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ABSTRACT G proteins play a major role in signal trans-
duction upon platelet activation. We have previously reported a
patient with impaired agonist-induced aggregation, secretion,
arachidonate release, and Ca21 mobilization. Present studies
demonstrated that platelet phospholipase A2 (cytosolic and
membrane) activity in the patient was normal. Receptor-
mediated activation of glycoprotein (GP) IIb-IIIa complex mea-
sured by flow cytometry using antibody PAC-1 was diminished
despite normal amounts of GPIIb-IIIa on platelets. Ca21 release
induced by guanosine 5*-[g-thio]triphosphate (GTP[gS]) was
diminished in the patient’s platelets, suggesting a defect distal to
agonist receptors. GTPase activity (a function of a-subunit) in
platelet membranes was normal in resting state but was dimin-
ished compared with normal subjects on stimulation with throm-
bin, platelet-activating factor, or the thromboxane A2 analog
U46619. Binding of 35S-labeled GTP[gS] to platelet membranes
was decreased under both basal and thrombin-stimulated states.
Iloprost (a stable prostaglandin I2 analog) -induced rise in
cAMP (mediated by Gas) and its inhibition (mediated by Gai) by
thrombin in the patient’s platelet membranes were normal.
Immunoblot analysis of Ga subunits in the patient’s platelet
membranes showed a decrease in Gaq (<50%) but not Gai, Gaz,
Ga12, and Ga13. These studies provide evidence for a hitherto
undescribed defect in human platelet G-protein a-subunit func-
tion leading to impaired platelet responses, and they provide
further evidence for a major role of Gaq in thrombin-induced
responses.

G proteins play a major role in signal transduction from the
surface heptahelical receptors to effector systems upon platelet
activation, and they regulate downstream responses such as
aggregation and secretion (1–4). G proteins are a family of
heterotrimeric proteins (made up of a, b, and g subunits) which
mediate the interactions between agonist receptors and intracel-
lular enzymes, such as adenylyl cyclase, phospholipase C (PLC),
and phospholipase A2 (PLA2). Signaling mechanisms involve a
cycle in which abg–GDP complex dissociates after replacement
of GDP by GTP to produce a–GTP, which then activates the
effector molecule. Because of its intrinsic GTPase activity, the a
subunit hydrolyzes GTP and reassociates with bg subunit with
termination of the activation process. Multiple forms of Ga have
been identified in platelets (1) and are grouped in families; these
include Gs, Gi (Gai1, Gai2, Gai3, Gz), Gq (Gaq, Ga11, Ga14, Ga15,
Ga16), and Ga12 families (Ga12, Ga13). Gs and Gi mediate the
interaction with adenylyl cyclase. There is evidence for both
remarkable specificity and potential redundancy in G proteins
that mediate interaction between receptors and effectors (1–4).
Thromboxane A2-induced activation of PLC-b in platelets is
mediated by pertussis toxin-insensitive Gaq (5, 6). Thrombin

activates PLC by both pertussis toxin-sensitive (possibly Gai2) (7,
8) and -insensitive mechanisms (Gaq) (9, 10). Recently, G12 and
G13 (members of the G12 family) have been shown to play a role
during platelet activation with thrombin and thromboxane A2
(11). Moreover, there is evidence that PLC-b isozymes can be
activated by bg subunits independent of action of aq subunit (4,
12, 13). Abnormalities in G-protein-coupled signal transduction
pathways have been described in several human disease states
(14–16), and in dog platelets with impaired responses to throm-
boxane A2 (17).

Congenital abnormalities in platelet aggregation and secre-
tion in response to activation with surface-receptor-mediated
agonists may arise by diverse mechanisms, including abnor-
malities in the surface receptors, membrane glycoproteins, and
deficiency of dense and a granule contents (18–22). However,
these well recognized abnormalities are observed in a small
proportion of patients with abnormal platelet dysfunction; in
the majority of such patients, the underlying mechanisms
leading to the dysfunction are unknown (18). Evidence is
becoming available that at least in some of these patients the
primary abnormalities may lie in the signaling mechanisms that
follow receptor activation and precede the ultimate responses
of aggregation or secretion (18, 19).

We have previously reported (23) a patient with diminished
platelet aggregation and secretion in response to multiple
agonists despite presence of normal dense granule stores.
Further studies showed that receptor-mediated release of
arachidonic acid from phospholipids (23) and calcium mobi-
lization (24) were impaired upon platelet activation. We
postulated that these abnormal responses may arise due to a
defect in signal transduction mechanisms. To delineate the
platelet defect in this patient, we investigated receptor-
stimulated G-protein function and report an abnormality in
Ga subunit function associated with a decrease in immuno-
reactive Gaq in platelets.¶ To our knowledge a human platelet
G-protein defect has hitherto not been described.

