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ABSTRACT: Biochemical and functional evidence suggest that the calcitonin receptor-like receptor (CRLR)
interacts with receptor activity-modifying protein-1 (RAMP1) to generate a calcitonin gene-related peptide
(CGRP) receptor. Using bioluminescence resonance energy transfer (BRET), we investigated the oligomeric
assembly of the CRLRRAMPL1 signaling complex in living cells. As for their wild-type counterparts,
fusion proteins linking CRLR and RAMPL1 to the energy doRenillaluciferase Rluc) and energy acceptor

green fluorescent protein (GFP) reach the cell surface only upon coexpression of CRLR and RAMPL1.
Radioligand binding and cAMP production assays also confirmed that the fusion proteins retained
normal functional properties. BRET titration experiments revealed that CRLR and RAMP1 associate
selectively to form heterodimers. This association was preserved for a mutated RAMP1 that cannot
reach the cell surface, even in the presence of CRLR, indicating that the deficient targeting resulted
from the altered conformation of the complex rather than a lack of heterodimerization. BRET analysis
also showed that, in addition to associate with one another, both CRLR and RAMP1 can form homo-
dimers. The homodimerization of the coreceptor was further confirmed by the ability of RAMP1 to prevent
cell surface targeting of a truncated RAMP1 that normally exhibits receptor-independent plasma
membrane delivery. Although the role of such dimerization remains unknown, BRET experiments clearly
demonstrated that CRLR can engage signaling partners, such as G proteifisaaedtin, following

CGRP stimulation, only in the presence of RAMPL. In addition to shed new light on the ERARIP1
signaling complex, the BRET assays developed herein offer new biosensors for probing CGRP receptor
activity.

The discovery in 1998 by McLatchie et al. of a new family when coexpressed with RAMP2 or RAMP3. Taken with
of proteins named receptor activity-modifying proteins biochemical evidence suggesting physical interactions be-
(RAMPsY challenged the traditional views of how G protein- tween RAMPs and CRLR2(-9), the observation that
coupled receptors (GPCRs) functidi).(These proteins were  radiolabeled ligands could be cross-linked to both RAMPs
first shown to promote the maturation and transport, and to and CRLR (—4, 10, 11) clearly indicated that RAMPs act
define the pharmacological properties of an orphan receptor,as genuine coreceptors of CRLR. In addition to the family
the calcitonin receptor-like receptor (CRLR). Three RAMPs B seven-transmembrane domain receptor (7TMR) CRLR,
were identified (RAMP1, RAMP2, and RAMP3), forming several members of this same family [calcitonih2)(

a small family of single-transmembrane domain proteins that glucagon, vasoactive intestinal polypeptide/pituitary adeny-
share the same topological organization but only 30% late cyclase-activating peptide 1, and parathyroid hormone
identical sequence. When associated with RAMP1, CRLR 1 and 2 receptorsl@)] and one member of family C 7TMR
functions as a calcitonin gene-related peptide (CGRP) [calcium-sensing receptoi4)] were found to interact with
receptor, while it acts as an adrenomedullin (AM) receptor RAMPSs. In several instances, interactions between RAMPs
and 7TMR were found to affect their cellular trafficking. In
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Indeed, a growing body of evidence indicates that many Fz1-GFP and LRP6-GFP (where Fz1l stands for rat
GPCRs can exist as homo- or heterodimers between closelyFrizzled 1 and LRP6 for human low-density lipoprotein
related 7TMR subtypes, a process also believed to bereceptor-related protein 6)These vectors were generously
involved in receptor trafficking and pharmacological diversity provided by R. T. Moon (University of Washington School
(15). Whether a 7TMR such as CRLR, which requires of Medicine, Seattle, WA) and were constructed by incor-
RAMPs for cell surface targeting and signaling, can also form porating the GFP coding sequence (from pGFP2 N1, Perkin-
homodimers remains an open question. Interestingly, indirectElmer) in-frame 3 of the LRP6 and Fz1 sequence.
biochemical evidence suggests that RAMP1 and RAMP3 can  myc-RAMP1C104A-GFPThe RAMP1 mutant was con-
also form homodimersl( 6, 16, 17). Once again, however,  structed by PCR site-directed mutagenesis, replacing cysteine
the oligomeric status of these proteins has not been exploredi 04 with alanine using myc-RAMP1-GFP as a template.
in living cells. _ _ RAMP2-GFP and RAMP3-GFPThese constructs were
This study was therefore undertaken to further investigate generously provided by P. M. Sexton (Monash University,
the oligomeric status of CRLR and RAMP1, and their cjayion, Australia) and were constructed using the Gateway
interaction with signaling partners in intact cells using system technology (Invitrogen). RAMP2 and RAMP3 were
bioluminescence resonance energy transfer (BRET). Ourincorporated into the pENTER vector and then, via a

results demonstrate that, in addition to interacting with one ocombination reaction. cloned into the pGFP2 destination
another, CRLR and RAMP1 can both form homodimers. yector, creating a linker of 30 amino acids between the

Despite the formation of CRLR homodimers, the coexpres- RaMP and the GFP.

sion of RAMP1 was essential for allowing agonist-promoted .

; ! . . myc-RAMPA8-GFP. A PCR fragment lacking the stop
interaction between the 7TMR and either G proteins or codon plus the last eight amino acids from the C-terminus

f ;)?Tr]relzt)'(ni’ncz?ﬂr:g'Tg;h;jﬁifii?'al role of the CRERAMP (SKRTEGIV) was generated using myc-RAMPL1 as a tem-
P 9 ' plate. This fragment was subcloned into pcDNA3.1 z&d (

EXPERIMENTAL PROCEDURES and the GFP fragment inserted in-frameo8 RAMP1AS,
creating a six-amino acid linker between the two proteins.
Materials HA-RAMP1-RlucThe myc epitope at the N-terminus of

Dulbecco’s modified Eagle’s medium (DMEM), fetal myc-RAMP1Rluc described above was replaced with the

bovine serum, glutamine, penicillin, and streptomycin were HA epitope cut out from the HA-CRLR construct, also
all from Wisent (St. Bruno, QC) #A4]CGRP and }29]AM described above.

