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Platelet stimulation by thrombin or the thrombin re-
ceptor activating peptide (TRAP) results in the activa-
tion of phosphoinositide 3-kinase and the production of
the novel polyphosphoinositides phosphatidylinositol
3,4-bisphosphate (Ptdins-3,4-P,) and phosphatidylinosi-
tol 3,4,5-trisphosphate (Ptdins-3,4,5-P;). We have shown
previously that these lipids activate calcium-independ-
ent protein kinase C (PKC) isoforms in vitro (Toker, A.,
Meyer, M., Reddy, K. K., Falck, J. R., Aneja, R., Aneja, S.,
Parra, A., Burns, D. J., Ballas, L. M. and Cantley, L. C.
(1994) J. Biol. Chem. 269, 32358-32367). Activation of
platelet PKC in response to TRAP is detected by the
phosphorylation of the major PKC substrate in platelets,
the p47 phosphoprotein, also known as pleckstrin. Here
we provide evidence for two phases of pleckstrin phos-
phorylation in response to TRAP. A rapid phase of
pleckstrin phosphorylation (<1 min) precedes the peak
of PtdIns-3,4-P, production and is unaffected by concen-
trations of wortmannin (10-100 nm) that block produc-
tion of this lipid. However prolonged phosphorylation of
pleckstrin (>2 min) is inhibited by wortmannin concen-
trations that block PtdIns-3,4-P, production. Phorbol
ester-mediated pleckstrin phosphorylation was not af-
fected by wortmannin and wortmannin had no effect on
purified platelet PKC activity. Phosphorylation of
pleckstrin could be induced using permeabilized plate-
lets supplied with exogenous y-*2P[ATP] and synthetic
dipalmitoyl PtdIns-3,4,5-P; and dipalmitoyl PtdIns-
3,4-P, micelles, but not with dipalmitoyl phosphatidyli-
nositol 3-phosphate or phosphatidylinositol 4,5-bisphos-
phate. These results suggest two modes of stimulat-
ing pleckstrin phosphorylation: a rapid activation of
PKC (via diacylglycerol and calcium) followed by a
slower activation of calcium-independent PKCs via
PtdIns-3,4-P,.
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The activation of phosphoinositide 3-kinase (PI 3-K)* in ag-
onist-stimulated cells results in the rapid formation of the two
novel polyphosphoinositides PtdIns-3,4-P, and Ptdins-3,4,5-P,.
A critical requirement for Pl 3-K activation in a variety of
cellular functions has been established. These include growth
factor dependent mitogenesis, chemotaxis, receptor down-reg-
ulation, insulin-induced glucose transport, and actin-filament
rearrangements leading to membrane ruffling (for a review, see
Ref. 1). Despite these correlations, the direct targets for these
polyphosphoinositides remain undescribed. PtdIns-3,4-P, and
PtdIns-3,4,5-P; have been proposed to act as second messen-
gers as they are not hydrolyzed by any known phospholipase
type C enzymes (2, 3). The other product of Pl 3-K activity,
PtdIns-3-P, does not increase in agonist-stimulated cells and
may be important in intracellular protein sorting mechanisms
(4). Two enzymes, pp70S6 kinase (5) and the serine-threonine
protein kinase Akt (6, 7) have been shown to be downstream of
activated Pl 3-K, but there is no evidence that these are the
immediate targets of PtdIns-3,4-P, and PtdIns-3,4,5-P;. Recent
data from our laboratory points to the calcium-independent
isoforms of PKC (8, €, and m) as direct targets of these lipids (8),
although in vivo evidence for this is still lacking. The diacyl-
glycerol-insensitive isoform PKC ¢ may also be a target for
these phosphoinositides (9).

Thrombin activation of platelets results in the rapid activa-
tion of Pl 3-K (10, 11). The major product of Pl 3-K in activated
platelets is PtdIns-3,4-P,, which peaks at 2—-3 min following
stimulation. A small peak of PtdIns-3,4,5-P; at 30 s to 1 min
has also been reported (11). Although the exact function of
these novel phosphoinositides in platelet activation is unde-
scribed, we recently established a critical requirement for Pl
3-K activation in integrin-mediated platelet aggregation, lead-
ing to activation of the integrin GPIllb-111a (12). Furthermore,
PI 3-K activation occurs both upstream and downstream of the

