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ABSTRACT Nitric oxide (NO) is a potent vasodilator and
inhibitor of platelet activation. NO stimulates production of
¢GMP and activates cGMP-dependent protein kinase (G
kinase), which by an unknown mechanism leads to inhibition
of Gag-phospholipase C-inositol 1,4,5-triphosphate signaling
and intracellular calcium mobilization for several important
agonists, including thromboxane A, (TXA;). To explore the
mechanism of platelet inhibition by NO, activation of platelet
TXA,; receptors in the presence of cGMP was studied. The
nonhydrolyzable analog 8-bromo-cyclic GMP (8-Br-cGMP)
potently inhibited activation of the TXA,-specific GTPase in
platelet membranes in a concentration-dependent fashion,
suggesting that G kinase catalyzes the phosphorylation of
some proximal component of the receptor-G protein signaling
pathway. Nanomolar concentrations of G kinase were found to
catalyze the phosphorylation of platelet TXA, receptors in
vitro, but not Gay copurifying with the TXA; receptors in these
experiments. Using immunoaffinity methods, in vivo phos-
phorylation of TXA, receptors by cyclic GMP was demon-
strated from 3?P-labeled cells treated with 8-Br-cGMP. Pep-
tide mapping studies of ir vivo phosphorylated TXA, receptors
demonstrated cGMP mediates phosphorylation of the car-
boxyl terminus of the TXA, receptor. G kinase also catalyzed
the phosphorylation of peptides corresponding to the cyto-
plasmic tails of both « and B forms of the receptor but not
control peptide or a peptide corresponding to the third
intracytoplasmic loop of the TXA, receptor. These data iden-
tify TXA, receptors as cGMP-dependent protein Kinase sub-
strates and support a novel mechanism for the inhibition of
cell function by NO in which activation of G kinase inhibits
signaling by G protein-coupled receptors by catalyzing their
phosphorylation.

The vascular endothelium secretes nitric oxide (NO), the most
important known endogenous vasodilator (1), which further
protects the vessel wall by inhibiting platelet aggregation (2-5),
secretion (6), adhesion (7), and fibrinogen binding to its
integrin platelet membrane receptor, GplIbIIla (8). In both
vascular smooth muscle cells and platelets, these effects of NO
are known to be mediated by cGMP, which inhibits phospho-
lipase C activation, inositol 1,4,5-triphosphate (InsP3) gener-
ation, and [Ca®* ]y mobilization (reviewed in ref. 9; see also refs.
8, 10-15). The inhibitory effects of cGMP are principally
mediated by cGMP-dependent protein kinase (G kinase) (9,
15-17), but the site(s) at which G kinase acts to inhibit platelet
activation is unknown.
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The arachidonic acid metabolite thromboxane A, (TXA,) is
a potent stimulus of platelet aggregation and a physiologic
regulator of vascular smooth muscle cell contraction (18-20).
Inhibitors of TXA, production decrease ischemic events in
clinical populations (21), supporting an important role for
TXA; in in vivo regulation of hemostasis and thrombosis. The
signal transduction events initiated by TXA, stimulation of
platelets are well characterized. Two splice variants of the
TXA, receptor have been identified that differ only in their
carboxyl termini; the « isoform has a 15-amino acid carboxyl-
terminal extension, whereas the B isoform has a 79-amino acid
extension (22, 23). Both isoforms are expressed in platelets and
cause platelet activation by increasing phosphoinositide-
specific phospholipase C (PLC) activity (23, 24) via the
pertussis-insensitive GTP binding protein, Gaq (25-32). PLC
generates InsP3, which in turn leads to release of intracellular
calcium and activation of Ca?*/calmodulin-regulated proteins
such as myosin light chain kinase. Myosin light chain kinase
then phosphorylates myosin light chain, promoting platelet
aggregation and granule secretion (reviewed in ref. 33).

