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Abstract
β-Adrenergic receptors (βAR) and D2-like dopamine receptors (which include D2-, D3- and D4-
dopamine receptors) activate Gs and Gi, the stimulatory and inhibitory heterotrimeric G proteins,
respectively, which in turn regulate the activity of adenylyl cyclase (AC). β2-Adrenergic receptors
(β2AR) and D4-dopamine receptors (D4DR) co-immunoprecipitated when co-expressed in HEK
293 cells, suggesting the existence of a signalling complex containing both receptors. In order to
determine if these receptors are closely associated with each other, and with other components
involved in G protein-mediated signal transduction, β2AR, D4DR, G protein subunits (Gαi1 and
the Gβ1γ2 heterodimer) and AC were tagged so that bioluminescence resonance energy transfer
(BRET) could be used to monitor their interactions. All of the tagged proteins retained biological
function. For the first time, FlAsH-labeled proteins were used in BRET experiments as fluorescent
acceptors for the energy transferred from Renilla luciferase-tagged donor proteins. Our
experiments revealed that β2AR, D4DR, G proteins and AC were closely associated in a functional
signalling complex in cellulo. Furthermore, BRET experiments indicated that although activation
of Gi caused a conformational change within the heterotrimeric protein, it did not cause the Gβγ
heterodimer to dissociate from the Gαi1 subunit. Evidence for the presence of a signalling
complex in vivo was obtained by purifying βAR from detergent extracts of mouse brain with
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alprenolol-Sepharose and showing that the precipitate also contained both D2-like dopamine
receptors and AC.

Keywords
β-adrenergic receptors; D2-like dopamine receptors; heterotrimeric G proteins; adenylyl cyclase;
signalling complexes; bioluminescence resonance energy transfer; alprenolol-Sepharose

1. Introduction
A wide variety of extracellular chemical and physical signals evoke intracellular responses
by activating G protein-mediated signalling pathways. The process begins when these
extracellular signals, or ligands, bind to specific heptahelical G protein-coupled receptors
(GPCR) resulting in activation of cognate heterotrimeric G proteins. Activated G proteins in
turn regulate effector proteins such as adenylyl cyclase (AC). Cells often harbor multiple G
protein-mediated signalling pathways. A substantial and growing body of evidence indicates
that proteins involved in G protein-mediated signal transduction are organized into
signalling complexes, an arrangement that may account for the efficacy, speed and
specificity of signalling [1]. Though it has been demonstrated that a receptor, G protein and
effector are all simultaneously present within the same complex [2] data support the view
that these complexes are much more extensive, containing many other proteins required to
organize and regulate signalling pathways [1, 3]. They are also likely to contain multiple
GPCR closely associated as homo- or heteromers [4].

There are many examples of heteromeric GPCR complexes formed when receptors are
exogenously expressed in cells [5] as well as a few examples of endogenous heteromeric
GPCR complexes [6–9] and refs. 42, 44, 48, 51, 54 and 55 in the Data Supplement for [10].
Among the heteromeric GPCR combinations that might be expected to occur naturally are
complexes containing Gs- and Gi-coupled receptors both of which regulate AC activity. This
would provide a means of integrating convergent signalling events. D1-like dopamine
receptors (ie. D1- and D5-dopamine receptors) are among the receptors that regulate AC
through Gs. In contrast, D2-like dopamine receptors, which include D2-, D3- and D4-
dopamine receptors (D2DR, D3DR and D4DR), regulate AC by activating Gi. Published data
indicate that complexes of D1- and D3-dopamine receptors can be co-immunoprecipitated
from rat striatum [7]. A2A-adenosine receptors, like D1-dopamine receptors, regulate AC by
activating Gs and have been found to co-localize with D2DR in the same cells in rat brain
[11]. Furthermore, A2A-adenosine and D2DR form heteromers when heterogenously co-
expressed [12]. β-adrenergic receptors and some subtypes of somatostatin receptors
stimulate AC through activation of Gs, and both receptors have been shown to co-localize
with D2-like dopamine receptors in neurons from various brain regions [13, 14]. Co-
localization of β-adrenergic receptors and D2-like dopamine receptors suggests that they
might be associated with each other as part of a signalling complex in vivo. Data presented
here showing that co-expressed D4DR and β2-adrenergic receptors (β2AR) can be co-
immunoprecipitated from transfected HEK 293 cells support this hypothesis. In order to
determine if this was attributable to direct protein-protein interactions between the two
receptors, bioluminescence resonance energy transfer (BRET) experiments were performed.
BRET was also used to probe for protein-protein interactions between these receptors and
other signal transduction proteins in cellulo. In addition, alprenolol-Sepharose was used to
precipitate β-adrenergic receptors from mouse brain and the purified proteins were assayed
for D2-like dopamine receptors and AC to determine if complexes containing these
signalling proteins are present in vivo.
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2. Materials and Methods
2.1 Materials

[125I]iodosulpride (2200 Ci/mmol), [125I]iodocyanopindolol (2200 Ci/mmol),
[125I]adenosine 3’,5’-cyclicphosphoric acid, 2’-O-succinyl-(iodotyrosine methyl ester)
(2200 Ci/mmol) and 96-well white OptiPlates (cat. no. 6005190) were obtained from Perkin
Elmer/New England Nuclear. Pertussis toxin (PTx, cat. no. 516560) and forskolin were from
Calbiochem. Forskolin was dissolved in dimethyl sulfoxide at a concentration of 25 mM and
stored at 4°C. 3-Isobutyl-1-methylxanthine, isoproterenol, dopamine, spiperone, 1,2-
ethanedithiol (cat. no. 398020), poly(ethyleneimine) (cat. no. P3143), deoxycholic acid (cat.
no. D6750), 3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1- propanesulfonate
(CHAPSO, cat. no. C4695), Disperse Blue 3 and Patent Blue V were purchased from
Sigma-Aldrich. Nonidet P40 (cat. no. 5500UA) was from Bethesda Research Laboratories
and 10% SDS (cat. no. 351-032-101) was from Quality Biological, Inc. SuperSignal West
Pico Chemiluminescent Substrate reagents were supplied by Thermo Scientific/Pierce
Protein Research Products, and the Quik-Change Multi Site-Directed Mutagenesis Kit was
from Stratagene. Complete™ protease inhibitor cocktail tablets were from Roche and
Protein Assay reagent (cat. no. 500-0006) was from Bio-Rad Laboratories, Inc.
Lipofectamine Plus, Hanks Balanced Salt Solution (HBSS, cat. no. 14025), Ca2+- and Mg2+-
free HBSS with 0.05% trypsin and 0.02% EDTA (cat. no. 25300-054), Dulbecco’s modified
Eagle’s medium with 4.5 g glucose/l and 25 mM HEPES (DMEM/HEPES, cat. no. 12430),
FlAsH (cat. no. T34561) and protein A-Sepharose (cat. no. 10 1042) were purchased from
Invitrogen. SNAP-Surface 488 (cat. no. S9124S) and CLIP-Surface 547 (cat. no. S9233S)
were from New England Biolabs. Collagen-coated glass bottom culture dishes (cat. no.
P35GCol-1.5-14) were from MatTek Corp. Goat anti-cAMP was from Research Products
International. Mouse monoclonal anti-β2AR (cat. no. sc-81577) was from Santa Cruz.
Rabbit anti-D4DR (cat. no. ab-13318) was from Abcam. Rabbit anti-HA was supplied by
Santa Cruz (cat. no. sc-805) or Abcam (cat. no. ab-9110). Alexa-488 conjugated goat anti-
rabbit (cat. no. A-11008) and coelenterazine h (cat. no. C6780) came from Molecular
Probes. HRP-conjugated goat antimouse (cat. no. 474-1802) was purchased from KPL. Goat
serum (cat. no. 6010-25) and donkey anti-goat (cat. no. 510-10) were supplied by Linco
Research, Inc. HRP-conjugated protein A (cat. no. M00089) was purchased from GenScript
Corp. and reconstituted to 1 mg/ml as suggested by the manufacturer. Rabbit anti-human
β2AR was obtained from rabbits immunized with the amidated peptide
VPSDNIDSQGRNCSTNDSLL which corresponds to the sequence of the C-terminus of the
human β2AR. The IgG fraction, referred to here as PF-12, was purified from antisera using
protein A-Sepharose, and contained 5.4 mg IgG/ml. Alprenolol-Sepharose CL-4B was
prepared as previously described [15]. Mouse brains (cat. no. 55005-1) were obtained from
Pel-Freez and stored at −80°C until needed.

