
HAL Id: hal-00713589
https://hal.science/hal-00713589

Submitted on 8 Jun 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

High Constitutive Activity Is an Intrinsic Feature of
Ghrelin Receptor Protein. A study with a functional

monomeric GHS-R1a receptor reconstitued in lipid discs
Marjorie Damian, Jacky Marie, Jean-Philippe Leyris, Jean-Alain Fehrentz,

Pascal Verdie, Jean-Louis Banères, Sophie Mary

To cite this version:
Marjorie Damian, Jacky Marie, Jean-Philippe Leyris, Jean-Alain Fehrentz, Pascal Verdie, et al.. High
Constitutive Activity Is an Intrinsic Feature of Ghrelin Receptor Protein. A study with a functional
monomeric GHS-R1a receptor reconstitued in lipid discs. Journal of Biological Chemistry, 2012, 287
(6), pp.3630-3641. �10.1074/jbc.M111.288324�. �hal-00713589�

https://hal.science/hal-00713589
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


High Constitutive Activity Is an Intrinsic Feature of Ghrelin
Receptor Protein
A STUDY WITH A FUNCTIONAL MONOMERIC GHS-R1a RECEPTOR RECONSTITUTED IN
LIPID DISCS*□S
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Background: Constitutive activity is central to G protein-coupled receptor signaling but the mechanisms underlying it are
still unknown.
Results: The ghrelin receptor monomer reconstituted in a lipid disc activates Gq without agonist and recruits arrestin in a
ligand-dependent manner.
Conclusion: High constitutive activity is an intrinsic property of the ghrelin receptor.
Significance: This is the first demonstration that the ghrelin receptor has all the determinants for constitutive activity and
ligand-regulated internalization.

Despite its central role in signaling and the potential thera-
peutic applications of inverse agonists, the molecular mecha-
nisms underlying G protein-coupled receptor (GPCR) constitu-
tive activity remain largely to be explored. In this context,
ghrelin receptorGHS-R1a is a peculiar receptor in the sense that
it displays a strikingly high, physiologically relevant, constitu-
tive activity. To identify the molecular mechanisms responsible
for this high constitutive activity, we have reconstituted a puri-
fied GHS-R1a monomer in a lipid disc. Using this reconstituted
system, we show that the isolated ghrelin receptor per se acti-
vates Gq in the absence of agonist, as assessed through guanosine
5�-O-(thiotriphosphate) binding experiments. Themeasured con-
stitutive activity is similar in its extent to that observed in heterol-
ogous systems and in vivo. This is the first direct evidence for the
high constitutive activity of the ghrelin receptor being an intrinsic
property of the protein rather than the result of influence of its
cellular environment. Moreover, we show that the isolated recep-
tor in lipid discs recruits arrestin-2 in an agonist-dependent man-
ner, whereas it interacts with �-AP2 in the absence of ligand or in
thepresenceofghrelin.Of importance, thesedifferencesare linked
to ligand-specificGHS-R1a conformations, as assessedby intrinsic
fluorescence measurements. The distinct ligand requirements for
the interactionof purifiedGHS-R1awith arrestin andAP2provide
a new rationale to the differences in basal and agonist-induced
internalization observed in cells.

The ability for a vast majority of receptors to display sponta-
neous constitutive activity has extended our insights into G
protein-coupled receptor (GPCR)4-mediated signaling and
provided new criteria for drug design and therapeutic strategies
(1). Along this line, the behavior of very specific modulators of
this basal activity shed light on inverse agonism (2, 3). Another
major interest of GPCR constitutive activity relies on charac-
terization of the behavior of the receptor itself, based on the
conceptual framework of a complex conformational repertoire
(4). Assessing mechanisms underlying constitutive signaling of
GPCRs is therefore a constant evolving area. It is predictably
challenged throughdiscoveries of new inverse agonists formost
receptors displaying native basal signaling, but also further
addressed through the analysis of conformational changes con-
cealing distinct biological effects (5).
Modulation of basal activity is a frequent issue of the GPCRs

naturalmutations (6, 7). Subsequent altered physiological func-
tions and diseases have aroused interest for these mutants and
helped extend the multistate model for receptor activation (8).
A general mechanism has been proposed that would be shared
by all GPCRs (9, 10). Specific residues in the vicinity of these
mutation points have been proposed to orchestrate finely tuned
microswitches critical for the level of activation in the absence
of ligand (11–13). Establishing a naturally occurring modula-
tion of constitutive activity suggests that ligand-independent
signaling contributes to biological responses. In connection
with this concept, few in vivo studies already highlighted the
physiological function of spontaneous or mutation-induced
constitutive activity of GPCRs (7, 14–18).
Besides in vivo data, many in vitro studies with heterologous

systems have been used to shed light on GPCR constitutive
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activity. However, characterization of basal activity is often hin-
dered due to assay-dependent parameters or to the occurrence
of intrinsic modulators of the constitutive activity. High back-
ground signals triggered by neighboring constitutively active
receptors, high expression levels in heterologous systems, or
endogenous ligands in the media may indeed lead to hampered
records (19, 20), leaving on hold the search for the intrinsic
determinants of the receptor protein for constitutive signaling.
Among very fewGPCRs, ghrelin receptor GHS-R1a has been

shown to display both the highest basal activation ofG�q (about
50% of its maximal activity) in vitro, and substantial basal sig-
naling for food intake andweight control in vivo (11, 18, 21, 22).
The physiological relevance of GHS-R1a basal activity is sub-
stantiated by the occurrence of a human mutation in the GHS-
R1a gene that suppresses constitutive activity and is associated
with a short-stature phenotype (7). Interestingly, a high basal
activity was also observed for MC4R and CB1 receptors, both
involved in appetite regulation. Besides G protein-mediated
signaling, constitutive activity of the ghrelin receptor family
was also found to be necessary to control arrestin-independent
endocytosis (23).
The structural features of GPCRs in the absence of ligand as

well as the conformational transitions occurring during inverse
agonism remain questioned. Previous studies with isolated
receptors based on ligand-specific states detected by classical or
fluorescence lifetime spectroscopies gave insights into the
dynamics of these structural changes (24–26). In a few cases,
these studies have allowed a direct molecular characterization
of basal activity (10, 25). However, the receptors investigated,
i.e. essentially the �2-adrenergic and the 5-HT4(a) serotonin
receptors, display only to a limited extent natural constitutive
activity.
Studies with isolated GPCRs have been in part hampered by