The coupling of seven transmembrane receptors such as the
TXA, receptor to G proteins occurs principally through cyto-
plasmic receptor domains, especially the third intracellular
loop and the cytoplasmic carboxyl-terminal tail (reviewed in
refs. 34-36). The receptor-G protein interaction can be un-
coupled by receptor phosphorylation, the principal mechanism
by which this family of receptors is rapidly desensitized fol-
lowing agonist activation (36). Agonist activation of G protein-
coupled receptors is tightly and reciprocally regulated by two
types of kinases: G protein receptor kinases (GRK) and second
messenger kinases (36). GRK, such as rhodopsin kinase and
the B-adrenergic receptor kinases, desensitize receptors only
after agonist stimulation, which initiates GRK recruitment and
receptor phosphorylation. Cyclic AMP-dependent protein ki-
nase and protein kinase C also have been reported to catalyze
the phosphorylation and promote the desensitization of the
B-adrenergic and other receptors following agonist activation
in vitro (reviewed in ref. 34). However, regulation of G
protein-coupled receptors has not been shown previously to
involve G kinase, the principal mediator of NO-cGMP signal-
ing. In this report, we demonstrate that cGMP prevents TXA,
receptors from coupling to and activating their cognate G
proteins and show further that the TXA, receptors themselves
are substrates for G kinase in vivo. We propose that NO-
mediated inhibition of platelet activation may be due in part to
phosphorylation of G protein-coupled receptors by G kinase,
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which disrupts receptor-G protein coupling and thus down-
stream signaling.

METHODS

GTPase Assay. TXA,-stimulated GTPase activity was mea-
sured in platelet membranes as reported previously (29). In
brief, reactions were initiated by the addition of 20-45 g of
platelet membranes to tubes in the absence or presence of 10
uM of the TXA; analog U46619. The final reaction mixture
(total volume = 100 ul) contained 0.4 uM GTP, including
0.6-0.9 nCi of [y-32P]GTP (1.5-2 X 10° dpm), as well as 100
mM NaCl, 0.1 mM EGTA, 2 mM MgCl,, 1 mM dithiothreitol,
0.1 mM ATP, 5 mM phosphocreatine, 100 units/ml creatine
phosphokinase, 0.2% bovine serum albumin, 50 mM trietha-
nolamine HCI, pH 7.4, and indicated concentrations of ago-
nist. For experiments with 8-bromo-cyclic GMP (8-Br-cGMP),
platelet membranes were incubated at room temperature for
10 min in 8-Br-cGMP (1 nM to 100 uM) prior to stimulation
with U46619. GTPase reactions were terminated with 5%
activated charcoal/20 mM phosphoric acid, and high affinity
GTPase activity was measured and calculated as described (27,
29).

Antibody Production and Immunoaffinity Purification of
the TXA, Receptors. An antibody to the TXA, receptor was
raised in rabbits using a GST-fusion peptide based on the third
cytoplasmic loop of the TXA, receptor (amino acids 221-
TLCHVYHGQEAAQQRPRDSEVEMMAQ-246) (22). The
GST-fusion protein was generated by in-frame ligation of the
c¢DNA corresponding to the third intracytoplasmic domain of
the receptor to the expression plasmid pGEX3X, as reported
previously (37). Antisera were screened by dot-blotting meth-
ods using the GST-peptide antigen, with GST alone used as
control (38). Peptide antisera TXR2 specifically recognized
the intracytoplasmic loop 3 peptide and also recognized a
48-53-kDa protein in human platelets corresponding to the
endogenous TXA, receptor (see Fig. 2). Platelets were pre-
pared from plateletpheresis units as described (29, 37). Platelet
lysis conditions with varying detergent and ionic conditions
were optimized to maximize recovery of the TXA, receptors.
The radioimmunoprecipitation buffer ultimately chosen for all
experiments consisted of 25 mM Tris-HCl, pH 7.8, 5 mM
MgCl,, 2.5 mM EDTA, 0.5% digitonin, with a mixture of
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 100
ng/ml chymostatin, 2 ng/ml aprotinin, 1 ug/ml E-64, 0.5
wg/ml leupeptin, 2.5 pg/ml antipain, 100 uM benzamidine).
Platelet lysates were precleared with protein A beads prior to
receptor isolation experiments to remove any potential resid-
ual human IgG. For isolation of platelet TXA, receptors, the
TXR2 antibody was first purified and concentrated on protein
A beads, eluted with 100 mM glycine, pH 3.0, adjusted to pH
7.0, and then covalently linked to Sulfolink coupling gel beads
(Pierce). Antibody beads were next washed, mixed with 2 ml
of concentrated platelet lysate (from ~10'° platelets), incu-
bated for 3 hrs with rocking, and then washed extensively with
radioimmunoprecipitation buffer. Receptor was next eluted
with 100 mM glycine buffer, pH 3.0, as described (38). All
immunoblotting studies were performed as described previ-
ously and developed using the enhanced chemiluminescence
system (Amersham) (39). In some experiments, membranes
were stripped with 100 mM B-mercaptoethanol, 2% SDS, 62.5
mM TrissHCI, pH 6.8, at 50°C for 30 min, blocked, and
reprobed with a different antibody. The anti-G kinase antibody
RIFB was immunopurified and has been described in detail
(40). Anti-G4/Gy antibodies were the kind gift of D. Manning
(University of Pennsylvania) (41).

