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ABSTRACT

G protein-coupled receptors transmit extracellular signals into
the cells by activating heterotrimeric G proteins, a process that
is often followed by receptor desensitization. Monitoring such a
process in real time and in living cells will help better under-
stand how G protein activation occurs. Energy transfer-based
approaches [fluorescence resonance energy transfer (FRET)
and bioluminescence resonance energy transfer (BRET)] were
recently shown to be powerful methods to monitor the G pro-
tein-coupled receptors (GPCRs)-G protein association in living
cells. Here, we used a BRET technique to monitor the coupling
between the protease-activated receptor 1 (PAR1) and Gaj,
protein. A specific constitutive BRET signal can be measured
between nonactivated PAR1 and the G, protein expressed at
a physiological level. This signal is insensitive to pertussis toxin
(PTX) and probably reflects the preassembly of these two pro-

teins. The BRET signal rapidly increases upon receptor activa-
tion in a PTX-sensitive manner. The BRET signal then returns to
the basal level after few minutes. The desensitization of the
BRET signal is concomitant with B-arrestin-1 recruitment to the
receptor, consistent with the known rapid desensitization of
PARs. The agonist-induced BRET increase was dependent on
the insertion site of fluorophores in proteins. Taken together,
our results show that BRET between GPCRs and Ga proteins
can be used to monitor the receptor activation in real time and
in living cells. Our data also revealed that PAR1 can be part of
a preassembled complex with Ge;; protein, resulting either
from a direct interaction between these partners or from their
colocalization in specific microdomains, and that receptor ac-
tivation probably results in rearrangements within such com-
plexes.

G protein-coupled receptors (GPCRs) represent one of the
most important gene family in mammalian genomes. These
receptors allow signals as diverse as photons, ions, amino
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acids, lipids, catecholamines, peptides, or proteins to trans-
mit information inside the cells by activating heterotrimeric
G proteins formed by various «, 8, and y subunits (Bockaert
and Pin, 1999). However, the detailed analysis of GPCRs and
G protein activation in living cells is still limited. Within the
last few years, energy transfer technologies (FRET and
BRET) were shown to enable such an analysis allowing to
monitor the physical proximity between various partners of a
GPCR signaling cascade: the receptor, G protein subunits,
and their effectors (Janetopoulos et al., 2001; Bunemann et
al., 2003; Yi et al., 2003; Azpiazu and Gautam, 2004; Frank et

ABBREVIATIONS: GPCR, G protein-coupled receptor; PAR, protease-activated receptor; BRET, bioluminescence resonance energy transfer;
FRET, fluorescence resonance energy transfer; Rluc, Renilla reniformis luciferase; YFP, yellow fluorescent protein; TRAP, thrombin receptor-
activating peptide; PTX, pertussis toxin; GABAb, y-4-aminobutyric acid receptor type B; ELISA, enzyme-linked immunosorbent assay; SCH79797,
N-3-cyclopropyl-7-{[4-(1-methyl-ethyl)phenyllmethyl}-7H-pyrrolo[3,2-flquinazoline-1,3 diamine; DMEM, Dulbecco’s modified Eagle’s medium;
PBS, phosphate-buffered saline; PCR, polymerase chain reaction; IGF, Institut de Génomique Fonctionnelle; TFLLR, Thr-Phe-Leu-Leu-Arg-NH,;
SLIGRL, Ser-Leu-Iso-Gly-Arg-Leu-NH,; CGP54626, [S-(R*,R*)]-3-[[1-(3,4-dichlorophenyl)ethyl]amino]-2-hydroxypropyl](cyclohexylmethyl) phos-

phinic acid.
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al., 2005; Galés et al., 2005, 2006; Hein et al., 2005; Nobles et
al., 2005; Dowal et al., 2006; Rebois et al., 2006). Agonist-
promoted energy transfer change has often been taken as the
major indicator of either the association/dissociation of pro-
teins or the transition from the inactive to active state of
proteins. Indeed, although some authors linked the agonist-
induced decrease of energy transfer signals with the revers-
ible dissociation between G protein subunits (Janetopoulos et
al., 2001; Yi et al., 2003; Azpiazu and Gautam, 2004), others
proposed, in contrast, that no molecular dissociation occurred
between «, B, and vy subunits after receptor activation, and
the decrease in energy transfer signals reflects molecular
rearrangements and conformational changes within the afy
heterotrimer (Bunemann et al., 2003; Galés et al., 2006).
Likewise, for the interaction between GPCRs and G proteins,
some data are consistent with the association-dissociation
model and the absence of receptor-G protein “preassociation”
or “preassembly” (Hein et al., 2005), whereas others support
a preassembly and agonist-induced conformational changes
of preassembled GPCRs-G proteins complexes (Galés et al.,
2005, 2006; Nobles et al., 2005).

Protease-activated receptors (PARs) are a family of four
different receptors that are activated by various proteases
(Macfarlane et al., 2001; Hollenberg and Compton, 2002).
PAR1, PAR3, and PAR4 respond to a highly selective group of
serine proteases that include thrombin, plasmin, the factor
Xa, and the activated protein C (Macfarlane et al., 2001;
Cottrell et al., 2002). In contrast, PAR2 receptor can be
activated by trypsin, tryptase, and the coagulation factors
VIIa and Xa (Macfarlane et al., 2001; Cottrell et al., 2002).
The activation mechanism of these receptors involved the
cleavage of their N-terminal segment by the protease, un-
masking a new N terminus that acts as a tethered ligand,
directly activating the transmembrane core of the receptor
(Coughlin, 1999). Of interest, PARs can also be activated by
synthetic peptides that mimic the tethered ligand without
the requirement of protease cleavage of receptors (Vu et al.,
1991, Chen et al., 1994; Al-Ani et al., 2002). Such an activa-
tion mechanism leads to the constitutive activation of the
receptor by proteases, followed by the rapid desensitization,
internalization, and degradation of the cleaved receptor (Cot-
trell et al., 2002; Trejo, 2003; Chen et al., 2004). This desen-
sitization process involved the well-characterized phosphor-
ylation of the receptor by G protein-coupled receptor kinases
and the recruitment of arrestins (Paing et al., 2002; Trejo,
2003). PARs are involved in a number of physiological pro-
cesses such as thrombosis (Chung et al., 2002), vascular
biology (Barnes et al., 2004), inflammation (Kannan, 2002),
and the regulation of cell proliferation and tumorigenesis
(Boire et al., 2005) and represent important new targets for
the treatment of a number of pathologies.