(specific activity of 2000 Ci/mmol) were from GE Healthcare ~ Gyz-Rluc and-Arrestin2-Rluc (where ¢, stands for the
Life Sciences (Little Chalfont, U.K.), and humartCGRP G proteiny; subunit).The coding sequences of/and rat
and AM were from Bachem AG (Bubendorf, Switzerland). B-arrestin2 were inserted in-frame &f the Rluc sequence
Mouse anti-myc antibodies (9E10 clone) were produced by as previously described g, 20).

our core facility as ascite fluids. Texas Red-conjugated All constructs were confirmed by sequencing.
secondary antibodies and rabbit anti-HA antibodies were

obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Cell Culture and Transfections

Immobilized anti-HA rat antibodies were from Roche Mo- S

lecular Biochemicals (Laval, QC), and rabbit anti-myc I—!umgn ef.“bWO”'C Kidney 293T (HEKZ%P cells were

antibodies were from Sigma (St. Louis, MO). Horseradish maintained in DMEM supplemented with 10% (v/v) fetal
; bovine serum, 2 mM glutamine, 100 units/mL penicillin, and

peroxidase (HRP)-conjugated secondary antibodies were ‘ i S
purchased from GE Healthcare Life Sciend@s?henylene- 100ug/mL streptomycin at 37CIn a humidified atmosphere
of 95% air and 5% C@ Transient transfections were

diamine dihydrochloride tablets (HRP substrate) were from ) ; S
Sigma. The chemiluminescence kit was from Perkin-Elmer performed using the Ca'C'“”_“ phosphate precipitation _method
Life Sciences (Boston, MA). DeepBlue coelenterazine was glt)’ excegltqicg thed a:)gtmlst-lndgced BRtl.ET fexpe;:_mre]nts
purchased from Perkin-Elmer Life Sciences (Woodbridge, tew?er;_ an ‘ 0 fa'? ﬁ-alrretsh"r or whic h
ON) and coelenterazine H from Molecular Probes (Burling- ranstections were periormed using polyethyleneéimine as the
ton, ON). transfecting age_ntZQ). In all cases, the amount .of DNAs

' between conditions was kept constant by adding the ap-
Expression Vectors propriate amount of empty vectors. All experiments were

RAMP1, myc-RAMP1L, CRLR, myc-CRLR, and HA-CRLR, SaTed out 48 h after transfection.

Human cDNAs encoding RAMP1, myc-RAMPl, CRLR, |mmunofluorescence Microscopy
myc-CRLR, and HA-CRLR were subcloned into the pcD-
NA3 expression plasmid as previously descridBdafd were Labeling of Permeabilized Cell§ransfected cells were
graciously provided by S. M. Foord (GlaxoSmithKline). fixed with PBS containing 3% (w/v) paraformaldehyde for
myc-RAMP1-Rluc, myc-RAMP1-GFP, myc-CRLR-RIluc, 15 min and permeabilized with 0.25% Triton X-100 in
and myc-CRLR-GFP [where Rluc stands for Renilla lu- blocking buffer [PBS containing 0.2% (w/v) BSA] at room
ciferase and GFP for green fluorescent protein 10 (18)]. temperature for 15 min. Cells were then incubated with anti-
The coding sequences of myc-RAMP1 and myc-CRLR were myc (9E10) antibodies (1/100 dilution) for 30 min. After
amplified by PCR to generate stop codon-free fragments thatthree washes in blocking buffer, anti-mouse Texas Red-
were subcloned into pcDNA3.1 zed-). The Rluc or GFP conjugated antibodies (1/500 dilution) were added for 30 min.
fragments were then inserted in-frameo8the RAMP1 and The samples were then extensively washed, mounted onto
CRLR, creating a six-amino acid linker between the proteins. slides using Airvol mounting medium, and analyzed by
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confocal laser-scanning microscopy using a Leica TCS SP1effect of CGRP on the BRET signal between myc-CRLR-

confocal microscope. Rluc and myc-RAMP1-GFP, membranes were prepared from
Cell Surface LabelingTransfected cells were incubated HEK293T cells expressing these two constructs. Cells were

in blocking buffer, and anti-myc (9E10) antibodies (1/100 mechanically detached in membrane buffer [75 mM Tris (pH

dilution) were added fol h onice. Cells were then washed 7.4), 5 mM EDTA, 12.5 mM MgCJ, 10ug/mL benzamidine,

and fixed with PBS containing 3% (w/v) paraformaldehyde 5 ug/mL soybean trypsin inhibitor, anddg/mL leupeptin],

for 15 min, treated with the appropriate secondary antibodies, followed by lysis at £C using a polytron. Nucleus and large

and analyzed as described above. cellular debris were eliminated by centrifugation at 4 @ar
_ 5 min at 4°C. The supernatant was then centrifuged at
Accumulation of cAMP 4400@ for 20 min at 4°C. The pelleted membranes were

jwashed twice in membrane buffer and finally resuspended

CAMP fluorescent assay kit from Molecular Devices. Briefly, " @n appropriate volume of membrane buffer. For agonist-
cells were detached and resuspended in stimulation bufferinduced BRET experiments, cells (100 OQO cellsfwell) or
[PBS containing 0.2% (w/v) EDTA, 0.1% (w/v) glucose, and ”?e”_‘bfa”e _preparations {27 pug of protelln/well). were

0.75 mM 3-isobutyl-1-methylxanthine]. Cells were then distributed in 96-well plates and treated with the indicated

distributed in 96-well plates and incubated with the indicated concentrations of CGRP for _10 min at room temperature
concentrations of CGRP. The reaction was stopped, andPefore DeepBlue coelenterazine was added. BRET readings

lysates were transferred to 384-well plates coated with goatV€'® then collecte(_j atroom temperature as described "’?bo"e'
anti-rabbit antibodies. Rabbit anti-cAMP antibodies were immediately following addition of DeepBlue coelenterazine.

added, followed by HRP-conjugated cAMP. After 2 h, the ;
! . . ' Total Luminescence Measurement
plates were extensively washed, the Stoplight Red substrate
was added, and the plates were read using a FlexStation Because BRET experiments lead to the transfer of a
(Molecular Devices). cAMP accumulation experiments were fraction of the luciferase-emitted energy to the GFP partner,

cAMP accumulation was assessed using the CatchPoin

performed in triplicate. the amount of light detected in the channel corresponding
o o to theRluc emission upon addition of DeepBlue coelentera-
Radioligand Binding zine is diminished in proportion to the extent of energy

Transfected HEK293T cells, seeded in 24-well plates, were {ransfer. To accurately determine the amourilokc fusion
washed three times with cold PBS and incubated on ice for Protein expressed under each condition, the total lumines-
3 h in binding buffer [DMEM containing 0.2% (w/v) BSA cence was measured following the addition of coelenterazine

and 20 mM HEPES (pH 7.4)] with 200 pM2f]CGRP or H, a luciferase substrate that leads to luminescence emission
[129]AM, in the absence (total binding) or presence of atawa\{elength that does not allow the transfer ofengrgy to
increasing concentrations of unlabeled ligand. Nonspecific GFP- Briefly, transfected HEK293T cells resuspended in PBS

binding was defined as binding in the presence giM with 0.1% (w/v) glucose were distributed in 96-well plates

unlabeled CGRP or AM. After being incubated, cells were (100000 cells/well) (clear bottom plates from Corning
washed once with binding buffer and twice with PBS and #3632), and coelenterazine H was added at a final concentra-

tion of 5 uM. The total luminescence generated Bluc
constructs was determined using a LumiCount (Packard
Bioscience), 10 min after the addition of coelenterazine H.
This measurement was performed on a fraction of the cell
BRETR used for BRET or quantitative ELISA experiments.

then solubilized with 0.5 M NaOH. The associated cellular
radioactivity was measured injacounter. Binding experi-
ments were performed in triplicate.