1 The abbreviations used are: Pl 3-K, phosphoinositide 3-kinase;
PKC, protein kinase C; PtdIns, phosphatidylinositol; PtdIns-3-P, phos-
phatidylinositol 3-phosphate; PtdIns-4-P, phosphatidylinositol 4-phos-
phate; PtdIns-4,5-P,, phosphatidylinositol 4,5-bisphosphate; Ptdins-
3,4-P,, phosphatidylinositol 3,4-bisphosphate; PtdIns-3,4,5-P,
phosphatidylinositol  3,4,5-trisphosphate; DiCgPtdIns-3,4,5-P,, di-
octanoyl phosphatidylinositol 3,4,5-trisphosphate; DiC,¢PtdIns-3-P, di-
palmitoyl phosphatidylinositol 3-phosphate; DiC,sPtdIns-3,4-P,, di-
palmitoyl phosphatidylinositol 3,4-bisphosphate; DiC,4PtdIns-3,4,5-P,,
dipalmitoyl phosphatidylinositol 3,4,5-trisphosphate; DAG, 1,2-di-
octanoyl-sn-glycerol; TRAP, thrombin receptor activating peptide; BSA,
bovine serum albumin; GP, glycoprotein; PH, pleckstrin homology;
PGE,, prostaglandin E;; PMA, phorbol 12-myristate 13-acetate; VWF,
von Willebrand factor.
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integrin, suggesting that this enzyme contributes both to “in-
side-out” and “outside-in” signaling in platelets. Using the po-
tent Pl 3-K inhibitor wortmannin, we also showed that there is
no critical requirement for Pl 3-K in mediating actin assembly
in response to thrombin-receptor activation (12), suggesting
that the D4 phosphoinositides Ptdins-4-P and PtdIns-4,5-P,
are the phospholipid mediators of this event in human platelets
(13).

PKC is also rapidly activated in thrombin-stimulated plate-
lets. PKC comprises a large family of closely-related serine/
threonine protein kinases, classed according to their co-factor
requirements (reviewed in Ref. 14). Conventional (e, I, BII,
and vy) family members are dependent on calcium, phospho-
lipid, and diacylglycerol for activation, whereas non-conven-
tional isoforms (5, €, n(L), 6, and w) are insensitive to calcium.
Atypical PKC ¢ and JA are insensitive to diacylglycerol and
calcium. An often used measure of PKC activation in agonist-
stimulated cells is the phosphorylation of defined substrate
proteins. In platelets and other cells of hematopoietic origin,
the major PKC substrate is the p47 phosphoprotein, pleckstrin
(platelet and leukocyte C kinase substrate), which is rapidly
phosphorylated in response to a variety of agonists, including
thrombin, thrombin receptor activating peptide (TRAP), as
well as phorbol ester (15, 16). The physiological function of
pleckstrin is undefined, although recent studies reveal that
interaction with polyphosphoinositides such as PtdIns-4,5-P,
may be mediated by the pleckstrin homology (PH) domain at
the N terminus of this protein (17). PH domains may also be
involved in protein-protein interactions; in particular, various
PKC isoforms have been reported to interact with the PH
domains of the Akt protein kinase (18) and the tyrosine kinase
Btk (19).

In this report we use the phosphorylation of pleckstrin to
study the contribution of Pl 3-K lipid products in activating
platelet PKC. We present data demonstrating that Pl 3-K is
essential for a late phase of TRAP-stimulated pleckstrin phos-
phorylation and, more specifically, that the phosphoinositides
PtdIns-3,4-P, and PtdIns-3,4,5-P; mediate this effect.

EXPERIMENTAL PROCEDURES

Materials—Prostaglandin E, (PGE,), wortmannin, staurosporine,
bovine serum albumin (BSA), fibrinogen, phorbol 12-myristate 13-ace-
tate (PMA), saponin, and miscellaneous chemical reagents were pur-
chased from Sigma. TRAP (either the 14-residue or the 6-residue form)
was obtained from Bachem, King of Prussia, PA. [*2P]Orthophosphoric
acid and [y-*?P]JATP (3000 Ci/mmol) were from DuPont NEN. X-Omat
AR5 autoradiography film was purchased from Eastman Kodak Co.
Phosphatidylinositol 3-phosphate, dipalmitoyl (DiC,,PtdIns-3-P), and
phosphatidylinositol 3,4-bisphosphate, dipalmitoyl (DiC,sPtdIns-3,4-
P,) were obtained from Matreya Inc, Pleasant Gap, PA. 1-O-(1, 2-Di-O-
palmitoyl-sn-glycero-3-phosphoryl)-p-myo-inositol  3,4,5-trisphosphate
(DiC,¢PtdIns-3,4,5-P;) and 1-O-(1, 2-Di-O-octanoyl-sn-glycero-3-phos-
phoryl)-p-myo-inositol 3,4,5-trisphosphate (DiCgPtdIns-3,4,5-P;) were
synthesized as described previously (8, 20). PtdIns-4,5-P, was obtained
from Upstate Biotechnology, Lake Placid, NY.

Isolation and Activation of Platelets—Human platelets were purified
as described previously (12). Human blood was drawn from volunteers
who had not ingested aspirin for at least 10 days into 0.1 volume of
Aster-Jandl anticoagulant and centrifuged at 200 X g for 15 min.
Platelet-rich plasma, to which 1 um PGE,, was added, was gel-filtered
over a Sepharose 2B column (Pharmacia Biotech Inc.) pre-equilibrated
with platelet buffer (10 mm Hepes, 145 mm NaCl, 5 mm KCI, 2 mm
MgCl,, 0.5 mm NaH,PO,, 10 mm glucose, 0.3% BSA, pH 7.4) at 37 °C.
Gel-purified platelets were rested for 60 min at 37 °C before use. The
platelet concentration determined on a Coulter counter (Coulter Corp.,
Dade County, FL) was typically 2.5-3.0 X 10%/ml. Platelets were acti-
vated either with 25 um TRAP or with 100 nm PMA. Where indicated,
wortmannin and staurosporine were preincubated with platelets at
37 °C for 15 and 5 min, respectively, prior to agonist stimulation.
Inhibitors were added to platelets from 10 mm stock solutions in di-
methyl sulfoxide (Me,SO). The final concentration of Me,SO did not
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exceed 0.1%.