MATERIALS AND METHODS
Patient Information and Previous Studies. The patient is a

46-year-old white female with mild life-long mucocutaneous
bleeding diathesis associated with prolonged bleeding times
and normal platelet counts (23). The patient’s daughter and
father may also have a history of easy bruising. Previous studies
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in the patient showed the following: (i) platelet aggregation
and secretion ([14C]serotonin) in platelet-rich plasma (PRP)
were consistently abnormal in response to ADP, epinephrine,
collagen, the thromboxane A2 analog U46619, and platelet-
activating factor (PAF); (ii) ATP and ADP contents of platelet
dense granules were normal; (iii) thromboxane A2 production
(measured by thromboxane B2 radioimmunoassay) in response
to ADP and thrombin was diminished, but it was normal on
exposure to arachidonic acid; (iv) in platelets labeled with
[3H]arachidonic acid, the release of free arachidonic acid from
phospholipids was impaired upon stimulation with thrombin
(23); and (v) calcium mobilization (both internal release and
influx of external calcium) was abnormal in response to
thrombin and ADP (24). However, calcium release induced by
exogenous inositol 1,4,5-trisphosphate (IP3) in saponin-
permeabilized platelets was normal (24).

Reagents. Iloprost (ZK 36,374), a stable prostacyclin analog,
was provided by Berlex Laboratories (Cedar Knolls, NJ). Throm-
bin receptor agonist peptide (TRAP; SFLLRN) was purchased
from Bachem Bioscience (King of Prussia, PA). Bovine thrombin
was obtained from Armour Pharmaceutical (Kankakee, IL). PAF
was from Avanti Polar Lipids (Alabaster, AL). The 1,2-
dioctanoylglycerol was purchased from Biomol Research Labo-
ratories (Plymouth Meeting, PA). Fura 2 pentaacetoxymethyl
ester was obtained from Calbiochem (San Diego, CA). U46619,
a stable thromboxane A2 analog, was obtained from Cayman
Chemical (Ann Arbor, MI). Irish Cream was obtained from T. J.
Carolar & Son, Clonmel, Ireland. Radioactive reagents, GTP[g-
32P], 35S-labeled guanosine 59-[g-thio]triphosphate (GTPgS],
125I-cAMP radioimmunoassay kit, and 125I-protein A were pur-
chased from DuPontyNEN (Boston, MA).

Antibodies and Disintegrins. Monoclonal antibody (mAb)
PAC1 binds only to the activated form of the GPIIb-IIIa complex
(26) and was provided by Sanford Shattil (University of Penn-
sylvania, Philadelphia). Antibodies 10E5 (27) and A2A9 (28) bind
to both resting and activated GPIIb-IIIa and were provided by
Barry Coller (Mount Sinai School of Medicine, New York) and
Joel Bennett (University of Pennsylvania, Philadelphia), respec-
tively. Monoclonal antibody to ligand-induced binding site (LIBS)
Ab62 (29) was donated by Mark Ginsberg (Scripps Research
Institute, La Jolla, CA). Albolabrin, a snake venom (Trimeresurus
albolabris) peptide containing RGD sequence (disintegrin) (30),
was provided by Stefan Niewiarowski (Temple University, Phil-
adelphia). Specific antisera against different Ga subunits, anti-
Gaq antibody (no. 941), anti-Gai (no. 1521, specificity Gai2 .
Gaz; and no. 8729, specificity Gai1 ' Gai2 . Gai3), anti-Gaz (no.
2921), anti-Ga12 (no. 121), and anti-Ga13 (no. 120) (31, 32) were
generously provided by David Manning (University of Pennsyl-
vania, Philadelphia).