2.2 Recombinant Plasmids
There are nine isoforms of the D4DR possessing 2 (D4.2) to 10 (D4.10) hexadecapeptide
tandem repeats in the third intracellular loop of the receptor [16]. All of these isoforms
exhibit generally similar signalling properties [17, 18] thus we chose D4.2DR on the basis of
availability. The cDNA for HA tag human D4.2DR was modified in order to create a
tetracysteine motif (CCPGCC) at the C-terminus or at different locations within the third
intracellular loop. The D4.2DR terminates with the dipeptide CC necessitating the addition
of the tetrapeptide PGCC to produce a recombinant D4DR-PGCC protein with the potential
to bind the FlAsH reagent. Two additional tetracysteine-tagged D4.2DR constructs were
prepared using Stratagene’s Quik-Change Multi Site-Directed Mutagenesis Kit in
conjunction with the primer
CAGGACCCCTGCTGCCCGGGCTGTTGCCCCCCCGCGCCC or
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CCGGACCCCTGCTGCCCCGGGTGTTGTCCCCCCGACGCC to convert amino acids
258–263 or 274–279 of the human receptor to a tetracysteine motif. These are referred to as
D4DR-G259C and D4DRG275C, respectively.

Recombinant human β2AR or β2AR with a C-terminal EGFP (β2AR-EGFP) or Renilla
luciferase tag (β2AR-RLuc) have been described [19]. Plasmids coding for the β2AR with
an N-terminal signal sequence followed by a SNAP tag (SNAP-β2AR) and the neurokinin-1
receptor with an N-terminal signal sequence followed by a CLIP tag were obtained from
New England Biolabs. The sequence for the neurokinin-1 receptor was replaced with the
cDNA for D4.2DR using standard molecular biology techniques so that the receptor was in
frame with the signal sequence and the CLIP tag (CLIP-D4DR). Gαi1 tagged with RLuc
inserted at different positions (Gαi1-RLuc 60, Gαi1-RLuc 91 and Gαi1-RLuc 122) were
generous gifts from Drs. Michel Bouvier and Céline Galés [20]. The cDNA for Gαi1 and
Gαs(long) both in pcDNA 3.1(+) were purchased from cDNA Resource Center (Rolla, MO).
The cDNA for bovine type I adenylyl cyclase was in pcDNA 3.1(+). Information regarding
recombinant plasmids coding for Gαs-RLuc, Gβ1, Gγ2, EGFP-Gγ2 can be found elsewhere
[19, 21, 22]. The construction of rat type II adenylyl cyclase with a C-terminal R. reniformus
luciferase tag (AC-RLuc) has been described [19]. This plasmid was mutated to introduce a
stop codon between the cDNA for AC and RLuc to regenerate wild type AC. Previous
studies have shown that all of the RLuc- and EGFP-tagged signalling proteins retain
biological activity [19, 21–23]. pcDNA 3.1(+) containing the cDNA for Renilla luciferase
was modified using standard techniques so that it coded for luciferase with a tetracysteine
motif (SCCPGCC) fused to its C-terminus (RLuc-CCPGCC).

2.3 Protein Expression in HEK 293 Cells, Pertussis Toxin Treatment, and cAMP Assays
HEK 293 cells were plated at a density of 1.0–1.5 × 105 cells/cm2 of growth surface in T75
flasks (co-immunoprecipitation and ligand binding assays), in 6-well tissue culture plates
(immunofluorescence and BRET assays), or polylysine-coated 24-well tissue culture plates
(cAMP assays) or at 2.5 × 104 cells/cm2 in collagen-coated glass bottom culture dishes
(fluorescent receptor imaging). Approximately 16 to 24 h after plating, cells were
transfected with 0.005 to 0.1 µg of each recombinant plasmid per cm2 of growth surface
using Lipofectamine Plus. As necessary, vector DNA was included to keep the total amount
of DNA constant. Except when noted, cells used for BRET experiments were co-transfected
with β2AR, D4DR, Gαs, Gαi1, Gβ1, Gγ2 and AC. The proteins bearing the tags required for
a particular BRET, immunofluorescent or fluorescent receptor imaging experiment are
indicated in individual figures. When D4DR-mediated regulation of endogenous AC activity
was investigated, cells were transfected with β2AR-RLuc alone or in conjunction with either
D4DR or tetracysteine-tagged D4DR. Regulation of exogenously expressed types I and II
AC was determined in HEK 293 cells co-expressing β2AR and D4DR with and without
either type I or type II AC. In some instances, cells were treated with PTx (100 ng /ml of
culture media) added approximately 6 h after transfection.