the instability of purified receptors in detergents that mimic
very imperfectly the membrane environment. For this reason,
an alternative medium, nanoscale phospholipid bilayers, has
been developed where purified GPCRs can be assembled (27–
30). In the present study, we used this membrane bilayer model
to reconstitute the purified ghrelin receptor and analyze its
basal activity using a combination of biochemical and conven-
tional spectroscopy methods. These approaches allowed us to
address the central question of the intrinsic properties of the
receptor protein within a controlledmodel system. In doing so,
we directly demonstrate that the basal active state is an intrinsic
feature of the monomeric GHS-R1a receptor.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were from Sigma with the excep-
tion of DDM that was purchased from Calbiochem and lipids
that were fromAvanti Polar Lipids. A8–35was purchased from
Anatrace. Ghrelin was from Polypeptide Laboratories,
NEOMPS, MK677 from Axon Medchem BV, and substance P
analog (SPA) from Bachem. Alexa Fluor 350 carboxylic acid
succinimidyl ester and BODIPY FL GTP�S were from Invitro-
gen. The pET28a vector encoding MSP1E3 was obtained from
Addgene (Cambridge, MA). Cephalopod G�q was purified
from dark-adapted retinas of Sepia officinalis (31). G�i2 and
G�1�2 were produced as described in Banères and Parello (32),

whereas G�s was expressed and purified as reported in Pellis-
sier et al. (33).
Peptide Synthesis—The synthesis of the different peptides

used throughout this work is extensively described in the sup-
plemental data.
GHS-R1a Expression and Purification—The sequence

encoding the human ghrelin receptor GHS-R1a was cloned
downstream from that encoding �I and a thrombin cleavage
site (34). Receptor expression and purification under denatur-
ing conditions were carried out as described in Arcimesbéhère
et al. (34).
A8–35-mediated Folding—Amphipol-mediated folding of

GHS-R1a was carried out as described in Dahmane et al. (35).
Briefly, A8–35 was added at a ratio of 5 g of A8–35 per g of
SDS-unfolded receptor in the presence of asolectin at a 2:1
(w/w) lipid:protein ratio. After 30 min of incubation at room
temperature, receptor folding was initiated by precipitating
dodecyl sulfate as its potassium salt. After 30 min, the KDS
precipitate was removed by two 10-min centrifugation steps at
13,000 � g. The supernatant was dialyzed against a KP buffer
(150 mM KCl, 50 mM potassium phosphate, pH 8).
Alexa Fluor-350 Receptor Labeling—N-terminal labeling

with Alexa Fluor-350 was carried out as described by Mesnier
and Banères (36). Briefly, the ghrelin receptor folded in A8–35
was extensively dialyzed in 50 mM potassium phosphate, pH
7.5. This pH value was determined from a series of labeling
reactions carried out at different pH values (ranging from 7.0 to
9) to define the optimal value for labeling only the protein N
terminus and not the lysyl residues. pH 7.0 was the minimum
used with A8–35-folded proteins because A8–35 precipitates
below this value (35). Alexa Fluor-350 carboxylic acid succin-
imidyl ester was added to the protein solution (dye:protein
molar ratio, 10:1), and the reaction was carried out at room
temperature for 2 h under constant stirring. The conjugate was
separated from unreacted labeling reagent by dialyzing against
KP buffer. The relative efficiency of the labeling reaction was
determined by measuring the absorbance of the protein at 276
nm and the dye at its absorbancemaximum (346 nm). A ratio of
0.9 fluorescent probes per receptor molecule was found.
Amphipol to Detergent Exchange—The GHS-R1a receptor

folded in A8–35 was immobilized on a 1-ml HisTrap column
(GE Healthcare). After extensive washing with KP buffer, the
protein-bound amphipol was removed through an extensive
washing step with KP buffer containing 0.1% DDM and 0.02%
cholesteryl hemisuccinate. The protein was then recovered
from the column using the same buffer containing 100 mM

imidazole.
Reconstitution in Lipid Discs and Functional Purification—

MSP1E3(�) was expressed and purified as described by Den-
isov et al. (49). MSP1E3(�) was mixed at a 1:120 molar ratio
with purified lipids (POPC/POPG/POPS; 3:1:1molar ratio) dis-
solved at a 24 mM concentration in a 20 mM HEPES, 100 mM

NaCl, 1 mM EDTA, 48 mM sodium cholate, pH 7.5, buffer (28).
Sodium cholate concentrationwas kept constant at 25mM. The
mixture was incubated for 15 min on ice. The purified receptor
in the KP buffer containing 0.1% DDM and 0.02% cholesteryl
hemisuccinate was then added to the MSP/lipid mixture at
0.1:1 receptor:MSP molar ratio and further incubated for 30
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min on ice. Detergents were removed through an extensive
dialysis step against 20 mM Tris-HCl, 150 mM NaCl, 0.5 mM

EDTA, pH 7.4. Empty lipid discs as well as discs containing
unfolded receptor were removed through an affinity purifica-
tion step. To this end, ghrelin-derived peptide JMV 4947 (see
supplemental Data S1) was immobilized on a streptavidin col-
umn (Pierce) following the manufacturer’s instructions. The
protein mixture after lipid disc reconstitution was directly
loaded on the column. After washingwith 20mMTris-HCl, 150
mM NaCl, 0.5 mM EDTA, pH 7.4, the bound proteins were
recovered bywashing the columnwith the 20mMTris-HCl, 150
mM NaCl, 1 mM EDTA, pH 7.4, buffer containing 0.1 mM JMV
4101, a low affinity antagonist (in the 0.1 �M range) derived
from JMV3002 (37). The antagonist was then removed through
extensive dialysis against a 20 mM Tris-HCl, 150 mM NaCl, 0.5
mM EDTA, pH 7.4, buffer. Finally, GHS-R1a containing discs
were separated from protein aggregates through a size-exclu-
sion chromatography step: the discs recovered from the affinity
column were loaded on a S200-HR column (10 � 400 mm; GE
Healthcare) and elution was carried out at a 0.2 ml/min flow
rate with the 20mMTris-HCl, 150mMNaCl, 0.5mMEDTA, pH
7.4, buffer. 0.5-ml fractions were recovered.
Receptor:MSP Stoichiometry—The oligomeric state of the

GHS-R1a receptor in lipid discs was determined using blue
native electrophoresis performed as described by Schägger et
al. (38). Receptor:MSP ratios were also independently deter-
mined from Alexa Fluor-350-labeled GHS-R1a lipid disc prep-
arations using the known extinction coefficients for Alexa Flu-
or-350 (19,000 m�1 cm�1 at � � 346 nm) and MSP1E3(�)
(26,600 m�1 cm�1 at � � 280 nm) and the receptor:Alexa Flu-
or-350 molar ratio measured before reconstitution into lipid
discs (0.9; see above).
FRET-monitored Ligand Binding and GTP�S Binding Assays—