Cells were washed twice with PBS, detached, and resus-Total Fluorescence Measurement
pended in PBS containing 0.1% (w/v) glucose. Cells were i
then distributed in 96-well plates (100 000 cells/well) (white _ 11€ @mount of GFP-fused protein expressed was assessed
plates from Corning #3912), and DeepBlue coelenterazine by measuring the total fluorescence upon direct light excita-

was added at a final concentration oft§l. Readings were tion of the fluorophore. Briefly, transfected HEK293T cells

collected using a modified TopCount apparatus (Packard resuspended in PBS with 0.1% (w/v) glucose were distributed
Bioscience) that allows the sequential integration of the In 96-well plates (100 000 cells/well) (clear bottom plates
signals detected in the 37@50 and 506-530 nm ranges. from Corning #3632), and the total fluorescence emitted by
The BRET signal corresponds to the ratio of the light emitted SFP constructs was measured using a FluoroCount (Packard
by GFP (508-530 nm) over the light emitted Bjluc (370- Bioscience) with excitation and emission filters set at 400
450 nm). The values were corrected by subtracting the BRET@Nd 510 nm, respectively. The values were corrected by
background signal detected whe®iuc constructs were subtracting the background signal detected in cells transfected

expressed alone. For BRET titration curve experiments, cells With the empty vector instead of GFP constructs. These
were transfected with a constant amouniRiic construct ~ measurements were performed on a fraction of the cell used
and increasing quantities of GFP construct. The total fOF BRET or quantitative ELISA experiments.

luminescence and fluorescence were measured to control forCo-Immunoprecipitation
relative expression levels of donor and acceptor proteins,

respectively. BRET values were then plotted as a function Transfected cells were washed twice with PBS, lysed for
of the total fluorescence/luminescence ratios (G¥#R) and 1 h at 4°C in lysis buffer [50 mM Tris (pH 7.4), 150 mM
the curves fitted using nonlinear or linear least-squares NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxy-
regression functions (GrapPad PrisMpB); To assess the cholate, 50 mM iodoacetamide, 1@/mL benzamidine, 5
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ug/mL soybean trypsin inhibitor, and &g/mL leupeptin],
and centrifuged at 1500Q0for 1 h at 4 °C to remove
unsolubilized material. The protein concentration of the
lysates was determined, and the same quantity of total
proteins was used in each immunoprecipitation reaction.
Lysates were incubated overnight at@ with immobilized
anti-HA rat antibodies. Antibodyantigen complexes were
collected by centrifugation and successively washed four
times with cold lysis buffer containing 150, 250, 350, and
finally 150 mM NaCl. The final pellet was resuspended in
sample buffer containing 60 mM Tris (pH 6.8), 2% (w/v)
SDS, 4.5 M urea, and 100 mM dithiothreitol. Protein samples
were resolved by 8% SDSpolyacrylamide gel electrophore-
sis, transferred to nitrocellulose, and subjected to immuno-
blotting using rabbit anti-myc antibodies (1/1000 dilution)
or rabbit anti-HA antibodies (1/10000 dilution).

Quantitatve Measurement of Cell Surface RAMPs

Forty-eight hours post-transfection, cells were washed
twice, fixed with PBS containing 3% (w/v) paraformalde-
hyde, and incubated in blocking buffer [PBS containing 0.2%
(w/v) BSA] for 15 min. Anti-myc (9E10) antibodies (1/500

Permeabilized gl M
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myc-CRLR-Rluc myc-RAMP1-Rluc
+ RAMP -CRLR +CRLR

myc-CRLR-GFP myc-RAMP1-GFP

-RAMP  +RAMP -CRLR +CRLR

Ficure 1: Cell surface targeting dRluc- and GFP-fused CRLR
and RAMP1. HEK293T cells were transfected with myc-CRLR-
Rluc, myc-CRLR-GFP, myc-RAMPRIuc, or myc-RAMP1-GFP,
alone or in combination with RAMPL1 (in the case of myc-CRLR-

Q)

dilution) were added for 30 min. After three washes in Riuc and myc-CRLR-GFP), or CRLR (in the case of myc-RAMP1-
blocking buffer, anti-mouse HRP-conjugated antibodies (1/ Rluc and myc-RAMP1-GFP). Cellular localization of the fusion

500 dilution) were added for 30 min. Cells were then proteins was assessed by immunofluorescence confocal microscopy

extensively washed, and immunoreactivity was revealed by N intact (-) or permeabilized ) cells, using anti-myc antibodies

the additi f th i—lRP bstrat ding to th and Texas Red-conjugated secondary antibodies. The figures are
€ addl '9” 0 ,e subsiraie accor '”9 kLl representative of two independent experiments.

facturer’s instructions. For each ELISA experiment, a mock

condition corresponding to cells transfected with the empty \ya5 also observed for the myc-CRLR construct without

vector was included, and the values obtained for the different c5rpoxyl-terminally fusedRluc or GFP (Figure S1 of the

conditions were corrected by dividing the background signal Supporting Information). In the absence of CRLR, myc-

detected from the mock condition. Triplicates were per- RamP1-Rluc and myc-RAMP1-GFP were restricted to the
formed for each condition within an ELISA experiment. The jnside of the cells (Figure 1). As is the case for their WT

amount of cell surface myc-RAMP1-GFP, myc-RAMK8:- counterparts X, 6), the intracellular retention of the four
GFP, or myc-RAMP1C104A-GFP obtained with the ELISA  fsjon constructs transfected alone can be easily appreciated
was plotted_as a function of its total expression Iev_el, as;essecby the strong immunofluorescence signals observed after cell
by measuring the total fluorescence (as described in thepermeabilization. A clearly distinct distribution pattern was
previous section). The relative amount of HA-RAMRILic observed when the CRLR and RAMP1 constructs were
coexpressed with myc-RAMRB-GFP was also assessed coexpressed. Indeed, cell surface expression of both myc-
by measuring the total luminescence. CRLR-Rluc and myc-CRLR-GFP was greatly enhanced by
the cotransfection of RAMPL1. Likewise, myc-RAMMRIdC

and myc-RAMP1-GFP were clearly detected at the cell
surface upon coexpression of CRLR. These results demon-

RESULTS AND DISCUSSION

Characterization of Rluc- and GFP-Fused CRLR and P! ] i
RAMP1. To gain insight into the assembly of CRER  Strate that the addition of eith&uc or GFP did not affect

RAMP1 signaling complexes, a “noninvasive” proximity- the_ normal qlistribu_tipn pattern of CRLR and RA_MPl, ea_ch
based assay exploiting the nonradiative transfer of energyfusion protein requiring the coexpression of their respective
between luciferase and GFP (BRET) was used. For this partnerfor efficient cell surface targeting, in agreement with
purpose, fusion proteins were generated in which the energyPrevious reports on the WT proteins, €).

