentiated platelet
[1-6], suggesting other physiological roles for these phospho-
inositides. The specific functions of the two such species that
accumulate in the stimulated platelet, i.e. Ptdlns(3,4)P2 and
Ptdlns(3,4,5)P3, are not known. The definition of regulatory
components of the response is one approach that may lead to an
understanding of the ultimate function of these phospho-
inositides. Accordingly, we have studied the effects of integrin
aLIIb/S3 function and Ca2+ on 3-phosphorylated phosphoinositide
accumulation and tyrosine phosphorylation over time.

Platelet integrin aMIIb3 is a receptor for several adhesive proteins
(fibrinogen, fibronectin, von Willebrand factor and vitronectin)
and is thereby involved in mediating aggregation and adhesion

[19]. Other functions of this integrin include the regulation of
Ca2+ influx and tyrosine phosphorylation. A role for acIIb3 in
Ca2+ influx in stimulated platelets has been reported: RGDS or
a specific monoclonal antibody which blocks binding of the
above ligands to aIIb/53 decreases the net accumulation of
intracellular Ca2+ observed in stimulated platelets [14,15]. More-
over, purified aHII/3 acts as a Ca2+ channel in a phospholipid
bilayer [20,21], and it remains subject to inhibition by RGDS in
this setting [22]. Integrin aIIb,S3 has also been implicated in
regulation of stimulated platelet tyrosine phosphorylation, in
that RGDS inhibits certain tyrosine phosphorylations, and
thrombasthenic platelets, lacking aIIb/?3, have impaired tyrosine
phosphorylation [1 1,13].
We have observed a prominent late-phase increase in

Ptdlns(3,4)P2 in the presence of added Ca2+ that is blocked by
RGDS, whereas no effects of Ca2+ are seen for the Ptdlns(3,4,5)P3
response (Figs. 1 and 2). The explanation for the specificity of
these effects for Ptdlns(3,4)P2 is not evident. At present, a clear
picture of the routes by which Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3
are formed and further metabolized has not yet emerged, and
consequently the sites of action of regulatory factors are not
defined. Conflicting reports suggest either a phosphorylation of
PtdIns3P and subsequent phosphorylation of the resulting
Ptdlns(3,4)P2 to Ptdlns(3,4,5)P3 [6], or a dephosphorylation of
Ptdlns(3,4,5)P3, formed by phosphorylation of Ptdlns(4,5)P2, to
yield Ptdlns(3,4)P2 [23]. The latter study has not, however, ruled
out the possibility of additional formation of Ptdlns(3,4)P2 by a
3-kinase acting on PtdIns4P. The lag in the accumulation of
Ptdlns(3,4)P2 versus the rapid response of Ptdlns(3,4,5)P3 that
we have observed could be explained by a pathway in which
Ptdlns(3,4)P2 is a product ofPtdlns(3,4,5)P3 and/or by a separate
route of Ptd1ns(3,4)P2 formation that is stimulated later than one
leading to Ptdlns(3,4,5)P3 production.
The mechanism by which Ca2+ exerts its effect may be

multifaceted. Ca2+ ionophore and phorbol ester only slightly
stimulate the accumulation of Ptdlns(3,4)P2 [1]. Thus, although
such second messenger mimics are themselves not sufficient to
account for the response to thrombin, potentiation by Ca 2+ is
possible. A soluble phosphatase activity that releases [32P]Pi from
[3-32P]Ptdlns(3,4)P2 and is activated by EDTA has been described
[23]. It is therefore possible that Ca2+ serves to inhibit phosphatase
action on Ptdlns(3,4)P2, thereby enhancing accumulation of this
species. Ca2+ may, in addition or alternatively, enhance kinase
activity (3-kinase or 4-kinase) specific for Ptdlns(3,4)P2 forma-
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tion. Added Ca2+ may also be serving to enhance aIIb#3 as-
sociation and thereby promote increases in Ptdlns(3,4)P2 [24].
Since the response of Ptdlns(3,4,5)P3 is not depressed by Ca2+, it
is unlikely that Ca2+ is enhancing 5-phosphatase action on this
phosphoinositide.
RGDS, in impairing aIIbfl3 function, may also affect

Ptdlns(3,4)P2 by interfering with Ca2+ influx, inasmuch as it
inhibits the net increase in intracellular Ca2+ in stimulated
platelets [14,15]. RGDS is able to impair significantly the
sedimentation of aIIfl,3 and Ptdlns 3-kinase in a Triton X-100-
insoluble (15000g, 4min) cytoskeletal fraction of platelets
activated with thrombin for 45 s without affecting total PtdIns 3-
kinase activity (Triton-soluble and insoluble) [25]. This points to
some sort of association of activated Ptdlns 3-kinase with a
platelet integrin alIIb#3-membrane cytoskeletal complex that
could potentially affect the later phase of Ptdlns(3,4)P2 ac-
cumulation.

Tyrosine phosphorylation has been recognized as an
important positive modulator of Ptdlns 3-kinase, leading to 3-
phosphorylated phosphoinositide accumulation [7], and tyrosine
phosphorylation of platelet protein is known to be perturbed by
Ca2+ ionophore or RGDS [11,13,26]. Therefore we have
examined whether the effects of added Ca2+ or RGDS on any
proteins undergoing stimulated tyrosine phosphorylation are
consistent with alterations of the Ptdlns(3,4)P2 and
Ptdlns(3,4,5)P3 (Fig. 3).
We have assumed that for a tyrosine-phosphorylated protein

to be causally involved in the above alterations in Ptdlns(3,4)P2
metabolism, it must demonstrate a middle-to-late-phase tyrosine
phosphorylation (or dephosphorylation) that is stimulated by
Ca2+ and inhibited by RGDS only in the presence of added Ca2 .
Similarly, for a tyrosine-phosphorylated protein to regulate
Ptdlns(3,4,5)P3 metabolism, it must at least demonstrate an
early-phase tyrosine phosphorylation (or dephosphorylation)
that is not affected by Ca2+ or RGDS. No such candidate protein
bands could be identified in our analyses of total platelet lysate.
We cannot, however, rule out a role for specific tyrosine-
phosphorylated proteins that may exist at very low levels and/or
are not resolved by SDS/PAGE.

It has been suggested that only platelets prepared by gel
filtration (as opposed to centrifugation) exhibit rapid tyrosine
phosphorylations that are inhibited by RGDS [13]. However,
detection of tyrosine phosphorylation with the enhanced chemi-
luminescence technique reveals a pattern of response in our
platelets prepared by centrifugation similar to that for gel-filtered
platelets, indicating that aIIbfl3 plays a similar role in both types
of preparation.
We have shown that the accumulation of Ptdlns(3,4)P2 is

regulated differently from that of Ptdlns(3,4,5)P3. Future studies
should aim to elucidate the mechanism by which Ca2+ and
integrin aIIbfl3 exert their effects.
While this work was in progress, the inhibition ofPtdlns(3,4)P2

accumulation at 5 min by RGDS or in thrombasthenic platelets
was reported [18].
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