In the present study, we used a BRET approach to monitor
the coupling between PAR1 and Ge;; protein in living COS-7
cells. Our data show that PAR1 receptor activation using
either thrombin or agonist peptides mimicking the tethered
ligands lead to a rapid but transient increase in the BRET
signal measured between the receptor fused to yellow fluo-
rescent protein (YFP) and Ga;; fused to Renilla reniformis
luciferase enzyme (Rluc). The desensitization kinetic of this
response is similar to that of the recruitment of B-arrestin-1
to the receptor, indicating that the observed signal reflects
the G protein activation in living cells. It is interesting that

our data also revealed a close proximity between the inactive
receptor and the Go;; protein consistent with their possible
preassembly.

Materials and Methods

Materials. Human cDNAs for PAR1 and PAR2 were cloned into
pcDNA3.1+ (Guthrie Research Institute, Sayre, PA); pcDNA3-Rluc,
Rluc-B-arrestin-1, V2-YFP, and Ge;;-122-Rluc were generously pro-
vided by R. Jockers, M. G. Scott (Institut Cochin, Paris, France), T.
Durroux [Institut de Génomique Fonctionnelle (IGF), Montpellier,
France], C. Galés, and M. Bouvier (Université de Montréal, Mon-
treal, QC, Canada), respectively; bovine thrombin (~93 NIH U/mg of
protein, 1 U/ml ~ 0.3 uM) and bovine trypsin pancreas were from
Calbiochem Merck KgaA (Darmstadt, Germany); mouse anti-PAR1
antibody was from Zymed Laboratories (South San Francisco, CA);
monoclonal anti-Flag M2 was from Sigma-Aldrich (St. Louis, MO);
the polyclonal rabbit anti-Ga;q,, antibody (Lledo et al., 1992) and
TRAP-14 peptide (Ser-Phe-Leu-Leu-Arg-Asn-Pro-Asn-Asp-Lys-Tyr-
Glu-Pro-Phe-NH,) were generous gifts from Dr. V. Homburger (IGF,
Montpellier, France); SCH79797, Thr-Phe-Leu-Leu-Arg-NH,
(TFLLR), and Ser-Leu-Iso-Gly-Arg-Leu-NH, (SLIGRL) peptides
were from Tocris Cookson Inc. (Ellisville, MO); 96-well white micro-
plates were from Greiner Bio-One SAS (Courtaboeuf, France); and
Coelenterazine A substrate was from Promega (Charbonnieres,
France).

Plasmid Constructions. PAR1-YFP and PAR2-YFP fusion pro-
teins were obtained by fusing the ¢cDNA coding for YFP at the
C-terminal end of receptors. For this, the coding regions of the
human PARs have been amplified without stop codon using forward
and reverse primers bearing the cloning BamHI site. The PCR prod-
ucts were inserted in phase between BamHI site into pRK6-YFP
plasmid (T. Durroux, IGF, Montpellier, France). Similar strategy has
been followed for the truncation of the N terminus (PAR1-AN-YFP)
and the deletion of the C terminus (PAR1-AC-YFP) of PAR1 using
the BamHI cloning site. For all of these constructs, the junction
sequence between PARs and YFP was similar coding for 10 residues
(YRDPRVPVAT).

For Ga;;-Rluc fusion protein, site-directed mutagenesis was first
performed on the cDNA of the human Ge;; to insert an EcoRI site
between position encoding isoleucine 93 and aspartic acid 94 within
the helical domain of the G protein (Fig. 11C). Then, the intermedi-
ate construct (Ga;;-EcoRI) was used to insert at the EcoRI site the
coding region of Rluc without stop codon and bearing the glycine
rich-linker sequences coding for Gly-Asn-Ser-Gly-Gly in the 5’ end
and Gly-Gly-Gly-Asn-Ser in the 3’ end, respectively. The PCR prod-
uct of Rluc was inserted in phase between the EcoRI site of Ga;q-
EcoRI plasmid. For Gag-Rluc construct, the fusion was performed
between alanine 188 and aspartic acid 189 using Nhel site with
glycine rich-linker similar to that used for Ga;;-Rluc.

For Flag-PAR1-YFP construct, the Mlul/HindIII fragment of
PAR1-YFP obtained by PCR was inserted between Mlul and HindIIT
into pRK5-Flag-GABAb1 containing the mGluR5 signal peptide to
allow its expression and targeting to the cell surface. All constructs
were verified by sequencing, and their expression in COS-7 cells was
confirmed by luminescence, fluorescence, and Western blot.

Cell Culture and Transfection. COS-7 cells were grown in
complete medium [DMEM supplemented with 10% (v/v) fetal bovine
serum, 4.5 g/l glucose, 100 U/ml penicillin, 0.1 mg/ml streptomycin,
and 1 mM glutamine) (all from Invitrogen, Carlsbad, CA). Transient
transfections were performed using electroporation as described pre-
viously (Brabet et al., 1998).

Microplate BRET Assay and Kinetics Analysis. Twenty-four
hours after transfection, COS-7 cells were detached with PBS and 5
mM EDTA, washed three times with PBS, and resuspended in a
suitable volume of PBS. Cells at a density of 2 to 5 X 10* cells/well
were distributed in a 96-well microplate. Coelenterazine i substrate
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was added at a final concentration of 5 uM in the total volume of 50
ul/well. Readings were then immediately performed after the addi-
tion of different ligands at room temperature and at 0.05- or 0.5-s
intervals and during several minutes using the Mithras LB 940 plate
reader (Berthold Biotechnologies, Bad Wildbad, Germany) that al-
lows the sequential integration of light signals detected with two
filter settings (Rluc filter, 485 = 20 nm; and YFP filter, 530 = 25 nm).
For the kinetic studies, we used the injection system of the Mithras
reader. Data were collected using the MicroWin2000 software
(Berthold Biotechnologies), and BRET signal was expressed in mil-
LiBRET units of BRET ratio as described previously (Ayoub et al.,
2002). For dose-response data, curves were fitted with a nonlinear
regression and sigmoid dose-response equation using Prism software
(GraphPad Software Inc., San Diego, CA).