Direct ligand binding experiments and competition assayswere
performed using fluorescence energy transfer with the purified
receptor labeled with Alexa Fluor-350 and a ghrelin peptide
labeled with FITC (JMV 4946; see supplemental Data S1).
Titration experimentswere carried outwith protein concentra-
tions in the 10 nM protein concentration range and increasing
ligand concentrations. Competition experiments were carried
out by adding increasing concentrations of the competing com-
pound to a receptor/JMV 4946 mixture (100 nM concentration
range). Fluorescence emission spectra were recorded at 20 °C
between 400 and 600 nm on a Cary Eclipse spectrofluorimeter
(Varian) with excitation at 346 or 488 nm. Buffer contributions
were systematically subtracted. The FRET ratio corresponds to
the ratio of the acceptor emitted fluorescence at 520 nm from
excitation at two different wavelengths, 346 and 488 nm (39).
All binding data were analyzed using GraphPad Prism software
(version 4.0). GTP�S binding experiments were carried out for
5min at 20 °C using the fluorescent BODIPY FLGTP�S analog
as described by McEwen et al. (40). Ligand concentrations of 1
�M and 1:10 receptor:G protein molar ratios were used in all
cases.
Arrestin Expression, Purification, and Labeling—The arres-

tin-2mutant L68C,R169Ewas produced in Escherichia coli and
purified as described in Gurevich and Benovic (41). The puri-
fied protein was then labeled on C68 with the thiol alkylating

fluorescent compound monobromobimane as described in
Sommer et al. (42).

�-AP2 Expression, Purification, and Labeling—Residues
160–435 of �-AP2 were expressed in E. coli as an NH2-termi-
nal hexahistidine fusion protein, as described by Owen and
Evans (43). For monobromobimane labeling, the protein and
monobromobimane were incubated at a 1:10 protein:dye ratio
for 16 h at 4 °C. Dye excess was removed by desalting on a PD10
column (Bio-Rad). The relative efficiency of the labeling reac-
tion was determined by measuring the absorbance of the pro-
tein at 276 nm and the dye at its absorbance maximum (392
nm). A ratio of 0.8 fluorescent probes per receptor molecule
was found. No tentative identification of the labeled cysteine
was carried out at this stage of analysis. Monobromobimane
labeling did not affect the way AP2 interacts with the purified
receptor, as assessed by similar behavior of the labeled and
unlabeled proteins when complex formation was analyzed by
size exclusion chromatography (supplemental Data S2).
Arrestin and�-AP2 Recruitment Assay—For the arrestin and

the �-AP2 recruitment assays, the partner proteins were first
added to the ghrelin receptor in lipid discs at 1:2 receptor:sig-
naling protein molar ratio with protein concentrations in the
0.5 �M range. A 20mM Tris-HCl, 250 mMNaCl, 0.5 mM EDTA,
pH 7.4, buffer was used in all experiments. For the experiments
in the presence of both AP2 and arrestin, an AP2:arrestin 1:1
molar ratio was used. Incubation was carried out for 45 min at
4 °C. The different ligands were then added at a 1 �M concen-
tration and incubated for an addition 45 min at 4 °C. Fluores-
cence emission was recorded at 20 °C between 400 and 600 nm
on aCary Eclipse spectrofluorimeter (Varian) with excitation at
380 nm.All datawere normalized to the fluorescencemeasured
under the same conditions with empty discs.
Tryptophan Emission Measurements—All tryptophan fluo-

rescence emission spectra were recorded at 20 °C between 305
and 405 nm using a Cary Eclipse spectrofluorimeter (Varian)
with an excitation wavelength at 295 nm. Buffer and ligand
contributions were systematically subtracted. A protein con-
centration of 0.2 �M was used in all measurements. Trp emis-
sion spectra were systematically recorded for GHS-R1a con-
taining discs and empty lipid discs under the same
experimental conditions.
Cell Culture and Transfection—HEK293T cells were main-

tained in DMEM/Glutamax (Invitrogen) supplemented with
antibiotics (penicillin, 50 units/ml, streptomycin, 50 �g/ml),
HEPES 2 mM, 1% nonessential amino acids, and 10% fetal calf
serum. Transfections were performed in 96-well plates using a
cell density of 50,000 cells per well. Prior to cell plating, wells
were pre-coated with poly-L-ornithine (50 �l of 10 mg/ml) for
30min at 37 °C. Transfectionmixtureswere prepared using 100
ng of GHS-R1a constructs, 0.25 �l of Lipofectamine 2000
(Invitrogen), respectively, and 50 �l of Opti-MEM culture
medium per well. Prior to their addition in plates, transfection
mixtures were preincubated for 20 min at room temperature.
Then 100 �l of HEK293T cells at a density of 500,000 cells/ml
were plated in each well and incubated at 37 °C under 5% CO2
for 48 h.
Inositol Phosphate Accumulation Assay—The inositol phos-

phate accumulation assay was carried out 48 h after transfec-
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tion on adherent cells in a 96-well black plate (Greiner BioOne)
at a density of 50,000 cells/well. As a control, inositol phosphate
accumulation corresponding to basal activity of the cells that do
not express GHS-R1a was measured on cells previously trans-
fected with the pcDNA3 empty vector. IP1 accumulation was
measured using the IP-One HTRF kit (Cisbio Bioassays)
according to the manufacturer’s instructions as described (44).
Briefly, cells were stimulated for 45min at 37 °Cwith the ligand
to be tested in 70 �l of IP stimulation buffer. An anti-IP1 anti-
body labeled with Lumi4-Tb (15 �l) and an IP1-d2 derivative
(15 �l) were added to the cells. The medium was incubated for
1 h at room temperature. Signals at 665 and 620 nm were
detected using a RUBYstar (BMG Labtech) fluorescence
reader. Values are expressed as �F. �F corresponds to: (ratio
665 nm/620 nm of the assay � ratio 665 nm/620 nm of the
negative control)/ratio 665 nm/620 nm of the negative control.
The negative control corresponded to the Lumi4-Tb blank

and was used as an internal assay control. Inositol phosphate
accumulation was expressed as the percentage of the maximal
ghrelin response using the formula: (�Fmock cells� �F recep-
tor transfected cells)/(�F mock cells � �F maximal ghrelin
stimulation for receptor transfected cells).
Arrestin Recruitement Assay—Interaction between GHS-

R1a-YFP and Rluc-Arrestin-3 was measured in HEK293T by
BRET1 in 96-well white plates (Greiner Bio One). Briefly, cells
were transfected by Lipofectamine with 100 ng of GHS-R1a-
YFP and 5 ng of Rluc-arrestin. 48 h after transfection the cells
were washed with PBS and then incubated for 45 min at 37 °C
with 50 �l of ligand in DMEM, 0.1% BSA. After stimulation,
cells were washed with 100 �l of PBS and then 50 �l of 0.5 mM

coelenterazine H (Interchim) solution in PBS was added to the
cells, and reading was performed in a Mithras LB 940 plate
reader (Berthold Biotechnologies) that allows sequential inte-
gration of the luminescence signal (5 cycles of 0.05 s) with two
filter settings (Rluc filter, 485� 20 nm, and YFP filter, 530� 25
nm). The BRET ratio was defined as the difference of the ratio
530/485 nmof the cotransfected Rluc and YFP proteins and the
ratio of the Rluc protein alone. Results are expressed inmBRET
corresponding to a ratio of (530 nm/485 nm) � 1000.