For experiments involving platelet phospholipid labeling, platelets
isolated by two cycles of centrifugation were incubated for 1 h at 37 °C
with 2 mCi/ml [*2P]orthophosphoric acid, gel filtered as described
above, and allowed to rest for 1 h before use. Phospholipids were
extracted as described previously (12, 21). Lipids were quantitated
using a Radiomatic A500 on-line radioactivity counter (Packard Instru-
ment Co., Downers Grove, IL).

Purification of Platelet Protein Kinase C—PKC was partially purified
from resting platelets by column chromatography on fast protein liquid
chromatography (Pharmacia Biotech Inc.) essentially as described pre-
viously (22). Briefly, 1 x 10° resting platelets isolated as described
above were lysed in homogenization buffer A (20 mm Tris-HCI, pH 7.0,
2 mm EDTA, 5 mm EGTA, 1 mwm dithiothreitol, 0.25 m sucrose, 0.5 mm
phenylmethylsulfonyl fluoride, 4 ug/ml pepstatin A, 4 ug/ml leupeptin,
10 mm sodium fluoride). The lysate was cleared by ultracentrifugation
at 100,000 X g for 30 min and the resulting supernatant applied to a 30
ml HiLoad Q Sepharose column (Pharmacia Biotech Inc.) and eluted
with a 0-1.0 m NaCl gradient in column buffer (20 mm Tris-HCI, pH 7.0,
1 mm EDTA, 1 mm EGTA, 1 mwm dithiothreitol). Fractions were assayed
for PKC activity as described previously (8). Peak fractions were used
for determining the effects of wortmannin on PKC activity. Activity was
assayed by measuring the incorporation of *2P from [y-*?P]JATP into
histone H1 (type I11-S) or the peptide e substrate (Upstate Biotechnol-
ogy) derived from the pseudosubstrate sequence of PKC ¢, with an Ala
—> Ser substitution (23). The reaction mixture contained 20 mm Hepes,
pH 7.5, 5 mm MgCl,, 100 um CacCl,, 50 um [y->?P]JATP, 50 um phosphati-
dylserine and 10 um diacylglycerol vesicles, 10 ug of histone H1 (type
111-S), or 30 um peptide e. Wortmannin was added to the reaction
mixture at the indicated concentrations, and incubated for 15 min.
Reactions were started by addition of PKC and incubated at 37 °C for 10
min. Reaction mixtures were spotted onto P81 phosphocellulose paper
and washed four times in 500 ml of 1% phosphoric acid, or filtered onto
GF/C filters, which were washed with 10% trichloroacetic acid. Incor-
poration of *2P was determined by liquid scintillation counting.

Platelet Aggregation Studies—Gel-filtered platelets or *2P-labeled
platelets were added to an aggregation cuvette and the aggregation
reaction was started after the addition of 500 ug/ml fibrinogen and
either 25 um TRAP or 100 nm PMA under constant stirring conditions,
at 37 °C. The reaction was recorded on a Chrono-Log aggregometer
(Chrono-Log Corp., Havertown, PA).

Analysis of Pleckstrin Phosphorylation—Platelets were labeled with
[*2P]orthophosphoric acid as described above, except that 1 mCi/ml was
used. *2P-Labeled platelets were activated under aggregating condi-
tions in the presence of 500 ug/ml fibrinogen and the reaction stopped
by the addition of SDS-polyacrylamide gel electrophoresis buffer con-
taining B-mercaptoethanol. The samples were analyzed on a 13% SDS-
polyacrylamide gel, and after drying, the gels were analyzed by auto-
radiography followed by densitometry, or on a Bio-Rad model GS363
molecular imager (Bio-Rad).

Platelet Permeabilization Studies—Platelets were permeabilized
with saponin according to the method of Authi et al. (24) with a few
modifications. Platelets isolated by two cycles of centrifugation at 800 X
g in the presence of 1 um PGE, were resuspended in permeabilization
buffer (5 mm Hepes, 1 mm glucose, 1 mm MgCl,, 0.42 mm NaH,PO,, 11.9
mm NaHCO,, 140 mm KCI, 1 mm EGTA, and 0.037 mm CaCl,, pH 7.4)
at a concentration of 3 X 10%/ml and rested at 37 °C for 30 min before
use. 200 ul of platelets were permeabilized under non-aggregating
conditions in the presence of 11 pg/ml saponin and 100 uCi/ml exog-
enously added [y-*2P]JATP. At time 0, phosphoinositides were added and
platelets incubated at 37 °C for 2 min. The reaction was stopped by
addition of SDS sample buffer and pleckstrin phosphorylation analyzed
by SDS-polyacrylamide gel electrophoresis as described above.

