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Background: Caveolins affect signaling by G protein-coupled receptors (GPCRs).
Results: Interaction between �3a-adrenoceptors and caveolin-1 facilitates Gs-mediated responses but prevents the receptor
from coupling to inhibitory Gi/o proteins.
Conclusion:Association of the �3a-adrenoreceptor with caveolin-1 is important in determining the selectivity and efficiency of
G protein coupling and signaling.
Significance:We demonstrate the functional impact of a GPCR-caveolin association.

Caveolins act as scaffold proteins in multiprotein complexes
andhave been implicated in signalingbyGprotein-coupled recep-
tors. Studies using knock-out mice suggest that �3-adreno-
ceptor (�3-AR) signaling is dependent on caveolin-1; however, it
is not knownwhether caveolin-1 is associatedwith the�3-AR or
solely with downstream signaling proteins. We have addressed
this question by examining the impact of membrane rafts and
caveolin-1 on the differential signaling of mouse �3a- and
�3b-AR isoforms that diverge at the distal C terminus. Only the
�3b-AR promotes pertussis toxin (PTX)-sensitive cAMP accu-
mulation. When cells expressing the �3a-AR were treated with
filipin III to disrupt membrane rafts or transfected with caveo-
lin-1 siRNA, the cyclic AMP response to the �3-AR agonist
CL316243 became PTX-sensitive, suggesting G�i/o coupling.
The�3a-ARC terminus, SP384PLNRF389DGY392EGARPF398PT,
resembles a caveolin interaction motif. Mutant �3a-ARs
(F389A/Y392A/F398A or P384S/F389A) promoted PTX-sensi-
tive cAMPresponses, and in situproximity assays demonstrated
an association between caveolin-1 and the wild type �3a-AR but
not the mutant receptors. In membrane preparations, the
�3b-AR activated G�o and mediated PTX-sensitive cAMP
responses, whereas the �3a-AR did not activate G�i/o proteins.
The endogenous�3a-AR displayedG�i/o coupling in brown adi-
pocytes from caveolin-1 knock-out mice or in wild type adi-
pocytes treated with filipin III. Our studies indicate that inter-
action of the �3a-AR with caveolin inhibits coupling to G�i/o
proteins and suggest that signaling is modulated by a raft-en-

riched complex containing the �3a-AR, caveolin-1, G�s, and
adenylyl cyclase.

The plasma membrane is not a random or uniform array of
lipids and proteins but instead has physical heterogeneity as
well as higher order structures that are critical to the function-
ing of receptors, ion channels, and signaling proteins. Mem-
brane rafts, or lipid rafts, are liquid-ordered lipid domains of
5–10 nm that are enriched in cholesterol and sphingolipids (1,
2). Rafts display reduced lateral diffusion relative to the liquid-
disordered phase, providing nucleation sites for further mem-
brane organization to produce larger structures of 50–150 nm.
These higher order structures are enriched in multiprotein
complexes, acting as signaling platforms that govern associa-
tion between receptors and effector proteins (reviewed in Ref.
3). Caveolae represent a subset of membrane rafts that have a
distinctive membrane structure delineated by the presence of
caveolin proteins as well as the protein cavin (4, 5). Caveolin-1,
-2, and -3 consist of a cytoplasmic N terminus, a 21-amino acid
hairpin structure that inserts into the cell membrane, and a
cytoplasmic C terminus with three palmitoylation sites. Caveo-
lins interact with signaling proteins via a conserved scaffolding
domain (for example, amino acids 82–101 of caveolin-1). Cave-
olae are thought to contain 100–200 caveolin molecules (6);
however, caveolins may form smaller noncaveolar oligomers of
at least 15 molecules that have been termed caveolin scaffolds
(7). Noncaveolar caveolins may also modulate signaling (4), for
example by growth factor receptors (8) and G protein-coupled
receptors (GPCRs)3 (9).

The three �-adrenoreceptor subtypes (�-ARs) are highly
conserved GPCRs that share common determinants for cou-
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pling to the � subunit of the stimulatory guanine nucleotide-
binding protein (G�s); however, functional diversity is gener-
ated by sequence-specific protein-protein interactions and by
differential enrichment in membrane domains. For example,
interaction of the �2-AR with inhibitory guanine nucleotide-
binding proteins (G�i/o) is dependent on the presence of a func-
tional type 1 PSD-95/Drosophila Discs Large/ZO-1 (PDZ)
docking site at the receptor C terminus (DSLL) (10), whereas
the �1-AR C-terminal PDZ motif (ESKV) inhibits receptor
internalization and G�i coupling (11). The signaling properties
of the �2-AR are clearly regulated by partitioning in membrane
rafts or in caveolae (12). In cardiac myocytes, disruption of
caveolae has no effect on the inotropic response to �1-AR stim-
ulation, although it significantly enhances �2-AR-mediated
Ca2� transients and L-type Ca2� channel currents (13, 14).

Although no studies to date have reported localization of the
�3-AR in membrane rafts or caveolae, there is firm evidence
that caveolin-1 regulates�3-AR signaling in adipocytes. In both
white and brown adipocytes, �3-ARs stimulate the G�s/
adenylyl cyclase/protein kinase A (PKA) pathway, promoting
breakdown of fat (lipolysis) via phosphorylation of perilipin and
hormone-sensitive lipase. Brown adipocytes also display
�3-AR-mediated thermogenesis via induction of themitochon-
drial uncoupling protein UCP1. The role of caveolin-1 in
both white and brown adipocytes has been examined using
caveolin-1�/� mice. Stimulation of lipolysis by the �3-AR
selective agonist CL316243 is reduced substantially in white
adipocytes isolated from caveolin-1�/� mice compared with
wild type mice, due to disruption of a signaling complex that
normally includes caveolin-1, the catalytic subunit of PKA and
perilipin (15). A similar pattern is seen in differentiated 3T3-L1
adipocytes treated with caveolin-1 siRNA (16). In control cells,
CL316243 promotes phosphorylation of perilipin, hormone-
sensitive lipase, and also the phosphorylation, activation, and
recruitment of phosphodiesterase 3B into complexes that con-
tain caveolin-1,�3-AR, andPKAregulatory subunit RII. Knock-
down of caveolin-1 blocks the activation of PDE3B and its
recruitment into plasma membrane signaling complexes. In
brown adipose tissue from caveolin-1�/� mice, perilipin phos-
phorylation and the mobilization of triglycerides usually asso-
ciated with fasting/cold exposure are substantially reduced
(17). Upstream cAMP responses are also reduced, in part due to
decreased adenylyl cyclase activity and �3-AR abundance (18,
19). It cannot be determined from these studies, however,
whether caveolin-1 is associated functionally with the �3-AR
itself or whether the diminished responses in knock-out mice
are due solely to effects on downstream signaling, for example
via PKA and perilipin.
We have been able to address this question by taking advan-

tage of the distinct signaling properties of two mouse �3-AR
isoforms generated by alternative splicing (20, 21). The�3a- and
�3b-AR isoforms differ only in their distal C-terminal tail, yet
cAMP accumulation mediated by the �3b-AR is increased fol-
lowing pretreatment of cells with pertussis toxin (PTX),
whereas the �3a-AR response is PTX-insensitive. Use of cell-
permeable peptides corresponding to the unique �3a- and
�3b-AR C termini demonstrated that the �3a-AR C-terminal
tail interacts with a distinct protein or signaling complex (22).

We proposed that binding of proteins such as caveolin or other
scaffolding proteins to the �3a-AR C terminus may localize the
receptor tomembranemicrodomains or intracellular compart-
ments where it cannot couple to G�i/o.
We demonstrate here that when CHO-K1 cells expressing

the �3a-AR are treated with filipin III to disrupt membrane
rafts, the cyclic AMP response to CL316243 becomes PTX-
sensitive. In contrast, there is no change in the PTX sensitivity
of the �3b-AR response. This suggests that residues present in
the �3a-AR C-terminal tail may direct localization of the recep-
tor to membrane rafts, and this in turn may govern its capacity
to couple to G�i/o proteins. The �3a-AR C terminus,
SP384PLNRF389DGY392EGARPF398PT, contains a motif that is
similar to the caveolin interaction motif of many proteins
(�X�XXXX� or �XXXX�XX�, where � is an aromatic residue
(23)). We show that cAMP accumulation is PTX-sensitive in
cells expressing �3a-ARs carrying mutations in the putative
caveolin-binding site. Knockdown of caveolin-1 in CHO-K1
cells expressing the wild type �3a-AR or in mouse brown adi-
pocytes expressing endogenous �3a-ARs also alters the PTX
sensitivity of cAMP accumulation and glucose uptake. We
demonstrate that caveolin-1 interacts with the wild type
�3a-AR but not with mutant �3a-ARs lacking key residues
within the interaction motif. Our findings also indicate that
PTX treatment increases cAMP responses in membranes
derived from cells expressing the �3b-AR via inhibition of
receptor-G�o coupling.