For cAMP accumulation assays, the medium was replaced with DMEM/HEPES containing
1 mM 3-isobutyl-1-methylxanthine approximately 18 h after PTx addition. The cells were
stimulated with 1 µM isoproterenol or dopamine, either individually or in combination for
15 min at 37°C. cAMP was extracted from the cells and measured by radioimmunoassay.
For some experiments, cells were released from 6-well culture plates with a trypsin/EDTA
solution, collected by centrifuging at 100 × g for 5 min, and suspended in the above medium
before being assayed for cAMP accumulation.
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2.4 Co-immunoprecipitation of β2AR and D4DR
HEK 293 cells were transfected so they co-expressed Gαs, Gαi1, Gβ1, Gγ2, and AC
together with β2AR and/or D4DR. Approximately 24 h after transfection the media was
removed and the cells washed with Dulbecco’s phosphate buffered saline (DPBS). Cells
were scraped in ice-cold buffer (1 mM Tris-HCl, pH 7.4, 2 mM EDTA, Roche Complete™
protease inhibitors). Cells expressing each receptor type alone were combined to create a
“mixed” population of cells. Cells transiently co-expressing Gαs, Gαi1, Gβ1, Gγ2, and AC
but no exogenous receptor were 1) use as negative controls, or 2) combined with an equal
amount of cells co-expressing β2AR and D4DR in order to attain the same stoichiometry
between total cell protein and exogenously expressed protein expected in the “mixed” cell
population. Cell suspensions were incubated on ice for 15 min before homogenization with a
Polytron at maximum rpm for 30 sec. Samples were centrifuged at 4°C for 5 min at 1,000 ×
g to remove unbroken cells and nuclei, and the supernatants were centrifuged at 4°C for 20
min at 20,000 × g to collect the membranes. The membranes were suspended in RIPA buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 3.7 mM EDTA, 1.2 mM EGTA, 0.1% SDS, 0.1%
NP-40, 0.5% sodium deoxycholate) at a protein concentration of approximately 0.5 mg/ml,
and solubilization proceeded during a 1 h incubation of the samples on ice. Soluble proteins
were recovered in the supernatant after centrifuging the samples at 100,000 × g for 1 h at
4°C. To immunoprecipitate receptors, 5 µg of anti-β2AR (PF-12) or 2 µg of anti-D4DR
(ab-13318) was added per ml of supernatant. After incubating for 1 h at room temperature,
20 µl of a 50% slurry of protein A-Sepharose was added, and the incubation continued for an
additional 30 min while shaking vigorously. Protein A-Sepharose was collected by
centrifugation, and the supernatant removed. The pellet was washed twice with 0.5 ml of
RIPA buffer and bound protein dissolved by adding 10 µl each of 150 mM dithiothretol and
LDS-PAGE solution (100 mM Tris-HCl, pH 8.5, 6% lithium dodecylsulfate, 30% glycerol,
0.2% bromphenol blue). Samples were incubated at 60°C for 15 min followed by separation
on 10% Bis-Tris NuPAGE polyacrylamide gels (Invitrogen) using MOPS-SDS running
buffer (50 mM 2-(N-morpholino) propane sulfonic acid, 50 mM Tris-base, 0.1% SDS, 1
mM EDTA). Proteins were then transferred to nitrocellulose with blotting buffer (25 mM
Tris-base, 192 mM glycine, 20% methanol, 0.1% (w/v) SDS, pH 8.3) using a Bio-Rad
Trans-Blot SD Semi-Dry Transfer Cell. Nitrocellulose membranes were incubated for 1 h at
room temperature in blocking buffer (DPBS without Ca2+ or Mg2+, 0.1% Triton X-100, 5%
(w/v) non-fat dry milk). Membranes were probed for β2AR or HA-tagged D4DR overnight
at room temperature with antibodies in blocking buffer (sc-81577 and ab-9110 diluted
1:1000 and 1:2000, respectively), followed by HRP-conjugates of goat anti-mouse and
protein A, respectively, each diluted 1:5000 with blocking buffer. Between incubations with
primary antibodies and HRP-conjugated reagents, and following incubation with the latter,
membranes were washed three times for 5 min at room temperature with gentle agitation in
20 ml of Tris-buffered saline containing Tween 20 (50 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 0.1% Tween 20). HRP bound to the membrane was detected using chemiluminescent
reagents as directed by the manufacturer.

2.5 Confocal Microscopy
Confocal microscopy was used to determine the distribution and localization of transiently
expressed D4DR. HEK 293 cells were transfected so that they co-expressed β2AR-RLuc,
Gαs, Gαi1, Gβ1, Gγ2, AC-RLuc and either D4DR or one of the tetracysteine-tagged D4DR
constructs. Cells transiently co-expressing all of the signalling proteins except the D4DR
served as a negative control. Approximately 24 h after transfection, cells were seeded on
collagen-coated glass cover slips. Four hours later, the cells were washed with DPBS and
fixed with 3% paraformaldehyde in DPBS for 15 min at room temperature.
Paraformaldehyde was removed by washing three times with DPBS, and non-specific
antibody binding was blocked by incubating cells for 1 h at room temperature in DPBS
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containing 5% normal goat serum. Cells were washed once with DPBS followed by
overnight incubation at 4°C in a 1:500 dilution of rabbit anti-HA (sc-805). Unbound anti-
HA was removed by three washes with DPBS followed by a 1 h incubation at room
temperature with a 1:2500 dilution of Alexa-488 conjugated goat anti-rabbit. Antibody
solutions were made in DPBS containing 1% normal goat serum. To assay for both cell
surface and internal D4DR, cells were permeablized by including 0.2% Triton X-100 in the
blocking, and antibody-containing solutions. Cells were examined on an inverted Zeiss LSM
510 laser-scanning microscope.

Cells expressing SNAP-β2AR and/or CLIP-D4DR were grown in collagen-coated glass
bottom culture dishes or seeded on collagen-coated cover slips as described above.
Approximately 24 h after transfection the media was replaced with fresh media containing 5
µM each SNAP-Surface 488 and CLIP-Surface 547 prepared as directed by the supplier.
After incubating for 30 min at 37°C, the cells were washed several times with fresh culture
media, and the last wash replaced with fresh media. Imaging of naive cells or cells treated
with ligand was done with a Zeiss LSM 710 laser-scanning microscope. When cells were
treated with ligand, a 1 mM stock solution of isoproterenol in ethanol was added so that the
final ligand concentration was 10 µM, and the cells were incubated for 45 min before
imaging. Imaging of cells grown in collagen-coated glass bottom culture dishes was done in
a climate-controlled chamber at 37°C in an atmosphere of 5% CO2 in air. Cells grown on
collagen-coated glass cover slips were fixed as described above before imaging.

2.6 BRET Measurements
For some BRET experiments, cells were treated with PTx as described above, and all BRET
experiments were done approximately 24 h after transfection. When experiments involved
signalling proteins tagged with RLuc and EGFP, BRET was performed as described [22].
For BRET involving D4DR tagged with a tetracysteine motif, culture medium was removed
and cells gently washed three times with 1 ml of HBSS containing 10 mM glucose (HBSS
+glu). The last wash was replaced with 1.5 ml of a solution containing the fluorophore
FlAsH and the cells incubated for 1 h at 37°C. The FlAsH solution was prepared by mixing
one volume of 2 mM FlAsH with two volumes of dimethylsulfoxide containing 25 mM 1,2-
ethanedithiol and incubating for 5–10 min at room temperature before diluting the mixture
with HBSS+glu to give a final concentration of 500 nM FlAsH. To remove non-specifically
bound FlAsH, cells were gently washing twice with 1 ml of HBSS+glu and incubating for
20 min at 37°C in 0.5 ml of HBSS+glu containing 250 µM 1,2-ethanedithiol. After washing
the cells twice with HBSS+glu they were released from the tissue culture plates with trypsin/
EDTA solution, and collected by centrifuging at 100 × g for 5 min. The supernatant was
removed and the cells were suspended in DPBS+ (DPBS, 1 mg glucose/ml, 1 mM ascorbate,
Roche Complete™ protease inhibitors). Cell suspensions were assayed for protein using
Bio-Rad Protein Assay reagent as directed by the supplier. Samples volumes of 90 µl
containing 25–100 µg of cell protein were dispensed into OptiPlates, and BRET assays were
initiated by adding 10 µl of 50 µM coelenterazine h in DPBS+. BRET was measured both
before and after the addition of vehicle or agonist(s) (1 µM isoproterenol and/or dopamine).
The ratio of light passed by a 530/25 nm filter to that passed by a 460/25 nm filter was
measured with a Berthold Mithras plate reader. Cells expressing RLuc-CCPGCC were used
as a positive control for BRET experiments that employed FlAsH as a fluorophore.

