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ABSTRACT Although activation of one seven-transmem-
brane receptor can influence the response of a separate
seven-transmembrane receptor, e.g., the phenomenon of syn-
ergism, the underlying mechanism(s) for this signaling pro-
cess is unclear. The present study investigated communication
between two receptors that exhibit classical synergism, e.g.,
human platelet thrombin and thromboxane A, receptors.
Activation of thrombin receptors caused an increase in ligand
affinity of thromboxane A, receptors. This effect (i) was shown
to be specific, since a similar increase in ligand affinity was
not caused by ADP or A23187; (ii) did not require cytosolic
components, e.g., Kinases, proteases, phosphatases, etc., be-
cause it occurred in isolated platelet membranes; (iii) was G
protein-mediated because it was blocked by an G4 C terminus
antibody; and (iv) was associated with a net increase in G.q
coupling to thromboxane A, receptors. Collectively, these data
provide evidence that seven-transmembrane receptors that
share a common G, subunit can communicate with each other
via a redistribution of their G proteins. Thus, activation of
thrombin receptors increases G.q association with thrombox-
ane A, receptors thereby shifting them to a higher affinity
state. This signaling phenomenon, which modulates receptor-
ligand affinity, may serve as a molecular mechanism for
cellular adaptive processes such as synergism.

When an agonist binds to a receptor protein, a sequelae of
events is initiated by which the biological signal is translocated
to a specific cellular effector. Upon interaction of an agonist
with a seven-transmembrane receptor, signaling begins with
the activation of heterotrimeric guanine nucleotide-binding
proteins (G protein), which are in close association with the
receptor (1). The signal is then further propagated through G
protein dissociation into a G, subunit and a Gg, dimer, each
of which can activate specific effector molecules, e.g., adenylyl
cyclase, phospholipase C, ion-channels, etc. (1-4). Although
different seven-transmembrane receptors seem to function
through distinct signal transduction pathways, it also is appar-
ent that there are certain points along the activation cascade
by which these pathways can communicate. Thus, the inter-
action of an agonist with a receptor can influence the cellular
response to a separate agonist interacting with a different
receptor. One example of such “crosstalk” between pathways
is the phenomenon of synergism, in which the response caused
by two agonists added together is greater than the arithmetic
sum of the individual responses caused by each agonist.
Although synergism is observed widely in pharmacological
therapeutics, the molecular mechanism(s) leading to such
disproportionate responses remains unclear.
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In the present study, we investigated the mechanism for the
synergistic interaction between two agonists, which are known
to stimulate human blood platelet aggregation, i.e., thrombin
(5, 6) and thromboxane A, (TXA;) (7, 8). It was found that
activation of platelet thrombin receptors (9-12) causes an
increase in ligand affinity of TXA, receptors (13-15). Fur-
thermore, this increased ligand affinity was associated with
enhanced coupling of TXA, receptors to their G,q subunits.
These findings therefore provide evidence that G proteins can
serve as communication vectors between different seven-
transmembrane receptors that share a common G, subunit.

MATERIALS AND METHODS

Materials. [H]U46619 and [?H]SQ29,548 were purchased
from DuPont/NEN. U46619 and SQ29,548 were obtained
from Cayman Chemicals (Ann Arbor, MI). The 3-[(3-
cholamidopropyl)dimethyl-ammonio]-1-propanesulfonic acid
(CHAPS), thrombin, hirudin, plasmin, ADP, A23187, rabbit
preimmune IgG, and GTP+yS were purchased from Sigma. The
thrombin-receptor-activating peptide (TRAP) refers to the
first six amino acids of the new amino terminus revealed after
thrombin cleavage, i.e., SFLLRN (TRAP**47) and was pur-
chased from Research Genetics (Huntsville, AL). Rabbit
polyclonal antibodies against the C-terminal region of Gguq
(G-QL) were produced as described (16).

Platelet Aggregation. Platelet-rich plasma (PRP), purchased
from University of Illinois Hospital Blood Bank (Chicago),
was isolated from citrate-phosphate-dextrose-anticoagulated
human blood (17).The PRP was then incubated for 3 min with
10 uM indomethacin to prevent endogenous TXA, produc-
tion. Aggregation was measured at 20°C by the turbidimetric
method (18).