Phosphoinositides were stored at —70 °C in methanol:chloroform:1 N
HCI (2:1:0.1). For permeabilization studies, phosphoinositides were pre-
pared by drying under a steam of nitrogen, followed by resuspension in
20 mm Hepes, 1 mm EGTA, pH 7.5, and sonicated in an ice-cold cup horn
bath sonicator at 50% output for 10 min (Branson Ultrasonics, Dan-
bury, CT). Sonicated phosphoinositides were used immediately for per-
meabilization studies.

RESULTS

Wortmannin Inhibits the TRAP-stimulated Sustained Phos-
phorylation of the p47 Phosphoprotein Pleckstrin—Under ag-
gregating conditions, wortmannin did not affect the early phos-
phorylation of p47 pleckstrin in TRAP-stimulated platelets 30
s after addition of TRAP (Fig. 1A). In contrast, wortmannin

6TO0Z ‘PT $000100 U0 159Nn6 Aq /B10°0g[-mamwy//:dny wiou ) papeojumoq


http://www.jbc.org/

Phosphoinositide 3-Kinase Mediates Pleckstrin Phosphorylation

Time (s) R 30 60 90 120 150 180 210 240 270 300 330 360
kDa 200—
116— . -
7= " =
s6—| - - -
A
- &—p4?
45—
:
-
X K
2
31— -
- - - -
21.5—
B + 100nM Wortmannin
Time (5) R 30 60 90 120 150 180 210 240 270 300 330 360
kDa 200—

116—] :
97—
66—
45— 4—p47
! i
-

31— ‘.-‘---c

21,51

Fic. 1. Wortmannin inhibits the TRAP-stimulated phosphoryl-
ation of pleckstrin. 3?P-Labeled gel-purified platelets were preincu-
bated with the indicated doses of wortmannin (WM) for 15 min, then
stimulated with 25 um TRAP in the presence of 500 pg/ml fibrinogen
under stirring conditions. The reaction was terminated by addition of
SDS-polyacrylamide gel electrophoresis sample buffer, and heating to
100 °C for 5 min. Platelet phosphoproteins were analyzed on a 13%
SDS-polyacrylamide gel followed by autoradiography. In panel A, plate-
lets were stimulated with TRAP for 30-s intervals up to 6 min prior to
lysis. In panel B, platelets were preincubated with 100 nm wortmannin,
then stimulated with TRAP. The arrow points to the position of pleck-
strin, with a molecular mass of 47 kDa, determined according to appro-
priate standards.

(100 nwm) did cause significant inhibition of pleckstrin phospho-
rylation following 2 min or more of TRAP stimulation (Fig. 1B).
A detailed analysis of the kinetics of pleckstrin phosphoryla-
tion reveals an initial burst of phosphorylation at 30 s, which is
sustained up to 4 min and then begins to decline (Fig. 1A). In
platelets pretreated with 100 nm wortmannin then activated
with TRAP, there is an inhibition of the sustained phosphoryl-
ation of pleckstrin, but there is no effect at 30—90 s (Fig. 1B).
100 nm wortmannin only significantly affects the phosphoryl-
ation of p47 pleckstrin in the context of total platelet lysate
following TRAP stimulation, leaving other phosphoproteins
unaffected.

A dose response of wortmannin inhibition in platelets stim-
ulated for 3 min reveals that doses as low as 10 nm are capable
of inhibiting pleckstrin phosphorylation (17%) induced by
TRAP (Fig. 2, A and B), and 100 nm wortmannin was maxi-
mally effective (61.3% inhibition). This inhibition did not in-
crease with wortmannin concentrations above 100 nm and up to
1 wpm, indicating that other wortmannin-insensitive pathways
contribute to the phosphorylation of pleckstrin. The dose-re-
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Fic. 2. Dose-response inhibition of pleckstrin phosphoryla-
tion in TRAP-stimulated platelets. A, platelets were preincubated
with increasing doses of wortmannin up to 1000 nm, then stimulated
with TRAP for 180 s. Pleckstrin phosphorylation was detected as de-
scribed in the legend to Fig. 1. B, the 47-kDa band in panel A was
quantified by densitometry and is plotted against increasing concentra-
tions of wortmannin. Inhibition of pleckstrin phosphorylation is plotted
as a percentage of control (no wortmannin). The results are represent-
ative of six different experiments.

sponse inhibition of pleckstrin phosphorylation by wortmannin
closely correlates with that found for TRAP-stimulated PtdIns-
3,4-P, and PtdIns-3,4,5-P; production (12). In contrast, concen-
trations as high as 1 um did not inhibit the initial burst of
pleckstrin phosphorylation at 30 s following TRAP stimulation
(data not shown).