2.7 Purification of Signalling Complexes Containing βAR from Mouse Brain
Frozen mouse brains were thawed in cold lysis buffer (1 mM Tris, pH 7.4, 2 mM EDTA,
Roche Complete™ protease inhibitors) and homogenized at maximum rpm with a Polytron
tissue homogenizer for 30 sec. The homogenate was centrifuged at 1,000 × g for 5 min at
4°C, and the resulting supernatant was subsequently centrifuged at 20,000 × g for 20 min at
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4°C to obtain a membrane pellet. The membranes were suspended in buffer A (50 mM Tris,
pH 7.4, 120 mM NaCl, 5 mM KCl, 5 mM MgCl2, 1.5 mM CaCl2, 1 mM EDTA), assayed
for protein, diluted to a concentration of 5 mg/ml, and either stored at −20 °C for later use or
collected by centrifugation at 15,000 × g for 20 min at 4°C prior to being dissolved with
detergent. Soluble proteins were prepared by suspending the pellet at a concentration of 2
mg membrane protein/ml in buffer A containing 0.5% (w/v) CHAPSO. After incubating for
5 min on ice the insoluble material was removed by centrifuging at 4°C for 1 h at 100,000 ×
g (clarifying the detergent extract by centrifuging in a microfuge at 16,000 × g produced the
same results). For each experimental sample, the soluble material obtained from one mg of
membrane protein was transferred to a 1.5 ml conical snap cap Microfuge tube containing
25 µl of packed Sepharose or alprenolol-Sepharose. In some cases, precipitation of βAR by
alprenolol-Sepharose was blocked by adding 10 µM propranolol. The samples were
incubated at room temperature with mixing for 30 min to keep the gel suspended. The gel
was collected by a brief centrifugation and the supernatants removed and assayed for the
presence of βAR as described below. The gel pellets were washed twice with buffer A
containing 1/10th the critical micelle concentration (0.05%) of CHAPSO and assayed for
either AC activity or the presence of D2-like dopamine receptors.

To assay for AC activity, gel samples were suspended in 0.05% CHAPSO in buffer A that
had been diluted 10X. To 150 µl samples were added 40 µl of assay buffer (6.4 mg/ml
phosphocreatine, 300 U/ml creatine phosphokinase, 125 mM Tris, pH 7.6, 5 mM
theophylline, 0.5 mM ATP, 0.2 mM GTP, 0.5% bovine serum albumin, 5 mM DTT, 10 mM
EDTA, 20 mM MgCl2) and 10 µl of 200 µM forskolin or vehicle. Samples were incubated at
30°C for 15 min and the reaction stopped by adding 200 µl of 0.2 M HCl. The samples were
lyophilized, reconstituted in 150 µl of water and 100 µl assayed for cAMP by
radioimmunoassay.

To assay for D2-like dopamine receptors the gel was suspended in buffer A containing
0.05% CHAPSO and 1 nM [125I]iodosulpride. The total volume of each sample was
approximately 200 µl and non-specific radioligand binding was assessed in the presence of a
1 µM concentration of either spiperone or propranolol. The gel was kept suspended by
mixing for 30 min at room temperature before adding 2 ml of cold buffer A containing
0.05% CHAPSO and rapidly filtering on a vacuum manifold through GF/F glass fiber filters
that had been soaked in 0.05% poly(ethyleneimine). Filters were rapidly washed twice with
2 ml of cold buffer A containing 0.05% CHAPSO and subsequently counted using a Wallac
Wizard 1470 automatic gamma counter.

[125I]Iodocyanopindolol binding was used to determine the amount of βAR remaining in the
supernatant after incubation with Sepharose or alprenolol-Sepharose. Samples were
incubated with 1 nM radioligand in the absence or presence of 1 µM propranolol to
determine the total and non-specific binding, respectively. Sample volumes were 0.5 ml and
the samples were incubated at room temperature for 30 min. Bound radioligand was
precipitated by adding 1.0 ml of normal goat serum diluted 1:200 with cold buffer A and 1.0
ml of 25% PEG-8000 in cold buffer A. The samples were then filtered through GF/C glass
fiber filters mounted on a vacuum manifold and the filters washed twice with 2 ml of 8%
PEG-8000 in cold buffer A. The amount of βAR precipitated by the affinity matrix was
determined by subtracting the amount of βAR in the supernatant from CHAPSO extracts
incubated with alprenolol-Sepharose from the amount in extracts incubated with Sepharose.
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3. Results
3.1 Co-immunoprecipitation of β2AR and D4DR

Radioligand binding revealed that HEK 293 cells used in this study expressed approximately
10 fmol of endogenous cell surface βAR/mg of cell membrane protein (data not shown), but
these were not detectable by western blotting (Fig. 1). Cells exogenously expressing β2AR
typically displayed about one pmol of cell surface receptors/mg of cell protein, and the
major immunoprecipitable β2AR band had a molecular mass of approximately 44 kDa in
agreement with the observation of others [24]. HEK 293 cells lack endogenous D2-like
dopamine receptors. HEK 293 cells transfected with D4DR expressed 0.1–0.7 pmol of cell
surface receptors/mg of cell protein. All of the D4DR expressed in these studies carried an
N-terminal HA tag, and were identified by western blotting with either anti-HA (Fig. 1) or
anti-D4 antibodies (data not shown). The major D4DR band had a molecular mass of
approximately 41 kDa, a value similar to that observed by others [16]. When β2AR and
D4DR were co-expressed in HEK 293 cells they were co-immunoprecipitated (Fig. 1).
However, if the receptors were expressed in separate cell populations that were mixed prior
to immunoprecipitation the receptors did not co-precipitate.

3.2 Cell Surface Expression and Functional Activity of Exogenously Expressed Receptors
HA-tags on D4DR are exposed to the extracellular milieu when the receptors are inserted
correctly into the plasma membrane. HEK 293 cells expressing D4DR with or without the
tetracysteine motif were stained by anti-HA antibodies, but cells lacking the exogenous
D4DR were not (Supplementary Fig. 1). Immunofluorescent staining of D4DR in non-
permeabilized cells indicated that receptors were localized to the plasma membrane, while
the staining pattern in detergent-permeabilized cells revealed that there were also receptors
within the cell. Membranes from HEK 293 cells expressing the various tetracysteine-tagged
D4DR bound the antagonist spiperone with affinities that were indistinguishable from D4DR
that lacked the tetracysteine tag (data not shown). SNAP-tagged β2AR and CLIP-tagged
D4DR were co-localized in the plasma membrane prior to treatment with ligand
(Supplementary Fig. 2). Exposure to isoproterenol caused both receptors to be redistributed
within the cell and they remained largely co-localized.

HEK 293 cells are reported to express types I, II, III, VI and IX AC [25, 26]. The basal rate
of cAMP production in cells used for these studies was 2 ± 3 pmol cAMP/mg/15 min. It
increased to 80 ±10 pmol cAMP/mg/15 min (n=3) in response to isoproterenol-mediated
activation of endogenous βAR. Neither dopamine stimulation nor PTx treatment of the cells
had any effect on the isoproterenol-mediated stimulation of endogenous AC (Supplementary
Fig. 3). cAMP accumulation in response to isoproterenol was increased in cells exogenously
expressing β2AR-RLuc. When HEK 293 cells co-expressed β2AR-RLuc together with either
D4DR or any of the tetracysteine-tagged D4DR constructs, a dopamine-mediated inhibition
of the endogenous AC was observed. This inhibition was blocked when cells were pre-
treated with PTx. Dopamine also inhibited forskolin-induced cAMP accumulation only
when D4DR was co-expressed (data not shown). Taken together, these experiments
demonstrated that the β2AR-RLuc and tetracysteine-tagged D4DR constructs were
functional and able to regulate the endogenous AC in HEK 293 cells (Supplementary Fig.
3).