Measurement of PLA2 Activity. Blood collection and PRP
preparation were done as described (33) elsewhere except that
2% EDTA was used as anticoagulant. A platelet pellet was
obtained by centrifuging the PRP at 1,000 3 g for 15 min at room
temperature and was washed with Tyrode’s buffer (pH 7.4)
containing 10 mM Hepes, 145 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 5 mM glucose, and 1 mM EDTA, and centrifuged at 1,000
3 g for 15 min. The resulting platelet pellet was resuspended in
buffer consisting of 30 mM TriszHCl (pH 7.4), 5 mM EDTA, 5
mM EGTA, 120 mM NaCl, 50 mM leupeptin, 100 mM phenyl-
methylsulfonyl fluoride (PMSF), and 10 mM benzamidine, and
the platelet count was adjusted to 2 3 109 platelets per ml. The
platelet suspension was sonicated with five 15-sec bursts on ice
and centrifuged at 100,000 3 g for 60 min at 4°C in a Beckman
ultracentrifuge (model L5–50E). The supernatant containing
soluble enzyme was dialyzed overnight against a buffer contain-
ing 30 mM TriszHCl and 2 mM EDTA, pH 7.2; this constituted
the cytosolic fraction. The pellet containing membrane-bound
PLA2 was resuspended in a buffer containing 30 mM TriszHCl
(pH 7.2), 2 mM EDTA, 1 mM KCl, and 2 mM benzamidine, to
a volume equal to that of supernatant, and sonicated as described

above. The membrane suspension was centrifuged at 100,000 3
g for 60 min at 4°C, and the supernatant was dialyzed overnight
against a buffer consisting of 30 mM TriszHCl and 2 mM EDTA,
pH 7.2; this constituted the membrane fraction.

PLA2 activity was determined by measuring the amount of
radiolabeled arachidonate hydrolyzed from the 2 position of
the substrate 1-stearoyl-2-arachidonoyl phosphatidylcholine as
described previously (34). The enzyme activity was calculated
as pmol of substrate hydrolyzed per 108 platelets.

GTP[gS]-Induced Ca21 Release. These studies were per-
formed as described previously (35). Platelets were resuspended
at 5 3 108 platelets per ml in buffer (pH 7.4) consisting of 137 mM
NaCl, 2.7 mM KCl, 1 mM MgCl2, 3.3 mM NaH2PO4, 20 mM
Hepes, 5 mM glucose, 5 mM creatine phosphate, and 5 unitsyml
creatine kinase. Just prior to the experiment, 1-ml aliquots of
platelets were diluted (1:1) in buffer containing 160 mM KCl, 5.3
mM MgCl2, and 13.3 mM Hepes (pH 7.1) and incubated in the
spectrofluorimeter (Perkin–Elmer LS-5) cuvette for 3 min at
37°C with stirring (900 rotations per min) in the presence of 1 mM
ATP, 1 mM CaCl2, and 6 mM Quin2 acid. Platelets were perme-
abilized by using saponin (10–15 mgyml); 3 min after addition of
the saponin, GTP[gS] was added. For the measurement of Ca21

concentrations, the fluorescence was recorded (excitation wave-
length 339 nm; emission 492 nm). At the end of the observation
period, 10 ml of 1 M CaCl2 was added to the cuvette (2-ml
suspension) to record the maximal fluorescence (Fmax) followed
by 10 ml of 1 M MnCl2 to record autofluorescence. Ca21

concentrations were calculated as described earlier (35).
Platelet Membrane Preparation. Blood was collected in 1y10

vol of 3.8% sodium citrate from the patient and normal donors
who had taken no medication for at least 10 days. PRP was
prepared by centrifugation at 180 3 g for 15 min at room
temperature. The platelet pellet obtained by centrifugation of the
PRP (20,000 rpm, 30 min, 4°C) in an ultracentrifuge (Beckman,
model L3–50) was suspended in 2 ml of TEA buffer, pH 7.4,
containing protease inhibitors [10 mM triethanolaminezHCl, 5
mM EDTA, 1.8 mM EGTA (pH 6.8), 0.5 mM phenylmethylsul-
fonyl fluoride, 5 mM benzamidine, 100 ngyml leupeptin, 10 mM
dithiothreitol] and lysed with a sonicator (Heat Systemsy
Ultrasonics, model W-225R) at 70 W on ice (three 10-sec bursts).
The membrane suspension was washed by adding excess TEA
buffer and centrifuged at 25,000 rpm for 30 min at 4°C. The
membrane pellet was resuspended in minimum volume (1–2 ml)
of TEA buffer by sonication and stored at 280°C as 100-ml
aliquots. Platelet membrane protein concentrations were deter-
mined using Coomassie Plus protein assay reagent (Pierce).