Thrombin Receptor Activation Results in the Accumulation of
D3 Phosphoinositides—Activation of Pl 3-K in TRAP-stimu-
lated platelets results in the rapid formation of D3 phosphoi-
nositides as judged by reverse-phase high pressure liquid chro-
matography analysis of the deacylated lipids (Fig. 3A). The
kinetics of TRAP-stimulated Pl 3-K activation are similar to
those previously reported for thrombin stimulation of platelets
(10, 11, 25), indicating that TRAP stimulation of platelets re-
sults in the same signal transduction pathways that are acti-
vated following thrombin stimulation. Unlike other cell types,
the major agonist-stimulated D3 phosphoinositide in TRAP-
stimulated platelets is PtdIns-3,4-P,, which peaks at 2—4 min
following stimulation. PtdIns-3,4-P, accumulation is sustained
up to 4 min and then begins to decline. On the other hand,
PtdIns-3,4,5-P; synthesis is rapid and short-lived, peaking af-
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Fic. 3. TRAP stimulates production of D3 phosphoinositides
in isolated human platelets. A, *2P-labeled gel-purified platelets
were stimulated with 25 um TRAP in the presence of 500 pg/ml fibrin-
ogen under stirring conditions, and in the presence or absence of 100 nm
wortmannin. The reaction was stopped at the appropriate time points
by the addition of the lipid extraction mixture. Lipids were extracted
and analyzed as described under “Experimental Procedures.” B, the
47-kDa bands in Fig. 1 (A and B) were quantified on a Molecular Imager
and plotted against the time course of PtdIns-3-P, PtdIns-3,4-P,, and
PtdIns-3,4,5-P, production.

ter 15-30 s following stimulation and then decreasing (Fig. 3A).
Kucera and Rittenhouse (11) have also reported a peak of
PtdIns-3,4,5-P; at 30 s in thrombin-stimulated platelets. The
breakdown of PtdIns-3,4,5-P5 correlates temporally with the
synthesis of PtdIns-3,4-P,. This finding suggests that the ap-
pearance of the latter may in part be due to the action of a 5’
phosphatase on PtdIns-3,4,5-P;, as has been reported in formyl
peptide-stimulated neutrophils (26), as well as thrombin-stim-
ulated platelets (27). The levels of PtdIns-3-P in TRAP-stimu-
lated platelets do not change dramatically following activation,
consistent with results obtained in other cell types (28). The
fungal metabolite wortmannin has been extensively used as a
potent and specific inhibitor of P1 3-K activity in a wide variety
of cell types. We have previously reported that low concentra-
tions of wortmannin inhibit the production of PtdIns-3,4-P,
and PtdIns-3,4,5-P; in TRAP-stimulated platelets, without af-
fecting the synthesis of Ptdins-4-P or PtdIns-4,5-P, (12). Wort-
mannin inhibition of a By-sensitive Pl 3-K activity in platelets
has also been reported with an I1C5, of 5 nm (29). In this study,
wortmannin inhibited the TRAP-stimulated accumulation of
D3 phosphoinositides in all time points up to 6 min (Fig. 3A).

The sustained production of PtdIns-3,4-P, therefore corre-
lates temporally with sustained pleckstrin phosphorylation in

Phosphoinositide 3-Kinase Mediates Pleckstrin Phosphorylation

response to TRAP. This correlation is further examined in Fig.
3B. Between 2 and 4 min, activation of the thrombin receptor
with TRAP under aggregating conditions results in the sus-
tained accumulation of PtdIns-3,4-P, and the sustained phos-
phorylation of p47. Both of these events are inhibited in plate-
lets pretreated with 100 nm wortmannin. The decline in PtdIns-
3,4-P, production at 4—6 min also correlates with a decline of
p47 phosphorylation. The initial burst of pleckstrin phospho-
rylation also correlates with the appearance of Ptdins-3,4,5-P,
but at this early time point (30 s), p47 phosphorylation is not
affected by wortmannin pretreatment. Activation of PKC from
DAG synthesis has been reported at 30-60 s (30), and this may
account for pleckstrin phosphorylation at these early times,
although it is likely that PtdIns-3,4,5-P; may also contribute.

Wortmannin Has No Effect on Platelet PKC or on Phorbol
Ester-stimulated Pleckstrin Phosphorylation—As p47 pleck-
strin is the major PKC substrate in platelets, it was important
to determine that wortmannin inhibition of pleckstrin phos-
phorylation is not due to a nonspecific inhibition of PKC activ-
ity in TRAP-stimulated platelets. This was achieved by two
separate approaches. First, p47 phosphorylation was analyzed
in platelets stimulated with phorbol ester, which directly acti-
vates PKC independent of second messenger production. Under
aggregating conditions, there was no effect of wortmannin on
pleckstrin phosphorylation in platelets stimulated with PMA
at 1 or 4 min following stimulation (Fig. 4A). In contrast, the
potent protein kinase inhibitor staurosporine showed a signif-
icant reduction in the PMA-stimulated phosphorylation of
pleckstrin. This result suggests that wortmannin inhibition of
pleckstrin phosphorylation in agonist-stimulated platelets is
not due to a direct inhibition of PKC activity.