EXPERIMENTAL PROCEDURES

Expression of the Mouse �3a- and �3b-AR and Receptor
Mutants in CHO-K1 Cells—Plasmids (pcDNA3.1�) carrying
the coding region for each of the �3a- and �3b-AR, a truncated
�3-AR, and themutant Y392Awere as described previously (21,
22). Five additional mutants were created to examine the
potential importance of residues in the C terminus for G
protein coupling. A construct for expression of the
F389A,Y392A,F398A mutant was made by replacing a 561-bp
XhoI/XbaI fragment from the wild type �3a-AR plasmid with a
PCR fragment generated using the primers mb3.TF, 5�-CGTC-
TATGCTCGAGTGTTCGTTGTGG-3� and mb3.FYF-AAA,
5�-CGGTTCTAGACCCTTCACGTGGGAGCCGGACGCG-
CACCTTCAGCGCCATCAGCCCTGTTGAGC-3� (restric-
tion sites are underlined and mutated nucleotides are bold).
The same strategy was used for the other four mutants, using
mb3.TF as the forward primer and the reverse primers
mb3.F389A, 5�-CGGTTCTAGACCCTTCACGTGGGAAAC-
GGACGCGCACCTTCATAGCCATCAGCCCTGTTGAGC-
3�; mb3.F389A/Y392A, 5�-CGGTTCTAGACCCTTCACGT-
GGGAAACGGACGCGCACCTTCAGCGCCATCAGCCCT-
GTTGAGC-3�; mb3.A395E, 5�-CGGTTCTAGACCCTTCA-
CGTGGGAAACGGACGCTCACCTTCATAGCCATC-3�;
mb3.P384S, 5�-CGGTTCTAGACCCTTCACGTGGGAAAC-
GGACGCGCACCTTCATAGCCATCAAACCTGTTGAGC-
GGTGAACTCTGCCTG-3�; andmb3.P384S/F389A, 5�-CGG-
TTCTAGACCCTTCACGTGGGAAACGGACGCGCACCT-
TCATAGCCATCAGCCCTGTTGAGCGGTGAACTCTG-
CCTG-3�. All PCRs were carried out as described before (22),
using Platinum Pfx High Fidelity DNA polymerase (Invitro-

Interaction between �3-Adrenoceptors and Caveolin-1

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20675

 at M
onash U

niversity (C
A

U
L), on M

ay 8, 2013
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


gen). The complete insert and junctions with pcDNA3.1 were
confirmed for each of the �3-AR constructs by DNA sequenc-
ing on both strands (Micromon, Monash University, Victoria,
Australia).
Cell Culture of CHO-K1 Cells Expressing Mouse �3-ARs—

Chinese hamster ovary (CHO-KI) cells were grown in 50:50
Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F-12
medium supplemented with 10% (v/v) fetal bovine serum
(FBS), glutamine (2mM), penicillin (100 units/ml), and strepto-
mycin (100 �g/ml) at 37 °C with 5% CO2. Clonal cell lines
expressing the wild type �3a-AR, �3b-AR, and truncated �3-AR
were described previously (21, 22). The cellsweremaintained in
DMEM/Ham’s F-12 (50:50) medium containing 10% FBS and
400�g/mlG418 under 5%CO2 at 37 °C. CHO-K1 cells express-
ing mutant �3a-ARs were generated by transient transfection
using Lipofectamine, and cAMP assays or the Duolink in situ
proximity ligation assaywere performed 48 h after transfection.
Cell Culture andTransient Transfection of siRNA-Cav1—For

transfection, CHO-K1 cells stably expressing the �3a- or
�3b-AR were seeded overnight at 3.5 � 105 cells per well in
6-well plates. siRNA constructs were obtained fromDr. Debbie
C. Thurmond (Indiana University School of Medicine, Indian-
apolis) and consisted of siRNA-directed against canine caveo-
lin-1 (GCCCAACAACAAGGCCATG) or siRNA containing a
control sequence (GCGCGCTTTGTAGGATTCG) (24). The
caveolin-1 siRNA was chosen as it corresponded to a region
that was identical across all available mammalian sequences
and had been used successfully to knock down expression in
CHO-K1 cells (24). 1.5 �g of the caveolin-1 siRNA or control
plasmid was transfected using LipofectamineTM (Invitrogen).
For cAMP accumulation assays, cells were plated into 96-well
plates, and PTX was added to half the wells 16 h before exper-
iments. Western blotting and cAMP accumulation assays were
performed 48 h after the start of transfection.
Immunoblotting to Detect �3-ARs—Transfected cells were

grown in 12-well plates at 1 � 105 cells per well in DMEM/
Ham’s F-12medium containing 0.5% FBS overnight. Cells were
lysed directly in each well by the addition of 80 �l of 65 °C SDS
sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glyc-
erol, 50 mM dithiothreitol, and 0.1% bromophenol blue).
Cells were scraped, transferred to an Eppendorf tube on ice,
and sonicated for 5 s followed by heating to 95 °C for 5 min.
Aliquots of the samples were separated on a 10% polyacryl-
amide gel and electrotransferred to Hybond-P polyvi-
nylidene difluoride membranes (pore size 0.45 �m; Amer-
sham Biosciences) with a semidry electroblotter. After
transfer, the membranes were allowed to soak in Tris-buff-
ered saline for 5 min, followed by quenching of nonspecific
binding (1 h at room temperature in 5% nonfat dry milk and
0.1% Tween 20 in Tris-buffered saline). Membranes were
incubated overnight at 4 °C with primary antibody, �3-AR
(Santa Cruz Biotechnology) diluted 1:1000, or total-AKT
(Cell Signaling Technology) diluted 1:1000. This was
detected using a secondary antibody (HRP-linked anti-goat
IgG, Cell Signaling) diluted 1:2000 and enhanced chemilu-
minescence (ECL, Amersham Biosciences).

Confirmation of Caveolin-1 siRNA Efficacy by Immuno-
blotting—Lysates from siRNA-treated cells were prepared as
above, resolved on 10% polyacrylamide gels, and transferred to
Bio-Rad PVDF membranes. Blots were blocked using 5% BSA
dissolved in PBS plus 0.1% Tween 20 (PBS-T) and then probed
with a mixture of 1 �g/ml each of rabbit anti-caveolin-1
(AbCam ab2910) and mouse anti-�-actin (ab8226) in 1% BSA
in PBS-T plus 0.02% sodium azide. Following washing, blots
were probed with mixtures of 1 �g/ml goat anti-mouse AF647
(Molecular Probes A21236) and goat anti-rabbit AF532
(Molecular Probes A11009) in PBS-T containing 0.02% sodium
azide. After washing, blots were imaged on aTyphoonTrio (GE
Healthcare) using 532 laser 555/20 emission (caveolin-1) and
633 laser 670/30 emission (�-actin).
Animals and Genotyping—All animal studies were approved

by the Monash University Animal Ethics Committee. Animals
used for experimentation were anesthetized with 80% CO2,
20% O2. 3–4-Week-old FVB mice of either sex were bred at
Mouseworks (Monash University). Caveolin-1�/� and Caveo-
lin-1�/� mice of either sex (3–4weeks old) were obtained from
Dr. Robin L Anderson (Peter MacCallum Cancer Centre, Mel-
bourne, Australia) with permission fromDr. T. Kurzchalia (25).
Thesemice had been backcrossed for at least 10 generations on
a pure BALB/c background (Dr. R. Anderson). Offspring were
the product of �/� � �/� or �/� � �/� matings because
�/� � �/� matings were not effective. Genomic DNA analy-
sis was conducted on mouse tails to determine the genotype of
all mice used for experimental studies before animals were
obtained.GenomicDNAwas isolated by proteinaseK digestion
overnight followed by extraction of DNA using a commercial
kit (Wizard SV Genomic DNA Purification System, Promega
Corp., Alexandria, New SouthWales, Australia). PCR was per-
formed on �20 ng of DNA (50 °C annealing, 35 cycles) using
primers designed to indicate the presence/absence of neomycin
disruption to the caveolin-1 allele using Go TaqDNA polymer-
ase according to the manufacturer’s instructions (Promega).
Primers to amplify the caveolin-1 knock-out fragment were
forward, 5�-TATTCTGCCTTCCTGATGATAACTG-3�, and
reverse, 5�-CCTGCGTGCAATCCATCTTGTTCAATG-3�,
and primers to amplify the caveolin-1 wild type fragment were
forward, 5�-TTTACCGCTTGTTGTCTACGA-3�, and re-
verse, 5�-TATCTCTTTCTGCGTGCTGA-3� (primers from
Invitrogen). This generated a wild type product of 240-bp and a
knock-out product of 1450 bp. PCR products were run on a
1.3% agarose gel and the bands digitally captured.
Cell Isolation and Culture of Mouse Brown Adipocytes—

Brown fat precursor cells were isolated and cultured as
described previously (26) with modifications as outlined in Ref.
27. The interscapular, axillary, and cervical brown adipose tis-
sue depots were dissected out under sterile conditions, minced,
and transferred to a solution containing 123 mM NaCl, 5 mM

KCl, 1.3 mM CaCl2, 5 mM glucose, 1.5% (w/v) crude bovine
serum albumin, 100 mM Hepes, pH 7.4, and 0.2% (w/v) crude
collagenase type II. Routinely, pooled tissue from twomice was
digested in 10ml of theHepes-buffered solution. The tissuewas
digested (30 min, 37 °C) with vortexing every 5 min, and
the digestwas filtered through a 250-�mfilter into sterile tubes.
The solution was placed on ice for 15 min to allow the mature
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brown fat cells and lipid droplets to float. The infranatant was
filtered through a 25-�m filter and collected, and the precursor
cells were pelleted by centrifugation (10 min, 700 � g), resus-
pended in Dulbecco’s modified Eagle’s medium (DMEM) (4.5 g
glucose/liter), and re-centrifuged. The pellet was resuspended
in 12ml ofDMEM, and the cells were seeded into 24-well plates
and grown in DMEM supplemented with 10% (v/v) newborn
calf serum, 2.4 nM insulin, 10mMHepes, 50 IU/ml penicillin, 50
�g/ml streptomycin, and 25 �g/ml sodium ascorbate. Brown
adipocytes were used for experiments following 7 days in
culture.
RadioligandBindingAssay—Cellmembraneswere prepared,

and saturation-binding experiments were performed as
described previously (21). Briefly, the homogenate (�10–20�g
of protein) was incubated with [125I]iodo-(�)-cyanopindolol
(100–2000 pM) for 60 min at room temperature in the absence
or presence of (�)-alprenolol (1 mM) to define nonspecific
binding. Reactions were terminated by rapid filtration through
GF/C filters presoaked for 30 min in 0.5% (v/v) polyethylene-
imine using a Packard Cell Harvester, and radioactivity was
measured using a Packard Top Count.
cAMP Accumulation Studies—CHO-K1 cells (1 � 104 cells

per well) expressing �3-ARs were grown in 96-well plates in
DMEM/Ham’s F-12 medium containing 0.5% (v/v) FBS for 2
days. In studies where brown adipocytes were used, all experi-
ments were performed on day 7 of cell culture. On day 6, the
cells were serum-starved overnight in DMEM/Nutrient Mix
F-12 (1:1) with 4 mM L-glutamine, 0.5% BSA, 2.4 nM insulin, 10
mMHepes, 50 IU/ml penicillin, 50 �g/ml streptomycin, and 50
�g/ml sodium ascorbate.