RESULTS

From GHS-R1a Expression in Inclusion Bodies to Assembly
into Lipid Discs—To achieve a high-level production of the
functional ghrelin receptor in lipid discs, we adopted a strategy
that consists of accumulating the protein in E. coli inclusion
bodies, folding it back to its native state, and then assembling it
into the lipid particles. To get the receptor in high yields, GHS-
R1a was first produced as a fusion protein with the integrin �I
fragment previously described (34, 45). Because direct recon-
stitution of the SDS-unfolded protein into the lipid disc
occurred with very low yields, we then devised a new strategy
that consists of using an amphipol-folded state as a starting
point for disc assembly. We previously established that
amphipols are a particularly relevant medium to fold GPCRs
back to their native state (35). Amphipol-trapped proteins can
hardly be inserted directly into a bilayer such as the lipid disc
without significant protein destabilization (37, 46), but they can
be easily transferred to a detergent environment simply by

exchanging A8–35 with the corresponding detergent (47). The
receptor after the amphipol to detergent exchange can then be
used for disc assembly. The ghrelin receptor was thus folded in
the presence of A8–35 amphipol and lipids (35). We then
exchanged A8–35 for a DDM/cholesteryl hemisuccinate mix-
ture. The latter was selected based on studies showing that it
provides a stabilizing environment for different GPCRs such as
the�2-adrenergic (48) or the�-opioid (30) receptors. A8–35 to
DDM exchange was carried out with the receptor immobilized
on a nickel column through its C-terminal His6 tag to ensure
full removal of amphipol. The receptor in DDM/cholesteryl
hemisuccinate was then directly used for reconstitution in lipid
discs using MSP1E3, as previously described for other GPCRs
such as rhodopsin (27). To remove empty discs as well as discs
containing unfolded protein, we used an affinity chromato-
graphic step with an immobilized ghrelin peptide. Disc parti-
cles containing GHS-R1a were finally resolved with size exclu-
sion chromatography. Two distinct populations were observed
on the size exclusion chromatography profile (Fig. 1). The first
one eluted in the void volume of the column. This fraction was
not analyzed further but likely corresponds to large aggregates,
presumably of liposome-like structures, containing functional
receptors because they were specifically adsorbed on the ghre-
lin-affinity column. The second peak corresponds to a homo-
geneous fraction with an apparent Stokes diameter in the
12-nm range, in agreement with the expected value for a lipid
disc formed with MSP1E3 (49). The fractions in this peak were
pooled and used throughout this work.
To determine the number of GHS-R1a receptors incorpo-

rated per disc, the complex eluted from the size exclusion chro-
matography column was analyzed by blue native PAGE (Fig. 1,
inset). The purified complexmigrates predominantly as a single
band of a mass compatible with that of a complex composed of
one receptor and twoMSPproteins. If one considers that a lipid
disc is formed from 2MSP proteins (49), then such a composi-
tion is indicative of a particle composed of a single GHS-R1a
protein per lipid disc. The stoichiometry was also indepen-
dently estimated by labeling the purified receptor in A8–35
before insertion in the lipid disc with Alexa Fluor-350 and then
quantitating MSP1E3 and receptor contributions after recon-

FIGURE 1. Reconstitution of the purified GHS-R1a in lipid discs. The affin-
ity-purified GHS-R1a after reconstitution in lipid discs was loaded onto a
Superdex S200HR column (10 � 400 mm) and elution was carried out as
described under “Experimental Procedures”; inset, blue native-PAGE followed
by Coomassie Blue staining of the particles in peak 2. Lane 1, molecular weight
markers, lane 2, GHS-R1a -containing discs (peak 2 pooled fractions). The
molecular mass of the markers is indicated in Da.

Molecular Bases of GHS-R1a Constitutive Activity

FEBRUARY 3, 2012 • VOLUME 287 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3633



stitution through the absorbance at 280 and 346 nm, respec-
tively (see ”Experimental Procedures“). A GHS-R1a:MSP ratio
of 0.47 (i.e. about one receptor for two MSP proteins) was
obtained using this procedure, in full agreement with the blue
native PAGE analysis. Altogether, these data strongly indicate
that reconstitution of the purified GHS-R1a under our condi-
tions predominantly yields a single receptor incorporated in a
disc structure.
The Isolated GHS-R1a Displays Normal Ligand Binding

Properties—Homogeneity of the purified receptor in lipid discs
was demonstrated through a FRET-based ligand-binding assay.
To this end, the purified receptor was labeled at its N terminus
with Alexa Fluor-350. Under such conditions, a significant
FRET signal was observed upon binding a ghrelin peptide
labeled with FITC (JMV 4946; see supplemental Data S1), as
shown in the inset to Fig. 2A. Plotting the variations in FRET
efficiency as a function of peptide concentration resulted in a
classical dose-response profile (Fig. 2A) that revealed the occur-
rence of a single population of binding sites with a Kd value of
99.9 nM. Subsequent FRET-monitored competition experi-
ments were carried out with two synthetic GHS-R1a antago-
nists, JMV 3002 and JMV 3018, as well as with the inverse ago-
nist SPA. The competition profiles in Fig. 2B were obtained by
plotting the changes in the Alexa Fluor-350:FITC FRET signal

as a function of the compound concentration. The Ki values
inferred from such competition experiments, i.e. 9.3, 18.3, and
253.7 nM for JMV 3002, JMV 3018, and SPA, respectively, are
within the same range as those inferred through radioactive and
TagLite-based measurements from HEK293 cells transiently
expressing GHS-R1a (44). This strongly suggests that reconsti-
tution of the ghrelin receptor in lipid discs allows the receptor
to adopt a conformation closely related to that of the receptor in
the plasma membrane, at least in terms of ligand binding.
GHS-R1a Displays Constitutive Activity per se—In agree-

ment with previous reports in the literature (11), we observed
that the GHS-R1a receptor displayed a particularly high level of
G�q-directed constitutive activity when expressed in HEK cells
(Fig. 3A). To assess whether this is an intrinsic property of the
receptor or not, we investigated if the purified monomeric
GHS-R1a receptor in lipid discs displayed a similar behavior at
activating its cognate G protein partner. To this end, we mon-
itored receptor-catalyzed GTP�S binding using a fluorescent
analog (BODIPY FL GTP�S) (40) and purified G�q in the pres-
ence of G��. G�q is the primary cognate G protein partner of