Second, PKC was partially purified from resting platelets by
column chromatography and assayed in the presence of in-
creasing concentrations of wortmannin. Using concentrations
as high as 10 um, there was no effect of wortmannin on the
ability of platelet PKC to phosphorylate either histone 111-S or
the peptide e substrate (Fig. 4B). Histone 111-S was used to
assay for conventional calcium-dependent PKCs («, 8, and 7).
However, histone 111-S is a poor substrate for non-conventional
and atypical PKCs (3, €, m, 0, {, and \) and therefore peptide e,
based on the PKC e pseudosubstrate sequence was used (23).
These results are in agreement with previous observations
where wortmannin failed to significantly affect PKC activity
(22, 31, 32).

Synthetic PtdIns-3,4-P, and PtdIns-3,4,5-P; Stimulate Pleck-
strin Phosphorylation in Permeabilized Platelets—Thus, the
critical question is whether the lipid products of Pl 3-K can
circumvent the wortmannin inhibition of pleckstrin phospho-
rylation. We investigated whether addition of Ptdins-3,4-P,
and PtdIns-3,4,5-P; to permeabilized platelets could induce
pleckstrin phosphorylation. Platelets were permeabilized with
saponin and provided with exogenous [y->2P]JATP to monitor
only those cells that had been permeabilized. Addition of two
different synthetic phosphoinositides, a long-chain dipalmitoyl
Ptdins-3,4,5-P; (DiC,cPtdIns-3,4,5-P;) and a water-soluble,
short-chain dioctanoyl Ptdlns-3,4,5-P; (DiCgPtdIns-3,4,5-P3)
induced pleckstrin phosphorylation (Fig. 5A). Pleckstrin phos-
phorylation could also be induced by TRAP and PMA stimula-
tion, indicating that agonist-mediated signaling from the
thrombin receptor to pleckstrin phosphorylation was intact in
these permeabilized cells. Importantly, 100 nm wortmannin
also caused inhibition of pleckstrin phosphorylation following
TRAP stimulation in this permeabilized platelet assay. In con-
trast, PtdIns-3,4,5-P;-mediated pleckstrin phosphorylation
was insensitive to wortmannin, indicating that the phosphoi-
nositides are acting directly to induce pleckstrin phosphoryla-
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platelet phosphoproteins were detected as
described in the legend to Fig. 2. The ar- 45—
row points to the position of pleckstrin. B,
PKC purified from resting platelets was
preincubated with the indicated doses of
wortmannin for 5 min, then assayed for
the ability to transfer *2P from [y-*?P]ATP
into histone I111-S or peptide € as described
under “Experimental Procedures.” sec-
tion. The results are plotted as percentage
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Fic. 5. Synthetic PtdIns-3,4-P, and PtdIns-3,4,5-P, induce
pleckstrin phosphorylation in permeabilized platelets. Isolated
human platelets were permeabilized with saponin as described under
“Experimental Procedures,” in the presence of exogenously-added
[y-*2P]JATP. Under non-aggregating conditions, 25 um TRAP in the
presence or absence of 100 nm wortmannin (WM) or 100 nm PMA were
added to detect pleckstrin phosphorylation. A, synthetic short-chain
DiCg4PtdIns-3,4,5-P; (C4PIP;, 5 um) was presented to the permeabilized
platelets as a free monomer in solution, in untreated or wortmannin
(WM, 100 nwm) pretreated platelets. Similarly, long-chain DiC,sPtdIns-
3,4,5-P5 (C,cPIP;, 5 um) was sonicated in the absence of carrier phos-
pholipids and presented as micelles in untreated or wortmannin pre-
treated platelets (NP, non-permeabilized platelets). B, the specificity of
phosphoinositide-mediated pleckstrin phosphorylation was assayed us-
ing synthetic DiC,4PtdIns-3-P (PI3P), DiC,sPtdIns-3,4-P, (P13,4P2),
DiC,¢PtdIns-3,4,5-P, (PIP3), or PtdIns-4,5-P, (P14,5-P2) micelles (5 um)
in the absence of carrier phospholipids, as described above. The arrow
points to the position of pleckstrin. The results are representative of
four separate experiments.

tion, rather than by acting on a cell surface receptor to activate
Pl 3-K. In addition, pleckstrin phosphorylation was only in-
duced by the D3 phosphoinositides PtdIns-3,4-P, and Ptdins-
3,4,5-P5, not by PtdIns-3-P or PtdIns-4,5-P, (Fig. 5B), showing
specificity for D3 phosphoinositides that are synthesized only
after agonist stimulation of cells. The likely targets of the D3
phosphoinositides are the calcium-independent PKCs as syn-
thetic D3 phosphoinositides activate the calcium-independent
PKC family members 8, €, and n in in vitro assays (8).2
Phorbol Ester Can Rescue Wortmannin Inhibition of Irrevers-
ible Platelet Aggregation—Finally, we further investigated the
role of Pl 3-K and PKC in the platelet aggregation response to
TRAP. Pl 3-K plays a central role in platelet aggregation