[*H]U46619 Binding to Intact-Washed Platelets. PRP was
isolated from citrate-phosphate-dextrose-anticoagulated hu-
man blood (17) and was treated with 1 mM aspirin. The PRP
was then spun at 1,100 X g for 15 min to pellet the cells. The
platelet-free plasma was discarded, and the platelets were
gently resuspended in buffer (138 mM NaCl/5 mM KCl/5 mM
MgCl,/5.5 mM glucose/25 mM TrissHCl/540nM prostacyclin
(PGL), pH 6.5)(19) to a cell count of ~1 X 10° platelets/ml.
[*HJU46619 binding was determined by a modification of
previously described methods (19, 20). In brief, resuspended
platelets were filtered onto Whatman GS/C filters under
gentle vacuum. Various agonists were added for 3 min fol-
lowed by addition of 4 nM [*H]U46619, which was allowed to
incubate for an additional 5 min at 20°C. A 1,000-fold molar
excess of unlabeled U46619 (4 uM) was used to determine
nonspecific binding. The filters were quickly washed with
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ice-cold buffer to terminate the binding reaction and were
counted in a liquid scintillation spectrometer (Beckman LS
6800).

[*H]SQ29,548 Binding to Solubilized Platelet Membranes.
Solubilized platelet membranes were prepared as described
(15) from out-dated platelet concentrates obtained from
Heartland Blood Services (Aurora, IL). The CHAPS concen-
tration was adjusted to 2 mM, and [*H]SQ29,548 binding was
performed by using a filtration-binding assay procedure (15).
Nonspecific binding was determined by using a 1,000-fold
molar excess of the unlabeled SQ29,548 (2 uM).

Saturation binding was carried out as described (15) with
various concentrations (1-25nM) of [*H]SQ29,548, and non-
specific binding was determined with 2 uM of unlabeled
5Q29,548. The program PRIzM (Graphpad, SanDiego) was
used to fit the saturation binding curves to a one-binding site
hyperbola and to determine the dissociation constants (Kq)
and the number of binding sites (Bmax). Comparisons of
mean = SEM were performed by using a two-sample Student’s
t test (P < 0.05).

Immunoaffinity Chromatography Purification of the
Thromboxane A, Receptor-Goq Complex. Solubilized platelet
membranes were prepared as described (15), and the CHAPS
concentration was adjusted to 2 mM. The preparation was
incubated with vehicle or TRAP (50 uM) (9-12, 21-23) for 5
min and subsequently incubated (1 hr at 20°C) with an
immunoaffinity matrix coupled to anti-receptor antibody (24)
[Previous findings have shown that immunopurification of the
TXA, receptor protein results in copurification of its associ-
ated G protein, G4 (25)]. Two to three micrograms of pro-
tein/ml of ['I]G-QL IgG (or the same protein concentration
of ['*I]-labeled preimmune IgG [PI IgG]) was added, and the
reaction mixture was allowed to incubate for 1 additional hr at
20°C. The matrix was then loaded on a column and washed
with buffer (20 mM Tris/10 mM CHAPS/0.2 mM EGTA/0.5
mg/ml azolectin/550 mM KCl/20% glycerol, pH 7.4) to elute
unbound proteins. The column was then eluted with 100 mM
glycine (pH 2.5), and the elution fractions were counted for
['T]-activity. Specific binding attributable to G.q was defined
as the difference between the counts eluted from the ['*1]G-
QL IgG column minus the counts eluted from the ['*1]P1 IgG
column. Typically, the percentage of specific binding was in the
range of 60%.

RESULTS AND DISCUSSION

Fig. 1 demonstrates a synergistic aggregation response medi-
ated by thrombin and TXA, receptors. According to the
rigorous definition of synergism, the biological effect caused by
two agonists added together must exceed the response caused
by twice the dose of either agonist added alone. As can be seen,
platelet aggregation (17, 18) induced by combining 1 uM of the
stable TXA, analog, U46619 (20) with 3 uM TRAP (9-12,
21-23) exceeds the individual responses caused by either 2 uM
U46619 or 6 uM TRAP. The magnitude of this synergistic
effect is approximately a threefold increase in the extent of
platelet aggregation.