FIGURE 2. Purified GHS-R1a binds its ligands. A, FRET-monitored binding of
an FITC-labeled ghrelin peptide (JMV 4946) to Alexa Fluor 350-labeled GHS-
R1a assembled in lipid discs. The binding data are presented as variations in
FRET ratio as a function of JMV 4946 concentration. Inset, fluorescence emis-
sion spectrum obtained for Alexa Fluor 350-labeled GHS-R1a in lipid discs in
the presence of saturating concentrations in JMV 4946 (solid line) and in the
presence of JMV 4946 and an excess of the JMV3002 antagonist (dotted line).
B, FRET-monitored competition experiments. JMV 4946 was displaced from
its binding site in the presence of increasing concentrations in the JMV3002
antagonist (open circles), the JMV3018 antagonist (closed circles), or the SPA
inverse agonist (open squares). Data are presented as the mean � S.D. from
three independent experiments.

FIGURE 3. Isolated GHS-R1a triggers Gq protein activation. A, IP1 produc-
tion induced by the GHS-R1a receptor expressed in HEK293T cells in the
absence of ligand, in the presence of the inverse agonist SPA, or in the pres-
ence of the full agonist ghrelin. IP1 accumulation is expressed as the percent-
age of the maximal ghrelin response and 0 represents the IP1 accumulation in
cells transfected with an empty vector. The figure is representative of one
experiment of three. B, BODIPY FL GTP�S binding to G�q protein induced by
GHS-R1a in the absence of ligand, in the presence of SPA, or in the presence of
ghrelin. Data are presented as the percentage of maximum BODIPY FL fluo-
rescence change measured in the presence of ghrelin and represent the
mean � S.D. from three independent experiments.
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the ghrelin receptor. As shown in Fig. 3B, a significant increase
in GTP�S binding to G�q was observed in the presence of the
purified ligand-free GHS-R1a receptor, as compared with the
binding measured in the absence of the receptor. Such an
increase was specific of G�q, because no significant change in
GTP�S was observed with the two other G� subtypes, i.e. G�i
and G�s (supplemental Data S3).

We then monitored the effects of two different kind of
ligands, i.e. a full agonist (ghrelin) and an inverse agonist (SPA),
on receptor-catalyzed GTP�S binding. As shown in Fig. 3B, an
additional increase in receptor-catalyzed GTP�S binding was
observed after addition of the full agonist ghrelin. Such an
increase is the direct consequence of ligand binding, as shown
by the agonist concentration-dependent changes in GTP�S
binding (supplemental Data S4). Comparing the amount of
GTP�S bound in the absence and presence of the full agonist
indicates that basal binding corresponds to about 40% of the
maximal effect triggered by ghrelin. The extent in basal activity
observed with the purified receptor closely approximates the
50% basal activity in G�q-dependent pathways reported for
GHS-R1a expressed in heterologous systems (Fig. 3A) (50) and
in vivo (18). These data are direct evidence that the purified
receptor displays per se a constitutive activity comparable with
that it displays in a more complex cellular environment. If the
basal receptor-catalyzed GTP�S binding observed with the
purified receptor is a specific property of the protein, then it
should be reverted in the presence of the inverse agonist SPA.
The latter has been reported as the only and most potent
inverse agonist for GHS-R1a (50). As shown in Fig. 3B, a signif-
icant reduction ofGTP�S bindingwas observed in the presence
of SPA. As in the case of ghrelin, this is likely a direct conse-
quence of SPA binding, as shown by the dose-dependent rever-
sal ofGHS-R1a constitutive activity (supplementalData S4). All
these data indicate that (i) the basal activity observed in the
absence of ligand is an intrinsic property of the purified recep-
tor and (ii) this basal activity can be up- and down-regulated in
vitro upon binding of a full and an inverse agonist, respectively.
The IsolatedGHS-R1a Recruits Arrestin in anAgonist-depen-

dent Manner—It has been shown that basal and agonist-acti-
vated states of the ghrelin receptor differ in arrestin require-
ments (23). Indeed, GHS-R1a recruits arrestins essentially in an
agonist-dependent manner as previously reported (23), and as
also shown here with the GHS-R1a receptor expressed in HEK
cells (Fig. 4A). To assess whether agonist-dependent arrestin
recruitment is a specific property of the GHS-R1a protein, as is
the case for G�q activation, we subsequently analyzed the abil-
ity of the purified receptor to recapitulate the behavior of GHS-
R1a with regard to agonist-induced arrestin recruitment. To
this end, we monitored the interaction between the purified
receptor in lipid discs and a monobromobimane-labeled arres-
tin-2. Bimane is a small size fluorophore with high sensitivity to
the polarity of its molecular environment that can be used as a
sensor to detect interactions between arrestin and its protein
partners, as previously reported for visual arrestin and rhodop-
sin (42). We used here the phosphorylation-independent
mutant of arrestin-2 because the receptor is produced in bac-
teria and is therefore not phosphorylated. As shown in the sup-
plemental Data, similar effects were observed with a phosphor-

ylation-independent mutant of arrestin-3, although with lower
signal-to-noise ratios.
As shown in Fig. 4B, incubation of arrestin-2 with the puri-

fied ghrelin receptor affected bimane emission properties only
to a very limited extent, suggesting that only a very slight con-
stitutive interaction between the receptor and its signaling
partner occurs in the absence of ligands, in accordance with
what is observed with this receptor expressed in HEK cells (Fig.
4A). This limited constitutive recruitment was, at least to some
extent, reversed by the inverse agonist SPA, both in HEK cells
and in vitro (Fig. 4). In the presence of the full agonist ghrelin, a
very significant change in the emission properties of bimane
was observed, with an increase in the emission intensity of
about 30%. This is likely the direct consequence of ghrelin bind-
ing to the receptor because it occurs in a ligand concentration-
dependent manner (supplemental Data S5). Of importance, a
decreased extent in arrestin recruitment was observed in the
presence of the G protein and in the absence of GTP (Fig. 4B),
indicating that both processes, G protein and arrestin recruit-