GTPase Assay. GTPase activity in platelet membranes was
measured according to Cassel and Selinger (36) as modified by
Johnson et al. (17). In brief, the total reaction mixture (100 ml)
contained 0.56 mM [g-32P]GTP ('4 mCi; 1 mCi 5 37 kBq), 5 mM
MgCl2, 100 mM NaCl, 1 mM dithiothreitol, 0.5 mM EGTA, 1 mM
ATP, 12.5 mM creatine phosphate, 5 units of creatine kinase, 50
mM TriszHCl (pH 7.4), and agonist. The reaction was initiated by
the addition of platelet membrane (5–20 mg) and incubated at
37°C for 7 min. The reaction was terminated with 0.5 ml of 5%
(wtyvol) Norit-A charcoal in 20 mM sodium phosphate buffer,
pH 7.4. The tubes were vortexed and centrifuged at 8,000 3 g for
3 min, and a 200-ml aliquot of supernatant was removed for
radioactivity counting. The basal activity was measured in the
same way but in the absence of an agonist. The low-affinity or
nonspecific GTPase activity was measured in the presence of 100
mM unlabeled GTP. High-affinity or specific GTPase activity was
calculated by subtracting the low-affinity (nonspecific activity)
activity from total activity. GTPase activity was expressed as pmol
of 32P liberated per min per mg of protein.

GTP[g35S] Binding Assay. Binding of GTP[g35S], a nonhy-
drolyzable analog of GTP, to platelet membranes was measured
by the method of Wieland and Jacobs (37). The reaction mixture
(100 ml), containing 1 nM GTP[g35S] ('50,000 cpm), 50 mM
TriszHCl (pH 7.4), 5 mM MgCl2, 1 mM EDTA, 1 mM dithio-
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threitol, 1 mM GDP, and agonist, was incubated with 5 mg of
platelet membrane at 30°C for 30 min. After incubation the
samples were filtered rapidly through Whatman GFyC filters in
a Millipore vacuum filtration unit. The filters were washed
extensively with buffer, pH 7.5, containing 50 mM TriszHCl and
5 mM MgCl2. The radioactivity bound to the filters was measured
by using a Beckman scintillation counter (model LS 8000). The
basal binding was measured in the absence of agonist. Nonspecific
binding was measured in the presence of 100 mM unlabeled
GTP[gS]. The membrane bound GTP[g35S] was calculated as the
percent of total radioactivity added.

Immunoblot Analysis. Platelet membranes prepared as de-
scribed above were solubilized in Laemmli sample buffer (SDS
reducing buffer), resolved on SDSy10% PAGE, and transferred
on to Immobilon-P transfer membranes (Millipore) (38). In some
studies lysates of whole platelet suspensions in TEA buffer and
the cytosolic fraction obtained by centrifugation (40,000 rpm, 30
min, 4°C) were solubilized and subjected to immunoblotting. The
blots were incubated with 7.5% Irish Cream in Tris-buffered
saline (TBS, pH 7.4) for 2 hr at 4°C to block the nonspecific
binding sites, and washed once with 0.1% Tween-20 in TBS (pH
7.4) and twice with TBS (pH 7.4). The blots were incubated
overnight at 4°C with specific antisera to Ga subunit(s) in the
presence of 1.5% Irish Cream in TBS (pH 7.4). After incubation
the blots were washed as described above and probed with
125I-protein A by incubating at room temperature for 1 hr. The
blots were washed, dried, and exposed to autoradiography film
(Action Scientific, Forest Hill, MD) to visualize Ga subunits. The
autoradiograms were scanned using an UXE ScanMaker (Mi-
crotek International, Hsinchu, Taiwan) and were subjected to
digital image analysis (Kodak Digital Science, Image Analysis
Package, Rochester, NY).

Adenylyl Cyclase Assay and cAMP Measurement. Adenylyl
cyclase activity was assayed as described by Simonds et al. (39)
with modifications. The reaction mixture (100 ml) contained
0.1 mM ATP, 1 mM dithiothreitol, creatine kinase (0.2 mgy
ml), creatine phosphate (1.8 mgyml), 2 mM MgCl2, 50 mM
NaCl, 10 mM GTP, 1 mM isobutylmethylxanthine, BSA (0.25
mgyml), and 50 mM TriszHCl (pH 7.5), and was incubated with
30 mg of platelet membrane in the presence and absence of
agonist for 20 min at 30°C. Iloprost (10 nM) was used as agonist
for activation of adenylyl cyclase. To study inhibition of
adenylyl cyclase, cAMP levels were determined in the presence
of thrombin (1 unityml). The reaction was terminated by
adding equal volume of 10% cold trichloroacetic acid, and the
samples were centrifuged at 12,000 3 g for 15 min at 4°C. The
supernatants were extracted with 5 vol of water-saturated ether
and lyophilized. cAMP levels were measured by using a
125I-cAMP radioimmunoassay kit (DuPontyNEN). The results
were expressed as fold increase over basal levels or as percent
inhibition, taking iloprost-induced cAMP levels as 100%.