The kinetics analysis of the ligand-induced BRET signal between
Ga;;-Rluc and PAR1-YFP was performed on two time windows. The
activation kinetic was determined on a time window of 50 s after
thrombin injection (window 1) corresponding to a phase during
which the desensitization process was reduced. Likewise, the desen-
sitization kinetic was determined on a time window from 5 to 15 min
after thrombin injection (window 2). For the activation kinetics, the
signal was fitted with GraphPad Prism software using the equation
Y = Plateau + (Top,;ngow: — Plateau) X (1 — exp#* * & = X0)) in
which Topingow: corresponds to the maximal BRET signal reached
after thrombin injection and X, is the time of thrombin injection. For
the desensitization kinetics, the signal was fitted using the equation
Y = (TopPyingows — Bottom) X (1 — exp * * ) + Bottom, in which
Topyindowsz corresponds to the BRET signal reached after 5 min of
thrombin injection. For both equations, X is the time, plateau rep-
resents the basal BRET before thrombin injection, and bottom rep-
resents the mean BRET signal after 15 min. The halftime value (¢,,5)
was calculated as the ratio 0.69/k.

For the kinetics of B-arrestin-1 translocation, thrombin-
promoted BRET signal was fitted using the equation Y = Top X
(1 — exp™* *X), in which Top corresponds to the maximal BRET
signal and X is the time.

cAMP Assay. The determination of the cAMP accumulation in
COS-7 cells was performed in 96-well microplates using the HTRF-
cAMP Dynamic kit (CisBio International, Bagnols sur Céze, France).
In brief, cells were stimulated 30 min at 37°C with ligands in the
presence or the absence of 10 uM forskolin in 50 mM phosphate
buffer, pH 7.0, 0.2% bovine serum albumin, 0.02% NaN,, and pre-
servatives. The reaction was stopped by 50 mM phosphate buffer, pH
7.0, 1 M KF, and 1% Triton X-100 containing HTRF assay reagents:
the Europium Cryptate-labeled anti-cAMP antibody and the XL665-
labeled cAMP. The assay was incubated overnight at 4°C, and time-
resolved FRET signals were measured 50 us after excitation at 620
and 665 nm using a RubyStar instrument (BMG Labtechnologies,
Champigny-sur-Marne, France).

Inositol Phosphate Measurements. The determination of the
inositol phosphate 1 accumulation in COS-7 cells was performed in
96-wells microplates using the HTRF-IP-One kit (CisBio Interna-
tional). In brief, cells were stimulated for 30 min at 37°C with
thrombin in the stimulation buffer (10 mM HEPES, 1 mM CacCl,, 0.5
mM MgCl,, 4.2 mM KCl, 146 mM NaCl, 5.5 mM glucose, and 50 mM
LiCl, pH 7.4). The reaction was stopped by 50 mM phosphate buffer,
pH 7.0, 1 M KF, and 1% Triton X-100 containing HTRF assay
reagents: the Europium Cryptate-labeled anti-IP1 antibody and d2-
labeled IP1. The assay was incubated overnight at 4°C, and time-
resolved FRET signals were measured 50 us after excitation at 620
and 665 nm using a RubyStar instrument.

ELISA. Twenty-four hours after transfection, COS-7 cells were
fixed for 5 min at room temperature with 4% of paraformaldehyde
and permeabilized or not for 5 min with 0.05% Triton X-100. Cells
were then blocked with phosphate-buffered saline containing 1%
fetal calf serum and incubated 30 min at room temperature with 1
png/ml monoclonal anti-PAR1 or anti-Flag M2 antibodies. After wash-
ing steps, cells were incubated for 30 min with 0.5 ug/ml horseradish
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peroxidase-coupled anti-mouse secondary antibody (GE Healthcare,
Chalfont St. Giles, Buckinghamshire, UK) and washed again. Bound
antibody was detected using a SuperSignal substrate (Pierce, Rock-
ford, IL) and a Mithras LB 940 plate reader.

Luciferase Gene Reporter Assay. COS-7 cells were transfected
with the serum-response element-luciferase gene reporter and PAR1
receptors, washed with PBS, and switched to serum-free DMEM
overnight. Cells were then treated or not with ligands for 6 h in the
serum-free DMEM at 37°C, washed with PBS, and lysed with the
reagent containing the luciferase substrate (Promega Bright-Glo
Luciferase Assay System). Luminescence was measured immedi-
ately using the Mithras LB 940 instrument.

Ligand Binding Assay. Ligand binding assay was performed as
described previously (Galvez et al., 2001) with 40,000 cells/well and
using the radiolabled GABAb receptor antagonist [PH]CGP54626
(specific activity = 40 Ci/mmol) at the final concentration of 5 nM.
Specific binding was determined by the incubation of cells with
GABA 1 mM and the number of receptors per well or per cell was
determined and correlated with the ELISA signal using the anti-
Flag antibody.

Western Blotting. COS-7 cells transfected or not with Go;; or
Ga;;-Rluc were lysed in Laemmli buffer (125 mM Tris-HCI, pH 6.8,
4% SDS, 20% glycerol, and 0.01% bromphenol blue) and warmed for
5 min at 90°C. Samples were then resolved by 10% SDS-polyacryl-
amide gel electrophoresis, transferred to nitrocellulose membrane
(GE Healthcare), and subjected to immunoblotting using a polyclonal
rabbit anti-Geay;, antibody (Lledo et al., 1992). Immunoreactive
bands were visualized by the ECL detection Kit (GE Healthcare) on
Kodak ML light films.

Confocal Imaging. COS-7 cells transiently expressing PAR1-
YFP were fixed for 5 min at room temperature with 4% paraformal-
dehyde and washed with PBS. Coverslips were then mounted with
Gel/Mount (Biomeda, Foster City, CA) and microscopic observations
were performed on a Leica SP2 UV (Leica, Wetzlar, Germany) con-
focal microscope with a Plan-Apochromat 63X/1.4 numerical aper-
ture oil objective with the appropriate YFP spectrums sittings.