FIGURE 4. Purified GHS-R1a recruits arrestin in an agonist-dependent
manner. A, ligand-dependent arrestin recruitment by GHS-R1a in HEK293T
cells. BRET signal (ratio 530 nm/485 nm) is expressed as a percentage of the
maximal ghrelin response and 0 represents BRET signal of mock cells trans-
fected with an empty vector. The figure is one experiment representative of
three. B, changes in emission intensity of bimane-labeled arrestin induced by
GHS-R1a in the absence of ligand, in the presence of ghrelin, or in the pres-
ence of SPA, ghrelin, G���q, and G���q and GTP�S. Data are presented as the
percentage of maximum bimane fluorescence change measured in the pres-
ence of ghrelin and represent the mean � S.D. from three independent
experiments.
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ment, are mutually exclusive, with the G protein recruitment
step occurring preferentially. It was only upon dissociating the
receptor�G protein complex in the presence of GTP�S that the
interaction with arrestin was restored (Fig. 4B). This clearly
shows that the purified monomeric ghrelin receptor in lipid
discs interacts with arrestins only in its agonist-activated state.
As is the case for G protein activation, these data are direct
evidence for the fact that the differential requirements in arres-
tin for basal and agonist-induced internalization are again an
intrinsic property of the receptor protein rather than the con-
sequence of any influence of the cellular environment. Addi-
tionally, our data with a purified monomeric receptor indicate
that, as previously reported for rhodopsin (53, 54), a mono-
meric GPCR is totally able to interact with arrestin. All these
data establish that the monomeric GHS-R1a reconstituted in
lipid discs is functional toward its two main partners, G�q and
arrestin.
The Isolated GHS-R1a Binds �-AP2 in the Absence and Pres-

ence of Agonist—In an heterologous expression system, no
arrestin recruitment by GHS-R1a in the absence of agonist is
observed while a basal internalization occurs. It has been sug-
gested that the latter may be related to interaction of the recep-
tor in its basal state with another protein involved in GPCR
internalization, namely the � subunit of AP2 (23). However, no
direct evidence of such an interaction has yet been reported. To
assess if such an interaction indeed occurs, we analyzed
whether the purifiedGHS-R1a in lipid discs could bindAP2. To
this end, we expressed in E. coli the signal-binding domain of
�-AP2 (residues 160 to 435) (43). This fragment has been
shown to directly bind isolated GPCR fragments such as the
C-terminal tails of the �1b receptor (55) and PAR1 (56). The
AP2 fragment was labeled withmonobromobimane tomonitor
its possible recruitment by the purified receptor, as described
above for arrestin.
As shown in Fig. 5A, incubation of bimane-labeled �-AP2

with ligand-free GHS-R1a leads to a significant quenching of
bimane emission intensity, indicating a recruitment of AP2 to
the receptor. The formation of such a receptor�AP2 complex
was confirmed by size exclusion chromatography (supplemen-
tal Data S2). A similar change in bimane emission intensity was
measured in the presence of ghrelin, suggesting that agonist-
induced activation of the receptor does not modify its associa-
tion to AP2. In contrast, in the presence of the inverse agonist
SPA, bimane emission intensity was similar to that observed
with empty discs, suggesting that AP2 is not recruited to the
ground state of the receptor. Dissociation of the GHS-R1a�AP2
complex directly results from SPA binding, as shown by the
typical dose-response profile (supplemental Data S6). This
could be a direct explanation to the observation that SPA sig-
nificantly reduces constitutive internalization (23). All these
data directly show that, in our model system, the basal- and
agonist-activated states of GHS-R1a are both able to interact
�-AP2, in contrast to the ground state stabilized by an inverse
agonist.
Ghrelin-induced Arrestin Recruitment Dissociates GHS-

R1a�AP2 Complex—Ghrelin-induced activation triggers arres-
tin recruitment to the purified GHS-R1a receptor (see above).
To assess whether such an agonist-induced arrestin recruit-

ment affects the way the receptor interacts with �-AP2, we
monitored the changes in emission of bimane-labeled�-AP2 in
the presence of unlabeled arrestin-2. As shown in Fig. 5B, no
effect of arrestin was observed on AP2 bimane emission in the
absence of ligand, in agreement with the observation that the
basal state of the receptor does not recruit arrestin. In contrast,
a nearly full reversal of the changes in AP2-bimane emission
intensity was observed when ghrelin was added in the presence
of arrestin (Fig. 5B). This is a strong indication that ghrelin-
induced arrestin binding triggers dissociation of the GHS-
R1a�AP2 complex. As expected because neither �-AP2 nor
arrestin bind to the ground state of the receptor, no change in
AP2 bimane emission intensity was observed in the presence of
the inverse agonist SPA (Fig. 5B).
Ligand-binding Triggers Specific GHS-R1a Conformational

Changes—All ligand-induced changes in G protein activation
or arrestin- and�-AP2 recruitment are likely to be associated to
ligand-specific receptor conformations. To assess if this is
indeed the case, we have used tryptophan intrinsic fluorescence
spectroscopy to detect conformational changes of theGHS-R1a

FIGURE 5. Isolated GHS-R1a binds �-AP2. A, changes in emission intensity
of bimane-labeled �-AP2 induced by GHS-R1a in the absence of ligand, with
1 �M SPA, or 1 �M ghrelin. Data are presented as the percentage of maximum
bimane fluorescence change measured in the presence of ghrelin and repre-
sent the mean � S.D. from three independent experiments. B, changes in
emission intensity of bimane-labeled �-AP2 induced by GHS-R1a in the pres-
ence of purified arrestin-2 and in the absence of ligand, in the presence of
SPA, or in the presence ghrelin. Data are presented as the percentage of
maximum bimane fluorescence change measured in the presence of ghrelin
and in the absence of arrestin-2 and represent the mean � S.D. from three
independent experiments.
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receptor in a lipid disc that would occur upon ligand binding.
Because theMSP1E3(�) protein also contains Trp residues, we
systematically compared the effects of ligands on the emission
intensity of ghrelin-containing discs to that of empty discs (Fig.
6). As expected, no change in MSP1E3(�) Trp emission was
observed with any of the ligands considered. In contrast, addi-
tion of the SPA inverse agonist or the MK677 full agonist
induced a change in emission intensity with no significant
change in themaximumemissionwavelength.MK677was used
here as a full agonist instead of ghrelin because the latter con-
tains tryptophan residues that could contribute to changes in
Trp emission intensity. MK677 triggers the same effects as
ghrelin on the purified GHS-R1a with regard to G protein acti-
vation or arrestin and AP2 recruitment. Of interest, the full and
inverse agonists triggered opposite effects on the GHS-R1a emis-
sion spectrum;whereas anapproximatel 60%decrease intheGHS-
R1a tryptophan emission intensity was observed with MK677,
addition of SPA induced an approximately 200% increase in emis-
sion intensity. Although itmust be kept inmind that Trp intrinsic
fluorescence only gives information on global conformational
changes in the receptor, these data nevertheless, indicate that
ligandswithdifferent efficacieswith regard toGprotein activation
and arrestin- and �-AP2 recruitment are likely to trigger and/or
stabilize distinct receptor conformations.

