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ABSTRACT

There is accumulating evidence that G protein-coupled receptor signaling is regulated by
localization in lipid raft microdomains. In this report, we determined that the D1 dopamine receptor
(D1R) is localized in caveolae, a subset of lipid rafts, by sucrose gradient fractionation and confocal
microscopy. Through co-immunoprecipitation and bioluminescence resonance energy transfer assays, we
demonstrated that this localization was mediated by an interaction between caveolin-1 and D1R in COS7
cells and an isoform selective interaction between D1R and caveolin-1o in rat brain. We determined that
the DI1R interaction with caveolin-1 required a putative caveolin binding motif identified in
transmembrane domain 7. Agonist stimulation of D1R caused translocation of D1R into caveolin-1
enriched sucrose fractions which was determined to be a result of D1R endocytosis through caveolae.
This was found to be PKA-independent and a kinetically slower process than clathrin mediated
endocytosis. Site directed mutagenesis of the caveolin binding motif at amino acids F313 and W318
significantly attenuated caveolar endocytosis of D1R. We also found that these caveolin binding mutants
had a diminished capacity to stimulate cCAMP production which was determined to be due to constitutive
desensitization of these receptors. In contrast, we found that D1Rs had an enhanced ability to maximally
generate CAMP in chemically induced caveolae disrupted cells. Taken together, these data suggest that

caveol ae has an important role in regulating D1R turnover and signaling in brain.
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INTRODUCTION

Caveolae have a well defined role in mediating the activity of a number of signal transduction
pathways including those involving receptor tyrosine kinases (Yamamoto et a., 1998) and multichain
immune recognition receptors (Dykstra et a., 2001). There is emerging evidence that G protein coupled
receptor (GPCR) function is also modulated by localization in caveolae as a wide array of GPCR
signaling molecules including G proteins , RGS proteins , and protein kinases have been reported to
compartmentalize in these microdomains (Allen et al., 2007). The caveolar locaization of GPCRs has
been reported to have various functional consequences with roles in agonist signaling, internalization, and
the activation of various effector pathways (Bhatnagar et a., 2004; Igarashi and Michel, 2000; Rybin et
al., 2000).

Caveolae represent a subtype of lipid rafts that exist as morphologically distinct invaginations at
the plasma membrane. These lipid enriched entities move laterally on the cell surface while allowing the
exchange of proteins and lipids between the raft domain and the surrounding liquid disordered
phospholipid environment (Rajendran and Simons, 2005). This dynamic regulation is believed to
facilitate the formation of cell surface signaling platforms for the integration of various signaling
molecules, thus ensuring specificity and efficiency in signal transduction processes. The caveolin proteins
are unigue to caveolae and serve a dua role in maintaining the structural integrity of caveolae and by
acting as a scaffolding protein that binds to a battery of receptors, signaling molecules, and adapter
proteins (Williams and Lisanti, 2004). There are three caveolin isoforms, each of which can serve as
biochemical markers for the identification of caveolae; caveolin-1 is the most ubiquitously expressed as it
is found in tissues including the lung, heart, and brain while caveolin-3 is specific to muscle. The
expression of caveolin-1 in brain has been shown in neuronal cells such as hippocampa and dorsal root
ganglion neurons (Bu et al., 2003; Galbiati et al., 1998) as well as gliad cells such as astrocytes and

oligodendrocytes (Cameron et a., 1997).
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Despite the presence of caveolin-1 in brain, there is little known about how this ubiquitous
protein modulates the function of those GPCRs that are involved in critical aspects of brain function. The
D1 dopamine receptor (D1R) is the most abundant dopamine receptor subtype in the brain with an
expression profile that covers various regions including the striatum, nucleus accumbens, and
hippocampus. Thereis also evidence for its expression in glial cells, particularly astrocytes, from striatum
and basal ganglia (Miyazaki et a., 2004; Zanassi et al., 1999). In the brain, D1R participates in the
modulation of various neural processes including learning, memory, reward, and locomator activity. The
D1R couples to GJ/Gy¢ to activate the adenylyl cyclase effector pathway which, in turn, modulates
intracellular levels of cAMP. Many components of this signaling pathway, such as Gsoo and specific
adenylyl cyclase isoforms, compartmentalize in caveolae, suggesting that receptors such as D1R that are
associated with this signaling cascade might also localize in these microdomains. The ability of such
signaling molecules to localize in caveolae has been proposed to be mediated by a direct interaction
between the scaffolding domain of caveolin-1 and a putative caveolin binding motif found in most
caveol ae associated proteins (Couet et a., 1997). This binding motif is characterized by the amino acid
sequence GXOX XXX, XXX XXX d, or oOXPXXX XXX (where X isany amino acid and ¢ is any one
of the aromatic amino acids Trp, Phe, or Tyr). We found that D1R contains a caveolin binding motif in
the proximal region of the seventh transmembrane (TM) domain thus implying arole for caveolin in D1R
function.