To investigate possible mechanisms for this phenomenon,
we first determined whether radioligand binding to platelet
TXA,; receptors (13-15) changes as a consequence of treat-
ment with the native biological agonist, thrombin (5, 6). As
shown in Fig. 2a, pretreatment of intact platelets with 0.1
unit/ml or 1 unit/ml thrombin produced a substantial (=50%)
increase in [PH]U46619-specific binding (19). Because this
thrombin effect was blocked by hirudin (ref . 26; Fig. 2a), it can
be concluded that the proteolytic activity of thrombin in some
way alters the interaction of TXA, receptors with their agonist.
This could occur through at least two separate mechanisms: (i)
proteolytic modification of TXA, receptors; and/or (if) throm-
bin stimulation of its own receptors (9-12). Regarding the first
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increased light transmission

F1G. 1. Synergistic effect of U46619 and TRAP on platelet aggre-
gation. Aggregation was measured in PRP by the turbidimetric method
(17, 18) by using a model 400 Lumi-aggregometer (Chronolog, Hav-
ertown, PA). PRP was stimulated (at arrow) with 3 uM or 6 uM TRAP
(traces a and b, respectively), 1 uM or 2 uM U46619 (traces ¢ and d,
respectively), or 1 uM U46619 plus 3 uM TRAP (trace e). The
aggregation traces are representative of three separate experiments.

possibility, treatment of platelets with thrombin did not pro-
duce a measurable change in the apparent molecular weight of
TXA,; receptors (data not shown). Consequently, proteolytic
cleavage of the TXA, receptor protein itself is unlikely.
Furthermore, a separate serine protease, i.e., plasmin (27), did
not produce a comparable effect on [*H]U46619 binding (Fig.
2a). Collectively, these results suggest that the ability of
thrombin to increase TXA, receptor binding is not produced
either through proteolytic modification of the TXA, receptor
protein or through nonspecific proteolysis of platelet mem-
brane proteins. On the other hand, evidence that thrombin
produces the effect through stimulation of its own receptors is
provided by experiments using TRAP (9-12, 21-23). Fig. 2a
illustrates that TRAP caused an increase in [*HJU46619
binding comparable with that observed using thrombin
(=50%). This result therefore establishes that ligand binding
to TXA; receptors can be modulated by signal transduction
through thrombin receptors.

To examine the specificity of increased TXA, receptor
ligand binding, other platelet activating agents, ADP (28), and
the calcium ionophore A23187 (29) were evaluated. However,
neither agent induced a significant increase in [*H]U46619
binding, even at concentrations (10 uM and 1 uM, respectively,
Fig. 2a), which produce maximal calcium mobilization, platelet
aggregation, and exposure of intracellular membrane compo-
nents (30, 31). These results therefore indicate that the “inter-
receptor signaling” observed between thrombin and TXA,
receptors is not simply a consequence of generalized platelet
activation, increased intracellular calcium, or exposure of
cryptic TXA, receptors.

We next attempted to define which platelet components
(cytosolic and/or membrane) are required for thrombin-
mediated inter-receptor signaling. In these experiments, we
also tested whether the increase in ligand binding is limited to
agonists, or whether antagonist binding, e.g., SQ29,548 (32), is
elevated by thrombin treatment as well. It was found (Fig. 2b)
that pretreatment of solubilized platelet membranes with 1
unit/ml thrombin resulted in a significant increase in
[*H]SQ29,548 binding. Furthermore, as was observed in intact
platelets: (i) preincubation with hirudin reduced inter-receptor
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Fic. 2. Ligand binding to platelet TXA, receptors. (¢) [FH]U46619 binding to intact washed platelets. Platelets, pretreated with aspirin (1 mM)
to prevent endogenous TXA; production, were incubated with thrombin, thrombin plus hirudin, ADP, A23187, plasmin, or TRAP at the
concentrations indicated. Binding was performed as described (19), and results are expressed as percentage increase in [PH]U46619-specific binding
relative to unstimulated platelets. All experiments were done in triplicate at least five times, and the values represent means = SEM of all results.
The average specific binding in the absence of agonist pretreatment was 18.2 = 2.4 fmol/10° platelets. Statistical significance was evaluated using
a Kruskal-Wallis analysis of variance followed by Dunn’s multiple comparison test (* P < 0.05; #* P < 0.01). (b) [?’H]SQ29,548 binding to solubilized
platelet membranes. Platelet membranes were solubilized in CHAPS (15) and pretreated with thrombin, thrombin plus hirudin, ADP, A23187,
plasmin, or TRAP at the concentrations indicated. Binding was performed as described (15), and results are expressed as the percentage increase
in [®H]SQ29,548-specific binding relative to unstimulated, solubilized platelet membranes. All experiments were done in triplicate at least four times,
and the values represent means = SEM of all results. The average specific binding in the absence of agonist pretreatment was 138 = 15 fmol/mg
protein. Statistical significance was evaluated by using a one-way analysis of variance followed by Bonferroni’s multiple comparison test (* P < 0.05;