On the day of experiment, media were aspirated, and appro-
priate drugs diluted in stimulation buffer (1mg/ml BSA, 0.5mM

IBMX, 0.5 M Hepes, pH 7.4, in Hanks’ balanced salt solution)
were added. After 30 min of incubation at 37 °C, media were
removed, and 100 �l of lysis buffer (1 mg/ml BSA, 0.3% (v/v)
Tween 20, 0.5 M Hepes, 0.5 mM IBMX, pH 7.4) were added.
Samples were rapidly frozen at �70 °C to lyse cells prior to
measurement of cAMP. To examine the effect of PTX, cells
were treated with PTX (100 ng/ml) for 16 h before stimulation
with appropriate drugs. The effects of filipin III were examined
by addition of 1 �g/ml filipin III for 1 h prior to stimulation of
cells with CL316243 for 30 min. cAMP accumulation was mea-
sured utilizing the cAMP �Screen kit (PerkinElmer Life Sci-
ences) as detailed previously (22). All results are expressed as
the percentage of the forskolin response (100 �M) in a given
experiment.
Glucose Uptake Measurements—Glucose uptake studies

were performed as described previously (28, 29). All experi-
ments were performed on day 7 of brown adipocyte culture. On
day 6, the cells were serum-starved overnight in DMEM/Nutri-
ent Mix F-12 (1:1) with 4 mM L-glutamine, 0.5% BSA, 2.4 nM
insulin, 10mMHepes, 50 IU/ml penicillin, 50�g/ml streptomy-
cin, and 50 �g/ml sodium ascorbate, plus or minus PTX (100
ng/ml). On the morning of day 7, the medium was changed to
DMEM without insulin (containing 0.5% BSA, 50 �g/ml of
sodiumascorbate) for at least 30min.Drugswere added and the
samples incubated for 110 min in a final volume of 500 �l, and
then the medium was discarded, and cells washed with pre-

warmed PBS (10 mM phosphate buffer, 2.7 mM KCl, 137 mM

NaCl, pH 7.4). Glucose-free DMEM (containing 0.5% BSA, 50
�g/ml sodium ascorbate) was added, and the drug concentra-
tions were re-added with 50 nM 2-deoxy-D-[1-3H]glucose
(Amersham Biosciences, specific activity 9.5–12 Ci/mmol) in a
total volume of 500�l for 10min. Reactionswere terminated by
rapid aspiration and washing cells twice in ice-cold PBS. Cells
were lysed (500 �l of 0.2 M NaOH, 1 h at 55 °C), and the incor-
porated radioactivity was determined by liquid scintillation
counting (the contents of the entire well were transferred to a
single scintillation vial). All results are expressed as the percent-
age of the basal response (defined as 100%) in a given
experiment.
cAMP Accumulation and GTP�35S Binding in Crude

Membranes—CHO-K1 cells stably expressing the mouse �3a-
or �3b-AR and primary cultures of mouse brown adipocytes
were grown to confluence prior to the preparation of crude
membranes. Growth media were removed, and cells were
washed once in room temperature PBS. Cells were removed
with a cell scraper in ice-cold buffer A (20 mM Tris, pH 7.5, 2
mMEDTA, 0.4mMPMSF, protease inhibitormixture) and lysed
using a 22-gauge needle. The cell suspension was centrifuged
(39,000� g, 20min, 4 °C) before re-homogenization in ice-cold
buffer B (50 mM Tris, pH 7.5, 1 mM EDTA, protease inhibitor
mixture) using a 25-gauge needle. Protein concentration was
measured using a BCA protein assay (Pierce) prior to snap
freezing and storage of the crude membranes at �80 °C.
cAMP generated by the crude membranes was measured

using an AlphaScreen cAMP accumulation kit according to the
manufacturer’s instructions (PerkinElmer Life Sciences).
Crude membranes were diluted to 1 �g of protein per well in a
white 384-well plate in stimulation buffer (50 mM Tris, pH 7.4,
150 mMNaCl, 10 mMMgCl2, 1.5 mM CaCl2, 100 �MATP, 1 �M

GDP, and 1 nM GTP), mixed with anti-cAMP acceptor beads,
and incubated for 30 min at room temperature in the dark.
Membranes were stimulated with vehicle or CL316243 for 30
min at room temperature in the dark, before the addition of
streptavidin-donor beads and biotinylated cAMP diluted in
detection buffer (5 mM Hepes, pH 7.4, 0.1% BSA, 0.3% Tween
20). Samples were incubated for 4 h in the dark at room tem-
perature prior to reading the plates on a Fusion-� microplate
reader. Data were analyzed against a cAMP standard curve and
are expressed as the amount of cAMPgenerated per�g of crude
membrane protein. To examine the effect of pertussis toxin,
crudemembranes were incubated with 20�g/ml activated per-
tussis toxin (5 mM ATP, 5 mM DTT, 30 min at 30 °C, as per
manufacturer’s instructions) (30, 31) for 15 min at room
temperature.
[35S]GTP�S immunoprecipitation was performed to assess

direct activation of G�s, G�i1, G�i2, G�i3, or G�o following
stimulation of the mouse �3a- or �3b-adrenergic receptors (32,
33). Reaction tubes were maintained at 30 °C and contained
crude membranes (75 �g per reaction) diluted in assay buffer
(10 mM Hepes, 100 mM NaCl, 10 mM MgCl2, 1% BSA, 0.01%
saponin, pH 7.4). Crude membranes were preincubated for 5
min with 1 �M (G�s immunoprecipitations) or 10 �M (G�i1,
G�i2, G�i3, and G�o immunoprecipitations) GDP at 30 °C,
prior to addition of vehicle or 3 �M CL316243 and 1 nM
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[35S]GTP�S (PerkinElmer Life Sciences) for 20 min at 30 °C.
The final reaction volume was 100 �l. Reactions were termi-
nated by placing the tubes on ice, and membranes were com-
pletely solubilized by the addition of 100 �l of ice-cold solubi-
lization buffer (100 mMTris, 200 mMNaCl, 1 mM EDTA, 1.25%
Nonidet P-40, 0.1% SDS, pH 7.5). Samples were precleared for
90 min at 4 °C by the addition of 10 �l of 10% (v/v) preimmune
serum (normal rabbit IgG for G�s and G�i3 immunoprecipita-
tions; normal mouse IgG for G�i1, G�i2, and G�o immunopre-
cipitations, diluted in assay buffer) and 30 �l of 20% (v/v) pro-
tein G-agarose (Pierce) that had been diluted in solubilization
buffer containing 2% BSA and 0.1% NaN3. The precleared
supernatant (200�l) was combinedwith 5�l of the appropriate
G� antibody (1:40 dilution) and rotated at 4 °C overnight. 70 �l
of 20% protein G-agarose (as described above) was added, and
samples were rotated at 4 °C for 90 min. Beads were washed
three times by adding 1 ml of ice-cold solubilization buffer
(without SDS), inverting the tubes, and then centrifuging at
500 � g for 30 s at 4 °C. After the final wash, the beads were
resuspended in 100 �l of solubilization buffer, and scintillation
mixture was added, and samples were counted using a liquid
scintillation counter.
DuolinkTM in Situ Proximity Ligation Assay—The assay was