Endoproteinase Lys-C Digestion of the TXA, Receptor.
Enzymatic proteolysis of the unique lysine residue of the TXA,
receptor (Lys-288) with endoproteinase Lys-C was performed
by the method of True and Mais (42) using enzyme conditions
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recommended by the manufacturer (Boehringer Mannheim).
Recombinant N-glucosidase F used for some studies was also
from Boehringer Mannheim.

In Vitro Phosphorylation of TXA, Receptors and of GST-
Fusion Peptides. In vitro phosphorylation experiments with
immunopurified TXA; receptors were performed as described
(43, 44). Reactions were in 50 mM Tris-HCI, pH 7.5, 5 mM
MgCl,, 0.1 mM cGMP for 10-15 min at room temperature and
were initiated by addition of 10 uCi of [y->’P]ATP (6,000
Ci/mmol; Dupont/NEN) and stopped by addition of HCI to a
final concentration of 10 mM (43). GST-fusion peptides were
prepared from the full-length TXA, receptor cDNA as tem-
plate in PCR reactions in which cDNAs corresponding to the
third intracytoplasmic loop and the cytoplasmic tails of the
TXA,; receptors were amplified. The sequences amplified for
each construct corresponds to the third intracytoplasmic loop
(iL3) amino acids 220-246; for the TXA, receptor a C
terminus, amino acids 310-343; and for the TXA, receptor
C terminus, amino acids 310-369. All cDNA were subcloned
into the GST-fusion protein expression vector pPGEX3X, ver-
ified by sequencing, and expressed in Escherichia coli, as above.
Purified fusion proteins were introduced into a kinase reaction
mixture containing 0.1 mM [y->?P]ATP and nanomolar con-
centrations of purified G kinase (see Results). For all in vitro
phosphorylation studies, G kinase was prepared and charac-
terized as reported (43).

In Vivo Phosphorylation of TXA, Receptors. To examine
TXA; phosphorylation in vivo, HEL cells were chosen for their
high density of functional TXA, receptors identical to the
platelet receptor (45, 46) and were labeled with 32P as de-
scribed (39) and then exposed to buffer alone (10 min),
U46619 (5 uM, 10 min), or 8-Br-cGMP (10 mM, 15 min).
Reactions were terminated by addition of ice-cold TEB buffer
(20 mM Tris-Cl, pH 7.4, 5 mM EGTA, 0.128 mg/ml phenyl-
methylsulfonyl fluoride, 0.15 mg/ml benzamidine, Cl) fol-
lowed by preparation of solubilized TXA; receptor fractions in
CHAPS buffer (20 mM TrisCl, pH 7.4, 5 mM EGTA, 25%
glycerol, 0.128 mg/ml phenylmethylsulfonyl fluoride, 0.156
mg/ml benzamidine Cl, 10 mM CHAPS) as described in detail
previously (47). TXA; receptor fractions were then purified on
and eluted from TXA, antibody affinity beads as above,
resolved by SDS/PAGE, and transferred to nitrocellulose.
Receptor was quantified by immunoblotting. and phosphory-
lation was quantitated by Phospholmager analysis (39). For
peptide mapping of in vivo phosphorylated TXA, receptors
with endoproteinase Lys-C, receptor bands were cut from
nitrocellulose and eluted overnight in elution buffer (50 mM
Tris*Cl, pH 9.0, 2% SDS and 1% Triton X-100) (48). Eluates
were then dialyzed for 48 h against 25 mM Tris-Cl, pH 8.5, 1
mM EDTA, subjected to enzymatic proteolysis as above, and
resolved on 15% SDS/PAGE gels.