DISCUSSION

To investigate themolecularmechanisms of ghrelin receptor
functioning, we produced and reconstitutedGHS-R1a in a lipid
disc. To assess what really is an intrinsic property of the recep-
tor protein per se, we assembled lipid particleswith the receptor
in its monomeric state. Using this purified monomer receptor
model system, we clearly established that the isolated recep-

tor displays constitutive activity toward G�q similar in its
extent to that of the same receptor in living cells. To our knowl-
edge, this is the first direct demonstration that such a high con-
stitutive activity is an intrinsic feature of the ghrelin receptor
protein and not the consequence of an influence of the cellular
environment. Furthermore, we showed that the purified recep-
tor recruits arrestin-2 in an agonist-dependent manner,
whereas �-AP2 binding occurs both in the absence of ligand
and in the presence of the full agonist ghrelin. This provides the
first direct experimental proof to the model of basal- and ago-
nist-dependent GHS-R1a internalization proposed by Holliday
et al. (23). Additionally, all our data with the purified mono-
meric GHS-R1a isolated in a lipid disc provides further demon-
stration that a GPCR monomer can both activate its G protein
partner and recruit arrestins (27, 28, 34, 53, 54, 57).
Manipulation of solubilized membrane proteins is a prereq-

uisite to understanding their structure and function. However,
becausemostmembrane proteins, and in particularGPCRs, are
unstable when exposed to detergents, alternate membrane-
mimicking environments have been developed during the last
years. In this context, lipid discs appear as a particularly well
suited system for in vitro biophysical studies in a membrane-
like environment (58). Lipid discs have been used to character-
ize a very few GPCRs, essentially the �2-adrenergic receptor
(10, 28), the �-opioid receptor (30), and rhodopsin (27, 29, 54).
We have used here this lipid disc-based approach to assess the
functional features of the isolated ghrelin receptor GHS-R1a.
To this end, we developed an original approach for inserting a
GPCR produced in E. coli into the disc. This approach relies on
the expression of the GPCR in bacterial inclusion bodies, fol-
lowed by amphipol-mediated in vitro refolding and then assem-
bly into the disc after amphipol-to-detergent exchange. Based
on our data with the GHS-R1a receptor, it appears that the
amphipol-folded state could be a particularly relevant interme-
diate state for insertion of unfolded membrane proteins pro-
duced in E. coli into lipid discs.
As stated under the Introduction, constitutive activity of

GPCRs is the focus of intensive research due to its possible role
in the control of GPCR-mediated signaling and the potential
use of the inverse agonist in therapeutic applications. This is
particularly true for the ghrelin receptor that displays a strik-
ingly high constitutive activity, in the 50% range, both in heter-
ologous systems (50) and in vivo (18). This constitutive activity
is physiologically relevant as it has been proposed to play a role
in food intake (59) or to be involved in the control of apoptotic
mechanisms (60). In accordance with such a physiological role,
a human mutation in the GHS-R1a gene that suppresses con-
stitutive activity without affecting stimulation by ghrelin has
been shown to be associatedwith a short-stature phenotype (7).
It is therefore crucial to shed light on such a process. However,
as recently pointed out by Stoddart andMilligan (20) in the case
of GPR40, it can be particularly difficult to assess to what extent
constitutive activity is really relevant of the receptor itself and
what is related to either the assay or the cellular environment.
In this context, isolated receptors in lipid discs provide an
unprecedented system to analyze themolecularmechanisms of
constitutive activity and functioning of GPCRs in a cell-free
environment. Using such a system,we unambiguously establish

FIGURE 6. Ligand binding affects GHS-R1a conformation. Intrinsic fluores-
cence spectra of GHS-R1a in lipid discs in the absence and presence of
ligands. Empty discs or monomeric GHS-R1a in lipid discs were incubated
with or without the drug to be tested (MK0677, SPA; 1 �M). Data are presented
as the intensity of tryptophan emission at its maximum normalized to that in
the absence of the ligand. Inset, fluorescence emission spectrum of the
ligand-free receptor in lipid discs. Data are presented as the mean � S.D. from
three independent experiments.
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here that the monomeric GHS-R1a displays a high constitutive
activity toward its cognate G protein partner, G�q (Fig. 7). The
extent in constitutive activity measured through GTP�S bind-
ing assays amounts to about 40%of themaximal effect observed
in the presence of the full agonist ghrelin. This is a first direct
demonstration that the high constitutive activity of the ghrelin
receptor is an intrinsic feature of the receptor protein rather
than the consequence of the influence of the cellular environ-
ment. This does not rule out, however, that this environment
cannotmodulate the intrinsic activity of GHS-R1a. Besides, our
model system composed of the isolated ghrelin receptor in the
lipid disc provides us with a unique system to further investi-
gate the molecular mechanisms associated with this constitu-
tive activity and its regulation by agonists and inverse agonists.
The latter have a potential therapeutic application, for instance,
in the regulation of food intake (59).
The ghrelin receptor displays differences in ligand require-

ments with respect to G protein activation but also to internal-
ization (23). Whereas basal internalization occurs in an arres-
tin-independentmanner, ghrelin-stimulatedGHS-R1a recruits
arrestins. In full agreement with these data, we provide direct

evidence that the agonist-free receptor, although it activates its
G protein partner, does not recruit arrestin-2 in a significant
manner (Fig. 7). In contrast, upon ghrelin activation, arrestin
binding occurs (supplemental Data S7). Importantly, arrestin
and G protein compete for binding to the ghrelin-activated
receptor, with a preferential association to the G protein. Upon
GTP�S binding to G�, arrestin recruitment was restored, indi-
cating that dissociation of the receptor�G protein complex that
occurs as a consequence of G protein activation enables a sub-
sequent interaction of arrestin with the receptor, as is the case
in cellular systems. This again provides strong evidence that the
purified receptor in lipid discs fully recapitulates the behavior
the protein displays in more integrated systems. Besides their
role in GPCR trafficking, arrestins are involved in ERK/MAP
kinase scaffolding; the differences observed here in arrestin
recruitment depending upon whether the GHS-R1a receptor is
activated by ghrelin or not may therefore impact selective
basal- and agonist-induced signaling besides trafficking.
Although such an interaction has not been demonstrated so

far, it has been proposed that basal internalization of the ghrelin
receptor could involve direct �-AP2 binding to its putative