carried out according to the manufacturer’s protocol (Olink
Biosciences). 24 h after transfection, CHO-K1 cells (1 � 104
cells per well) expressing �3a-ARs as well as the F389,
Y392,F398A �3a-AR and P384S,F389A �3a-AR were plated in
polystyrene vessel tissue culture-treated glass slides (FalconTM)
in DMEM/Ham’s F-12 medium containing 0.5% (v/v) FBS and
incubated at 37 °C for 24 h.On the day of the experiment,media
were aspirated, and cells were fixed with 4% paraformaldehyde
in PBS for 20min. Cells were washedwith PBS and quenched in
50 mM glycine for 5 min. After washing with PBS, cells were
permeabilized with 0.25% Triton X-100 for 15 min. Cells were
washed with PBS and then blocked in Duolink blocking solu-
tion overnight at 4 °C. After cells were washed with PBS, pri-
mary antibodies, anti-caveolin-1 (rabbit, 1:1000 dilution, Cell
Signaling), and anti-�3-AR antibody (goat, 1:1000 dilution,
Santa Cruz Biotechnology) were added and incubated over-
night at 4 °C. Cells were washed with PBS and then secondary
antibodies conjugated with oligonucleotides (PLA probe anti-
rabbit MINUS and anti-goat PLUS) were added and incubated
for 2 h at 37 °C. Cells were washedwith PBS and then incubated
with Hybridization solution, consisting of two oligonucleo-
tides, for 15 min at 37 °C. After washing with TBS-T, the Liga-
tion solutionwas added together with ligase for 30min at 37 °C.
Cells were washed with TBS-T, and the Amplification solution,
consisting of nucleotides, was added together with polymerase
for 90min at 37 °C. The cells were washed with TBS-T, and the
Detection solution, consisting of fluorescently labeled oligonu-
cleotides plus Hoechst 33342 nuclear stain, was added for 1 h at
37 °C. Slides werewashed successively in 2� SSC (0.3 M sodium
chloride, 0.03 M sodium citrate) for 2 min, 1� SSC for 2 min,
0.2� SSC for 2 min, 0.02� SSC for 2 min, and 70% EtOH for 1
min and mounted with ProLong Gold antifade reagent (Invit-
rogen), and a cover glass was placed on the sample. Cells were
observed in a Leica DMLB epifluorescence microscope. Photo-
graphs were taken at �63 magnification, and images were

acquired by using a DC350F camera and IM500 software (Leica
Microsystems AB; Kista, Sweden).
Data Analysis—All results are expressed as ameans� S.E. of

n. Data were analyzed using nonlinear curve fitting (GraphPad
PRISM version 5.0) to obtain pEC50 values where appropriate
or using a one-site fit to obtain KD and Bmax values (saturation
binding experiments). Statistical significance was determined
using two-way ANOVA tests or Student’s t test. Probability
values less than or equal to 0.05 were considered significant.
Drugs and Reagents—Drugs and reagents were purchased as

follows: 2-deoxy-D-[1-3H]glucose (specific activity 9.5–12
Ci/mmol) (Amersham Biosciences); G418 (Calbiochem); HRP-
linked anti-rabbit IgG, Akt antibody, caveolin-1 antibody (Cell
Signaling Technology, Beverly, MA); anti-�3-AR antibody,
anti-G�s, G�i1, G�i2, G�i3, and G�o antibodies (Santa Cruz
Biotechnology); normal rabbit/mouse IgG, protein-G agarose
(Pierce); DuolinkTM in situ proximity ligation assay kit (Olink
Bioscience, Uppsala, Sweden); [125I]iodo-(�)-cyanopindolol
(2200 Ci/mmol, ProSearch International Australia Pty Ltd.,
Melbourne, Australia); aprotinin, leupeptin, and pepstatin A
(ICN, Costa Mesa, CA); Lipofectamine, OptiMEM� (Invitro-
gen); insulin (Actrapid�) (NovoNordisk, Bagsvaerd,Denmark);
cAMP �-screen kit, GTP�35S (PerkinElmer Life Sciences);
(�)-alprenolol, bacitracin, CL316243 ((R,R)-5-[2-[[2-(3-
chlorophenyl)-2-hydroxyethyl]-amino]-propyl]1,3-benzo-
dioxole-2,2-decarboxylate), filipin III, IBMX, pertussis toxin,
polyethyleneimine, (Sigma). All cell culture media and supple-
ments were obtained from Trace Biosciences (Castle Hill, New
South Wales, Australia). All other drugs and reagents were of
analytical grade.

RESULTS

Differential PTX Sensitivity of cAMP Accumulation Medi-
ated by�3-AR Isoforms—The two�3-AR isoforms share a com-
mon proximal C-terminal region but differ at the distal C ter-
minus (Fig. 1A). We examined the properties of the wild type
�3a-AR, �3b-AR, and a truncated �3-AR that lack the C-termi-
nal tail of either splice variant in clonal CHO-K1 cell lines with
equivalent receptor densities (Bmax 1148 � 241, 1309 � 128,
and 1224 � 105 fmol/mg protein, respectively). Maximal
cAMP responses to the selective �3-AR agonist CL316243 in
cells expressing the �3a-AR were unaffected by pretreatment of
cells with PTX (100ng/ml, 16 h; Fig. 1B and supplemental Table
S1), whereas responses in cells expressing the�3b-AR increased
by 36% following pretreatment with PTX (p � 0.0001; Fig. 1C),
confirming our previous results (22). The pEC50 values for
CL316243 at �3a- and �3b-AR were not significantly different
and were not altered significantly by PTX pretreatment (sup-
plemental Table S1). The truncated �3-AR behaved similarly to
the �3b-AR and displayed PTX sensitivity (Fig. 1D and supple-
mental Table S1). This suggested that rather than the �3b-AR
containing a motif that enables coupling to G�i/o, the C termi-
nus of the �3a-AR contains a motif that disables coupling to the
inhibitory G protein. Our previous study indicated that this
�3a-ARmotif interfereswithG�i/o coupling by effects on recep-
tor localization and/or protein-protein interactions (22). In
essence, the PTX resistance of �3a-AR responses provides a
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functional readout of the capacity of the C terminus to direct
this localization or interaction.
Signaling by �3-AR Isoforms Is Differentially Affected by Fili-

pinTreatment—As the behavior of the�2-AR andotherGPCRs
are affected by localization in membrane raft domains (12), we
examined the effect of disrupting membrane rafts using filipin
III. In cells expressing the �3a-AR, PTX pretreatment had no
effect on cAMP accumulation in response to CL316243 as
described previously (21, 22). However, after treatment with
filipin III (1 �g/ml), the cAMP response to CL316243 became
PTX-sensitive, with themaximum response being increased by
55% (supplemental Table S1 and Fig. 2B). Interestingly, the
concentration-response curve was also markedly shifted to the
right in the presence of filipin III (pEC50 control 9.76 � 0.14, �
filipin III 8.69 � 0.15, p � 0.01), and an equivalent negative
effect of filipin III on the potency of CL316243 was seen in the
presence of PTX (supplemental Table S1).
In cells expressing the �3b-AR, pretreatment with PTX

caused a 36% increase in the maximum cAMP response to

CL316243, with no change in the pEC50 value (Fig. 2C). Filipin
III treatment (1 �g/ml) significantly increased the basal level of
cAMP; however, PTX pretreatment followed by filipin III still
caused an increase in the maximum response to CL316243 by
38% compared with cells treated with filipin III alone (Fig. 2D
and supplemental Table S1). Filipin III had no significant effect
on the pEC50 of CL316243 relative to control cells, indicating
that the rightward shift in �3a-AR-expressing cells was not an
artifact associated with overall effects on cell signaling or via-
bility. Thus, treatment with filipin III facilitated coupling of the
�3a-AR isoform toG�i/o and possibly reduced efficiency of cou-
pling to the cAMP pathway, but it had no effect on agonist-
stimulated �3b-AR responses.
Note that the Emax and pEC50 values for the filipin experi-

ment are lower than those seen in Fig. 1 for both the �3a- and
�3b-AR expressing cells. We are making comparisons only

FIGURE 1. Functional responses following activation of �3-AR isoforms.
A, snake diagram of the C-terminal tail of �3-AR isoforms. Note that the trun-
cated mutant terminates at residue Asn-387. B–D, concentration-response
curves for stimulation of cAMP accumulation by the �3a-AR (B), �3b-AR (C),
and truncated �3-AR (D) in the presence or absence of pretreatment with PTX
(100 ng/ml, 16 h). CHO-K1 cells stably expressing each �3-AR were exposed to
CL316243 for 30 min in stimulation buffer containing 0.5 mM IBMX to inhibit
phosphodiesterases. Responses to forskolin (10�4

M) were determined in par-
allel with agonist-stimulated cAMP accumulation for each batch of cells, and
results are expressed as a % of the response to forskolin. Basal cAMP and
responses to 100 �M forskolin (fsk) were in control basal 0.33 � 0.13 and fsk
17.2 � 4.2 pmol/104 cells; �PTX basal 0.33 � 0.13 and fsk 18.1 � 5.5 pmol/104

cells (B); control basal 0.27 � 0.16 and fsk 22.4 � 4.2 pmol/104 cells; �PTX
basal 0.41 � 0.12 and fsk 21.8 � 2.7 pmol/104 cells (C); control basal 0.78 �
0.21 and fsk 22.5 � 4.1 pmol/104 cells; �PTX basal 0.68 � 0.17 and fsk 23.1 �
3.3 pmol/104 cells (D). cAMP accumulation responses were PTX-sensitive in
cells expressing the �3b-AR and truncated receptor (p � 0.001 determined by
two-way ANOVA) but not the �3a-AR. Values are means � S.E. of 4 –5 inde-
pendent experiments.