Statistical Analysis. Two-way analysis of variance test associ-
ated to Bonferroni post test (GraphPad Prism software) was used to
determine statistically significant differences between control (in the
absence of ligands) and stimulated conditions.

Results

PAR1 and Ge;; Protein Fused to Energy Acceptor
and Donor Proteins. To monitor the coupling of PAR1 to
Ga;; protein using a BRET approach, these two proteins were
fused with the energy acceptor YFP and the energy donor
Rluc, respectively (Fig. 1A). The YFP was fused at the C
terminus of PAR1, and this did not alter its expression at the
cell surface as shown by confocal microscopy (Fig. 1B) or
ELISA assay with the anti-PAR1 antibody (Fig. 1C), showing
that the majority of receptors is expressed on the cell surface.
Functional analysis showed that PAR1-YFP activated signal-
ing pathways in similar way than the wild-type receptor, as
monitored by the inositol phosphate production (Fig. 1D),
luciferase gene reporter, and cAMP assays (data not shown).
Thrombin potency measured on cells expressing PAR1-YFP
(EC50 = 1 = 0.4 nM, n = 3) was similar to that measured on
cell expressing PAR1 (EC;, = 1.68 = 1.3 nM, n = 3).

The Ga;;-Rluc was obtained by inserting Rluc within the
helical domain of the Ga;; protein between I1e93 and Asp94
residues. Such a position was chosen based on the crystal
structure of the GaBy heterotrimeric complex and was al-
ready used in many other studies with either Ga; (Bunemann
et al., 2003; Frank et al., 2005; Galés et al., 2006), Ga, (Yi et
al., 2003; Hynes et al., 2004), or Ga, (Azpiazu and Gautam,
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Fig. 1. Cell expression and functional analysis of PAR1-YFP and Ge;;-Rluc fusion proteins. A, for BRET experiments, PAR1 and Ga proteins (Gay,
and Ge,) were fused to the YFP and Rluc, respectively, and transiently coexpressed in COS-7 cells as described under Materials and Methods. B,
confocal microscopy on COS-7 cells transiently expressing PAR1-YFP. C, ELISA assay performed on cells expressing or not PAR1-YFP and
permeabilized or not with Triton X-100 (0.05%) using the monoclonal anti-PAR1 antibody (1 ug/ml). D, inositol phosphate 1 production measured on
cells expressing or not either PAR1 or PAR1-YFP and stimulated with increasing concentrations of thrombin. E, Western blotting on cells expressing
or not Ga;; or Ga;;-Rluc (3 pg of DNA each) using the anti-Ga;,,, antibody (1:1000); NS, nonspecific band. F, ligand-promoted intracellular cAMP
modulation in cells expressing PAR1-YFP or V2-YFP in the absence or presence of either Ga;;-Rluc or Ge,-Rluc. The treatment with PTX (100 ng/ml)
was performed overnight at 37°C before the cell stimulation and cAMP measurements. G, thrombin-promoted intracellular cAMP modulation in cells
expressing PAR1-YFP in the absence or presence of Go;;-Rluc fusion protein. For cAMP assay, data represent the percentage of inhibition of
forskolin-induced cAMP production. Data are representative of three independent experiments. ###, p < 0.001; ##, p < 0.01 compared with control (in
the absence of ligand).
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2004; Nobles et al., 2005). In all cases, these fusion G proteins
were shown to be correctly expressed and to allow an efficient
coupling of receptors to their effectors. Indeed, like Gy, (~43
kDa), our Ga;;-Rluc is correctly expressed at the expected
molecular mass (~78 kDa), as shown by Western blot using
the antibody that recognizes Ge;; and Ga;, subunits (Fig. 1E)
and by luminescence measurements (Fig. 2C). Note that the
Ga;;-Rluc expression level is close to that of the endogenous
proteins. The functionality of Go;;-Rluc construct is illus-
trated by its ability to potentiate the inhibition of forskolin-
stimulated cAMP production mediated by PAR1-YFP in a
PTX-sensitive manner (Fig. 1F). In addition, the coexpres-
sion of Gey;-Rluc with PAR1-YFP (Fig. 1G), lysophosphatidic
acid, or GABAD (data not shown) receptors largely enhanced
agonist-induced inhibition of cAMP production. Such a po-
tentiation in cAMP inhibition did not result from an in-
creased expression level of PAR1 at the cell surface in the
presence of the cotransfected Ga;; protein, as shown using an
ELISA assay performed on intact cells using anti-PAR1 an-
tibody (data not shown).

Monitoring PAR1-Ge;, Proximity in Living Cells by
BRET. In cells coexpressing PAR1-YFP and Ge;;-Rluc, a
significant basal BRET signal was detected compared with
cells coexpressing Ga,-Rluc and PAR1-YFP or V2-YFP (Fig.
2, A and B). When cells were treated with thrombin (50
U/ml =~ 15 uM), the BRET signal significantly increased
between PAR1-YFP and Ge;;-Rluc but not Goag-Rluc (Fig.
2A). In contrast, the BRET between Gag-Rluc and V2-YFP
can be specifically increased after cell stimulation with vaso-
pressin (1 uM) (Fig. 2B). These differences in the basal BRET
signal and the sensitivity to receptor activation between
Goa;;-Rluc and Gag-Rluc were not due to the difference in the
expression level of BRET partners quantified by lumines-
cence and fluorescence measurements (Fig. 2C). These re-
sults are compatible with the coupling properties of PAR1
and V2 receptors illustrated in Fig. 1F, because PARI1 is
known to activate Ga;; but not G, and inversely for V2.

The Specificity of the Basal and the Protease-In-
duced BRET Signal. To demonstrate the specificity of both
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the basal and agonist-induced BRET signal, we performed
BRET-saturation assay developed previously to demonstrate
the specificity of protein-protein interactions (Mercier et al.,
2002; Ayoub et al., 2004). Indeed, when the amount of Ga;;-
Rluc was maintained constant, increasing the amount of
PAR1-YFP leads to an increase in the BRET ratio that
reaches a plateau (Fig. 3A). This plateau probably corre-
sponds to the situation in which all Gey;-Rluc proteins avail-
able are specifically “preassembled” with available PAR1-
YFP. Of interest, activation of the receptor leads to an
increase in the maximal saturated BRET, consistent with a
change in the energy transfer efficiency, rather than to the
recruitment of additional G proteins in the vicinity of the
receptor.