Flow Cytometry Analysis of Activation of GPIIb-IIIa. This
analysis was performed using PRP as described by us previously
(33). Platelets (50 ml, 1 3 108 per ml) were incubated with
fluorescein isothiocyanate (FITC)-conjugated mAbs PACl (50
mgyml), 10E5 (50 mgyml), A2A9 (50 mgyml), or Ab62 (anti-LIBS;
50 mgyml) in the presence of a specific agonist at room temper-
ature for 15 min without stirring. Samples were then diluted to 0.5
ml with Tyrode’s buffer and analyzed on an Epics Elite flow
cytometer (Coulter). Platelets (10,000 in each sample) were
analyzed with a 100-mW laser beam (coherent Innover 300) for
FITC fluorescence to quantitate the amount of platelet-bound
antibody. Results were expressed as histograms of platelet fluo-
rescence intensity in arbitrary units on a logarithmic scale on the
abscissa and platelet number on the ordinate.

RESULTS
To delineate the mechanisms leading to the impaired platelet

responses to receptor activation, we assessed G-protein function
upon platelet activation. In initial studies, GTP[gS]-induced

calcium release was measured in patient and normal platelets
permeabilized with saponin. The rise in intracellular Ca21 in
patient platelets on exposure to increasing GTP[gS] concentra-
tions (from 1 to 10 mM) was markedly decreased (Fig. 1), with the
exception of the highest concentration tested. To assess G-protein
a-subunit function, GTPase activity was measured in platelet
membranes in the basal state and after receptor activation. The
basal GTPase activity in the patient’s platelet membranes was
29.5 and 26.8 pmolymin per mg of protein (average of four and
two assays, respectively, using platelet membranes from two
separate visits), which is similar to that observed in nine normal
subjects (25.2 6 3.1 pmolymin per mg, mean 6 SD). Upon
stimulation with thrombin (1 unityml), PAF (1 mM), or U46619
(10 mM), the increase over basal in GTPase activity in the
patient’s platelet membranes was markedly decreased on both
occasions (Fig. 2). Even at a higher thrombin concentration (20
unitsyml) there was no further increase in GTPase activity in

FIG. 1. GTP[gS]-induced Ca21 release in saponin-permeabilized
platelets from normal subjects (E) and the patient (å). Platelet
suspensions were permeabilized with saponin (10–15 mgyml) in the
presence of 1 mM ATP, 1 mM CaCl2, and 6 mM Quin2 acid. For
measurement of Ca21 concentrations, f luorescence was recorded
(excitation, 339 nm; emission, 492 nm) using a Perkin–Elmer spec-
trofluorimeter and calculated as described in the text.

FIG. 2. GTPase activity in platelet membranes from the patient
and normal subjects. GTPase activity was measured in platelet mem-
brane suspensions (5–20 mg) from normal subjects (mean 6 SD) and
the patient (mean 6 SD of four and two experiments using membranes
from two separate visits) in response to thrombin, PAF, or U46619.
The basal activity was measured in the absence of an agonist. Shown
is the increase in GTPase activity over basal levels upon activation.
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patient platelets. Studies on GTP[g35S] binding to platelet mem-
branes revealed the basal binding in patient platelet membranes
to be 6.3% (mean of three separate experiments), which was
lower than in normal subjects, 13.5% 6 1.9% (mean 6 SD, n 5
4). With thrombin stimulation, the GTP[gS] binding in the
patient was 7% (mean of three experiments), and this was lower
than that observed in normal subjects (23% 6 3%, n 5 4). These
findings suggested that the patient’s platelets had an abnormality
in G-protein a-subunit function.

Platelet membranes from the patient and normal subjects
were analyzed by immunoblotting using specific antibodies
against different Ga subunits. A marked decrease in immu-
noreactive Gaq subunit was observed in patient platelet mem-
branes assessed in four experiments using membranes from
two separate visits (Fig. 3A); all other Ga subunits studied,
including Gai2 (Fig. 3B), Ga12, Ga13, and Gaz (not shown)
were comparable to those in normal subjects. By digital image
analysis of the autoradiograms the intensity of the Gaq band
for the patient showed a mean value of 45% compared with the
values in nine normal subjects studied concurrently. Studies
using whole platelet lysates also revealed a decrease in immu-
noreactive Gaq in the patient compared with normal subjects,
and no Gaq was detected in the cytosolic fraction from either
the patient or the normal subjects (data not shown).