donor Rluc or the energy acceptor GFP was fused at the Next, we wanted to assess the functionality of the four
carboxyl terminus of either myc-CRLR or myc-RAMP1. To fusion proteins (Rluc and -GFP) by testing their ability to
confirm that these fusion proteins behaved like their wild- promote accumulation of cAMP upon agonist stimulation.
type (WT) counterparts, we first studied their subcellular First, the functionality of myc-CRLARIuc and myc-CRLR-
localization using confocal immunofluorescence microscopy. GFP was tested in cells cotransfected with RAMPL1. As seen
As shown in Figure 1, in the absence of cotransfected in Figure 2A, CGRP-induced cAMP production was ob-
RAMP1, myc-CRLRRluc and myc-CRLR-GFP were largely  served in cells transfected with RAMP1 alone. However,
retained intracellularly. The weak cell surface immunofluo- coexpression of either CRLR, myc-CRLRuc, or myc-
rescence detected for both myc-CRERic and myc-CRLR- CRLR-GFP led to a major increase in both the efficacy and
GFP most likely resulted from a low level of endogenous potency of CGRP. The Eg and the maximal responses
RAMP in these cells (ref and see also below) and not from generated upon expression of either of the two fusion proteins
the presence dRluc or GFP fused to the carboxyl terminus (myc-CRLR-RIuc or myc-CRLR-GFP) were comparable to
of myc-CRLR since a similar weak cell surface expression those obtained with the WT CRLR, indicating that the
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A ECs0 (M) Table 1: Binding Properties d®luc- and GFP-Fused RAMP1
© RAMP1 2.76 +0.24 —
e CRLR + RAMP1 0.11 +0.09 specific 24]CGRP
® myc-CRLR-RIUC + RAMP1 0.09 4 0.03 DNA construct binding (fmol/well) 1Gs0 (NM)
081 @ myc-CRLR-GFP + RAMP1  0.04 +0.01 CRLR 0.12+ 0.06 2.4+ 0.8
0.7 CRLR—-RAMP1 2.45+0.19 28.6+ 6.7
§ 06 CRLR—myc-RAMP1RIuc 0.24+0.04 46+ 1.6
= ' CRLR—myc-RAMP1-GFP 1.35:-0.38 2574+ 13.7
E % 0.54 CRLR—myc-RAMPI1A8-GFP 1.32+ 0.27 7.1+ 1.0
§ % 0.4 aValues are expressed as the meastandard deviation calculated
5 E 13l from two independent experimentsValues are expressed as the mean
H =+ standard error of the mean calculated from three to four independent
S 0.2 experiments. Specific binding was assessed by subtracting the amount
0.1 of [*?4]CGRP binding obtained in the absence and presence of
0.0 unlabeled 1uM CGRP. 1Go corresponds to the concentrations of
14 13 42 11 10 -9 -8 -7 -6 unlabeled CGRP inhibiting 50% of th&#}]CGRP binding. {?4]CGRP
Log [CGRP] (M) was used at a tracer concentration of 200 pM. Conditions were selected
such that the amount of receptor-bound radioligand was negligible
ECsp ("M) (<6%) compared to the total amount éfJJCGRP added (i.e., free

ligand concentratiorre total ligand concentration added). Specific

e el binding represented 45% (CRLR alone), 93% (CRIRAMP1), 61%6
0.7 ® CRLR+RAMP1 030 +0.18 (CRLR—myc-RAMP1Rluc), 89% (CRLR—myc-R_AI\/_IPl-GFP), and
94% (CRLR-myc-RAMP1A8-GFP) of the total binding. In all cases,
0.64 > the difference between total and nonspecific binding was statistically
é 0.5 significant P < 0.05; unpaired Studentistest).
(]
E% 0.44 of endogenous RAMP, transfection of CRLR alone was
33 03] sufficient to confer a sizable cAMP accumulation response,
SE " rendering it difficult to assess the functionality of the RAMP1
% 0.2 fusion constructs using this second-messenger generation
0.1- assay. Indeed, although cotransfection of CRLR with RAMP1
00 . . ' . ' . ' . tended to increase both the efficacy and the potency of CGRP
14 43 A2 41 0 -9 -8 7 -6 in activating adenylyl cyclase activity (Figure 2B), the
Log [CGRP] (M) differences were too small to allow reliable assessment of

FiIGURE 2: Signaling properties oRluc- and GFP-fused CRLR.  the RAMPL1 fusion proteins. To circumvent this technical
HEK293T cells transfected with the empty vector (mock) or the problem, we turned to a radioligand binding assay. Indeed,
indicated plasmids were stimulated with increasing concentrations the lack of signal amplification characteristic of radioligand
O e e o o DN aSSays contrasts wlh the high levelof amplifcaion
independent experiments. of second-messenger generation techniques and greatly
reduces the impact of the endogenous RAMP on the readout.
addition of the mycRluc, or GFP tags to CRLR did not In cells transfected with CRLR alone, only margin&®i]-
affect the Gs coupling potential of the receptor. CGRP binding could be detected. In contrast, cotransfection
The cAMP production obtained in cells transfected with of either WT-RAMP1, myc-RAMPIRluc, or myc-RAMP1-
RAMP1 alone most likely reflects the presence of low levels GFP conferred greatet?flJCGRP binding, which could be
of endogenous receptor that can bind CGRP and activatedisplaced with high affinity by nonlabeled CGRP (Table 1).
adenylyl cyclase upon interaction with RAMP. Since low Identical IGo values were obtained for WT RAMP1 and
levels of endogenous RAMP proteins are also present in myc-RAMP1-GFP, whereas a slightly higher apparent af-
HEK293T cells (), one would suspect that we should be finity was observed for myc-RAMPRuc. The maximal
able to observe cAMP production in nontransfected cells. binding observed upon transfection of the different RAMP1
Indeed, cells transfected with an empty vector conferred a fusion proteins was somewhat lower than that obtained with
small but measurable CGRP-promoted adenylyl cyclase WT RAMP1. This difference, which is particularly evident
activity (Figure 2B). Interestingly, the cotransfection of for myc-RAMP1RIuc, most likely reflects different expres-
CRLR and RAMP1 not only resulted in an increase in the sion levels rather than altered binding properties, since the
level of maximal CGRP-stimulated cAMP production when apparent affinities of CGRP (Kgvalues) observed were at
compared with untransfected or RAMP1 transfected cells but least as high as that obtained for WT RAMP1. Taken with
also led to an increase in CGRP potency. This decrease inthe observation that myc-RAMPRluc and myc-RAMP1-
CGRP EGy may reflect the generation of spare receptor (i.e., GFP have the same cell surface targeting pattern as WT
more receptor than the amount required to maximally RAMPL1 (Figure 1), the binding data indicate that the fusion
stimulate the adenylyl cyclase activity even at a subsaturatingof Rluc or GFP did not promote major changes in RAMP1
concentration of agonist, leading to a leftward shift in the functionality.
concentrationresponse curve). This possibility is supported  Interaction between CRLR and RAMPSince the dis-
by the observation that the §&of CGRP for activation of covery of RAMPs and their involvement in CRLR signaling,
the adenylyl cyclase is smaller than itss¢@erived from a only scant attention has been paid to the interactions
radioligand binding assay (see below). involving the different partners of the CRLERRAMP
When we sought to test the functionality of the RAMP1 complex. Cross-linking of!P]CGRP to two proteins with
constructs, it was noted that, as expected from the presencéhe molecular weight of CRLR plus RAMP1 and co-
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® myc-CRLR-RIuc + myc-RAMP1-GFP o myc-RAMP1-GFP
07+ © myc-CRLR-Rluc + LRP6-GFP 12,5 ® mMyc-RAMP1-GFP + CRLR