The specificity of the energy transfer was also verified by
the BRET competition assay (Ayoub et al., 2002). The consti-
tutive and thrombin-promoted BRET signals between PAR1-
YFP and “nonsaturating” amount of Ga;;-Rluc can be de-
creased by the coexpression of the untagged Go;; protein
(Fig. 3B). This was not due to the change in the acceptor/
donor (YFP/Rluc) ratio controlled by measuring both lumi-
nescence (Rluc signal) and fluorescence (YFP signal) signals
(Fig. 3C). This further confirms that the amount of Gay;
proteins in the vicinity of the receptor is saturable.

Quantification of PAR1 Expression at the Cell Sur-
face. To determine the number of PAR1 receptors at the cell
surface, we used a Flag-PAR1-YFP construct that possesses
a Flag epitope inserted at the N terminus. This receptor was
shown to share the same functional properties as the wild-
type PAR1 in terms of its ability to activate the inositol
phosphate formation (data not shown). ELISA assay revealed
that the receptor is correctly targeted to the cell surface (Fig.
4A). By comparing the ELISA signal with Flag-PAR1-YFP
with that measured with a Flag-GABAD receptor, for which
the exact expression level can be determined by binding
studies on intact cells with a nonpermeable radioligand (Fig.
4B), we calculated an expression of approximately 100,000
Flag-PAR1-YFP receptors per COS-7 cell. Fluorescence mea-
surements indicate that Flag-PAR1-YFP receptor expression
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Fig. 2. Specific constitutive and thrombin-promoted BRET between PAR1 and Ge;, protein in living COS-7 cells. BRET measurements were performed
on cells coexpressing Ga;;-Rluc or Ga-Rluc with either PAR1-YFP (A) or V2-YFP (B) in the absence or presence of thrombin (50 U/ml ~ 15 pM) or
arginine vasopressin (1 uM) as indicated. C, quantification of the luciferase (Rluc) activity ((J) and YFP fluorescence (l) of BRET partners measured
in BRET assay. Data are representative of three independent experiments. ###, p < 0.001; #*, p < 0.01 compared with control (in the absence of ligand).
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is 5 times lower than the PAR1-YFP under similar transfec-
tion conditions (Fig. 4C), such that the measured basal BRET
between Flag-PAR1-YFP and Go;;-Rluc is also lower (Fig.
4D) but still within the BRET saturation curve, as indicated
by the corresponding YFP/Rluc ratio (Fig. 3A).

Real-Time Analysis of PAR1-Ge;, Association and
Desensitization. Kinetic analysis showed that thrombin-
induced BRET increase between Gea;;-Rluc and PAR1-YFP

A B

occurred rapidly (¢,,5, = 4.3 = 0.6 s, n = 13) (Fig. 5A). This
increase persists for a few minutes and returns to the basal
signal 15 min after protease application (Fig. 5B), consistent
with known PAR1 desensitization properties (Trejo, 2003).
Indeed, when the signal was measured after preincubation
for 30 min with thrombin, no BRET increase was observed
(Fig. 5C). It is interesting that this decrease in agonist-
induced BRET is concomitant with the recruitment of B-ar-
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Fig. 3. BRET saturation and BRET competition assays of the BRET between PAR1 and Ga;;. A, BRET saturation assay was performed on cells
coexpressing constant amount of Ga;;-Rluc fusion protein (energy donor) and increasing amounts of PAR1-YFP (energy acceptor) and BRET signal was
determined in the absence ([J) or presence (A) of thrombin (50 U/ml) and fitted with fluorescence/luminescence ratio (YFP/Rluc) using a nonlinear
regression equation (GraphPad Prism software). The arrow indicates the Flag-PAR1-YFP/Ge,;-Rluc ratio (~0.04) for which the receptor number has
been determined by radiobinding assay and corresponding to 100,000 Flag-PAR1-YFP receptors/cell (see Fig. 4). B, BRET-competition assay was
performed on cells transiently coexpressing Go;;-Rluc and PAR1-YFP with an excess of the untagged Ge;; protein and in the absence ((J) or presence
(M) of thrombin. C, quantification of the luciferase (Rluc) activity ((]) and YFP fluorescence (M) measured in BRET competition assay. The saturation
curve represents the mean = S.E.M. of three individual experiments, and data shown in B and C are representative of three independents
experiments. ##, p < 0.001.%, p < 0.05 compared with control (in the absence of thrombin) or with pRKS6 (in the absence of the untagged Gg;,).
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pressing the indicated receptors using
the anti-Flag antibody (1 pg/ml). B,
correlation between the ELISA signal
with Flag-GABAD receptor measured
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binding assay as described under Ma-
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D cell. Cells transiently expressing
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mine the relative expression level of
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ceptors by fluorescence (M) (C) and to
measure the energy transfer between
the G protein and receptors in the ab-
sence or presence of thrombin (50
U/ml). Data are representative of at
least three independent experiments.
wx% p < 0.001 compared with control
(in the absence of thrombin).
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restin-1 to PAR1, also monitored by BRET. Indeed, thrombin  with potencies reported for these proteases on PARs (O’Brien
application induced a BRET increase between Rluc-B-arres- et al., 2000; Al-Ani et al., 2002; Boire et al., 2005). Third,
tin-1 and PAR1-YFP in a dose-dependent manner with a peptides known to mimic the activating N-terminal end of
potency (EC5, = 2 = 0.3 nM, n = 3) similar to that deter- PARs after their cleavage by proteases increased the BRET
mined in other functional assays (Fig. 6A). Moreover, kinetic signal. This was obtained either with the nonselective PAR-
analysis shows that the ¢,,, value of the recruitment of B-ar-  gctivating peptide TRAP-14 (100 uM) (Debeir et al., 1996) or
restin-1 (5.4 = 0.9 min, n = 5) (Fig. 6B) is compatible with  ith the PAR1-selective (TFLLR, 100 uM) (Chung et al.,
that of the decay phase of agonist-induced BRET between 2002) agonist peptides on PAR1-expressing cells (Fig. SA).
Gay-Rlue and PARL-YFP (¢, = 6.9 * 1.7 min, 7 = 8, qpe pAR2-selective peptide (SLIGRL, 100 uM) (Al-Ani et al.,
assuming a monoexponential deca.y) (Fig. 5B),' These dai';a 2002) had no effect on PAR1-expressing cells (Fig. 8A), but it
demonstrate that a fast and reversible process is involved in was active on PAR2 expressing cells (data not shown). The
the increase in BRET between PAR1 and Ge;; resulting from . . .
receptor activation, and the activation/desensitization pro- TFLLR-induced BRET increase was dose-dependent with an
’ EC;, value of 5.8 = 1.9 uM (n = 8) in agreement with its