Stimulation of platelets with prostacyclin (iloprost) activates
adenylyl cyclase and results in a rise in cAMP levels that is
mediated by Gas (1, 2); in the presence of thrombin or epineph-
rine, adenylyl cyclase is inhibited by a Gai-mediated mechanism
(1, 2). To demonstrate that the functional responses mediated by
Gai and Gas were intact in the patient’s platelets, we studied the
regulation of adenylyl cyclase. In the patient the basal cAMP, the
iloprost-stimulated (10 nM) cAMP, and thrombin-induced de-
crease in cAMP levels were within the range observed in platelet
membranes from six normal subjects (Table 1). Because one of
the major abnormalities described initially (23) in this patient was
an abnormality in thrombin-induced release of free arachidonic
acid from phospholipids, we measured PLA2 activity in platelet
membrane and cytosolic fractions. Platelet PLA2 activity in both
membrane and cytosolic fractions from the patient’s platelets was
within the normal range obtained from studies in nine normal
subjects (Table 1).

Platelet activation results in a conformational change in plate-
let surface GPIIb-IIIa complex and binding of fibrinogen, a
prerequisite for platelet aggregation. Because the patient’s plate-
lets showed an abnormality even in primary aggregation in
response to multiple agonists, we studied the expression and
activation of the GPIIb-IIIa complex on four separate occasion-
s,and the results were similar. The binding of mAbs 10E5 or
A2A9 (which bind to both activated and unactivated GPIIb-IIIa
complex) to patient platelets was comparable to that in normal
subjects (Fig. 4), indicating that the patient’s platelets have
normal amounts of GPIIb-IIIa complex on their surface. Surface-
receptor-mediated activation of GPIIb-IIIa was measured using
mAb PAC1, which binds only to the activated form of GPIIb-IIIa
complex (26), and this was diminished in patient platelets in
response to ADP, TRAP, or PAF (Fig. 4), indicating that
receptor-mediated signal transduction-dependent activation of
GPIIb-IIIa was abnormal. The most striking abnormality was in
response to PAF (Fig. 4). The expression of LIBS on GPIIb-IIIa
complex upon activation of platelets with agonists was monitored
using anti-LIBS mAb Ab62 (29). The binding of Ab62 to platelets
in response to ADP (Fig. 4) and TRAP (not shown) was normal,
but it was decreased with PAF, the agonist which induced least
expression of PAC1 binding (Fig. 4). RGD-peptide-containing
albolabrin (a snake venom protein) or RGDS peptide (33) can
induce Ab62 binding in a signal-transduction independent man-
ner, such as in the presence of prostacyclin (which inhibits signal
transduction processes in platelets) (33). The binding of Ab62
induced by albolabrin (5 mgyml) or RGDS (1 mM) in the
presence of iloprost (28 nM) was normal in the patient’s platelets.
Taken together, these results suggest that surface-receptor-
mediated signal transduction-dependent activation of GPIIb-IIIa
was abnormal in the patient’s platelets despite the presence of
normal amounts of GPIIb-IIIa complex present on their surface.
The normal expression of LIBS suggests that patient platelet
GPIIb-IIIa complexes have intact ligand-binding capacity (40). A
similar abnormality in activation of GPIIb-IIIa complex but
normal ligand-binding capacity has been recently reported (33) by
us in another patient with impaired platelet signal transduction
mechanisms.

DISCUSSION
Our studies provide evidence for a hitherto undescribed defect

in G-protein a-subunit function in a patient with impaired platelet

FIG. 3. (A) Immunoblot (autoradiogram) analysis of Gaq subunit
in platelet membranes from patient (P) and two normal subjects (N1
and N2). Platelet membrane proteins (22.5 and 45 mg) resolved by
SDSy10% PAGE were transferred to Immobilon-P transfer mem-
brane, and the blot was incubated with Gaq antisera. The blot was
probed with 125I-protein A to visualize the Gaq protein band on
autoradiography. (B) Immunoblot (autoradiogram) analysis of Gai2
subunit in platelet membranes from patient (P) and five normal
subjects (N1–N5). Platelet membrane proteins (22.5 mg) resolved on
SDSy10% PAGE were transferred to Immobilon-P transfer mem-
brane, and the blot was incubated with Gai2 antiserum (no. 1521). The
blot was washed and probed with 125I-protein A to visualize the Gai2
protein band on autoradiography.