RESULTS

¢GMP Inhibits U46619-Stimulated GTPase Activation.
Treatment of platelets with NO or cGMP inhibits the ability of
several agonists to stimulate phospholipase C, generate InsPs,
and mobilize intracellular calcium ([Ca2*];) (8, 11, 12, 16, 33).
To test whether cGMP can directly influence receptor-G
protein coupling, the effect of the nonhydrolyzable cGMP
derivative, 8-Br-cGMP, on the TXA;-specific GTPase in hu-
man platelet membranes was studied. Membranes were pre-
incubated without or with varying concentrations of 8-Br-
c¢GMP for 10 min and then stimulated with the TXA, agonist
U46619. In untreated membranes, U46619 caused the ex-
pected stimulation of TXA,-specific GTPase activity (Fig. 1)
(cf. refs. 27, 49), with an average increase in GTPase activity
of 5.5 = 1.3 pmol of 3P/min/mg platelet protein (n = three
experiments in triplicate). The effects of cGMP on this TXA,-
specific GTPase were studied next by pretreating the platelet
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Fic.1. TXA;receptor-coupled GTPase activation in human plate-
let membranes is inhibited by 8-Br-cGMP. Platelet membranes were
stimulated with 10 uM of the TXA; analog U46619 in the absence or
presence of varying concentrations of 8-Br-cGMP. Basal GTPase
activity (open circle) and U46619-stimulated GTPase activity in
buffer-treated membranes (grey circle; +U4) are shown, as is the
progressive inhibition of U46619-stimulated GTPase by 8-Br-cGMP
(dark circles). The ICsp for inhibition of the TXA,-stimulated GTPase
by 8-Br-cGMP is 75 nM (n = three experiments in triplicate). (Inset)
Immunoblot demonstrating the presence of high levels of G kinase in
the platelet membranes used for these studies. Lane 1, 0.2 ug of
purified G kinase; lane 2, 79 ug of total platelet membrane protein.

membranes with the nonhydrolyzable cGMP analog, 8-Br-
cGMP. Pretreatment of the platelet membranes with 8-Br-
c¢GMP inhibited the U46619-stimulated GTPase activity in a
dose-dependent fashion (closed circles; mean ICsy = 75 nM;
n = 3). In separate studies, pretreatment of platelet mem-
branes with 500 uM 8-Br-cGMP only minimally decreased
basal platelet membrane GTPase activity (by 8 = 9%, n = 4)
(data not shown). Immunoblotting studies of the platelet
membranes used in these studies demonstrated high levels of
G kinase (Fig. 1, inset). In addition, the half-maximal concen-
tration of 8-Br-cGMP necessary for GTPase inhibition in these
studies was very similar to the Kac for G kinase (50). There-
fore, potential G kinase substrates in the receptor-G protein
signaling complex that might explain the observed uncoupling
of receptor GTPase activation were explored.

In Vitro and in Vivo Phosphorylation of the TXA, Receptors
by G Kinase. To determine whether the TXA, receptors
themselves are substrates for G kinase, an antibody (TXR2)
was raised against the third cytoplasmic loop of the TXA,
receptor (see Methods). TXR2 antibody recognized a 48-53-
kDa protein in lysates of human platelets (Fig. 2 Left). In
previous reports, the TXA; receptor has been found to migrate
as a 48-55-kDa protein on SDS/PAGE systems (42, 51), which
overlaps with the M, of IgG heavy chain. To isolate TXA,
receptors free from the TXR2 antibody IgG heavy chain,
TXR2 antibody was covalently coupled to agarose beads and
used to immunopurify native TXA, receptor from concen-
trated human platelet lysates (Western blot, Fig. 2 Left). The
eluted receptor migrated with an M, of 48-53 kDa, was
recognized by the TXR2 antibody on immunoblots, and mi-
grated just below and entirely free from any IgG heavy chain
(Fig. 2). The thromboxane receptor contains a single endo-

Proc. Natl. Acad. Sci. USA 95 (1998)