#% P < 0.01).

signaling; (ii) neither proteolysis by plasmin nor addition of
ADP or A23187 had an effect on TXA, receptor-ligand
interaction; and (iii) addition of TRAP also resulted in an
increase in antagonist binding. These findings in a solubilized
membrane preparation provide evidence that the communi-
cation pathway for inter-receptor signaling resides in the
platelet membrane compartment and therefore occurs through
a mechanism that does not require cytosolic kinases, phos-
phatases, or other soluble platelet components.

To assess whether thrombin induces an increase in TXA,
receptor affinity, we next performed saturation-binding ex-
periments with [*H]|SQ29,548 in solubilized platelet mem-
branes. In the absence of TRAP, saturation binding revealed
aKqof7.8 +0.1nM (n = 4) and a Byax of 1,938 = 14 fmol/mg
protein, consistent with results previously described by using
S$Q29,548 in solubilized platelet membranes (15, 33). On the
other hand, after pretreatment with TRAP (50 uM), the K4
decreased by 23% (6 £ 0.4 nM; P < 0.05). Furthermore,
because a similar increase in Bmax Was not observed (1,744 =+
46 vs. 1,938 = 14 fmol/mg protein), these findings suggest that
an increase in TXA, receptor affinity serves as the basis for
inter-receptor signaling. Although this increase in affinity may
appear to be modest, it should be noted that it represents an
average of all TXA; receptors whether they are in low or high
affinity states. Because of this, the observed shift in K4 would
underestimate the affinity of the TXA, receptor population,
which is altered by thrombin receptor activation. This notion
is supported by the finding that when ligand binding is per-
formed at a concentration below the Ky, a much larger
percentage increase in specific binding is observed, i.e., 50%
(Fig. 2). Consequently, we consider that the reported increase
in TXA,; receptor affinity could be extremely important be-
cause it would produce its most pronounced effects at low
agonist concentrations, which would presumably be encoun-
tered in the biological milieu.

The classical model of signal transduction through a G
protein-coupled receptor predicts that the conformation of the
receptor determines the conformational state of its associated
G protein (1). Furthermore, recent evidence has suggested
that the corollary to this also occurs, i.e., association of a G
protein with its receptor can shift the receptor to a higher
affinity state for its ligand (34, 35). The existence of such
bidirectional signaling might therefore be responsible for the
communication between thrombin and TXA, receptors. Spe-
cifically, because both thrombin and TXA, receptors share a
common G, subunit, i.e., Gaq (16, 25, 36), this subunit may
serve as a vector for signaling between these two separate
receptors. Thus, thrombin receptor stimulation may lead to a
“redistribution” of activated G.q such that more TXA, recep-
tors become G protein associated, and in so doing, shift to a
higher affinity state for ligand binding.