FIGURE 2. Disruption of caveolae by filipin III alters functional responses
of �3-AR isoforms. Concentration-response curves were constructed for
stimulation of cAMP accumulation by CL316243 in the presence or absence of
filipin III (1 �g/ml, 1 h) or following pretreatment of cells with PTX (100 ng/ml,
16 h). In cells stably expressing the �3a-AR, cAMP accumulation was not
altered by PTX treatment (A), but the addition of filipin III caused the response
to become PTX-sensitive (B, p � 0.001 determined by two-way ANOVA). In
cells expressing the �3b-AR isoform, filipin III did not have a significant effect
on PTX-sensitivity (C and D). Basal cAMP and responses to 100 �M fsk were in
control basal 1.23 � 0.47 and fsk 24.4 � 9.7 pmol/104 cells; �PTX basal 0.85 �
0.36 and fsk 24.6 � 10.4 pmol/104 cells (A); control basal 1.45 � 0.64 and fsk
23.0 � 9.5 pmol/104 cells; �PTX basal 1.35 � 0.62 and fsk 22.5 � 10.6 pmol/
104 cells (B); control basal 1.06 � 0.40 and fsk 23.1 � 8.3 pmol/104 cells; �PTX
basal 1.35 � 0.55 and fsk 27.1 � 9.3 pmol/104 cells (C); control basal 2.56 �
0.88 and fsk 27.0 � 9.6 pmol/104 cells; �PTX basal 2.29 � 0.80 and fsk 26.1 �
9.5 pmol/104 cells (D). B and D, dotted line shows the concentration-response
curve for CL316243 in the absence of filipin III or PTX pretreatment, taken
from A or C, respectively, for comparison. In CHO-�3a-AR cells filipin III caused
a right shift of the curve, whereas in CHO-�3b-AR cells, basal and maximal
cAMP accumulation were increased, but there was no change in the potency
of CL316243. Results are expressed as a % of the response to forskolin
(10�4

M), and values are means � S.E. of 4 – 6 independent experiments.
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within a given experiment, however, where cells at equivalent
confluence and passage number were treated in parallel with
PTX/vehicle and then with filipin III/vehicle.
Effect of siRNA Knockdown of Caveolin-1 on cAMP Signaling

Mediated by the �3-AR—Treatment of cells with filipin III dis-
rupts membrane rafts globally, so we next used amore targeted
approach by reducing caveolin-1 expression. CHO-K1 cells sta-
bly expressing either the �3a- or the �3b-AR were transiently
transfectedwith siRNAdirected against caveolin-1 or an siRNA
comprising a scrambled form of the same sequence (24). After
48 h of incubation, cells were used for cAMP accumulation
assays and analyzed for abundance of caveolin-1 protein.
Transfection of cells expressing either the �3a- or the �3b-AR
with the siRNA directed against caveolin-1 but not the control
sequence caused knockdown of caveolin-1 expression as shown
in Fig. 3A. Caveolin-1 siRNA treatment of �3a-AR-expressing
cells caused the cAMP responses to becomePTX-sensitive (Fig.
3B), whereas cAMP responses in cells expressing �3a-AR and
treated with the negative control sequence were unaltered (Fig.
3C). In contrast, transfection of cells expressing the �3b-AR
with either the caveolin-1 scrambled sequence or caveolin-1
siRNA did not affect the PTX sensitivity of cAMP responses
(Fig. 3,D and E). Treatment of cells expressing the �3a-AR with
filipin III caused a 10-fold reduction in the potency of
CL316243 (Fig. 2B and supplemental Table S1), whereas knock-
down of caveolin-1 had no effect on potency in the presence or
absence of PTX (Fig. 3, B and D, and supplemental Table S1).
Thus filipin III and knockdown of caveolin-1 both promote
PTX sensitivity of �3a-AR responses, but filipin III has addi-
tional effects on the efficiency of signaling to the cAMP
pathway.
Mutations of a Putative Caveolin-binding Site in the C Ter-

minus of the�3a-ARAlter Signaling Properties—The capacity of
caveolin-1 siRNA to alter the signaling properties of the�3a-AR
indicated that there were amino acid residues or amotif unique
to the �3a-AR C terminus that confers interaction with caveo-
lin-1. The �3a-AR C terminus includes the sequence
RF389DGY392EGARPF398PT (Fig. 4A), which has three aro-
matic residues and resembles the caveolin interaction motif of
many proteins (23). We previously showed that mutation of
Tyr-392 to Ala does not affect �3a-AR cAMP responses,
whereas removal of the unique C terminus causes cAMP
responses to become PTX-sensitive (22). In this study we have
extended this observation by comparing the �3a-, �3b-, and
truncated �3-AR with new mutant receptors lacking single or
multiple residues implicated in caveolin-1 binding. As seen
with the Y392A �3a-AR, PTX sensitivity was not conferred by
the singlemutation F389A (supplemental Table S2) or bymuta-
tion of the four C-terminal residues (PFPT) to alanine (data not
shown). In cells expressing �3a-ARs mutated at either two or
three of the aromatic residues, namely F389A,Y392A, or
F389A,Y392A,F398A, CL316243-stimulated cAMP accumula-
tion was increased by 39 or 46%, respectively, in the presence of
PTX (Fig. 4, E and F). Although this indicates that the aromatic
residues participate in an interaction that prevents G�i/o cou-
pling, this finding did not appear at first sight to be consistent
with a previous demonstration that the rat �3-AR expressed in
the same cell background does couple to G�i/o (34). The rat

�3-AR C terminus (RF389DGY392EGERPF398PT) only differs
from themouse�3a-AR sequence at position 395, where it has a
glutamate residue instead of alanine.However, whenwemade a
mutant A395E mouse �3a-AR, cAMP accumulation was still
PTX-resistant (Fig. 4C and supplemental Table S2). We there-
fore tested the idea that there must be additional residues out-
side the unique �3a-AR tail that influence G�i/o coupling. One

FIGURE 3. Knockdown of caveolin-1 by siRNA influences responses medi-
ated by �3a- but not �3b-AR. A, siRNA constructs were tested by immuno-
blotting protein extracts using a caveolin-1 antibody (left panel) or �-actin
antibody (right panel). Equal volumes of cell lysate were subjected to 10%
SDS-PAGE prior to immunoblotting. Approximate molecular masses are indi-
cated on the left in kDa. A typical immunoblot from four experiments is
shown. The left panel shows that the caveolin-1 siRNA produced substantial
knockdown of caveolin-1 compared with the control siRNA in cells expressing
either the �3a-AR or �3b-AR. B–E, concentration-response curves were con-
structed for stimulation of cAMP accumulation by CL316243 in CHO-K1 cells
stably expressing �3a- or �3b-AR and transiently transfected with a negative
control (CTL) or caveolin-1 (Cav-1) siRNA construct. Basal cAMP and responses
to 100 �M fsk were in control basal 1.47 � 0.33 and fsk 27.9 � 3.7 pmol/104

cells; �PTX basal 1.49 � 0.24 and fsk 25.4 � 5.6 pmol/104 cells (B); control
basal 0.97 � 0.19 and fsk 22.0 � 3.5 pmol/104 cells; �PTX basal 1.22 � 0.09
and fsk 24.2 � 2.9 pmol/104 cells (C); control basal 1.08 � 0.47 and fsk 21.7 �
2.0 pmol/104 cells; �PTX basal 1.75 � 0.73 and fsk 23.0 � 2.3 pmol/104 cells
(D); control basal 0.76 � 0.23 and fsk 26.7 � 4.1 pmol/104 cells; �PTX basal
0.65 � 0.29 and fsk 22.6 � 4.8 pmol/104 cells (E). In CHO-�3a-AR cells, knock-
down of caveolin-1 caused cAMP accumulation to become PTX-sensitive
(B, p � 0.001 determined by two-way ANOVA), whereas the negative control
siRNA had no effect (C). In CHO-�3b-AR cells, neither the caveolin-1 siRNA nor
the negative control siRNA had any effect on PTX sensitivity (D and E). Results
are expressed as a % of the response to forskolin (10�4

M), and values are
means � S.E. of six independent experiments.
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FIGURE 4. Site-directed mutagenesis of putative sites in the �3a-AR C terminus involved in interactions with caveolin-1. The C-terminal sequences of all
relevant mouse �3-AR isoforms and mutants, plus the rat �3-AR, are shown in A. The residue at position 384 and aromatic residues at positions 389, 392, and 398
are boxed. Concentration-response curves were constructed for stimulation of cAMP accumulation by CL316243 in CHO-K1 cells transiently transfected with
mutant �3a-ARs. Pretreatment with PTX (100 ng/ml, 16 h) increased maximal cAMP accumulation in cells expressing the P384S �3a-AR (B), P384S,F389A �3a-AR
(D), F389A,Y392A �3a-AR (E), or F389A,Y392A,F398A �3a-AR (F) mutants (p � 0.001 determined by two-way ANOVA), but not the A395E �3-AR (C). Basal cAMP
and responses to 100 �M fsk were as follows: B, control basal 0.13 � 0.03 and fsk 9.3 � 2.3 pmol/104 cells; �PTX basal 0.16 � 0.06 and fsk 9.9 � 2.5 pmol/104

cells; C, control basal 0.58 � 0.25 and fsk 8.5 � 1.1 pmol/104 cells; �PTX basal 0.18 � 0.07 and fsk 8.1 � 1.3 pmol/104 cells; D, control basal 0.11 � 0.02 and fsk
12.6 � 5.9 pmol/104 cells; �PTX basal 0.08 � 0.01 and fsk 11.5 � 5.5 pmol/104 cells; E, control basal 0.17 � 0.05 and fsk 8.5 � 0.9 pmol/104 cells; �PTX basal
0.19 � 0.05 and fsk 10.0 � 1.3 pmol/104 cells; F, control basal 0.60 � 0.24 and fsk 9.1 � 4.3 pmol/104 cells; �PTX basal 0.87 � 0.44 and fsk 10.0 � 4.3 pmol/104

cells. Results are expressed as a % of the response to forskolin (10�4
M), and values are means � S.E. of 4 – 6 independent experiments. The 389PXXXXF389XXY392