FIGURE 7. Schematic representation of the functional behavior of the purified GHS-R1a. A, in the absence of ligand, the purified receptor activates G�q and
recruits �-AP2, whereas no significant basal recruitment of arrestin occurs. B, in the presence of the ghrelin agonist, G�q is further activated, arrestin-2 is
recruited, and �-AP2 still interacts with the receptor; in contrast, binding of the inverse agonist SPA significantly reduces the receptor constitutive activity and
dissociates the complex with �-AP2. The width of the arrow in the receptor�Gq complexes represents the extent in G protein activation.
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binding motif in the C-tail of the receptor (23). AP2 is a plasma
membrane-localized clathrin adaptor composed of �, �2, �2,
and �2 adaptin subunits (61). The �2 subunit binds directly to
tyrosine-based sorting signals within the cytoplasmic regions of
transmembrane proteins to facilitate internalization through
clathrin-coated pits. Our data with the purified receptor pro-
vide evidence that the ghrelin receptor can, per se, interact with
AP2 in the absence of agonist, indicating that �-AP2 could
indeed be involved in basal regulation of GHS-R1a trafficking.
Such a direct interaction is reminiscent of the interaction
reported between�-AP2 and the�1b (55) or PAR1 (56) C-tails.
Interestingly, the constitutively active human viral chemokine
US28 GPCR has also been reported to internalize through a
clathrin-dependent pathway involving AP2 and not arrestins
(62). This suggests that both highly constitutive active recep-
tors, US28 and GHS-R1a, could share similar mechanisms of
ligand-independent internalization. However, direct binding of
AP2 to the YXXØmotif in the C-tail region of US28 remains to
be assessed.
Strikingly, no difference between the basal state and the ago-

nist-loaded states was observed when AP2 binding was consid-
ered. Only the inverse agonist SPA reversed the interaction
observed between the receptor and its internalization partner,
in agreement with the observation that this inverse agonist
reduced basal internalization (23). However, AP2 is removed
from its binding site on the receptor in lipid discs when arrestin
is recruited upon binding of ghrelin. This could be the conse-
quence of steric hindrance preventing both proteins to interact
with the receptor monomer at sites that are likely to be close in
space; indeed, the C-tail has been described as a potential inter-
action site for bothAP2 and arrestin. Another possibility would
be that arrestin stabilizes the receptor in a conformation that is
nomore able tomake a stable complex with AP2.Whatever the
explanation is, our datawith the purifiedGHS-R1a provides the
first direct experimental evidence for the mechanism proposed
to account for the differences in basal and agonist-dependent
ghrelin receptor internalization (23).
The differences observed in terms of G protein activation or

arrestin and AP2 recruitment reported above are likely to be
associated to a conformational adaptability of the receptor that
would conceal distinct and specific biological responses. In
accordance with this conformational selectivity model, we
observed striking differences in Trp emission of the purified
ghrelin receptor in the lipid disc in the absence of ligand, in the
presence of the full agonist MK677, or in the presence of the
inverse agonist SPA. This clearly indicates that these different
states differ in their conformational features. These data with
the isolated ghrelin receptor are in accordance with what we
previously reported (25) with the purified monomeric sero-
tonin receptor; the latter indeed displays a different conforma-
tion whether one considers the basal state in the absence of
ligands, the ground state stabilized by an inverse agonist, or the
activated states stabilized by agonists. Similar differences have
been reported for other receptors, in particular, the�2-adrener-
gic receptor (4, 5). Finally, the wealth of GPCR crystal struc-
tures reported so far also point to differences in receptor con-
formation depending upon whether the receptor is complexed
with an antagonist, an agonist, or an agonist and a G protein-

mimicking nanobody (for a review, see Ref. 63). It is to be noted
here, however, that the fluorescence intensity observed in the
absence of ligand is intermediate between thatmeasured for the
agonist-activated state and that of the inverse agonist-loaded
state. BecauseTrp fluorescence is a globalmethodwe cannot, at
this stage of analysis, assess whether the ligand-free state dis-
plays a well defined, individualized conformation, as previously
demonstrated for 5-HT4(a) (25) or whether it corresponds to a
mixture of ground and agonist-active conformations.
Interestingly, it has been proposed that the ghrelin receptor

activation relies, at least in part, on a toggle switch mechanism
involving thehighly conservedTrp residue in the sixth transmem-
brane domain (13, 64). Such changes in Trp rotamers occurring
uponactivationcouldbeassociated to thechanges inTrpemission
observed, even if the ghrelin receptor includes several other Trp
residues besides that inTM6 that could also contribute to changes
in emission fluorescence. It is to be noted, however, that we previ-
ously showed with a similar class A GPCR, the leukotriene B4
receptor BLT1, which changes in Trp emission observed during
agonist binding, were exclusively due to the contribution of the
similarly conserved Trp residue in TM6 (65). This is also the case
for the purified serotonin receptor.5
There is increasing evidence that dimerization and/or oligo-

merization is a common process in the GPCR superfamily (66).
Whether or not GPCR dimerization is required for G protein
activation has been the matter of intense debate during these
last years (67, 68). In this context, it has been reported that
several monomeric GPCRs such as rhodopsin (27), the �2-ad-
renergic receptor (28), the neurotensinNTS1 receptor (57), the
�-opioid receptor (30), and the leukotriene B4 receptor BLT2
(34) efficiently activate their cognateGproteins.More recently,
it has also been reported that monomeric rhodopsin binds vis-
ual arrestin (53) and is phosphorylated by GRKs (54). Our data
with the monomeric ghrelin receptor embedded in lipid discs
provides further evidence that a GPCRmonomer has, per se, all
the molecular determinants that allow it to interact with pro-
teins involved in its signaling and trafficking. This does not rule
out that dimerization can have a regulatory effect on all these
processes, as reported for G protein activation (33, 34, 57). In
this context, the lipid disc system used here may provide an
invaluable tool to investigate the effects of dimerization on pro-
tein function by allowing direct comparison ofwell defined par-
ticleswith one or two receptormolecules. The use of such awell
controlled model system could, for instance, help have a clear
view on the way the ghrelin receptor dimer functions, some-
thing that has been the matter of debate (52, 69).
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