To assess whether G proteins are indeed involved in inter-
receptor signaling, we first measured the effect of the nonhy-
drolyzable GTP analog, GTPvS on [*H]SQ29,548 binding. It
was found that pretreatment of solubilized platelet membranes
with GTPyS (100 uM) resultedina 21 = 3% (n = 13; P < 0.05)
decrease in SQ29,548 binding. Because GTPyS causes disso-
ciation of the G, subunit from its receptor (1), these results
suggest that the binding affinity of TXA, receptors is in fact
influenced by their G protein-binding status. To further test
this hypothesis, [*H]SQ29,548 binding was performed in sol-
ubilized platelet membranes treated with an antibody (G-QL)
directed against the C-terminal region of G.q (16, 37). It can
be seen that addition of G-QL IgG (150 ug/ml, Fig. 3a)
resulted in almost complete inhibition of the thrombin-
induced increase in SQ29,548 binding, whereas preimmune
IgG (150 ug/ml) was without effect. Because previous studies
have indicated that this antibody prevents TXA; receptor-Goq
association (16, 36), these results provide evidence that throm-
bin-induced TXA; receptor ligand binding is indeed due to an
increased association of TXA, receptors with Gqq.
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FIG. 3. Involvement of Gaq in inter-receptor signaling. (a) Effect of G-QL 1gG on [*H]SQ29,548 binding to solubilized platelet membranes.

Platelet membranes were solubilized in CHAPS (15) and incubated with preimmune IgG (PI IgG; 150 ug/ml) or an antibody raised against the
C terminus of Gaq (G-QL IgG; 150 ug/ml) in the presence of 1 unit/ml thrombin. [*H]SQ29,548 binding was performed as described (15), and
results are expressed as the percentage increase in [PH]SQ29,548-specific binding relative to unstimulated solubilized platelet membranes. All
experiments were done in triplicate at least four times, and the values represent means = SEM of all results. The average specific binding in the
absence of agonist pretreatment was 138 = 15 fmol/mg protein. Statistical analysis measuring the effect of G-QL IgG on thrombin-induced ligand
binding was performed by using a two-sample Student’s ¢ test (x, P < 0.05). Addition of G-QL IgG or PI IgG did not significantly affect baseline
[*H]SQ29,548 binding (data not shown). For comparison with thrombin treatment alone see Fig. 2b. (b) Effect of TRAP treatment on Gaq
association with TXA, receptors. Solubilized platelet membranes were subjected to immunoaffinity chromatography purification (24) in the
presence or absence of TRAP (fraction 1 = last wash; fractions 2-6 = elution fractions). Results of one representative experiment are expressed
in counts per minute (cpm) of specifically eluted ['>1]G-QL IgG. (Inset) Average TRAP-induced percentage increase in [!>1]G-QL IgG counts
relative to vehicle (n = 9). TRAP treatment had no effect on the amount of TXA; receptor purified (data not shown). Statistical significance was

evaluated by using a two-sample Student’s ¢ test (*, P < 0.05).

This notion was confirmed in the next series of experiments
that directly measured the physical association of Guq with
TXA, receptors. In these experiments, immunoaffinity chro-
matography purification of the receptor-G protein complex
was performed (24, 25), and G.q was quantitated by using
['>I]G-QL antibody. Fig. 3b illustrates a representative Ggq
elution profile in the presence or absence of TRAP (50 uM).
It can be seen that TRAP caused a measurable increase in the
specifically eluted [12°T)G-QL counts. The average of nine such
experiments revealed that the magnitude of this increased
Gq-receptor association was ~25% (P < 0.05) (Fig. 3b Inset).
These results therefore demonstrate that thrombin receptor
activation causes a shift in the distribution of G proteins such
that more G.q becomes associated with TXA; receptors.

Finally, preliminary experiments indicate that a separate
Goq-coupled platelet receptor, i.e., the platelet-activating fac-
tor (38—40) receptor also is capable of modulating TXA,
receptor ligand affinity. In these studies, platelet-activating
factor (0.5 pg/ml) induced a 21 * 7% (n = 5; P < 0.05)
increase in [*H]SQ29,548 binding in solubilized platelet mem-
branes. These results therefore suggest that inter-receptor
signaling is not limited to thrombin and TXA, receptors but
also can occur between other receptor pairs sharing a common
G, subunit.

In summary, the above data identify a molecular mechanism
for communication between seven-transmembrane receptors,
such that G proteins cycle not only within a single signal
transduction pathway but also between separate pathways.
This signaling mechanism would allow the activation history of
one class of receptors to modulate the sensitivity of a separate

class of receptors and thereby serve as one molecular mech-
anism for cellular adaptive processes such as synergism.
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