cesses of PARI1 can be studied by BRET. . .
PARs Activation Is Responsible for the Increase in reported potency on PAR1 (Fig. 8B) (Seeley et al., 2003). Like

the BRET Signal. Several lines of evidence indicate that for thrgmbin, kinetics ans.ilysis shows that peptide-inducgd
thrombin-induced BRET increase results from PAR] activa- DRET increase occurs rapidly (t,,, = 6'5. +15 s, n= 5) (Fig.
tion. First, when using a trypsin-activated PAR2 receptor 8C). Similar effect of the PAR1-selective peptide was ob-
(Coughlin, 2000; Macfarlane et al., 2001) fused to YFP in- served when PAR1 was deleted of its N-terminal end con-
stead of PAR1, a similar basal BRET was measured with taining the tethered ligand (PAR1-AN-YFP) (Fig. 8D) and
Gay;-Rluc that is increased after trypsin (100 nM) but not making the receptor insensitive to thrombin (Fig. 8, E and F).
thrombin stimulation (Fig. 7A). Second, thrombin (Fig. 7B) Finally, both protease inhibitors (Fig. 9A) and the PAR1-
and trypsin (Fig. 7C) effects on PAR1 and PAR2, respec- selective nonpeptidic antagonist SCH79797 (10 uM) (Fig. 9B)
tively, were dose-dependent with EC;, values (6.3 = 0.2 nM, completely abolished the agonist-promoted BRET increase
n = 17, and 1.3 = 0.3 nM, n = 3, respectively) comparable without affecting the basal BRET signal.
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Fig. 5. Kinetic analysis of thrombin-induced BRET increase between PAR1 and Ga;;. Cells transiently coexpressing Ga;,-Rluc and PAR1-YFP were
used for BRET experiments, and repetitive signals were recorded immediately before and after the injection of thrombin (50 U/ml) during 125 s (A)
or 15 min (B). For A, BRET signal was fitted as described under Materials and Methods. C, cells transiently coexpressing Ga;;-Rluc and PAR1-YFP
were pretreated or not with thrombin 30 min at 37°C, and BRET measurements were then performed immediately after stimulation (H) or not ([(])
with thrombin. Data are representative of 13 (A), 8 (B), and 3 (C) independent experiments. ##+, p < 0.001 compared with control (in the absence of
thrombin).
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37°C with increasing concentrations
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indicated time (B). For B, the kinetic
analysis is described under Materials
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Agonist-Induced BRET Increase Is Associated to pressed agonist-induced BRET but not the basal signal. This
Ga;; Activation. We next examined whether the basal and demonstrates that the basal BRET measured in the absence
agonist-induced BRET result from G protein activation. In- of PAR1 activation does not result from G protein activation.
activating Ga;;-Rluc with PTX (100 ng/ml) (Fig. 10) sup- Moreover, these data reveal that the mode of interaction or
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Fig. 7. The BRET increase is receptor- and protease-specific. A, the Go;;-Rluc fusion protein was transiently coexpressed with PAR1-YFP or
PAR2-YFP as indicated, and energy transfer measurements were performed at 25°C immediately after stimulation or not with thrombin (50 U/ml) or
trypsin (100 nM). Dose-response experiments of thrombin (B) or trypsin (C) -induced BRET increase between Ga;; protein and PARs as indicated. Data
are mean = S.E.M. of 6 (A), 17 (B), or 3 (C) independent experiments. #**, p < 0.001. ns, p > 0.05 compared with control (in the absence of ligands).
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Fig. 8. Thrombin-induced BRET increase can be mimicked by PAR peptides. A, cells transiently coexpressing Ge;;-Rluc and PAR1-YFP were used for
BRET experiments after the rapid stimulation with thrombin (50 U/ml) or peptides (TFLLR, TRAP-14, SLIGRL) (100 uM) as indicated. B,
dose-response of TFLLR-induced BRET increase. C, kinetics analysis of TFLLR-induced BRET increase between Ga;;-Rluc and PAR1-YFP. D,
schematic sequence of PAR1-AN-YFP mutant in which the thrombin cleavage site and the tethered ligand were deleted. E, luciferase gene reporter
assay was performed on cells transfected with the serum-response element-luciferase gene reporter plasmid with either PAR1-YFP or PAR1-AN-YFP
and treated for 6 h at 37°C with thrombin (50 U/ml) or the TFLLR peptide (100 uM) as indicated. F, BRET measurements on cells transiently
coexpressing Go;;-Rluc and PAR1-AN-YFP in the absence or presence of thrombin (50 U/ml) or the TFLLR peptide (100 nM) as indicated. Data are
the mean = S.E.M. of three (A) or eight (B) independent experiments. For C, E, and F, data are representative of five, three, and three independent
experiments, respectively. ##%, p < 0.001. ns, p > 0.05 compared with control (in the absence of ligands).
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assembly between Ge;; and PAR1 (the distance and/or the
relative orientation of Rluc and YFP fused to Ge;; and PAR1,
respectively) is probably different whether the receptor is in
its inactive or active state.

Movement within the Preassembled PAR1-Geg;,
Complexes Represents the Major Cause of the Agonist-
Induced BRET Increase. To get more insights in the mo-
lecular events leading to BRET increase after receptor acti-
vation, similar experiments were conducted with a receptor
in which the YFP was inserted at a different site, closer to the
helix 8 (PAR1-AC-YFP) (Fig. 11A). Indeed, if the increase in
BRET resulting from receptor activation is due to the recruit-
ment of additional Ge;; protein in the close vicinity of the
receptor, this should be observed regardless of the YFP po-
sition on the receptor. Such a deletion completely abolished
the agonist-induced recruitment of B-arrestin-1 but not its
ability to activate G proteins (data not shown). A high basal
BRET signal was measured between PAR1-AC-YFP and
Go;;-Rlue, but the activation of this mutant with either
thrombin or TFLLR did not lead to any change in the BRET
signal (Fig. 11B).