Table 1. Platelet cAMP and PLA2 levels

Subject

cAMP, nmol per mg of protein
Thrombin-

induced cAMP
decrease, %

Platelet PLA2, pmol hydrolyzed
per 108 platelets

Basal Iloprost (10 nM) Cytosol Membrane

Normal 3.3 6 1.1 (6) 28.8 6 11.6 (6) 41.2 6 16.2 (6) 666 6 303 (9) 121 6 48 (9)
Patient 2.5 6 1.0 (3) 22.4 6 10.9 (3) 66 (2) 1,064 128

Results are shown mean 6 SD. Numbers in parenthesis indicate the number of normal subjects studied or the number of studies in the patient.
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aggregation, secretion, release of arachidonic acid, and Ca21

mobilization, in response to a number of agonists. This is based on
the following lines of evidence: (i) GTP[gS]-induced Ca21 release
was diminished (Fig. 1) in the patient’s platelets, suggesting a
defect either in the G protein per se or in the involved downstream
effector systems; this observation makes it unlikely that the pri-
mary abnormality is in the surface agonist receptors. (ii) The basal
GTPase activity in the platelet membranes from the patient was
comparable to that in normal platelets; however, the increase in
GTPase activity upon activation with thrombin, U46619, or PAF
was blunted (Fig. 2). (iii) The binding of GTP[g35S] to patient
platelet membranes in response to thrombin stimulation was
markedly diminished. These findings suggest an abnormality distal
to the surface receptor, specifically in the G-protein a-subunit
function in the patient’s platelets. Immunoblotting studies dem-
onstrated that Gaq subunit (Fig. 3A) is decreased in the platelet
membranes, whereas the amounts of Gai2 (Fig. 3B), Ga12, Ga13,
and Gaz (not shown) are normal. These findings suggest a reduc-
tion in the quantity of Gaq in the membranes or the presence of
substantial amounts of an abnormal Gaq that is less immunore-
active to the antisera and is dysfunctional.

An abnormality or deficiency in Gaq can provide a cogent
explanation for the observed defective responses for the following
reasons. Three of the agonists used in our studies, U46619 (5),
PAF (41), and thrombin, are recognized to activate platelets by
mechanisms mediated by means of Gaq. Earlier studies (7, 8)

have suggested that thrombin-induced phosphatidylinositol hy-
drolysis is mediated by a pertussis toxin-sensitive G protein
(presumably Gai2). Recent studies (9, 10, 42) indicate that
thrombin-induced responses are also mediated by Gaq. Our
findings provide further corroborative evidence that Gaq, indeed,
plays a major role in platelet responses to thrombin. The stimu-
lation of adenylyl cyclase by the prostacyclin analog iloprost
(mediated by Gas) and its inhibition by thrombin (mediated by
Gai) were both normal, indicating an intact function of Gas and
Gai subunits. Moreover, we have previously described (23) that
platelet aggregation and secretion in response to ADP and
epinephrine are also abnormal in this patient. The present studies
suggest that Gaq plays a role in mediating the responses to these
agonists also, either directly or indirectly, possibly via thrombox-
ane A2. Last, on the basis of the observation in Albright hered-
itary osteodystrophy that a 50% decrement in Gas leads to the
endocrine phenotype of pseudohypoparathyroidism (43), it is
likely that the magnitude of decrease noted in Gaq in our patient
may be sufficient to induce the functional aberration.

We had originally described (23) this patient in 1984 because
the studies showed an impaired thrombin-stimulated release of
free arachidonic acid from phospholipids. The major mechanism
of arachidonate mobilization following thrombin activation of
platelets is mediated by PLA2, a Ca21-dependent enzyme (44,
45). Activation of PLA2 may occur by several mechanisms,
including (i) activation by a rise in cytosolic Ca21 secondary to
PLC activation; (ii) direct activation of PLA2 by a G-protein-
mediated mechanism; (iii) activation of PLA2 by phosphorylation
involving protein kinase C and mitogen-activated protein (MAP)
kinase (46). However, little is known regarding the relative
importance of these mechanisms in platelets. In our patient,
PLA2 activities in platelet extracts (cytosolic and membrane)
were comparable to those in normal subjects. One explanation for
the observed defect in the agonist-stimulated arachidonate re-
lease is that PLA2 activation is blunted because of impaired Ca21

mobilization, an abnormality previously documented in this pa-
tient (24). Whether a G-protein-mediated direct activation of
PLA2 is also abnormal remains unknown. Receptor-mediated
activation of PLC and PLA2 can be dissociated (47, 48), and Gai2
has been implicated in the direct activation of PLA2 by a
G-protein-mediated mechanism (49). However, in our patient
Gai2 levels were normal (Fig. 3B).