In this study, we show that D1R is localized in low-density caveolin-enriched membrane
domains; this was due to a direct interaction with endogenously expressed caveolin-1 in heterologously
expressed cellsand in rat brain. We also report that agonist-mediated D1R endocytosis occurred through a
caveolin dependent pathway that had internalization kinetics distinct from clathrin mediated endocytosis.
We found that this novel mode of D1R internalization was dependent on the integrity of caveolae as
disruption of caveolae strongly reduced agonist mediated receptor sequestration. This was corroborated

by studies showing that mutation of the caveolin binding motif in D1R also attenuated receptor
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internalization. We aso report that the disruption of caveolae had significant effects on G-protein
coupling and agonist induced cCAMP production of D1R. These results suggest that D1R function is
profoundly regulated by caveolin-1 in regions where both proteins may co-exist such as glial cells and

hippocampal neurons of the brain.

MATERIALSAND METHODS

Chemicals - Concanavalin A was purchased from Calbiochem (La Jolla, CA). Filipin, methyl-B-
cyclodexytrin, and H89 were purchased from Sigma (St. Louis, MO). [°H]SCH23390 (85 Ci/mmol) and
[**S]GTPYS (1250 Ci/mmol) were purchased from Perkin Elmer Life Sciences (Boston, MA).

DNA constructs and site-directed mutagenesis - We used the full length D1 dopamine receptor cDNA
that was cloned into the mammalian expression vector, pcDNA3.1 (Invitrogen, Carlsbad, CA) as a
template for site-directed mutagenesis studies. The mutant dopamine D1 constructs, F313A, W318A,
W321A, FWW/A and mutant caveolin-1, P132L, were generated using the Quickchange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The wild-type cMyc caveolin-1 was a kind gift provided by
Dr. Bryan Roth (University of North Carolina). The dominant negative GRK2-K220R was a kind gift
from Dr. Jeffrey Benovic (Thomas Jefferson University). The caveolin-1-GFP and D1R-GFP constructs
were designed by cloning caveolin-1 and D1R, respectively, into pEGFP-N1 (BD Biosciences, San Jose,
CA) in frame with GFP at the carboxyl tail. The D1R-mRFP construct was generated in a similar fashion
by isolating mRFP (in pRSETb vector) by PCR and replacing GFP from the pEGFP-N1 vector with
mMRFP. The D1R-Rluc construct was created by replacing the eGFP from D1R-GFP with Rluc.

Cdll culture and DNA transfection - COS7 and HEK 293t cells were maintained as monolayer cultures at
37 °C in apha minimum essential medium (MEM) (University of Toronto) or advanced minimum
essential medium (Invitrogen), respectively, supplemented with 10% fetal bovine serum, antimycotic and

antibiotic. Cells were grown to 80% confluence before being transfected using Lipofectamine 2000
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(Invitrogen). For co-expression experiments, the total amount of cDNA transfected under control
conditions was kept constant by the addition of a compensating amount of pcDNA3. Transfected cells
were grown for 48 hrs before harvesting for all functional assays.

Detergent-free sucrose gradient fractionation - Caveolae-enriched fractions were prepared by separating
whole cell lysates on a discontinuous sucrose gradient column by ultracentrifugation. Each gradient
column was prepared with transfected COS-7 cells from three 100 mm dishes or from 3 mg of whole rat
brain lysate. Lysates were scraped into 2 ml of buffer containing 500 mM sodium carbonate (pH 11) and
sonicated before bringing to 45% sucrose (w/v) by adding 2 ml 90% sucrose, prepared in MBS (25 mM
2-[N-Morpholino]ethanesulfonic acid and 150 mM NaCl). The resulting cell suspension was placed at the
bottom of a 12-ml ultracentrifuge tube. A discontinuous gradient was prepared by sequentialy layering 4
ml of 35 % sucrose and 5% sucrose (prepared in MBS and carbonate buffer) on top of the 45% sucrose
bed. After centrifugation at 35,000 rpm for 20 hrs at 4 °C, 1 ml fractions were collected from the top of
each gradient and subjected to 20% trichloroacetic acid precipitation. Protein pellets were subsequently
washed with acetone and resuspended in a 1:1 solution of 5:2 lysis buffer (5 mM Tris-HCI, 2 mM EDTA)
and Laemmli buffer. An equal volume of each fraction was separated on SDS-PAGE and immunobl otted
with the antibodies indicated. The antibodies used were anti-Na'/K* ATPase (Developmental Studies
Hybridoma Bank at the University of lowa, lowa City, IA), mouse anti-caveolin-1 (BD Biosciences),
anti-HA-HRP (Roche, Penzburg, Germany), rabbit anti-Gso. (Santa Cruz Biotechnology, Santa Cruz,
CA), goat anti-clathrin HC (Santa Cruz Biotechnology), mouse anti-ARF6 (Santa Cruz Biotechnology),
and rat anti-D1R (Sigma). The protein bands were scanned by densitometric analysis and relative
intensities were quantified using NIH image software version 1.33.