We also examined the influence of the Rluc position in Gay,
protein on the basal and agonist-induced BRET. For this
reason, we used a Ga;; fusion protein in which Rluc was
inserted at position Alal121-Glul22 in the helical-rich do-
main (Ga;;-122-Rluc) (Galés et al., 2006). In this construct,
the Rluc is positioned on the other side of the G protein
compared with Ga;;-Rluc used so far in our study (Fig. 11C).
As shown in Fig. 11D, a larger basal BRET is observed with
both PAR1-YFP and PAR1-AC-YFP and Gg;;-122-Rluc com-
pared with Ga;;-Rluc (Fig. 11B), and this despite a similar
expression level of all partners (data not shown). However,
no further increase in BRET was observed upon activation of
the receptors with either thrombin or TFLLR (Fig. 11D).
Taken together, these data clearly dissociate the BRET in-
crease from the recruitment of the G protein by the activated
receptor and support the proposal that PAR1 and Ge;; are
preassembled and that receptor activation led to a change in
the positioning of the Ga;; subunit relative to the receptor.

Discussion

The application of energy transfer-based assays to study
the interaction between GPCRs and their cognate G proteins
constitutes an attractive field of research in GPCR biology.
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Here, we monitored the physical proximity between PAR1
and Gy, protein using a BRET approach in living COS-7
cells. Our data show that the kinetics of BRET changes
resulting from PARI1 receptor activation is consistent with
the fast activation process and the known desensitization
properties of these receptors. These data further indicate
that BRET signals measured between the receptor and G
protein can be used to monitor GPCR activation and desen-
sitization in real time and in living cells.

Our data first revealed a significant basal BRET signal
between PARs-YFP (PAR1 and PAR2) and Ga;;-Rluc. This
basal BRET is specific because it was not observed with
Goa,-Rluc, in agreement with the known coupling properties
of PARs (Coughlin, 2000; Macfarlane et al., 2001), and is
saturable as shown by the BRET-saturation experiment and
the displacement by the “unlabeled” Ga;; protein. Moreover,
such a basal BRET is measured with Ga;;-Rluc expression
level similar to that of endogenous Gea;; and is observed for
receptor expression level at the cell surface of approximately
100,000 receptors per COS-7 cell. This is consistent with the
known physiological expression of PAR1 in platelets [approx-
imately 1000 receptors per platelet (Brass et al., 1992; Nor-
ton et al., 1993), corresponding to 100,000 receptors per
COS-7 cell, assuming the latter is 10 times larger in diame-
ter].

Recent studies using BRET or FRET approaches also re-
ported a constitutive energy transfer between GPCRs and G
proteins (Janetopoulos et al., 2001; Bunemann et al., 2003; Yi
et al., 2003; Azpiazu and Gautam, 2004; Frank et al., 2005;
Galés et al., 2005, 2006; Hein et al., 2005; Nobles et al., 2005).
The authors propose that this is due either to the existence of
a “preassociated” or “preassembled” receptor-G protein com-
plexes or to the constitutive activity of the GPCR. Our data
do not support that the basal BRET signal results from any
possible constitutive activation of Ga;; by PARs. Indeed,
there is so far no evidence for the constitutive activity of
PARs, including in our expression system (data not shown).
Moreover, PAR1 antagonist does not inhibit the basal BRET,
and PTX did not affect the basal BRET, whereas it clearly
prevents the agonist-induced increase in BRET. This firmly
demonstrates that the basal BRET does not result from the
activation of Gay;.

An increasing number of recent publications using BRET
or FRET techniques reported the study of the physical prox-

Fig. 9. Agonist-induced BRET in-
crease is associated with the receptor
activation. BRET measurements were
performed in the absence or presence
of thrombin or the TFLLR peptide on
cells transiently coexpressing Go;q-
Rluc and PAR1-YFP and pretreated
or not for 15 min at room temperature
with a mixture of protease inhibitors
(A) or for 3 h at 37°C with the PAR1-
selective antagonist SCH79797 (10
uM) (B). Data are representative of
three independent experiments. s,
p < 0.001; ##, p < 0.01 compared with
control (in the absence of ligands).
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imity between various partners of a GPCR signaling cascade:
the receptor, G proteins, and their effectors (Janetopoulos et
al., 2001; Bunemann et al., 2003; Yi et al., 2003; Azpiazu and
Gautam, 2004; Frank et al., 2005; Galés et al., 2005, 2006;
Hein et al., 2005; Nobles et al., 2005; Dowal et al., 2006;
Rebois et al., 2006). Such a close proximity suggests a direct
interaction between these partners. However, despite major
efforts, we have not been able to observe coimmunoprecipi-
tation of PARs and Ga;; protein. Although the direct inter-

ok ok
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— 190 —
L
& 180+
170 4+
100
50 —

Untreated PTX

Fig. 10. Agonist-induced BRET increase is associated with G, protein
activation. BRET measurements were performed in the absence or pres-
ence of thrombin or the TFLLR peptide on cells transiently coexpressing
Gay;-Rluc and PAR1-YFP and pretreated or not overnight at 37°C with
pertussis toxin (100 ng/ml). Data are representative of three independent
experiments. *##, p < 0.001. ns, p > 0.05 compared with control (in the
absence of ligands or PTX).