Previous studies have indicated that D4DR can regulate the activity of type II AC[27]. Type
II AC differs from other types of mammalian AC in that it is stimulated by Gi rather than
inhibited. Although HEK 293 are reported to naturally express type II AC, the dopamine-
mediated inhibition of isoproterenol-induced cAMP accumulation observed in these studies
indicated that on balance the activity of endogenous AC other than type II predominate in
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these cells. This simplified efforts to show that exogenously expressed RLuc-tagged type II
AC (AC-RLuc) was regulated by D4DR. HEK 293 cells exogenously expressing β2AR and
D4DR with or without co-expressed AC-RLuc were treated with dopamine to determine if
the receptor was capable of regulating the activity of tagged type II AC. There was no
significant effect of dopamine on the basal activity of endogenous AC (Fig. 2a). However,
when AC-RLuc was exogenously expressed, dopamine caused a significant increase in
cAMP accumulation indicating that the D4DR was capable of regulating AC-RLuc activity.
In comparison, the basal activity of exogenously expressed type I AC was inhibited by
dopamine. As has already been noted, isoproterenolmediated activation of endogenous AC
was inhibited by dopamine in cells exogenously expressing both β2AR and D4DR (Fig 2b
and Supplementary Fig. 3). This was also true of HEK 293 cells that exogenously co-
expressing type I AC. In contrast HEK 293 cells co-expressing β2AR, D4DR and AC-RLuc
showed no dopamine-mediated inhibition of the isoproterenol-induced cAMP accumulation
indicating that the net inhibition of endogenous AC was overcome by the Gi-mediated
stimulation of exogenously expressed type II AC.

3.3 BRET Between Signalling Proteins
In order to use BRET to determine if two proteins interact in an intact cell they must be
tagged, one with the BRET donor and the other with the BRET acceptor. BRET occurs
when luminescent energy from a bioluminescent donor tag is non-radiatively transferred to a
fluorescent acceptor. This transfer of energy only occurs if the distance between donor and
acceptor is <100 Å indicating that the proteins are closely associated in a complex. Typically
the bioluminescent donor protein is R. reniformus luciferase (RLuc) and the fluorescent
acceptor is a variant of green fluorescent protein (eg. EGFP). If the tagged proteins interact,
then the donor and acceptor are brought into close proximity and BRET can occur. An
alternative approach was used to produce a fluorescently tagged D4DR for BRET
experiments. Instead of fusing the D4DR to EGFP, additional amino acids were added to the
C-terminus or mutations introduced into the third intracellular loop of the receptor to
generate a “tetracysteine” motif with the amino acid sequence CCPGCC. This motif binds a
480 Da biarsenical reagent known as FlAsH producing a fluorophore [28] with the potential
to make the tagged D4DR an acceptor for resonance energy transfer experiments. The same
strategy has been used to make other fluorescently tagged receptors for FRET experiments
[29–31].

RLuc-CCPGCC was prepared as a positive control for BRET experiments involving FlAsH
as the fluorescent acceptor. When cells expressing RLuc-CCPGCC were incubated first with
FlAsH and then with coelenterazine h, BRET was observed, and increased in a dose-
dependent manor with concentrations of FlAsH up to 500 nM (data not shown).
Consequently, BRET experiments were subsequently performed after incubating transfected
cells with 500 nM FlAsH. Fluorescence measurements on cell suspensions indicated that
there was significantly more FlAsH fluorescence in cells expressing tetracysteine-tagged
proteins other than D4DR-PGCC (see below) when compared with cells that lacked these
proteins. However, fluorescence measurements as well as microscopic examination of cells
that did not express any tetracysteine-tagged proteins revealed a significant amount of non-
specific fluorescence. Sodium pyruvate and the non-fluorescent dyes Patent V and Disperse
Blue have been reported to reduce non-specific FlAsH fluorescence [32]. These reagents had
no effect on BRET in cells expressing RLuc-CCPGCC, but in our hands they were unable to
significantly reduce the background fluorescence either individually or when combined.

BRET experiments were done on cells in suspension which necessitated their release from
the growing surface with trypsin. To determine if this had any effect on agonist-mediated
signal transduction, cells exogenously expressing β2AR and D4DR were prepared as if for
use in BRET experiments, but were assayed for ligand-mediated cAMP accumulation
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instead. Using trypsin to release the cells from the growth surface had no effect on the
response of the endogenous AC to isoproterenol and/or dopamine in HEK 293 cells
exogenously expressing β2AR and D4DR (Supplementary Fig. 4).

D4DR-G259C, D4DR-G275C or D4DR-PGCC was co-expressed with various RLuc-tagged
signalling proteins. Although D4DR-PGCC functioned normally with respect to signal
transduction, fluorescence measurements suggest that cells expressing this protein did not
bind FlAsH specifically. This would explain why no BRET was observed between it and
any of the RLuc-tagged signalling proteins (Fig. 3 and data not shown). Probable
explanations are that binding of the FlAsH reagent was prevented because cysteines in the
CCPGCC motif of this construct were oxidized to cystines or that one or more of the
cysteines may have been palmitoylated [33].

BRET was detected when β2AR-RLuc was co-expressed with either D4DR-G259C or
D4DR-G275C (Fig. 3). The BRET was saturable, and no BRET was observed between
D4DR-G259C and another membrane bound BRET donor, CD8-RLuc (Supplementary Fig.
5) indicating that the interaction between the receptors was specific. BRET was also
observed between AC-RLuc and both tetracysteine-tagged D4DR (Fig. 4). BRET between
β2AR-RLuc and tetracysteine-tagged D4DR, or between tetracysteine-tagged D4DR and
AC-RLuc was not affected when cells were exposed to isoproterenol, dopamine or both
agonists together, indicating that the complex persisted during signal transduction.

BRET also occurred between either D4DR-G259C or D4DR-G275C and Gαi1-RLuc donors
(Fig. 5). The magnitude of the resonance energy transfer depended upon the position of
RLuc within Gαi1 and the tetracysteine motif within the D4DR. In no case was there a
significant effect of dopamine and/or isoproterenol on BRET between any combination of
the tetracysteine-tagged D4DR and Gαi1-RLuc donors (data not shown).

Co-expressed Gαi1-RLuc donors, EGFP-Gγ2 and Gβ1 associated to form Gi1 heterotrimers
that could be detected by BRET (Fig. 6). BRET between these subunits was altered when
Gi1 was activated. There was a significant increase in BRET between Gαi1-RLuc 60 and
EGFP-Gγ2 when cells co-expressing the D4DR were exposed to dopamine. In contrast,
dopamine caused a significant decrease in BRET when the co-expressed Gα subunit was
either Gαi1-RLuc 91 or Gαi1-RLuc 122. These changes required the expression of
exogenous D4DR, and they were eliminated when cells were treated with PTx before
activating D4DR with dopamine. In these studies β2AR activation had no significant effect
on BRET between the different Gαi1-RLuc donors and EGFP-Gγ2 even though BRET
revealed that β2AR is close to Gαi1 (Fig. 7). Furthermore, BRET between β2AR-EGFP and
Gαi1-RLuc donors was not affected by dopamine or isoproterenol when applied individually
or together.