BRET

Cell surface expression
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Ficure 3: Interaction between CRLR and RAMP1 assessed by FiGURE4: Cell surface targeting of RAMP1. HEK293T cells were
BRET. BRET titration curves were obtained using cells transfected transfected with an increasing amount of myc-RAMP1-GFP alone
with a constant amount of myc-CRLRuc and an increasing  or in combination with a fixed amount of CRLR. Cell surface
amount of either myc-RAMP1-GFP or LRP6-GFP. BRET values expression of myc-RAMP1-GFP was assessed by ELISA detection
are plotted as a function of the ratio of total GFP oWuc of the myc epitope and correlated with its total expression level
expression obtained by measuring the total fluorescence anddetermined by measuring the GFP fluorescence. Data points
luminescence under each condition. Data points obtained in threeobtained in three independent experiments were pooled and used
to four independent experiments were pooled and used to generatdo generate the curves.
the curves.

immunoprecipitation of CRLR and RAMP1. after cell solu- impaired the CGRP receptor function by promoting _retention
bilization suggested an interaction between CRLR and Of the mutated RAMP1, even when coexpressed with CRLR
RAMPs (1—11). To determine whether such interaction (24). This retention could be explained by different mech-
occurred in vivo, BRET titration curves were carried out in @nisms, one being that the cysteine mutation could impair
living cells. For this purpose, a constant level of myc-CRLR- the physical interaction between RAMP1 and CRLR, which
Rluc was coexpressed with increasing concentrations of myc-1S needed for cell surface trafficking. To test this hypothesis,
RAMP1-GFP in HEK293T cells. As shown in Figure 3, the We constructed a myc-RAMP1C104A-GFP mutant and tested
magnitude of the BRET signal detected in cells expressing both its subcellular localization and its ability to interact with
the two constructs increased as a hyperbolic function of the CRLR.
myc-RAMP1-GFP concentration, reflecting a specific inter- ~ To quantitatively assess the cell surface targeting of myc-
action between the two proteingd). Similar results were ~ RAMP1-GFP, we devised an assay based on the simulta-
obtained when the reverse energy deracceptor orientation ~ heous measurement of the surface expression by an ELISA
was used (coexpressing myc-RAMRILic with myc-CRLR- (using the N-terminal myc epitope) and of the total myc-
GFP; Figure S2A of the Supporting Information). In contrast, RAMP1-GFP expression, reflected by the fluorescence of
virtually no BRET signal could be detected between myc- the C-terminally fused GFP. The cell surface expression
CRLR-Rluc and the negative control LRP6-GFP [a single- (ELISA signal) is then graphically depicted as a function of
transmembrane domain coreceptor for another 7TMR, Frizzledthe total expression level (fluorescence). As shown in Figure
(Fz) 23)] expressed at levels similar to those of myc- 4, expressing increasing levels of myc-RAMP1-GFP in the
RAMP1-GFP (as illustrated by the similar fluorescence absence of CRLR led to a robust elevation of the fluorescence
obtained in cells transfected with either LRP6-GFP or myc- that was detected, but to virtually no increase in the
RAMP1-GFP), thus confirming the selectivity of the ob- magnitude of the ELISA signal, confirming that RAMP1
served signal. The addition of CGRP to cells coexpressing cannot reach the cell surface efficiently in the absence of
myc-CRLRRIuc and myc-RAMP1-GFP was without effect CRLR. At similar fluorescence levels of myc-RAMP1-GFP,
on the BRET signal (data not shown), indicating that agonist coexpression of CRLR promoted a brisk increase in the
stimulation did not affect the oligomeric state of the complex. magnitude of the ELISA signal that is proportional to its
To rule out the possibility that the lack of an effect of CGRP total level of expression, reflecting the ability of the complex
on the BRET between myc-CRLRiuc and myc-RAMP1- to reach the cell surface. In contrast, no cell surface signal
GFP could result from the presence of a significant pool of could be observed for the myc-RAMP1C104A-GFP mutant
intracellular CRLR-RAMP1 complex that could not be €ven in the presence of CRLR (Figure 5A), confirming the
accessible to CGRP, the effect of CGRP was assessed ontracellular retention phenotype of that cysteine-mutated
membrane fractions derived from cells coexpressing myc- RAMP1 (24).
CRLR-RIuc and myc-RAMP1-GFP. As shown in Figure S2B To assess the ability of RAMP1C104A to interact with
of the Supporting Information, CGRP, at a saturating CRLR, BRET titration curves were carried out with myc-
concentration of 1uM, was without effect on the BRET = CRLR-Rucandeither myc-RAMP1-GFP, myc-RAMP1C104A-
signal between CRLR and RAMP1. Taken together, these GFP, or LRP6-GFP (Figure 5B). A hyperbolic increase in
results clearly indicate that, as suggested by in vitro studies,the magnitude of the BRET signal was observed for both
CRLR and RAMP1 can form a constitutive and stable myc-RAMP1-GFP and myc-RAMP1C104A-GFP but not
complex in living cells. LRP6-GFP, indicating that the cysteine mutation did not
It has previously been demonstrated that the single prevent the interaction between RAMP1 and CRLR. The
substitution of any of the four conserved cysteine residues observation that similar levels of RAMP1 expression were
in the N-terminal domain of RAMP1 with alanine residues required for myc-RAMP1-GFP and myc-RAMP1C104A-
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Ficure 5: RAMP1C104A cell surface targeting and interaction
with CRLR. (A) HEK293T cells were transfected with a fixed
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GFP or myc-RAMP1C104A-GFP. Cell surface expression of the

RAMP1 constructs was assessed by ELISA detection of the myc

epitope and correlated with their total expression levels by
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that the intracellular retention of the cysteine mutant is
probably due to a distinct conformation of the CRER
RAMP1C104A complex that does not allow its export from
the ER. This conformational change could result from the
inability of RAMPL1 to form intra- or intermolecular disulfide
bonds involving cysteine 104). Alternatively, the decrease

in BREThaxcould reflectaretention ofthe myc-RAMP1C104A-
GFP in a subcellular compartment where it can interact only
with a fraction of the myc-CRLRRIuc population. However,
such hypothetical partial sequestration of the mutated
RAMP1 away from CRLR could not explain the total
intracellular retention of RAMP1C104A (Figure 5A). Indeed,
the extent of the BRET signal observed with myc-
RAMP1C104A-GFP indicates that a sizable fraction of the
mutated RAMPL1 can interact with CRLR but cannot reach
the cell surface.