A

action between PARs and Gey; is a likely explanation, our
data may also well be explained by a colocalization of both
partners in specific small microdomains. Indeed, recent stud-
ies using single-molecule tracking reported that GPCR diffu-
sion is restricted to small microdomains that may be limited
by specific fences under the plasma membrane (Kusumi et
al., 2005; Suzuki et al., 2005) or may possibly correspond to
caveolae or lipid raft (Insel et al., 2005; Meyer et al., 2006). If
the G proteins are also incorporated into such microdomains,
this will probably result in a limited number of G proteins in
the close vicinity of the receptor, consistent with a saturable
basal BRET signal observed. Moreover, the likely high den-
sity of both receptors and G proteins in such microdomains
(Insel et al., 2005) may favor energy transfer between Rluc
and YFP fused to these partners. Other recent study by
BRET and bimolecular fluorescence complementation ap-
proaches reported that receptors and G proteins complexes
are formed early during proteins biosynthesis (Dupre et al.,
2006), such that part of the basal BRET observed probably
reflects such preformed intracellular complexes. However, it
is worth noting that the basal BRET cannot result solely
from intracellular complexes, as demonstrated by the BRET
saturation experiment shown in Fig. 3A. The proportion of
intracellular receptors is expected to increase when receptor
expression levels reach saturation. If the basal BRET only
reflects intracellular complexes, then the basal BRET value
relative to the agonist-induced BRET value should largely
increase with receptor expression. This is clearly not the
case.

Our second main observation is that PAR1 activation using
either thrombin or peptides mimicking the tethered ligand
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Fig. 11. The BRET increase depends on the position of Rluc and YFP within the preassembled PAR1-Ge;; complexes. A, schematic sequence of the
YFP fusion protein of the C terminus-deleted PAR1 (PAR1-AC-YFP). BRET measurements were than performed in the absence or presence of
thrombin or the TFLLR peptide on cells transiently coexpressing Ga;;-Rluc (B) or Ga;;-122-Rluc (D) with either PAR1-YFP or PAR1-AC-YFP as
indicated. C, structural representation of the Ge;;-GDP subunit (Protein Data Base code 1GP2) indicating the insertion sites of Rluc within the helical
domain of the G protein. Data are representative of three independent experiments. ##*, p < 0.001 compared with control (in the absence of ligands).
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leads to a rapid increase in the BRET signal measured be-
tween the receptor and Go;;. These effects were specific to
the receptor-protease/peptide pair. Moreover, the BRET in-
crease was completely prevented by protease inhibitors,
PARI1 antagonist, and PTX, indicating that agonist-induced
BRET increase reflects the activation of receptor-G protein
complexes. The agonist-induced BRET increase between
Go;;-Rluc and PAR1-YFP was found to be rapid, in agree-
ment with the rapid activation of G proteins by other GPCRs
(Bunemann et al., 2003; Galés et al., 2005, 2006) and consis-
tent with what is expected for such a process. Our kinetic
analysis revealed a ¢;,, value of approximately 5 s when
using saturating concentrations of thrombin, a process that
seems slower than that reported for Ge; activation by the
ay-adrenergic receptor using either BRET (Galés et al., 2005;
Galés et al., 2006) or FRET (Hein et al., 2005). This may well
result from differences in the activation kinetic between dif-
ferent GPCRs, as observed between the PTH and «,-adren-
ergic receptors (Vilardaga et al., 2003).

Further evidence that ligand-induced BRET increase re-
sults from G protein activation comes from the reversibility
of this effect, consistent with the well-known PAR1 receptor
desensitization (Trejo, 2003). Indeed, our data revealed that
the agonist-induced BRET was largely decreased after 10
min and disappeared after 30 min, a kinetic that nicely fits
with that of thrombin-induced B-arrestin-1 recruitment, also
monitored by BRET. These data clearly indicate that agonist-
induced BRET increase, but not the basal signal, is associ-
ated with PAR1 and Ge,;; protein activation and further
confirms the role of B-arrestin-1 in G protein uncoupling and
PAR1 desensitization.

Two possibilities can explain the increase in BRET ratio
observed between PARs and Ga;; protein after activation: 1)
additional recruitment of Ga;; protein by the active form of
the receptor; or 2) a change in the relative positioning of the
fused YFP and Rluc within the preassembled receptors and G
proteins. Our data are not consistent with the additional
recruitment of Ga;; proteins in the preassembled complexes.
Indeed, when increasing the amount of PAR1-YFP fusion
protein with a constant amount of Ga;;-Rluc, a saturation
limit in the basal BRET signal is observed suggesting that all
receptors are preassembled with the G protein under these
conditions. Upon receptor activation, this maximal BRET
value is increased. This is consistent with a better efficacy in
the energy transfer within the preassembled receptor-G pro-
tein complex after activation rather than an increase in the
number of G proteins interacting with the receptor. Accord-
ingly, the increase in BRET signal observed after receptor
activation probably results from a relative movement of the
fused Rluc and YFP in the preassembled complexes. This
proposal is also supported by the differential sensitivity to
PTX treatment of the basal and agonist-induced BRET. Be-
cause a direct interaction between the C-terminal tail of Gay;
protein (the target of PTX) and the second and third intra-
cellular loops of the receptor is known to occur during acti-
vation (Bourne, 1997), this further indicates that Go;, inter-
acts in a specific manner with the active form of the receptor.
Moreover, the movement hypothesis is supported by the fact
that the agonist-induced BRET change largely depends on
the relative positioning of the Rluc and YFP in the G protein
and the receptor, respectively. Indeed, the agonist-induced
BRET increase is completely abolished when the YFP is
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fused closer to the helix 8 of PAR1 (in agreement with the
expected movement of the C-terminal tail of the receptor
during activation) (Fig. 11B) and is not observed if Rluc is
inserted on the other side of the Ga;; protein (Fig. 11, C and
D). This would not be expected if the increase in BRET
simply results from G protein recruitment in the vicinity of
the activated receptor.

Taken together, our data are consistent with a preassem-
bly between Gy, protein and PARs and their relative move-
ment occurring after receptor activation. Whether such a
preassembly results from a direct interaction of PARs and
the G protein or their colocalization in small and saturable
membrane microdomains remains to be further studied.
Whatever, this is compatible with recent studies reporting
the existence of preassembled complexes between receptors,
G proteins and effectors (Galés et al., 2005, 2006; Nobles et
al., 2005; Dowal et al., 2006; Rebois et al., 2006). All of these
studies proposed that energy transfer changes reflect confor-
mational changes within the preassociated complexes rather
than receptor activation-promoted association. This suggests
that the assembly of GPCRs, G proteins, and effectors does
not represent a limiting step in the activation process and
further documents the hypothesis that these partners can be
part of preassembled protein complexes responsible for
GPCR-mediated signaling, offering the way to a higher se-
lectivity and a faster process.
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