Dopamine caused both regulation of AC activity (Fig. 2 and supplementary Fig. 3) and a
conformational change in the Gi heterotrimer (Fig. 6) demonstrating that Gi was activated by
the agonist-occupied dopamine receptor. However, Gi activation did not cause any
significant change in BRET between the EGFP-tagged Gγ2 subunit of Gi1 and AC-RLuc
(Fig. 7). This is in contrast to the increase in BRET between EGFP-Gγ2 and AC-RLuc
following isoproterenol-mediated activation of Gs ([22] and Fig. 7) an event that could not
be blocked by the dopamine-mediated activation of Gi1.

3.4 Co-purification of a Signalling Complex Containing βAR, D2-like Dopamine Receptors
and AC from Mouse Brain

βAR and D2-like dopamine receptors present in a CHAPSO extract of mouse brain retained
their ability to bind ligands. Taking advantage of this fact, these extracts were incubated
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with alprenolol-Sepharose in order to precipitate endogenous βAR. Alprenolol-Sepharose
precipitated 19±10 fmol (n=3) of βAR from the detergent extract of one mg of mouse brain
membranes which represented 55±5% (n=3) of the total βAR in the extract. The precipitate
was also able to bind the dopaminergic antagonist [125I]iodosulpride (Fig. 8a).
[125I]Iodosulpride binding was significantly reduced in the presence of the dopaminergic
antagonist spiperone (p<0.005 n=10). Propranolol, a β-adrenergic antagonist, was unable to
block binding of [125I]iodosulpride to the precipitate (P>0.05 n=9, data not shown) ruling
out non-specific binding of [125I]iodosulpride to βAR. However, if propranolol was present
during incubation of the CHAPSO extract with alprenolol-Sepharose, no specific
[125I]iodosulpride binding could be detected in the precipitate (data not shown) indicating
that the dopamine receptors were associated directly with the βAR or were part of a complex
that included the βAR, and not non-specifically bound by the alprenolol-Sepharose.

When alprenolol-Sepharose precipitates of mouse brain detergent extracts were incubated
with forskolin there was an increase in the production of cAMP indicating that AC was also
co-precipitated with the βAR (Fig. 8b). It is unlikely that the co-precipitated proteins were
non-specifically associated with the βAR as a result of being trapped in the same detergent
micelle. The reasons for this are two-fold: 1) CHAPSO has a molecular weight of 631 Da
and the micelle aggregation number is 11 [34] making it unlikely that several large
unassociated proteins would be present in the same micelle, and 2) the gel was washed with
buffer containing 1/10th the critical micelle concentration of CHAPSO in order to disperse
micelles. Furthermore, there was no forskolin-stimulated AC activity associated with the gel
when the detergent extract was incubated with Sepharose instead of alprenolol-Sepharose.

4. Discussion
D4DR and βAR have a wide tissue distribution [35, 36], and the β2AR, in particular, is
widely expressed [35, 37]. There is also immunohistochemical evidence that βAR and D2-
like dopamine receptors are present in the same cells of the prefrontal cortex [14] raising the
possibility that heteromeric complexes of these receptors exist in vivo. To determine if
β2AR and D2-like dopamine receptors form complexes in cellulo, they were co-expressed in
HEK 293 cells. The β2AR agonist isoproterenol increased cAMP accumulation in these
cells, and dopamine attenuated this response indicating that both receptors were present on
the cell surface and functionally coupled to the endogenous AC. Fluorescently tagged β2AR
and D4DR co-localized in the plasma membrane and trafficked together when the cells were
treated with isoproterenol suggesting that they may be associated as part of a signalling
complex. A complex containing both β2AR and D4DR was immunoprecipitated from cells
co-expressing them, but not when cells expressing the receptors individually were mixed
prior to immunoprecipitation. The choice of detergents was critical for preserving a soluble
complex containing both receptors. The complex survived when dissolved in RIPA or 0.5%
CHAPSO, but not when dissolved in 0.2% Lubrol PX (data not shown). Taken together,
these data suggest that the complex was not simply an artifact of dissolution with detergent.

Although co-immunoprecipitation of β2AR and D4DR indicates that they are associated
with each other, the association is not necessarily by a direct protein-protein interaction.
BRET experiments, on the other hand, can be used to determine if proteins interact directly.
For example, BRET has been used to demonstrate that the β2AR forms a complex with Gs
[21] and AC [19], and that AC forms a complex with Gs [22]. BRET has also been
combined with a protein fragment complementation assay to demonstrate that all three
signalling proteins, β2AR, G protein and AC, are simultaneously part of the same complex
[2]. Here, BRET was used to determine if the β2AR and D4DR were in close proximity
when co-expressed in HEK 293 cells. Tagging proteins for BRET usually involves fusing
them to fluorescent or bioluminescent proteins with molecular masses of 27 to 36 kDa.
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Remarkably, the functionality of signalling proteins often remains intact after the addition of
these tags, although the site of their insertion into the host protein can be critical. For
example, Gβ and Gγ subunits will tolerate N-terminal EGFP or RLuc tags [38], but a C-
terminal tag interferes with their function [39]. Tagging heterotrimeric G protein α subunits
at either the N- or C-terminal inactivates them, but if the tags are inserted at specific
locations between these termini, the subunits retain biological function [38, 40, 41]. GPCR
generally tolerate a tag on their cytosolic C-termini. For example, the β2AR with a C-
terminal EGFP or RLuc tag is functionally indistinguishable from the wild type receptor [23,
42]. Unfortunately, this approach of tagging the D4DR with RLuc or GFP variants rendered
it nonfunctional [19]. In an attempt to circumvent this problem, a tetracysteine motif was
added to the receptor that would enable it to bind the fluorophore FlAsH. This required
introducing mutations that substituted three (D4DR-G259C) or four (D4DR-G275C) amino
acids in the third intracellular loop, or the addition of four amino acids to the C-terminus
(D4DR-PGCC). These modifications left the receptor functionally intact, and although the
latter receptor was unable to bind FlAsH, both D4DR-G259C and D4DR-G275C could bind
the fluorophore making them potential acceptors in BRET experiments. BRET occurred
between the β2AR-RLuc and both D4DR-G259C and D4DR-G275C when FlAsH was
bound to the dopamine receptor indicating that the receptors were in close proximity, and
demonstrating for the first time the feasibility of using FlAsH-based fluorescence in BRET
experiments. There was no effect of isoproterenol and/or dopamine on BRET suggesting
that the receptor complex was stable during the time frame in which signal transduction took
place.

BRET experiments also revealed that Gαi1 was closely associated with both D4DR and
β2AR. The magnitude of the BRET between FlAsH bound to D4DR and the Gαi1-RLuc
donors depended upon the position of the RLuc within the Gαi1 and the tetracysteine motif
within the D4DR. Varying the positions of both the donor and acceptor probes within host
proteins alters the distance and orientation between the probes, which in turn had a
significant effect on the magnitude of BRET. For similar reasons BRET between β2AR-
EGFP and the different Gαi1-RLuc donors was dependent upon the location of the RLuc
within the Gαi1 subunit. The lack of any significant effect of dopamine or isoproterenol on
BRET between Gαi1 and either receptor again suggests that these complexes persist during
signal transduction.