Homodimerization of CRLRA growing body of data
suggests that most members of the GPCR superfamily can
form dimers. Although most attention focused on family A
and C receptors, a growing body of evidence suggests that
family B GPCRs such as the calcitoni5j, corticotropin-
releasing factor receptor type R6€), secretin 27), and
vasoactive intestinal polypeptide/pituitary adenylate cyclase-
activating peptide (VPAC1 and VPAC228) receptors can
also form dimers. Several of these receptors have also been
shown to interact with RAMPs<L@, 13). However, CRLR is
a special case since it is the only receptor to date that
absolutely requires RAMPs for its plasma membrane expres-
sion, function, and pharmacological selectivity. Since GPCR
homo- and heterodimerization have also been shown to play
arole in receptor cell surface traffickingq, 30), we sought
to assess whether CRLR could also homodimerize in living
cells. For this purpose, BRET titration experiments, where

measuring the GFP fluorescence. (B) BRET titration curves were a constant level of myc-CRLIRluc was coexpressed with
obtained using cells transfected with a constant amount of myc- increasing concentrations of myc-CRLR-GFP, were carried

CRLR-Rluc and an increasing amount of either myc-RAMP1-GFP,
myc-RAMP1C104A-GFP, or LRP6-GFP. BRET values are plotted
as a function of the ratio of total GFP oviuc expression obtained

out. As shown in Figure 6A, the magnitude of the BRET
signal increased as a hyperbolic function of the concentration

by measuring the total fluorescence and luminescence under eactof GFP fusion protein added, whereas coexpression of myc-

condition. The BREFax and BRETE values were derived from

nonlinear least-squares regressions curve fitting (GraphPad Prism)

BRETmax = 0.55+ 0.03 for myc-RAMP1-GFP and 0.32 0.02
for myc-RAMP1C104A-GFP. BRESp = 0.16 &+ 0.04 for myc-
RAMP1-GFP and 0.0%: 0.02 for myc-RAMP1C104A-GFP. Data

CRLR-Rluc with an unrelated 7TMR Fz1 fused to GFP (Fz1-

‘GFP) led only to marginal BRET that increased linearly as

a function of GFP concentration. The weak and linear signal
observed between myc-CRLRec and Fz1-GFP most likely

points obtained in three independent experiments were pooled andrepresents “bystander BRET” resulting from random colli-

used to generate the curves.

GFP to reach 50% of the maximal BRET signal [termed
BRETso values and used as an indirect indication of the
relative affinity of the partners for one anoth&s)] indicates
that the mutation did not inhibit the ability of RAMP1 to
associate with CRLR. In fact, the modestly smaller BRET
observed for myc-RAMP1C104A-GFP suggests that the
mutant form of RAMP1 may even have a slightly greater
affinity for CRLR. The maximal BRET signal observed was,
however, markedly smaller for the mutant form of RAMPL1.
Maximal BRET levels reflect not only the number of dimers

sions between the expressed BRET partndg), (thus
emphasizing the fact that the robust hyperbolic signal
detected for the myc-CRLIRuc—myc-CRLR-GFP pair
reflects selective dimerization of CRLR. To confirm the
occurrence of homodimerization using a different approach,
co-immunoprecipitation experiments were carried out in
solubilized preparations derived from cells coexpressing
differentially amino-terminally tagged CRLR. As shown in
Figure 6B (lane 3), immunoreactivity corresponding to the
myc-tagged CRLR could be readily detected following
immunoprecipitation of the HA-CRLR, indicating an inter-
molecular interaction between the differentially tagged

but also the distance and orientation between the energyreceptor that is consistent with the CRLR homodimerization
donors and acceptors that can be affected by conformationaldetected by BRET. No myc immunoreactivity was detected

changes. Given the lack of a BRETincrease, which
indicates a similar propensity of the mutant and WT RAMP1
to associate with CRLR, the smaller BREX most likely
reflects a conformational difference between the CRLR
RAMP1C104A and CRLRRAMP1 complexes. It follows

following immunoprecipitation with the anti-HA antibody
in cells expressing either myc-CRLR or HA-CRLR alone
(Figure 6B, lanes 1 and 2), demonstrating that the signal
did not result from cross-immunoreactivity. In cells coex-
pressing myc-CRLR and HA-Fz1, immunoprecipitation of
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Ficure 6: Homodimerization of CRLR. (A) BRET titration curves o
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myc-CRLRRIuc and an increasing amount of either myc-CRLR- GFP/RIuc

GFP or Fz1-GFP. BRET values are plotted as a function of the
ratio of total GFP oveRluc expression obtained by measuring the C

total fluorescence and luminescence under each condition. Data  0.40-
points obtained in four to nine independent experiments were pooled
and used to generate the curves. (B) HA-tagged receptors were
immunoprecipitated from cells transfected with the indicated
constructs, and the myc-associated (laned)land HA-associated
(lanes 7 and 8) immunoreactivities were revealed by Western blot
analysis. The presence of myc-CRLR in cell extracts was also
revealed by Western blot analysis (lanes 5 and 6). The results shown
are representative of three independent experiments.

HA-Fz1 also led to a detectable cosedimentation of myc-
CRLR (Figure 6B, lane 4). However, the myc-CRLR
Immunoreactivity that_ was detected was much W‘??ke.r than Ficure 7: Homo- and heterodimerization of RAMP1. BRET
that observed following HA-CRLR immunoprecipitation, tration curves were obtained using cells transfected with a constant
despite equivalent levels of myc-CRLR (Figure 6B, lanes 5 amount of myc-RAMPIRIuc and an increasing amount of either
and 6) and the similar amount of HA-tagged receptors that myc-RAMP1-GFP (A), RAMP2-GFP (B), RAMP3-GFP (C), or
immunoprecipitated (Figure 6B, lanes 7 and 8). The low level LRP6-GFP (A-C). BRET values are plotted as a function of the