2 A. Toker, unpublished observations.

through the glycoprotein GPIllIb-l11la and appears to be acti-
vated both upstream and downstream of this integrin (12). As
we previously reported, preincubation of platelets with wort-
mannin followed by TRAP stimulation leads to an initial ag-
gregation, followed by disaggregation of the platelets (Ref. 12
and Fig. 6A). Aggregation in the presence of wortmannin could
be rescued to control levels by the addition of the phorbol ester
PMA, showing that direct activation of PKC to bypass wort-
mannin inhibition of Pl 3-K leads to GPIIb-Illa activation and
fibrinogen binding (Fig. 6A). In similar fashion, wortmannin
had no effect on aggregation when platelets were activated
using both TRAP and PMA (Fig. 6A). Phorbol ester alone can
induce platelet aggregation in the presence of fibrinogen, al-
though the rapid initial wave of aggregation induced by throm-
bin or TRAP is not observed. Staurosporine pretreatment com-
pletely abolished PMA-induced aggregation, but wortmannin
was without effect (Fig. 6B), consistent with the inability of
wortmannin to directly inhibit PKC.

DISCUSSION

The results presented in this paper show that activation of
the thrombin receptor in isolated platelets results in the sus-
tained phosphorylation of the PKC substrate p47 pleckstrin.
This event closely correlates with the sustained accumulation
of the PI 3-K lipid product, PtdIns-3,4-P, (Fig. 3). Pretreatment
of platelets with the potent Pl 3-K inhibitor wortmannin leads
to a loss of the sustained phosphorylation of pleckstrin and
inhibition of the sustained synthesis of PtdIns-3,4-P,. An ini-
tial burst of pleckstrin phosphorylation is also observed at 30 s
to 1 min, but this is not affected by wortmannin concentrations
as high as 1 um, suggesting that PKC activation by diacylglyc-
erol and/or other Pl 3-K-insensitive pathways are responsible
for mediating this early event. Both DAG and PtdIns-3,4-P,
may contribute at later times as wortmannin only inhibits 61%
of TRAP-stimulated pleckstrin phosphorylation.

Wortmannin inhibition of pleckstrin phosphorylation has
previously been reported, but has provided conflicting results.
Yatomi et al. (22) have reported inhibition of platelet pleckstrin
phosphorylation in response to suboptimal doses of thrombin
and phorbol ester stimulation in wortmannin-treated platelets.
Hashimoto et al. (33), however, failed to reproduce the wort-
mannin inhibition of pleckstrin phosphorylation in response to
phorbol ester. In this report, we have found no evidence for a
direct inhibition of wortmannin on PKC. Phorbol ester-induced
pleckstrin phosphorylation was not inhibited in platelets pre-
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FiG. 6. Phorbol ester can overcome wortmannin inhibition of
irreversible platelet aggregation. Gel-filtered platelets were prein-
cubated with 100 nm wortmannin (WM) for 15 min or with 100 nm
staurosporine for 15 min prior to stimulation where indicated. After the
addition of 500 pg/ml fibrinogen, aggregation was started by the addi-
tion of 25 um TRAP (A) or 100 nm PMA (B) under constant stirring. At
the indicated time point, 100 nm PMA was added to the aggregation
cuvette (A). The tracings are representative of three experiments.

incubated with wortmannin, although a complete inhibition
was observed with the protein kinase inhibitor staurosporine
(Fig. 4). Similarly, purified platelet PKC was not inhibited with
wortmannin concentrations as high as 10 um in in vitro as-
says. These results are in agreement with results from other
laboratories (31-33).

The specificity of wortmannin as a Pl 3-K inhibitor is of
particular relevance to these studies, as a recent report de-
scribed a hormone-stimulated Pl 4-kinase activity that is sen-
sitive to 100 nm wortmannin (34). We have shown that treat-
ment of platelets with 100 nm wortmannin does not affect the
synthesis of PtdIns-4-P and PtdIns-4,5-P, induced by TRAP
(12). Synthesis of the D3 phosphoinositides, however, was com-
pletely abolished by 100 nm wortmannin. Wortmannin-sensi-
tive P1 4-K activity is therefore either absent in platelets or not
stimulated by activation of the thrombin receptor.

Based on the observations that sustained PtdIns-3,4-P, pro-
duction correlates with pleckstrin phosphorylation and our pre-
vious results showing activation of calcium-independent PKCs
8, €, and m (8), we devised a permeabilization scheme to intro-
duce phosphoinositides into platelets and measure pleckstrin
phosphorylation. In this assay, both TRAP and PMA were able
to stimulate pleckstrin phosphorylation in platelets provided
with exogenous [y-*2P]ATP. Both PtdIns-3,4-P, and Ptdins-
3,4,5-P; were also able to stimulate pleckstrin phosphorylation
above control levels (Fig. 5). Neither PtdIns-3-P nor Ptdins-
4,5-P, was able to stimulate pleckstrin phosphorylation, sug-
gesting that this event is limited to those phosphoinositides
which accumulate in TRAP-stimulated platelets. These data
provide additional evidence that the lipid products of Pl 3-K
activate one or more PKC family members, which in turn
phosphorylate pleckstrin. This model is further supported by
the finding that wortmannin inhibition of irreversible platelet
aggregation can be rescued by phorbol ester treatment (Fig. 6),
once again implicating PKC as a downstream target of Pl 3-K.