Conformational changes that occur during signalling can alter the relative positions of donor
and acceptor tags in BRET experiments, thereby revealing information regarding the
dynamics of signalling. When Gαi1-RLuc donors were co-expressed with EGFP-Gγ2 and
Gβ1, BRET occurred when the subunits associated to form heterotrimeric Gi1. Other
investigators have observed conformational changes in the Gi heterotrimer triggered by the
binding of isoproterenol to β2AR [20], but in these studies BRET between Gαi1-RLuc
donors and EGFP-Gγ2 was not affected by isoproterenol, suggesting that the β2AR did not
activate Gi1 even though they are closely associated as part of the same complex. However,
BRET between Gαi1-RLuc and EGFP-Gγ2 did change in response to dopamine, but only if
the cells co-expressed D4DR. PTx, which covalently modifies Gαi1 so that it can no longer
be activated by the D4DR, completely blocked the ability of dopamine to regulate AC
activity as well as the ability of dopamine to cause a change in BRET between Gαi1-RLuc
donors and EGFP-Gγ2. Changes in the magnitude of BRET in response to dopamine were
dependent upon the position of the RLuc tag within Gαi1. Similar results were obtained
when Gi was activated by the α2-adrenergic receptor [20, 39]. The observation that receptor-
mediated activation of Gi1 can cause either an increase or a decrease in the magnitude of the
BRET between its subunits depending upon the location of the donor probe is most easily
explained by the hypothesis that activation of heterotrimeric Gi1 produced a conformational
change that did not cause subunit dissociation. The same conclusion has been reached
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regarding activated Gs [43], and cone transducin [44] using different experimental
techniques. Although these data contradict the hypothesis that G protein activation is
accompanied by an obligatory dissociation of the G protein α-subunit from the Gβγ
heterodimer, it is consistent with evidence presented here and elsewhere [45, 46] that
subunit dissociation does not normally occur when heterotrimeric G proteins are activated.

All types of mammalian AC are stimulated by Gs [47] and type II AC is also stimulated by
Gi. Stimulation of type II AC by Gi is mediated by the Gβγ heterodimer [48, 49].
Furthermore, stimulation of type II AC by Gs is augmented by receptor-mediated activation
of Gi [50]. In this regard activation of D4DR by dopamine has been shown to augment
isoproterenol-mediated stimulation of type II AC in HEK 293 cells [27]. Data presented in
this study are consistent with these findings. To determine if type II AC and D4DR interact
directly, type II AC tagged with RLuc was co-expressed with either D4DR-G259C or
D4DR-G275C. With FlAsH bound to the receptors, BRET was observed indicating that they
formed a complex with their effector. BRET between AC and D4DR was not affected by
short term exposure to dopamine or by activating the co-expressed β2AR with isoproterenol,
suggesting again that this complex persisted during signal transduction.

All D2-like receptors (D2DR, D3DR and D4DR) couple to Gi, and just like D4DR, D2DR
can augment Gs-mediated activation of type II AC, but curiously D3DR cannot [27].
Interpreting these results within the frame work of the G protein subunit dissociation
hypothesis mentioned above led to the suggestion that Gi activation by D2DR or D4DR
releases Gβγ from Gi, but that activation by D3DR does not. If this were correct and if
subunit dissociation is required for regulating downstream effectors then D3DR would not
be able to regulate the activity of any effectors. This is contradicted by data showing that
D3DR can regulate K+ channels and mitogenesis via PTx-sensitive G proteins [51, 52]. An
alternative explanation for these results is that D2DR and D4DR can regulate type II AC
because they are able to form a signalling complex with the effector, while D3DR cannot.
Thus, the assembly of these complexes may involve cooperative interactions between
signalling proteins producing complexes that selectively include some proteins while
necessarily excluding others.

The present study provides evidence that D4DR forms a complex with β2AR, Gi and AC,
and that β2AR are closely associated with Gi in cellulo. These data along with previously
published data indicating that β2AR, Gs and AC associate to form a signalling complex are
summarized in Fig. 9. Taken together these data support the hypothesis that a signalling
complex containing all of the components needed to regulate AC activity by both Gs and Gi
is present in living cells. To determine if signalling complexes containing both D2-like
dopamine receptors and βAR are present in vivo, the soluble proteins from a detergent
extract of mouse brain were incubated with alprenolol-Sepharose in order to precipitate the
βAR. Ligand binding studies indicated that the precipitate contained D2-like dopamine
receptors. In addition the precipitate contained AC that was activated by forskolin.
Collectively, these data provide evidence for the existence of a signalling complex in vivo
that contains at a minimum βAR, D2-like receptors and AC. Furthermore, BRET data
presented here as well as evidence that Gs and Gi do not compete for binding to AC [53] are
consistent with the idea that both Gs and Gi are present in the same signalling complex.
Interestingly, Gs activation was accompanied by a change in BRET between its EGFP-Gγ2
subunit and AC-RLuc, but Gi activation was not. These data suggest that Gs and Gi interact
differently with AC. Furthermore, activation of Gi did not prevent the change in BRET
between the EGFP-Gγ2 subunit of Gs and AC-RLuc when Gs was activated, implying that
Gi activation does not interfere with Gs activation. These observations are consistent with Gs
and Gi regulating AC activity by an allosteric mechanism.
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D4DR may play a role in attention deficit hyperactivity disorder [54] and schizophrenia [55],
and aberrant signalling by dopaminergic receptors and βAR has been implicated in bipolar
disorder and related diseases [56]. An understanding of how these G protein signalling
systems are organized is likely to be critical for developing new and effective therapeutic
treatments for these diseases. The fluorescent techniques used in these studies have been
instrumental in elucidating the arrangement of signalling proteins within cells. These
techniques also have the potential to reveal information about commonly used
pharmaceuticals whose mechanisms of action are still poorly understood. For example, the
most commonly used drugs for treating bipolar disorder (eg. carbamazepine, lithium and
valproic acid) do not act as receptor binding site ligands. Although there are many
hypotheses as to how these drugs work, the idea that the basis of their therapeutic effect
involves modulating protein-protein interactions within these signalling complexes has not
been seriously considered. This is primarily because an appreciation of the organizational
complexity of these signalling systems is relatively recent. If these drugs do alter protein
interactions within signalling complexes, BRET and other fluorescent techniques will be
useful in ferreting out their sites of action, leading to a better understanding of their
therapeutic effects, and providing a launching point for the development of new more
effective drugs for the treatment of these diseases.
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Abbreviations

AC adenylyl cyclase

βAR and β2AR β-adrenergic and β2-adrenergic receptor(s) respectively

BRET bioluminescence resonance energy transfer

D2DR, D3DR and D4DR D2-, D3-, and D4-dopamine receptor(s) respectively

EGFP enhanced green fluorescent protein

G protein heterotrimeric guanine nucleotide binding protein

Gi and Gs inhibitory and stimulatory G proteins respectively

Gαi and Gαs α-subunits of Gi and Gs respectively

Gβγ heterodimeric βγ subunit complex of a G protein

GPCR G protein coupled-receptor

PTx pertussis toxin

RLuc R. reniformus luciferase
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Highlights