K St ratio of total GFP oveRluc expression obtained by measuring the
of co-iImmunoprecipitation between CRLR and Fz1 most total fluorescence and luminescence under each condition. The inset

likely represents nonspecific interactions that are consistentcorresponds to the enlargement of the region delineated by the
with the weak BRET signal observed between myc-CRLR- dotted line. Data points obtained in four to nine independent
Rluc and Fz1-GFP in Figure 6A. Taken together, the BRET experiments were pooled and used to generate the curves.
and co-immunoprecipitation data demonstrate for the first
time that even though it requires a coreceptor for cell surface obtained between myc-RAMPRIuc and myc-RAMP1-GFP
trafficking and function, CRLR has the same homo-oligo- (Figure 7A). As in the case of the CREFRRAMP1 interac-
merization potential as the other GPCRs. tion, LRP6-GFP was used as a negative control. In spite of
Homo- and Heterodimerization of RAMPEven if the the low expression levels of the negative control, it can be
evidence is less compelling than that for GPCRs, RAMP1 clearly seen that coexpression of myc-RAMRILc with
has also been proposed to form homodimers. For instanceLRP6-GFP led to undetectable BRET signals at GRR/
species corresponding to the expected molecular weight forratios for which sizable BRET levels were obtained between
a dimer of RAMP1 were obtained following immunopre- RAMP1-Rluc and RAMP1-GFP (inset of Figure 7A), thus
cipitation of an N-terminally tagged RAMP1,(6, 16, 17). confirming the selectivity of the observed signal. The
Although this could indeed reflect RAMP1 homodimeriza- negative results obtained with Fz1-GFP (Figure 6A) and
tion, the detection of a higher-molecular weight species could LRP6-GFP (Figures 3 and 7A) do not result from the
also be a consequence of the association of RAMP1 with inability of these constructs to generate BRET signals, since
another protein with a similar molecular weight, or of significant BRET levels were obtained when FRlilic was
aggregation resulting from cell lysis and incomplete solu- coexpressed with Fz1-GFP and LRRigic with LRP6-GFP
bilization. To directly assess if RAMP1 could truly form (Figure S3 of the Supporting Information). Taken together,
homodimers in living cells, BRET titration experiments were these data provide the first evidence that RAMP1 can form
carried out. A robust and saturable transfer of energy washomodimers in intact living cells. Given the existence of three

® myc-RAMP1-Rluc + RAMP3-GFP
© myc-RAMP1-Rluc + LRP6-GFP

BRET

GFP/Rluc
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RAMP subtypes, we investigated the ability of RAMP1 to
heterodimerize with the two other members of the family,
RAMP2 and RAMP3. For this purpose, RAMP2 and
RAMP3 fused at their carboxyl termini to GFP were used
as potential BRET partners for myc-RAMMRIdC. As was
the case for RAMP1, the addition of GFP to RAMP2 and
RAMP3 did not affect the functional properties of these
proteins as assessed by their ability to conf&éflJAM
binding (data not shown). BRET titration curves revealed
that RAMP1 readily interacts with both RAMP2 and
RAMP3, as indicated by the fact that the magnitude of the
BRET signal observed between myc-RAMRILic and either
RAMP2- or RAMP3-GFP increased as a hyperbolic function
of the GFP partner concentration (panel B or C of Figure 7,
respectively). The selectivity of the interaction was once
again confirmed by the lack of BRET between myc-RAMP1-
Rluc and LRP6-GFP. These data reveal that, in addition to
self-association, RAMP1 can also interact with the two other
members of the family to form heterodimers.

Effects of RAMP1 Dimerization on Cell Surface Targeting
of RAMPIAS8. To further asses the functional relevance of
RAMP1 dimerization, we took advantage of a truncated form
of RAMP1 (RAMP1AB8), which exhibits receptor-indepen-
dent cell surface delivery as a result of the deletion of a
retention signal (SKRT) located within its last eight amino
acids @). Indeed, as discussed before, the WT form of
RAMPL1 is retained intracellularly when expressed alone. If,

Héroux et al.
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Ficure 8: Cell surface targeting and dimerization of RAMKR

as the BRET experiments described above indicate, RAMP1(A) HEK293T cells were transfected with an increasing amount of

can homodimerize, coexpression of RAMKE with WT
RAMP1 could have an impact on their cell surface expres-
sion. Either RAMPA8 could bring its WT counterpart to
the cell surface, or WT RAMP1 could retain the truncated
form intracellularly.

Before these possibilities were tested, the functionality of
myc-RAMPI1A8-GFP, its cell surface trafficking property,
and its ability to dimerize with WT RAMP1 were assessed.
As seen in Table 1, similar to WT RAMP1, coexpression of
myc-RAMPI1A8-GFP with CRLR conferred high-affinity
[**M]CGRP binding, confirming the functional status of the
truncated form of RAMP14). Using the quantitative cell

surface targeting assay described above, the plasma mem-

brane expression profile of myc-RAMRSB-GFP was com-
pared to that of myc-RAMP1-GFP. As shown in Figure 8A,
in contrast to full-length myc-RAMP1-GFP, an increasing
level of expression of truncated RAMP1 alone led to the
apparition of detectable cell surface RAMP1 expression,
confirming the CRLR-independent cell surface delivery of
myc-RAMPI1A8-GFP. Finally, the ability of RAMPAS to
dimerize with WT RAMP1 was confirmed by the strong
BRET signal observed upon coexpression of myc-RAKIB1
GFP with HA-RAMP1Rluc (Figure 8B).

To assess the potential influence of dimerization on RAMP

myc-RAMP1-GFP or myc-RAMPA8-GFP. Cell surface expression

of these proteins was assessed by ELISA detection of the myc
epitope and correlated with their total expression level determined
by measuring the total fluorescence of GFP. Data points obtained
in two independent experiments were pooled and used to generate
the curves. (B) BRET values, as well as total fluorescence and
luminescence levels, were measured in cells expressing HA-
RAMP1-Rluc in combination with either myc-RAMRY8-GFP or
LRP6-GFP. The total fluorescence/luminescence ratios for each
condition are given under the bars corresponding to the BRET
values. The data represent the meastandard error of the mean

of three to four independent experiments.

® myc-RAMP1A8-GFP
0 myc-RAMP1A8-GFP + HA-RAMP1-Rluc

Cell surface expression
(ELISA: Relative 0.D.)
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Ficure 9: Influence of WT RAMP1 coexpresssion on RAMFA

cell surface trafficking, we then proceeded to measure the Cell surface targeting. HEK293T cells were transfected with an

influence of HA-RAMP1Rluc on the cell surface delivery
of myc-RAMPIA8-GFP. As seen in Figure 9, coexpression
of an excess of HA-RAMPRluc prevented the cell surface
appearance of myc-RAMRAB-GFP for a wide range of
truncated RAMP1 expression levels. The intracellular reten-

tion of myc-RAMPIA8-GFP was dependent on the amount t

of HA-RAMP1-Rluc expressed, since titrating down its

expression resulted in weaker retention (data not shown).