motif appears to be dominant in modulating G�i/o coupling of the �3-AR isoforms.
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possibility is that the caveolin-1 interactionmotif actually starts
within a region common to the �3a- and �3b-AR isoforms.
Although there are no aromatic residues in the region upstream
of Phe-389, there is a hydrophobic proline residue at position
384 in the mouse �3a-AR that creates a motif with the spacing
PXXXXFXXY (mouse SP384PLNRF389DGY392EGARPFPT; rat
NS384PLNRF389DGY392EGERPFPT). Therefore, we made a
P384S mutation in the mouse �3a-AR, either alone or in com-
bination with F389A. The P384S,F389A double mutant and
even the P384S single mutant receptor displayed 30 and 28%
increases in cAMPaccumulation followingPTX treatment (Fig.
4, B and D), slightly less than the increases seen with the
F389A,Y392A (Fig. 4E) and F389A,Y392A,F398A (Fig. 4F)
mutants (supplemental Table S2). The combined mutation
data suggest that themotif PXXXXFXXY is the dominant factor
in determining G�i/o coupling properties of the mouse �3a-AR
(Fig. 4A).
It is important to note that all mutation studies were done in

transiently transfected CHO-K1 cells. The key comparison in
each case was between control and PTX-treated samples
derived from the same population of transfected cells, and we
can therefore make direct comparisons of maximal responses
and pEC50 values in the absence or presence of PTX for a given
cell population but not between cells transfected with different
mutant receptors. Variation in the potency of CL316243
between mutants most likely reflects differences in surface
expression of the receptors (supplemental Table S2), as we have
seen previously (35). It is clear, however, that there is no con-
sistent correlation between pEC50 values and the impact of
mutations on PTX sensitivity.
Interaction between �3a-AR and Caveolin-1 Requires an

Intact Caveolin-1-binding Site—The functional studies
described here indicate that mutation of the putative caveolin-
binding site enables themodified �3a-AR to couple to both G�s
and G�i/o and suggest that an interaction between the �3a-AR
and caveolin-1 modulates cAMP signaling and disables cou-
pling between the �3a-AR and G�i/o. To examine interactions
between the �3a-AR and caveolin-1, we used a Duolink in situ
proximity ligation assay (36). We compared untransfected
CHO-K1 cells, cells expressing wild type �3a-AR (cAMP
responses not sensitive to PTX), and cells expressing either
F389A,Y392A,F398A �3a-AR or the P384S,F389A �3a-AR
(both cAMP responses PTX-sensitive but to slightly different
degrees). Only cells expressing the �3a-AR produced a robust
red fluorescent signal (Fig. 5B) suggesting that only receptors
possessing an intact caveolin-1-binding motif were able to
interactwith caveolin. UntransfectedCHO-K1 cells (Fig. 5A) or
cells expressing the F389A,Y392A,F398A �3a-AR (Fig. 5C) pro-
duced no reaction product with the in situ proximity ligation
assay. Consistent with a somewhat diminished PTX sensitivity,
the P384S,F389A �3a-AR showed very low levels of red fluores-
cence, suggesting a weak interaction with caveolin-1 (Fig. 5D).
We confirmed expression of wild type and mutant �3a-ARs in
the cells used for this assay by immunoblotting (Fig. 5E). Note
that this experiment could not be performedwith the�3b-AR as
the �3-AR antibody used recognizes the C-terminal tail of
wild type and mutant �3a-ARs but not the �3b-AR (Fig. 5E).

Functional Studies in Brown Adipocytes That Physiologically
Express High Levels of �3a-AR—The �3a-ARmRNA transcripts
make up �92% of total �3-AR transcripts in mouse brown adi-
pocytes (20, 37). BAT was therefore chosen as a suitable tissue
to test the likely physiological significance of the findings.
CL316243 caused a concentration-dependent increase in
cAMP levels in primary brown adipocytes from FVB mice,
which was unaffected by pretreatment with PTX (Fig. 6A).

FIGURE 5. Detection of interactions between �3-ARs and caveolin-1 using
the DuolinkTM in situ proximity ligation assay. A, untransfected CHO-K1
cells; B, CHO-K1 cells expressing the wild type �3a-AR; C, F389A,Y392A,F398A
�3a-AR; or D, P384S,F389A �3a-AR. Cells were fixed on glass slides and incu-
bated with anti-�3-AR and anti-caveolin-1 primary antibodies and then PLA
probe MINUS and PLUS secondary antibodies, as described under “Experi-
mental Procedures.” Cells were then treated with hybridization solution con-
taining appropriate oligonucleotides that hybridize to the two PLA probes if
they are in close proximity. Hybridized oligonucleotides were ligated and
subjected to rolling-circle amplification, and then the concatameric product
was detected using fluorescently labeled oligonucleotides. The detection
solution also contained Hoechst 33342 nuclear stain. After washing, fluores-
cence was detected using a Leica DMLB epifluorescence microscope. Photo-
graphs were taken at �63 magnification, and images were acquired using a
DC350F camera and IM500 software (Leica Microsystems AB). Cells express-
ing the wild type �3a-AR displayed robust red fluorescence indicating inter-
action with caveolin-1 (B), whereas nontransfected cells or those expressing
the F389A,Y392A,F398A mutant gave no signal (A and C). There was detecta-
ble fluorescence in cells expressing the P384S,F389A �3a-AR, suggesting a
weak caveolin-1 interaction (D). E, expression of each receptor and recogni-
tion by the �3-AR antibody was verified by immunoblotting protein extracts
using the �3-AR antibody (upper panel) or t-Akt antibody (lower panel). Sam-
ples are numbered as follows: lane 1, untransfected CHO-K1 cells; lane 2, wild
type �3a-AR; lane 3, F389A,Y392A,F398A �3a-AR; lane 4, P384S,F389A �3a-AR;
and lane 5, �3b-AR. Approximate molecular masses are indicated on the left in
kDa. Note that the wild type and both mutant �3a-ARs are recognized by the
�3-AR antibody, whereas the �3b-AR does not cross-react with this antibody.
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Treatment with filipin III (1 �g/ml) significantly reduced the
cAMP response to CL316243 (p � 0.0001), indicating that dis-
ruption ofmembrane rafts reduced the efficiency of theGs/AC/
cAMP pathway. However, addition of filipin III to cells pre-
treatedwith PTXcaused a 40% increase in themaximumcAMP
response compared with cells treated with filipin III alone (p �
0.0001) (Fig. 6B and supplemental Table S3). Thus, as in CHO
�3a-AR cells, treatment with filipin III caused cAMP responses
in BAT to become PTX-sensitive, suggesting enabling of cou-
pling to G�i/o.

We also examined a downstream consequence of �3a-AR
activation in BAT, namely the facilitation of glucose uptake.
CL316243 increased glucose uptake in FVB brown adipocytes
as described previously (27, 37), and this response was not sig-
nificantly affected by PTX pretreatment (Fig. 6C). After filipin
III treatment (1 �g/ml), the concentration-response relation-

ship for increases in glucose uptake with CL316243 was sub-
stantially shifted to the right (Fig. 6D). However, in the presence
of filipin III and after pretreatment with PTX, the concentra-
tion-response curve was shifted back to the left. Thus, in this
case, the PTX influence on the sensitivity of the response is
manifested as an increase in CL316243 potency rather than as a
greater maximum response, perhaps reflecting the difference
between an output that is proximal to receptor-G� coupling
versus glucose uptake, a downstream signaling event thatwould
display much greater signal amplification.
We also utilized brown adipocytes isolated fromWTBALB/c

mice and caveolin-1 knock-out (cav-1�/�) mice. Whereas
brown adipocytes from cav-1�/� mice displayed the normal
PTX-insensitive �3a-AR cAMP response, brown adipocytes
from cav-1�/�mice displayed cAMP responses that were PTX-
sensitive (Fig. 7). Thus, these studies conducted in primary

FIGURE 6. Disruption of caveolae by filipin III alters responses to
CL316243 in mouse brown adipocytes that express endogenous �3a-
ARs. Concentration-response curves were constructed for stimulation of
cAMP accumulation by CL316243 or glucose uptake in the presence or
absence of filipin III (1 �g/ml, 1 h) or following pretreatment of cells with PTX
(100 ng/ml, 16 h). In brown adipocytes, cAMP accumulation was not altered
by PTX treatment (A), but the addition of filipin III (B) significantly reduced the
maximum response (p � 0.0001) but also caused the response to become
PTX-sensitive (p � 0.001 determined by two-way ANOVA). cAMP accumula-
tion is expressed as a % of the response to forskolin (10�4

M), and values are
means � S.E. of seven independent experiments. Basal cAMP and responses
to 100 �M fsk were as follows: A, control basal 1.3 � 0.4 and fsk 12.2 � 1.3
pmol/well; �PTX basal 1.1 � 0.3 and fsk 12.0 � 2.7 pmol/well; B, filipin III basal
1.2 � 0.2 and fsk 13.9 � 2.1 pmol/well; �PTX basal 1.3 � 0.3 and fsk 14.0 � 1.7
pmol/well. Examination of a downstream response, glucose uptake,
expressed as % over basal, also showed a lack of PTX sensitivity (C)., whereas
filipin III treatment (D) caused a marked shift to the right of the concentration-
response curve that was significantly shifted back to the left by PTX pretreat-
ment (p � 0.001 determined by two-way ANOVA). Values are means � S.E. of
8 –13 independent experiments. Basal glucose uptake and maximum
responses to CL316243 were in control basal 810 � 64, maximum 1411 � 118
dpm/well; �PTX basal 760 � 82, maximum 1332 � 107 dpm/well (C); filipin III
basal 1076 � 121, maximum 1547 � 164 dpm/well; �PTX basal 883 � 115,
maximum 1475 � 92 dpm/well (D). B and D, dotted line shows for comparison
the concentration-response curve for CL316243 in the absence of filipin III or
PTX pretreatment, taken from A or C, respectively.