L L* B* E1 E2 E3 R LC
97—
66— : 97—
as—| “ 66— N
- -
31— - 45-
'J
25— N e
14—

Fi1G. 2. Immunoblot demonstrating immunoaffinity isolation of
thromboxane receptors: (Left) Western blot demonstrating isolation of
TXA; receptors from human platelet lysates. TXA, receptors were
isolated by incubating platelet lysates with TXR?2 anti-receptor anti-
body precoupled to agarose beads. Bead eluates (E1-E3) were re-
solved by SDS/PAGE, transferred to nitrocellulose, and then immu-
noblotted with TXR2 antibody. L, platelet lysate; L*, lysate after
incubating with TXR2 antibody beads; B*, IgG from TXR2 beads;
E1-E3, sequential eluates from the TXR2 antibody beads incubated
with platelet lysate, washed, and then eluted with low pH glycine
buffer. The 47-53-kDa band in lanes L, E1, E2, and E3 is the platelet
TXA, receptor. (Right) Separate experiments demonstrating the ex-
pected (ref. 42) small decrease in M, of the TXA; receptor following
endoproteinase Lys-C digestion. One of four similar experiments. R,
TXA; receptors; LC, receptor digested with endoproteinase Lys-C.

peptidase Lys-C cleavage site (Lys-288). Endoproteinase
Lys-C digestion of the immunopurified receptor protein led to
the expected small decrease in receptor M, due to release of
the receptor C-terminal domain (42) (Fig. 2 Right). Digestion
of the receptor with N-glycosidase F also gave the expected
decrease in receptor M, due to deglycosylation, as described
previously (42, 51) (data not shown). In separate immunopre-
cipitation experiments, we also examined whether Gog/Gay
or its effector, PLCp, were phosphorylated in response to NO
or ¢cGMP. Immunoprecipitation of Gag/Gajy; from 32P-
labeled platelets treated with buffer alone, the S-nitrosothiol,
S-nitroso-N-acetylcysteine (8), or 8-Br-cGMP did not demon-
strate any significant G protein phosphorylation (cf. ref. 9).
Similarly, in studies using a variety of different monoclonal and
polyclonal PLCB antibodies, no increase in phosphorylation of
PLC due to NO or cGMP was detected (M.E.M., unpublished
results).

TXA, receptor eluates also were introduced into kinase
reactions with purified G kinase (29-145 nM), which demon-
strated in vitro phosphorylation of TXA, receptors (data not
shown; cf. Fig. 5). Interestingly, and as observed previously
(26), G¢/G11 G proteins copurified with the TXA, receptors
in these experiments but were not phosphorylated in any of the
in vitro G kinase reactions (data not shown). To examine
whether cGMP can lead to phosphorylation of TXA, receptors
in vivo, studies were performed using HEL cells, which contain
high densities of the platelet TXA, receptor (45, 46). As
expected, TXA, receptors in these experiments were phos-
phorylated following treatment of 3?P-labeled cells with the
thromboxane analog U46619 due to agonist-mediated activa-
tion of G protein receptor kinase(s) (36) (Fig. 3, lane U).
8-Br-cGMP treatment also led to clear and significant in-
creases in TXA, receptor phosphorylation to a level compa-
rable with agonist-induced phosphorylation in five such in vivo
experiments (Fig. 3, lane G).

The third intracytoplasmic loop and the cytoplasmic tails of
both the TXA; receptors « and B all contain potential serine/
threonine phosphorylation sites for G kinase, with 2, 6, and 17
serine/threonine residues, respectively (23, 24). Peptide map-
ping studies of in vivo phosphorylated TXA, receptors were
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F1G.3. Invivo phosphorylation of immunopurified TXA; receptor
by cyclic GMP and the thromboxane analog U46619. TXA, receptors
were isolated by immunoaffinity methods from 32P-labeled HEL cells
and resolved on SDS/PAGE gels, transferred to nitrocellulose, and
then subjected to autoradiography and immunoblotting. C, vehicle
control, 10 min; G, 10 mM 8-Br-cGMP, 15 min; U, 5uM U46619, 10
min. The lower panel is an immunoblot of the nitrocellulose shown
phosphorylated in the upper panel with anti-TXA, receptor antibody.
One of five similar experiments is shown.

undertaken next with endoproteinase Lys-C, which cleaves and
releases the seventh transmembrane domain and cytoplasmic
tail of TXA, receptors from the main body of the receptor by
proteolysis of Lys-288 (42) (Fig. 4). Digestion of in vivo
phosphorylated TXA, receptors with endoproteinase Lys-C
resulted in the release of receptor-associated 3P into a small