Taken together, these results indicate that full-length RAMP1

increasing amount of myc-RAMRB-GFP alone or in combination

with a fixed amount of HA-RAMPIRluc. Cell surface expression

of myc-RAMP1A8-GFP was assessed by ELISA detection of the
myc epitope and correlated with its total expression level by
measuring the total fluorescence from the GFP. Data points obtained
in three independent experiments were pooled and used to generate
e curves.

acts as a dominant negative of RAMMA cell surface
targeting, suggesting that the dimerization occurs intracel-
lularly, most likely in the ER or the Golgi, where it could
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Ficure 10: CRLR-RAMP1 signaling complexes assessed by BRET. HEK293T cells were transfected with myc-CRLR-GFP and either
the Gy2-Rluc, GB,, and Gxs complex (A) ors-arrestin2Rluc (B). The BRET values were determined in the absen¢®XMP1) or presence
(+RAMP1) of cotransfected RAMP1, 10 min after stimulation with different concentrations of CGRP. GFRuarfdsion protein expression

levels were controlled by measuring the total fluorescence and luminescence, and were found to be similar in the presence and absence of
cotransfected RAMP1. The inset in panel A illustrates the agonist-promoted increase in the magnitude of the BRET signal expressed as a
percentage of the basal BRET value obtained in the absence of ligand. Thedh@s derived from these curves are 16.13.4 nM for

the Gy,-Rluc—myc-CRLR-GFP pair and 2.8 0.5 nM for theg-arrestin2Rluc—myc-CRLR-GFP pair, both in the presence of RAMP1.

The data shown represent the mekarstandard error of the mean of three independent experiments.

play a role in the processing of RAMP1 through the secretory suggested3p) and recently confirmed for several receptors,
pathway. Such dimerization early in the secretory pathway using both BRET 19) and FRET (fluorescence resonance
is reminiscent of the oligomerization of two lectin proteins, energy transfer)37) approaches. Taken together, these data
ERGIC-53 and VIP36, that share a similar topological demonstrate the necessity of RAMP1 for proper engagement
organization with RAMP1 (type | single-transmembrane of G proteins by CRLR. The data are also consistent with
protein) and are involved in ERGolgi transport of glyco-  the notion that the CRLRRAMP1 complex represents the
proteins 81, 32). Interestingly, the oligomerization of functional receptor interacting with the G protein upon
ERGIG-53 was found to be essential for its cargo transport agonist stimulation, yet one cannot exclude the possibility
function 33). However, the role of RAMP1 dimerization in  that, although necessary for the trafficking of CRLR at the
the transport of the CRLRRAMP1 complex remains to be  plasma membrane, RAMP1 could dissociate from the recep-
investigated. tor once at the cell surface, thus allowing CRLR to interact
CRLR-RAMP1 Signaling Complexes Assessed by BRET.on its own with the G protein. However, this possibility is
Binding of CGRP to its receptor (presumably the CRLR  unlikely since it was previously shown that CGRP can be
RAMP1 complex) leads to the activation of the stimulatory chemically cross-linked to both CRLR and RAMP1 and that
G protein (Gs) that in turns activates adenylyl cyclase agonist stimulation leads to the endocytosis of the CRLR
activity, promoting the appropriate cellular respons&$.( RAMP1 complex as a stable entity, suggesting that CRLR
In addition to its coupling to Gs, the CRERRAMP1 and RAMP1 remain associated following agonist binding and
complex has also been proposed to interact \Witrrestin activation 6, 11).
(6), an accessory protein that promotes the desensitization In the case of-arrestin, the agonist-promoted recruitment
and internalization of GPCRs and may lead to the activation was monitored in cells coexpressipgarrestin2Rluc and
of the mitogen-activated protein kinase pathwasb)( myc-CRLR-GFP. No detectable basal BRET was observed
However, the evidence linking CRLR itself to G proteins regardless of whether RAMP1 was cotransfected (Figure
and g-arrestin is only indirect. Thus, we turned to BRET 10B), consistent with the notion that under resting conditions,
assays to probe the direct interaction between CRLR and itsg-arrestin resides in the cytosol and thus does not interact
signaling partners, and tested the role of RAMPL1 in such with either ER-retained or plasma membrane-targeted recep-
interactions. For the G protein coupling, the energy transfer tors. Following CGRP stimulation, a robust concentration-
between G,-Rluc and myc-CRLR-GFP was monitored in dependent increase in the extent of energy transfer between
the presence or absence of cotransfected RAMPL1. In all g-arrestin2Rluc and myc-CRLR-GFP was observed only in
cases, the BRET partners were coexpressed with &&d cells transfected with RAMP1, thus confirming that CRLR
Gp1 to attain the G protein subunit stoichiometry needed to can recruit-arrestin upon activation exclusively in the
allow the proper engagement of the heterotrimeric G proteins context of RAMP1 coexpression. These results are congruent
by the receptor]9). As illustrated in Figure 10A, stimulation ~ with the observation that CRLR and RAMP1 undergo
with CGRP led to a concentration-dependent increase in thej-arrestin-dependent endocytosis as a stable complex fol-
magnitude of the BRET signal detected only in cells lowing receptor activation@). It is noteworthy that the
transfected with RAMPL1. Interestingly, the expression of apparent potency (&g) of the CGRP-promoted interaction
RAMP1 was sufficient to noticeably increase the magnitude of CRLR with both G and-arrestin monitored by BRET
of the basal BRET signal between CRLR ang, @dicating (Figure 10A,B) was similar to the apparent affinity ¢
that RAMP1 favors constitutive coupling between the 7TMR of the receptor as assessed in a CGRP radioligand competi-
and the G protein. The existence of such precoupling betweention binding assay (Table 1). However, the apparent potency
GPCRs and their cognate G proteins has been previouslyobtained in the BRET assays is significantly lower than that
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observed for the CGRP-stimulated cAMP production (Figure
2A). This difference is not surprising when one considers

that the second-messenger generation greatly amplifies the

6.

signal, thus unmasking the presence of spare receptors that
leads to a leftward shift in the concentratioresponse curve.
Overall, our results are in agreement with the notion that
the CRLR-RAMP1 complex represents the functional
CGRP receptorl) and demonstrate for the first time that
such physical assembly occurs in living cells. They also
clearly demonstrate that, in the context of RAMP1 coex-

pression, CRLR can engage both the G proteins and

p-arrestin, confirming its signaling capacities. In addition to

their ability to interact with one another, CRLR and RAMP1

were also found to form homodimers in living cells, thus

raising the question of their stoichiometry of assembly in
the CRLR-RAMP1 complex. Unfortunately, the assays

currently available do not allow us to readily address this
question in intact cells, and further methodological develop-
ment will be needed before a satisfactory answer to this
question can be offered. Despite this limitation, the BRET
assays presented in this study offer new ways of probing
CGRP receptor assembly and activity.

ACKNOWLEDGMENT

We are grateful to Dr. S. M. Foord (GlaxoSmithKline)
for the generous gift of CRLR, RAMP1, myc-CRLR, and
myc-RAMP1, Dr. P. M. Sexton for RAMP2-GFP and
RAMP3-GFP, and Dr. R. T. Moon for Fz1-GFP and LRP6-
GFP cDNAs. We also thank Dr. M. Lagader critical
reading of the manuscript.
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Cell surface trafficking of myc-CRLR (Figure S1), BRET
between myc-RAMPRIuc and myc-CRLR-GFP (Figure
S2A), effect of CGRP on the BRET between myc-CRLR-
Rluc and myc-RAMP1-GFP (Figure S2B), and BRET
between LRP&RIuc and LRP6-GFP and between FRllic
and Fz1-GFP (Figure S3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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