эThe fluorescent reagent FlAsH can be used as and acceptor in bioluminescence
resonance energy transfer experiments. э β2-adrenergic receptors, D4-dopamine
receptors, Gs, Gi and adenylyl cyclase form a functional signalling complex in cellulo.
эGi activation does not cause the Giα subunit to dissociate from the Gβγ heterodimer эA
signalling complex containing β-adrenergic receptors, D2-like dopamine receptors and
adenylyl cyclase was isolated from mouse brain.
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Figure 1. Co-immunoprecipitation of exogenously expressed β2AR and D4DR
All cells used in these studies transiently co-expressed Gαs, Gαi1, Gβ1, Gγ2 and AC. In
addition they expressed β2AR and/or the HA-tagged D4DR. Cells expressing one or the
other receptor were mixed prior to preparing membranes (Mixed). So that each sample
contained the same ratio of expressed receptor protein to total cell protein, cells co-
expressing the receptors (Co-expressed) were mixed with cells receiving plasmid without
receptor cDNA. These latter cells (Vector) were also used as a negative control. Membranes
prepared from these samples were dissolved in RIPA buffer, and the soluble proteins in the
supernatant following centrifugation at 100,000 × g were treated as described in Materials
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and Methods in order to immunoprecipitate and identify β2AR and HA-tagged D4DR on
western blots. Data are representative of three independent experiments.
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Figure 2. D4DR-mediated regulation of type I and type II AC activity
HEK 293 cells were transfected so that they expressed β2AR and D4DR with or without
either type I AC or type II AC-RLuc. Panel a: Cells were then assayed for cAMP
accumulation in the absence (Basal) or in the presence of dopamine (DA) as described in
Materials and Methods. Panel b: Data in panel (a) are shown together with the response of
cells to isoproterenol (Iso) or both Iso and DA together (Iso + DA). Data in panel (b) are
shown on a different scale than the data in panel (a). Basal levels of cAMP accumulation in
the absence of exogenously expressed AC (No Exogenous AC) were not significantly
affected by dopamine (p>.05, n=3). Significant differences based on the indicated number
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(n) of samples from three independent experiments were determined with GraphPad Prism 4
software (** p<0.01).
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Figure 3. BRET between β2AR-RLuc and tetracysteine-tagged D4DR
HEK 293 cells co-expressing β2AR-RLuc, Gαs, Gαi1, Gβ1, Gγ2, AC and the indicated
tetracysteine-tagged D4DR were incubated with FlAsH and BRET was assayed following
the addition of coelenterazine h. The effects of isoproterenol (Iso) or dopamine (DA) either
individually or together on BRET were determined as described in Materials and Methods.
The BRET background was determined in cells co-expressing D4DR that lacked a
tetracysteine tag and either β2AR-RLuc or RLuc. There was a significant difference between
the background BRET and BRET in cells expressing D4DR-G259C or D4DR-G275C
(p<0.05) but not for cells expressing the D4DR-PGCC construct (p>0.05). There were no
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significant differences (p>0.05) between BRET in the presence and absence of agonists for a
particular D4DR construct. The data are representative of five independent experiments.
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Figure 4. BRET between AC-RLuc and tetracysteine-tagged D4DR
HEK 293 cells co-expressing β2AR, Gαs, Gαi1, Gβ1, Gγ2, AC-RLuc and the indicated
tetracysteine-tagged D4DR were treated as described in Fig. 3. The BRET background was
determined in cells co-expressing AC-RLuc and D4DR that lacked a tetracysteine tag. .
There was a significant difference between the background BRET and BRET in cells
expressing D4DR-G259C or D4DR-G275C (p<0.01). There were no significant differences
(p>0.05) between basal BRET and BRET in the presence of isoproterenol (Iso) or dopamine
(DA) for a particular D4DR construct. The data is representative of six independent
experiments.
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Figure 5. BRET between Gαi1-RLuc donors and tetracysteine-tagged D4DR
HEK 293 cells co-expressing β2AR, Gαs, Gβ1, Gγ2, AC and the indicated combination of
tetracystein-tagged D4DR and Gαi1-RLuc were treated as described in Fig. 3. The BRET
background was determined in cells co-expressing D4DR that lacked a tetracysteine tag. The
data is representative of five independent experiments.

Rebois et al. Page 25

Cell Signal. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. The effects of isoproterenol and dopamine on BRET between Gαi1-RLuc donors and
EGFP-Gγ2
HEK 293 cells co-expressing Gαs, Gβ1, EGFP-Gγ2, AC and the indicated combination of
β2AR, D4DR and Gαi1-RLuc were assayed for BRET in the absence of ligand (Basal) or in
the presence of isoproterenol (Iso) or dopamine (DA) as described in Materials and
Methods. Some cells were treated with PTx for approximately 18 h before BRET was
assayed. The BRET background was determined using cells expressing RLuc in place of
Gαi1-RLuc and was 0.804 ± 0.009 for the experiment shown. Significant differences based
on the indicated number (n) of samples from 4 to 18 independent experiments were
determined with GraphPad Prism 4 software (* p<0.05, ** p<0.01, *** p<0.001).
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Figure 7. BRET between β2AR-EGFP and Gαi1-RLuc donors, or between heterotrimeric G
proteins tagged with EGFP-Gγ2 and AC-RLuc
HEK 293 cells co-expressing β2AR-EGFP, Gαs, Gβ1, Gγ2, AC and the indicated Gαi1-
RLuc construct were assayed for BRET as described in Materials and Methods. The BRET
background was determined in cells expressing RLuc in placed of Gαi1-RLuc. Cells co-
expressing Gαi1, EGFP-Gγ2, and AC-RLuc in place of Gαi1-RLuc, Gγ2, and AC
(experimental group on far right) were used to investigate the effects of isoproterenol (Iso)
and dopamine (DA) on the interaction between heterotrimeric Gs or Gi and AC. The data are
representative of five or more independent experiments depending on the RLuc-tagged
construct being tested. Significant differences (* p<0.05, **** p<0.0001) are based on the
indicated number (n) of experiments, and were calculated using GraphPad Prism 4 software.
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Figure 8. Co-purification of D2-like dopamine receptors and AC with βAR from mouse brain
Mouse brain membranes were dissolved in 0.5% CHAPSO and soluble material in the
supernatant from a 1 h centrifugation at 100,000 × g was incubated with either Sepharose or
alprenolol-Sepharose. The gel was washed to remove proteins that did not bind and assayed
for the presence of dopamine receptors and AC activity. a) The presence of dopaminergic
receptors bound to alprenolol-Sepharose was determined by [125I]iodosulpride binding in
the presence and absence of 1 µM spiperone as described in Materials and Methods.
GraphPad Prism 4 software was used to determine that spiperone significantly inhibited
[125I]iodosulpride binding (*** p<0.005). b) The soluble proteins in a CHAPSO extract of
mouse brain membranes were precipitated with alprenolol-Sepharose and assayed for AC
activity. Forskolin (Forsk.) caused a significant (* p<0.05) increase in AC activity in
precipitates. Non-specific binding of AC to the gel was determined by substituting
Sepharose for alprenolol-Sepharose in the precipitation step. The data represents AC
specifically bound by alprenolol-Sepharose. The statistical analyses are based on the
indicated number (n) of independent experiments.
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Figure 9. β2AR, D4DR, Gs, Gi and AC are assembled into a signalling complex responsible for
integrating the regulation of AC activity by Gs and Gi
Associations indicated by bold lines were demonstrated in this study while those designated
by lighter weight solid lines were reported previously [2, 19, 21, 22]. Associations indicated
by dotted lines remain to be investigated.
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