FIGURE 7. Brown adipocytes isolated from caveolin-1 knock-out mice dis-
play altered signaling characteristics. Concentration-response curves
were constructed for stimulation of cAMP accumulation by CL316243 in
brown adipocytes cultured from wild type (�/�, A) or caveolin-1 knock-out
(�/�, B) mice. Pretreatment of adipocytes with PTX (100 ng/ml, 16 h)
increased CL316243-stimulated cAMP accumulation in adipocytes from the
caveolin-1�/� mice (p � 0.05 determined by two-way ANOVA) but not in
those from wild type mice. Results are expressed as a % of the response to
forskolin (10�4

M), and values are means � S.E. of 6 –7 independent experi-
ments. Basal cAMP and responses to 100 �M fsk were as follows: A, control
basal 0.70 � 0.26 and fsk 16.7 � 2.0 pmol/well; �PTX basal 0.42 � 0.25 and fsk
15.8 � 2.5 pmol/well; B, basal 0.45 � 0.20 and fsk 14.5 � 3.4 pmol/well; �PTX
basal 0.55 � 0.24 and fsk 14.3 � 3.2 pmol/well.
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brown adipocytes isolated fromWTand cav-1�/�mice provide
supporting evidence that interaction between the �3a-AR and
caveolin determines the signaling characteristics of this
receptor.
Confirmation That PTX Sensitivity of the �3b-AR Response Is

Due to G�i/o Coupling—Our data demonstrate that membrane
localization and caveolin interaction influence whether cAMP
accumulation is sensitive to pretreatment of cells with PTX.We
sought to confirm that the PTX sensitivity of the �3b-AR
response does reflect coupling of this isoform toG�i/o proteins,
as an alternative explanation is that PTX acts primarily by
relieving tonic inhibition of adenylyl cyclase (AC) byG�i/o. The
�3b-AR may occupy cellular compartments enriched for AC
and/or G�i/o isoforms that display enhanced tonic inhibition of
AC activity, unlike the �3a-AR that is confined to membrane
rafts/caveolae.
To examine preferential G�i/o coupling to the �3b-AR, we

performed [35S]GTP�S immunoprecipitation to measure acti-
vation of specific G� subunits following receptor stimulation
with CL316243. As these experiments must be done using
membranes rather than whole cells, we first characterized the
system by measuring cAMP responses. CL316243 stimulated
cAMP accumulation in crude membranes prepared from
CHO-�3a-AR or CHO-�3b-AR cells, albeit with lower potency
than in whole cells (pEC50 �3a-AR, 7.10 � 0.26; �3b-AR 7.29, �
0.38; see Fig. 8, A and B). Maximum responses were reached
only at 3 �M CL316243. When �3a-AR or �3b-AR membranes
were treated with activated PTX, there was a substantial
increase in basal cAMP, showing that in this experimental par-
adigm PTX does indeed remove tonic inhibition of adenylyl
cyclase.
Nevertheless, the increase in CL316243-induced cAMP

accumulation in �3a-AR membranes was not significantly dif-
ferent with or without PTX pretreatment (Fig. 8C; Emax minus
basal cAMP, control 1.66� 0.28 pmol/�g protein; PTX, 2.18�
0.30). In contrast, the membranes from �3b-AR cells show not
only the increased basal cAMP in the presence of PTX but also
a significant increase in themaximal CL316243-induced cAMP
response compared with untreated cells (Fig. 8C; Emax minus
basal cAMP, control 1.72� 0.36 pmol/�g protein; PTX, 4.17�
0.50, p � 0.001). These experiments show that the distinct
properties of �3-AR isoforms seen in whole cells are recapitu-
lated in crude membrane preparations. Furthermore, these
data suggest that PTX not only removes tonic inhibition of
adenylyl cyclase but also permits additional CL316243-stimu-
lated cAMP accumulation via the �3b-AR but not the �3a-AR.

We then sought to verify that the increase inCL316243-stim-
ulated cAMP following PTX pretreatment in �3b-AR mem-
branes was due to inhibition of receptor-G�i/o coupling. We
incubated membranes with GDP for 5 min at 30 °C, prior to
addition of vehicle or 3 �MCL316243 and 1 nM [35S]GTP�S for
20min at 30 °C. EachG� subunitwas immunoprecipitatedwith
an isoform-selective antibody, and the bound [35S]GTP�S was
measured (Fig. 8,D–H). Both sets ofmembranes displayed acti-
vation of G�s, but the �3b-AR membranes showed additional
activation of G�o that was sensitive to PTX treatment (Fig. 8I).
These experiments indicate that the �3b-AR, but not the �3a-
AR, is able to couple to G�o and that inhibition of this coupling

is associated with increased cAMP accumulation. We also
found that BATmembranes displayed robust activation of G�s,
but not any G�i/o isoforms (Fig. 8, D–H), consistent with the
cAMP studies done in whole brown adipocytes.

DISCUSSION

We show here that the �3b-AR is able to couple to both G�s
and G�o, in agreement with the PTX sensitivity of CL316243-
stimulated cAMP accumulation in whole cells and in crude
membranes. In contrast, the�3a-AR is unable to couple toG�i/o
in either native mouse brown adipocytes or recombinant
CHO-K1 cells. Our previous study indicated that residues
present in the unique �3a-AR C-terminal tail may interfere
with G�i/o coupling due to interaction with other proteins
such as caveolin (22). This notion was reinforced by the
observation that the �3a-AR C-terminal tail contains a motif
that is similar to the caveolin interaction motif of many pro-
teins (�X�XXXX� or �XXXX�XX� (23)). We investigated
this idea by treating CHO-K1 cells expressing the �3-AR
isoforms with filipin III to disrupt membrane rafts or with a
caveolin-1 siRNA and by examining the coupling of mutant
�3a-ARs. We have also demonstrated a direct association
between the �3a-AR and caveolin-1 using a proximity liga-
tion assay, and we show that our findings in recombinant
CHO-K1 cells are recapitulated in brown adipocytes derived
from wild type or caveolin-1 knock-out mice.
CHO-K1 cells express caveolin-1 and exhibit caveolar struc-

tures (38–40). As knockdown of caveolin-1 in CHO-K1 cells
promoted coupling of the �3a-AR to G�i/o, we sought further
evidence that caveolin-1 interacts with the receptor C-terminal
tail. Our first step was to make a series of �3a-ARs with muta-
tions in single or multiple amino acids that might contribute to
the caveolin-1 interaction. Single mutations of Phe-389 or Tyr-
392 to alanine did not promote G�i/o coupling of the �3a-AR,
whereas cAMP responses mediated by the combined mutants
F389A,Y392A or F389A,Y392A, F398A became PTX-sensitive
(Fig. 4). We also mutated Pro-384 to serine to mimic the rat
�3-AR sequence, as this receptor does couple to G�i/o (34).
Interestingly, both the P384S singlemutant and a P384S,F389A
double mutant showed PTX sensitivity, albeit slightly less than
the other composite mutants. This study indicated that the
motif PXXXXFXXY is dominant in preventing G�i/o coupling
of the �3a-AR, and it gave us the opportunity to test directly
whether the mutants differed from the wild type receptor in
their capacity to interact with caveolin-1. We examined this
interaction using the Duolink in situ proximity ligation assay,
which is based on close juxtaposition of antibodies directed
against the two interacting partners (36). We were unable to
perform this experiment with the �3b-AR because the �3-AR
antibody is directed toward the �3a-AR C-terminal tail.
We did show, however, that the antibody detected the
F389A,Y392A,F398A and the P384S,F389A mutants as well as
the wild type�3a-AR (Fig. 5E). The wild type receptor displayed
robust interaction with caveolin-1 in this assay, whereas there
was no signal in nontransfected CHO-K1 cells or in cells
expressing the F389A,Y392A,F398A mutant. There was a very
low signal in cells expressing the P384S,F389A�3a-AR, suggest-
ing that this receptor retainedweak associationwith caveolin-1.
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In combinationwith the functional properties ofmutant recep-
tors, the Duolink data indicate that an interaction with caveo-
lin-1 does modulate the G protein coupling of the �3a-AR.