Tail »|

<« F

F1G. 4. Endoproteinase Lys-C digestion of in vivo phosphorylated
TXA; receptors. Undigested in vivo phosphorylated TXA; receptors
(—) or receptors enzymatically digested by endoproteinase Lys-C (+)
and resolved on 15% SDS/PAGE gel. Note that receptor-associated
32P is released by Lys-C digestion and migrates at 6—8 kDa, associated
with the carboxyl-terminal tail fragment (“Tail”). F, gel front. One of
two similar experiments is shown.
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6-8-kDa carboxyl terminal fragment of the receptor (Fig. 4).
Identical results were obtained by Lys-C digestion of immu-
nopurified TXA, receptors phosphorylated in vitro (data not
shown). Little or no phosphorylation was seen associated with
any larger M, proteins following endoproteinase Lys-C diges-
tion in these studies (Fig. 4). These data exclude the intracy-
toplasmic loops of the TXA, receptor as the site(s) of phos-
phorylation by G kinase and map the site(s) to somewhere
distal to Lysine 288 in the carboxyl terminus.
Phosphorylation of the TXA, Receptor Cytoplasmic Termi-
nal Peptide by G Kinase. To examine further the potential
phosphorylation of cytoplasmic domains of TXA, receptors,
an in vitro phosphorylation assay was used to test the ability of
G kinase to catalyze the phosphorylation of GST-fusion
proteins derived from the third intracytoplasmic loop and
C-terminal domains of the TXA, receptors (Fig. 5). Native
GST protein (G, left and right panels) was not phosphorylated
in these studies, nor was the peptide derived from the third
intracytoplasmic loop of the TXA, receptor phosphorylated
(iL3, left panel), even when concentrations of these two fusion
proteins 5-10-fold higher than those of the carboxyl-terminal
peptide-derived fusion protein were used (data not shown). In
contrast, physiologic concentrations of G kinase (8 nM) mark-
edly catalyzed the phosphorylation of the fusion peptide
corresponding to the cytoplasmic tail of the TXA; receptor «
(Fig. 5, left and right panels). Phosphorylation of the o
receptor carboxyl-terminal protein was dose-dependent and
maximal at a G kinase concentration of approximately 40 nM
(data not shown). In separate studies, peptide corresponding
to the cytoplasmic tail of the TXA, receptor B also was
phosphorylated using G kinase (Fig. 5, right panel, Lane B).
The level of phosphorylation of the a and B isoforms of the
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F1G.5. Invitro phosphorylation of peptide based on the C terminus
of TXA, receptors by G kinase. Kinase reactions contained 8 nM
purified G kinase, [y->*P]ATP, and recombinant GST protein (G), the
GST-TXA; receptor third intracytoplasmic loop (iL3), or the GST-
TXA; receptor tail sequence fusion protein corresponding to the « or
Bisoforms of the TXA, receptor (« and S, respectively). Proteins were
quantitated by Bradford assay and on Coomassie-stained gels, and the
same input concentrations of protein were used for the various
peptides. Left and right panels represent two different experiments.
Reactions were resolved on 10% SDS/PAGE gels to generate the
autoradiographs shown. (Right) Dark arrowhead denotes the TXA «
carboxyl-terminal fusion protein; open arrowhead denotes the TXA»
receptor B carboxyl-terminal fusion protein. One of three similar
experiments is shown in each case.
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TXA; receptor carboxyl termini was quite similar in this assay,
although the B form has 15 more serine/threonine residues
than the « form available for phosphorylation.

DISCUSSION

The data presented here show that cGMP directly inhibits
TXA,-specific GTPase activity in platelet membranes and that
G kinase catalyzes phosphorylation of the cytoplasmic carbox-
yl-terminal domain of the thromboxane receptor. These data
support a new model for inhibition of the TXA, receptor-G
protein—-PLC-InsP; signaling pathway by NO and cGMP (Fig.
6). This model is consistent with previous reports demonstrat-
ing NO- and cGMP-mediated inhibition of agonist-induced
InsP; generation and [Ca®*]; mobilization in platelets and
vascular smooth muscle cells (16, 52, 53) and has direct
parallels to the agonist-activated desensitization of G protein-
coupled receptors by the family of GRK (see refs. 34 and 36).
However, in contrast to homologous desensitization by GRK,
our data demonstrate receptor phosphorylation by G kinase
without a requirement for prior agonist occupancy (although
it remains possible that G kinase phosphorylates a precoupled
receptor population in our studies). In the model proposed in
Fig. 6, inhibition of G protein receptor signaling is triggered by
NO-mediated increases in intracellular cGMP levels in resting
cells, which results in basal receptor phosphorylation. NO thus
would shift the equilibrium in resting cells between uncoupled
receptors (R) and those receptors functionally coupled to their
cognate G protein(s) (R*) prior to agonist exposure (Fig. 6; cf.
refs. 54-58) and could render the receptor less able to be
activated by agonist (R—).