A number of naturally occurring abnormalities in G-protein-
coupled signal transduction mechanisms have been linked to
human diseases (14–16). Loss-of-function mutations encompass
those that disrupt synthesis or targeting of the components
(receptor, G protein, effectors) of the signal transduction path-
ways as well as those that impair receptor–G-protein coupling,
activation of G protein by GTP, or G-protein–effector coupling
(14–16). To our knowledge, a naturally occurring human platelet
dysfunction associated with a specific G-protein abnormality has
hitherto not been described. Johnson et al. (17) have described
receptor-linked G-protein dysfunction in dog platelets in relation
to impaired responsiveness to thromboxane A2 but not other
agonists. In contrast, the observed abnormality in response to
several agonists in our patient suggests an aberration in signal
transduction pathways common to different agonists. Moreover,
in the canine model (17), although a defect in the Gq family was
postulated, immunoblotting studies showed normal levels of Gq
in the platelet membranes. In our patient the diminished agonist-
stimulated GTPase activity is associated with decreased binding
of GTP and with decreased amount of immunoreactive Gaq in
platelet membranes. Structural studies with G a subunit have
defined five distinct noncontiguous GTP-binding regions, G-1,
G-2, G-3, G-4, and G-5, which collectively form the GTP-binding
pocket (50). Several distinct conserved amino acids in this region
have been identified as critical residues involved in GDPyGTP
binding and GTPase activity (50). The observed reduced levels of
immunoreactive Gaq in our patient’s platelets suggest the possi-
bility of a mutation which is defining the stability of the a subunit.

FIG. 4. Flow cytometry analysis of GPIIb-IIIa complex on platelets
from normal donors (N) and patient (P) in the resting (R) state and
after activation. (Top Left) Binding of FITC-labeled mAb 10E5 (which
recognizes both activated and resting forms of GPIIb-IIIa). (Top Right
and Middle) Binding of PAC1 (which binds only to activated form of
GPIIb-IIIa) after activation with TRAP, ADP, or PAF. (Bottom)
Binding of Ab62 (anti-LIBS) after activation with ADP and PAF.
Samples were analyzed on an Epics flow cytometer. Antibody binding
to platelets was measured as fluorescence intensity, shown on the
abscissa, and platelet count is on the ordinate. The data are repre-
sentative of one to four experiments performed on separate occasions.
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In fact, such a mutation has been described in pseudohypopara-
thyroidism (PHP-1a) involving as (51). The as-A366S mutation of
the G-5 region confers temperature sensitivity at 37°C and alters
the GTP-binding characteristics of as (51); at 37°C the mutant as
is rapidly degraded. In the patient, a similar mutation in the aq
G-5 region can explain the reduced levels of aq as well as the
decreased GTP binding. Site-directed mutations in G-5 regions of
other GTPases also alter GDP-binding affinity (52). It is worth
noting that although platelets have different G proteins as well as
low molecular weight GTPases, the basal GTP binding in the
patient was significantly reduced. The mechanism for this is
presently unclear.

Activation-induced conformational change in the platelet
GPIIb-IIIa complex and resulting fibrinogen binding are essential
for platelet aggregation. Our studies indicate that although
GPIIb-IIIa complexes are present in normal amounts on the
platelets, their activation is impaired, as evidenced by diminished
PAC-1 binding (Fig. 4) following exposure to ADP, PAF, or
TRAP. The binding of antibody Ab62 was normal following
exposure to ADP and TRAP, indicating that expression of LIBSs
and the ability of the GPIIb-IIIa complexes to bind the fibrinogen
are preserved. We conclude from these studies that the signal
transduction abnormality leads not only to diminished secretion
but also to impaired expression of fibrinogen-binding sites on
activation, with the impairment being more severe with PAF than
ADP (Fig. 4). These findings provide further evidence that
G-protein-mediated mechanisms modulate expression of GPIIb-
IIIa-binding sites on platelets. The present findings are similar to
the abnormality in activation of GPIIb-IIIa reported by us in a
patient with abnormal pleckstrin phosphorylation (33).

In most patients with congenital abnormalities in platelet
aggregation and secretion responses the underlying mechanisms
leading to the abnormal end responses remain undefined. The
generally considered entities such as thrombasthenia, Bernard
Soulier syndrome, and storage pool deficiency occur in only a
small fraction of these patients. Evidence is beginning to emerge
that some of these patients have defects in early signal transduc-
tion events, including at the level of the receptors (20–22, 47),
Ca21 mobilization (24, 53), PLC activation, and pleckstrin phos-
phorylation (33, 54–57). We now document a hitherto unde-
scribed abnormality in platelet G-protein function. Further stud-
ies in such patients should lead to a better definition of the role
of specific G proteins, particularly Gq, in mediating responses to
the different agonists as well provide insights into the mechanisms
leading to the platelet dysfunction in the substantial group of
patients that remain poorly characterized at present.
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