The prototypical caveolin-binding motif consists of the
sequences, �X�XXXX�, �XXXX�XX�, or a combination of

the two (23). These consensus sequences were elucidated by
screening phage display libraries using the caveolin scaffolding
domain to select random peptide fragments. The most com-
monly occurring peptides were found to conform to one of the
motifs above; however, thereweremany less abundant peptides

FIGURE 8. Crude membranes isolated from CHO-K1 cells expressing the �3a-AR or �3b-AR display distinct receptor coupling and signaling. Concen-
tration-response curves were constructed for CL316243-stimulated cAMP accumulation by membranes prepared from CHO-�3a-AR (A) or CHO-�3b-AR cells (B).
To test the effect of PTX, membranes were treated with activated PTX (20 �g/ml) for 15 min at room temperature. The data are expressed as pmol of cAMP/�g
of protein, with no correction for basal cAMP levels. Values are means � S.E. of 4 – 6 experiments (using independent crude membrane preparations)
performed in triplicate. C shows the data from each concentration-response curve expressed as the maximal cAMP accumulation minus basal cAMP for
membranes derived from CHO-�3a- or CHO-�3b-AR cells. Maximal CL316243-induced cAMP accumulation in �3a-AR membranes was not significantly different
with or without PTX treatment. In contrast, PTX-treated membranes from �3b-AR cells show a significant increase in the maximal CL316243-induced cAMP
response compared with untreated membranes (p � 0.001, one-way ANOVA with Newman Keuls multiple comparison test). [35S]GTP�S immunoprecipitation
was performed to assess direct activation of G�s (D), G�i1 (E), G�i2, (F), G�i3 (G), or G�o (H) following stimulation of the �3a-AR (in CHO-K1 cells or BAT) or the
�3b-AR expressed in CHO-K1 cells. Reactions contained 100 fmol of [35S]GTP�S in 100 �l. Data are expressed as femtomoles of [35S]GTP�S; values are means �
S.E. of 4 – 6 experiments (using independent crude membrane preparations). 3 �M CL316243 stimulated a significant increase in G�s activation in all three
membrane samples (**, p � 0.01; *, p � 0.05; two-way ANOVA with Bonferroni multiple comparison tests). The CHO-�3b-AR membranes also displayed a
significant increase in G�o activation (**, p � 0.01; two-way ANOVA with Bonferroni multiple comparison tests). I, pretreatment of �3b-AR membranes with
activated PTX abolished G�o activation but did not have a significant effect on G�s activation (***, p � 0.001; **, p � 0.01, response significantly different to
vehicle; ��, p � 0.01, CL316243 response in the presence of PTX significantly different from the CL316243 response in untreated membranes; two-way ANOVA
with Bonferroni multiple comparison tests).
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in which the spacing or number of aromatic residues varied
from the consensus (23). Among proteins known to interact
with caveolin, there are exceptions to the strict requirement for
a consensus caveolin-binding motif with 3 or 4 aromatic resi-
dues. For example, themotif�X�XXXX�XX� is present inG�i
and G�o proteins, but the sequence of other G proteins known
to interact with caveolin varies at one ormore key positions; for
example, G�s has the sequence TKFQVDKVNFHMFDA,
and G�q has YFDLQSVIFRMVDA (23). Our data indicate
that the �3a-AR C terminus interacts with caveolin-1 despite
lacking one of the consensus aromatic residues. More
broadly, there may be many GPCRs that interact with
the caveolin scaffolding domain of caveolin-1 despite lacking
any cytoplasmic sequences that conform strictly to the
�X�XXXX� or �XXXX�XX� consensus sites.

It has been pointed out that there is no single sorting signal
that directs localization of GPCRs to membrane rafts (41). In
addition, this localization may be unaffected, increased, or
decreased by agonist treatment (3). For example, the �-opioid
receptor redistributes into raft domains upon agonist activa-
tion (42), possibly because the activated receptor adopts a lon-
ger conformation that has higher affinity for areas of the mem-
brane bilayer such as rafts that are thickened due to enrichment
with sphingomyelin (41). The �1A-AR, on the other hand, colo-
calizes with raft markers both before and immediately after
agonist stimulation, but it moves from membrane rafts within
3–10 min (43). Another study has shown that signaling by the
�2-AR is constrained by exclusion from cholesterol-rich raft
nanodomains that are enriched in other components of the
signalingmachinery, includingG�s andAC (12). Increasing the
abundance of liquid-ordered raft domains by increasing choles-
terol content or overexpressing caveolin-3 inhibits �2-AR-me-
diated cAMP responses, whereas disruption of rafts by choles-
terol extraction with methyl-�-cyclodextrin increases both
basal and maximal agonist-stimulated cAMP accumulation.
Similar effects have been demonstrated in C6 glioma cells that
express endogenous �2-ARs, where disruption of membrane
rafts with methyl-�-cyclodextrin or knockdown of caveolin-1/
caveolin-2 by siRNA led to increased cAMP accumulation (44).
OurDuolink proximity assay suggests that the�3a-AR interacts
with caveolin-1 in the absence of agonist, and in contrast to the
�2-AR studies, our functional data with filipin III indicate that
signaling is more efficient in the presence of membrane rafts,
both in CHO-K1 cells expressing the �3a-AR and in brown adi-
pocytes with endogenous receptors.
Chimeric G�q/G�s andG�q/G�i chimeras have been used as

an alternative tool to test the coupling of mouse �3a-AR and
�3b-AR isoforms (34). TheG� constructs consisted ofG�q with
the C-terminal five amino acids that determine receptor cou-
pling replaced by those fromG�s or G�i (45, 46). This provides
a single readout (increased intracellular Ca2�) to measure the
relative efficiency of coupling to G�s and G�i subunits. The
�3a-AR and �3b-AR both coupled less efficiently to G�i than to
G�s, but there was no difference in the relative coupling of each
isoform to G�i. This result is entirely consistent with our data,
as we have also shown that there is no inherent difference in the
capacity of the �3a-AR and �3b-AR to couple to G�i/o (22).
Instead, the difference between the two isoforms resides in

their differential interaction with caveolin-1 and localization in
membrane rafts/caveolae. In the study by Lenard et al. (34),
membrane localization of the chimeric G� subunits would be
determined by the commonG�q component. It has been shown
previously that G�q interacts with caveolin-1 (47, 48) and is
enriched in membrane raft fractions (49), although others have
shown that the raft localization of G�q is dependent on the
extraction procedure used (43). Even if the G�q chimeras
were enriched in membrane rafts relative to bulk membrane,
the high abundance of these proteins (34)would likelymask any
differences in the G�q/i coupling of the �3a-AR and �3b-AR
isoforms.
In CHO-K1 cells, membrane rafts are enriched in G�i/o and

G�s relative to the bulk membrane (50–52). The two predom-
inant adenylyl cyclase isoforms expressed are AC6 and AC7
(53), with AC7 excluded frommembrane rafts (54). In contrast,
the AC6 isoform is enriched in membrane rafts, and this local-
ization is known to be functionally important (12, 54, 55). We
have shown that in CHO-K1 cells expressing the�3a-AR, filipin
treatment not only enhances PTX sensitivity but also causes a
right shift of the concentration-response curve to CL316243.
On the other hand, filipin treatment of cells expressing the
�3b-AR increases basal and maximal cAMP accumulation. In
cardiomyocytes and S49 lymphoma cells expressing low levels
of endogenous �-ARs, on the order of 30 fmol/mg protein, the
molar ratio of receptor/G�s protein/AC has been estimated as
1:100:3 (50). Our recombinant CHO-K1 cells have a 30-fold
higher abundance of receptors, so AC6 is almost certainly the
limiting step in cAMP accumulation, and the enrichment of
AC6 inmembrane rafts may be another key difference between
�3a-AR and �3b-AR responses. In the presence of filipin, the
�3a-ARmay display reduced responsiveness because it loses its
co-localization with AC6, whereas the �3b-AR becomes more
responsive because the AC6 is redistributed throughout the
membrane and has higher availability. Another key question is
why the �3a-AR does not couple to G�i/o even though these
subunits are also enriched in membrane rafts (51). We suggest
that despite their close proximity within rafts, coupling may be
suppressed because the activity of G�i/o is inhibited by interac-
tion with caveolin (56). In the presence of filipin, the �3a-AR
would not only lose co-localization with AC6 but also gain the
ability to interact with G�i/o that is no longer associated with
caveolin.
We have shown that the effects of filipin III treatment or

caveolin-1 knockdown observed in CHO-K1 cells expressing
the �3a-AR are seen also in cultured brown adipocytes. These
cells express the �3-AR at�400 fmol/mg of protein (57–59). In
untreated brown adipocytes, CL316243 potency is 10-fold
lower than in CHO-K1 cells, despite only a 2.5-fold lower
�3-AR abundance, suggesting that the efficiency of cAMP gen-
eration is also decreased in the adipocytes. In CHO-�3a-AR
cells, filipin III treatment reduced the pEC50 of CL316243with-
out affecting the maximum response. In contrast, filipin III
treatment of brown adipocytes had no effect on the pEC50 of
CL316243, but the maximum cAMP response was reduced.
This is consistent with the overall lower potency of CL316243
in adipocytes, evidence that a 10-fold higher receptor occu-
pancy is required in adipocytes to achieve a maximum cAMP
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response. When signaling efficiency is reduced further in the
presence of filipin III, high concentrations of CL316243 cannot
produce the same maximum response as that seen without fili-
pin III. It has been shown that caveolin-1 knock-out mice have
compromised cAMP accumulation in response to CL316243,
due to composite effects on �3-AR abundance and AC activity
(18).Our data extend these findings by demonstrating that both
filipin III treatment and knockdown of caveolin-1 in brown
adipocytes cause cAMP responses to become PTX-sensitive,
indicating that the �3a-AR acquires coupling to G�i/o proteins.
In conclusion, our study demonstrates that the�3a-AR inter-

acts with caveolin-1 and that the interaction affects functional
coupling of the receptor to G�i/o and G�s subunits. Our work
and that of others indicates that the reduced �3-AR signaling in
mice lacking caveolin-1 is due to disruption of a signaling com-
plex containing caveolin-1, the �3a-AR, G�s, and adenylyl
cyclase and not just due to reduced �3-AR abundance (16–18).
Physiologically, the �3-AR plays a major role in white and
brown adipocytes, where caveolin-1 association serves to
potentiate receptor-mediated cAMP accumulation and down-
stream responses such as lipolysis or thermogenesis. For other
receptors such as the �2-AR, raft localization and caveolin
interaction undergo dynamic regulation due to requirements
for strict spatial and temporal control of signaling (12). Thus,
although membrane raft localization is a critical factor in orga-
nizing GPCR signaling complexes, the functional impact varies
between receptors (41). Continuing studies onGPCRs will pro-
vide novel insights into the determinants that dictate associa-
tion of receptors with caveolins, promote localization in mem-
brane rafts, and thereby modulate receptor signaling.
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