Cyclic GMP is capable of activating the cAMP-dependent
protein kinase (59), and we cannot exclude the possibility that
some of the inhibitory effects of 8-Br-cGMP on the platelet
TXA, GTPase in these studies were mediated by cAMP-
dependent protein kinase. However, previous data support
that these inhibitory effects of cGMP, as well as those of
cAMP, are mediated by G kinase and not cAMP-dependent
protein kinase (9, 40, 43). Although our in vitro and in vivo data
are consistent in demonstrating incorporation of 3?P into the
carboxyl-terminal tail of the TXA, receptors, identification of
the specific TXA; receptor C-terminal serine/threonine resi-
due(s) phosphorylated by G kinase will require sequential
site-directed mutagenesis of these serine/threonine residues in
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future studies. The experiments reported here do not exclude
the possibility that for other G protein-coupled receptors
inhibited by NO, the G protein and/or its effector are direct
targets for phosphorylation by G kinase. For instance, it has
been suggested that Gey is a substrate for G kinase (60). In
these latter studies, however, G; was a relatively poor substrate
for G kinase in vitro and in the intact cell, and in our studies
we have not been able to demonstrate any increase in phos-
phorylation of either platelet G proteins or PLC isoforms by
NO or cGMP. Our data do not explore whether other proteins
involved in G protein-coupled receptor signaling such as the
recently appreciated RGS proteins (61) are G kinase sub-
strates, nor do they address whether G kinase phosphorylation
recruits additional proteins, like B-arrestin or a homologous
protein, to the phosphorylated TXA, receptors.

The in vitro phosphorylation studies presented raise the
possibility that G kinase catalyzes the phosphorylation of
amino acid residue(s) in both the « and B receptor isoforms.
The TXR2 antibody used in the present work cannot distin-
guish between these two TXA, receptor isoforms, and it will
therefore also be important to study the degree to which each
isoform is a G kinase substrate and which TXRa and TXRp
residues are phosphorylated by G kinase. Based on the data
presented here and on previously described consensus phos-
phorylation sequences for G kinase (62), serine 324 and/or
threonine 325, in the amino acid sequence 317-RRLQPRLST-
325, are potential candidates for the residue(s) phosphorylated
by G kinase in the carboxyl terminus of the TXA, « receptor.

In vivo, NO is basally secreted and is the most important
known endogenous vasodilator, with a central role in the
maintenance of normal blood pressure and the inhibition of
platelet activation (1, 63). The present data and model predict
that normal NO secretion by the endothelium maintains some
degree of G kinase activation above baseline and thus a basal
level of phosphorylation of smooth muscle cell and platelet
TXA; receptors, which might be lost in disease states charac-
terized by decreased NO elaboration such as hypercholester-
olemia and atherosclerosis (1). In addition, stimulated in-
creases in NO and cGMP would be predicted to increase the
level of receptor phosphorylation. Thus, in vivo, both basal and
stimulated NO secretion would lead to rightward shifts of the
dose-response curves for receptor-coupled cellular responses,
“setting the gain” of the TXA, platelet activation pathway with
potentially important physiological consequences. Future

FiG. 6. Proposed model for the inhibition of G protein-coupled receptor activation by nitric oxide and cyclic-GMP. Nitric oxide activates
guanylate cyclase, producing cGMP and activating G kinase (GK). G kinase in turn phosphorylates the TXA; receptor, which prevents or disrupts
coupling of the receptor to its cognate GTP-binding protein G4 and thus inhibits activation of the effector, phospholipase C (PLC), preventing
[Ca?*]i mobilization and cellular activation. The net effect is to shift the equilibrium in resting cells between precoupled receptor and uncoupled
receptor toward the uncoupled state. It is also possible that the agonist-activated receptor is a target for G kinase. In this model, NO “sets the
gain” for cellular activation by G protein-coupled receptors like the TXA, receptor, resulting in a net decrease in platelet or vascular smooth muscle

activation by physiologic agonists.



Biochemistry: Wang et al.

studies will test this model further for the thromboxane
receptor and for other members of the G protein-coupled
receptor family.
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