The results presented here argue that activation of PKC

Phosphoinositide 3-Kinase Mediates Pleckstrin Phosphorylation

family members by TRAP-stimulated PI turnover, by PtdIns-
3,4-P, synthesis, or by phorbol ester addition can result in
similar cell responses. Protein kinase C activation has previ-
ously been presumed to result from the agonist-mediated acti-
vation of phospholipase activity leading to DAG generation and
calcium release from intracellular stores. However, we have
observed the lipid products of P1 3-K, PtdIns-3,4-P, and PtdIns-
3,4,5-P, to be capable of activating novel, calcium-independent
PKCs in vitro (8). The atypical PKC family member, PKC ¢ has
also been shown to be activated by Ptdins-3,4,5-P5 (9). Both
calcium-dependent («, BI, and BI1) and calcium-independent (8,
7, 6, and ¢) PKC family members have been detected in plate-
lets (30, 35-38). PKC e may also be present in platelets, al-
though only minor amounts were detected by Western immu-
noblotting (38). A number of groups have investigated the
mechanism of PKC activation in stimulated platelets and have
provided conflicting results. Baldassare et al. (30) showed
thrombin activation of human platelets to result in a rapid
biphasic increase in DAG mass and correlated this mass in-
crease with translocation of PKC «, 8, and ¢ to the membrane
fraction. However, a subsequent report showed bryostatin
stimulation of platelets failed to affect a translocation of PKC
a, B, 8, or £ (36). Bryostatin is a macrocyclic lactone that binds
to and activates PKC and induces the phosphorylation of PKC
substrate proteins, including pleckstrin. A recent study indi-
cated that DAG levels in resting, unstimulated platelets can
fluctuate to levels comparable to that seen with thrombin stim-
ulation but that these fluctuations do not correlate with the
phosphorylation of pleckstrin (39). This finding indicates that
signaling pathways other than those that lead to DAG produc-
tion also may promote PKC phosphorylation of pleckstrin. Con-
sistent with this idea, platelets subject to pathological stress
and activated in response to von Willebrand factor (vWF) have
been shown to induce pleckstrin phosphorylation, without
stimulating PtdIns-4,5-P, hydrolysis and DAG generation (40).
VWEF stimulation of platelets has also been shown to lead to PI
3-K activation and translocation to the cytoskeletal fraction
(41), suggesting that pleckstrin phosphorylation in response to
VWF may be mediated by PI 3-K.

Little is known concerning the function of pleckstrin in ago-
nist-stimulated cells. Although the phosphorylation of pleck-
strin correlates with platelet aggregation, there is no direct
evidence that it is involved in the activation of the platelet
integrin GPIIb-11la. The observation that PH domains found in
pleckstrin and other signaling proteins bind specifically to
phosphoinositides such as PtdIns-4,5-P, indicates that pleck-
strin may under some conditions be recruited to the plasma
membrane (17). It is conceivable that phosphorylation of pleck-
strin may affect this interaction or promote its activity. The
N-terminal PH domain of pleckstrin was recently shown to
inhibit both phospholipase CB- and Cry-mediated phosphoi-
nositide hydrolysis (42). PH domains have also been shown to
mediate protein-protein interactions, and several PKC iso-
forms have now been shown to interact with the PH domains of
pleckstrin and of the Btk and Akt protein kinases (18, 19). PH
domains may also tether proteins to membranes by interacting
with the By subunits of heterotrimeric G-proteins. The PH
domain of the B-adrenergic receptor kinase (BARK) has been
shown to interact with both PtdIns-4,5-P, and Gy, and both of
these ligands appear to be necessary for the full catalytic ac-
tivity of this kinase (43, 44).

The data presented here show that activation of Pl 3-K in
response to TRAP correlates with a slow phase of PKC activa-
tion leading to the phosphorylation of pleckstrin. Addition of
Ptdins-3,4-P, and PtdIns-3,4,5-P; to permeabilized platelets
stimulates phosphorylation of pleckstrin. More over, D3 phos-
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phoinositides and DAG may act synergistically to modulate
GPllb-Illa. The initial wave of pleckstrin phosphorylation may
result from a DAG burst activating PKC, but DAG mass is then
rapidly lost by 60 s (30). Sustained PKC activation and pleck-
strin phosphorylation may require Pl 3-K activation and syn-
thesis of D3 phosphoinositides, particularly Ptdins-3,4-P,,
whose product correlates with sustained platelet aggregation.
These processes could sustain the activation of PKC.
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