Co-immunoprecipitation - Transfected COS7 cells were washed in PBS and scraped into homogeni zation
buffer consisting of 50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 25 mM MgCl,, and protease
inhibitors. Cells were harvested by polytron disruption and centrifuged at 1,000 g for 10 min. 2 mg of

supernatant was collected and solubilized by addition of NP-40 to a final concentration of 1% (v/v) for 2
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hours at 4°C. Samples were centrifuged at 20,000 g for 20 min and the supernatant was collected and re-
centrifuged again. After pre-clearing for 20 min with 20 ul protein G agarose beads (Sigma), the lysates
were incubated overnight with 5 g of rabbit polyclonal anti-HA (BD Biosciences) or mouse monoclonal
anti-cMyc (Upstate Biotechnology, Lake Placid, NY) antibodies. Immuno-complexes were subsequently
incubated overnight with 60 pl of protein G agarose beads and washed 4 times with ice-cold wash buffer
(20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1 % NP-40, and protease inhibitors). The proteins were
eluted in 70 ul Laemmli buffer by boiling for 5 min before immunaoblotting. Immunoprecipitation from
rat brain was performed similarly with the exception that 1 mg of rat brain membranes was solubilised in
CHAPS buffer (50 mM Tris-HCI, 125 mM NaCl, 0.1 mM EGTA, 20 mM CHAPS, 2mM DTT, and
protease inhibitors) before immunoprecipitation with goat anti-D1 (Chemicon, Temecula, CA) and
immunoblotting with mouse anti-caveolin-1. Immunoprecipitated proteins were resolved by 12% SDS
PAGE under reducing conditions. Proteins were transferred to PVDF before blocking in 5% skim milk
for 1 hr. Blots were incubated with the appropriate primary antibodies overnight (O/N) in 1% skim milk
before incubation with horseradish peroxidise (HRP) conjugated secondary antibodies (BioRad, Hercules,
CA) for 1.5 hrs. Immunoreactivity was detected by enhanced chemiluminescence using an ECL Plus Kit
(GE Healthcare, Waukesha, W1).

Cedl surface biotinylation - Biochemical analysis of receptor endocytosis using cleavable biotin was
performed as described previously (Cao et al., 1998) with some modifications. Briefly, transfected cells
were incubated with 0.5 mg/ml sulfo-NHS-S-S-biotin (Pierce, Rockford IL) for 40 min at RT. Cells were
then rinsed 3 X 5 min with Tris-buffered saline to quench the biotinylation reaction. Biotinylated cells
were then treated with 10 uM SKF81297 for 30 min at 37 °C to induce endocytosis. The remaining cell
surface biotin was cleaved by washing cells with glutathione cleavage buffer (50 mM glutathione, 75 mM
NaCl, 75 mM NaOH, 10% FBS) for 2 X 15 min a 4 °C. Unreacted glutathione was subsequently
guenched with 50 mM iodoacetamide (in PBS) for 3 X 5 min at 4 °C. Cells were extracted in buffer

containing 0.5% Triton-X100 (v/v), 10 mM Tris-Cl, pH 7.5, 120 mM NaCl, 25 mM KCl, and a protease
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inhibitor cocktail (Sigma) by rocking at 4 °C for 3 hrs. The extracts were cleared of insoluble debris by
centrifuging at 15,000 g for 20 min. Receptors were immunoprecipitated from the clarified supernatant by
incubating the lysate with 5 pug anti-HA polyclona antibody (BD Biosciences) O/N, and then with 50 ul
protein G agarose PLUS beads (Pierce) for 3 hrs. Immunoprecipitations were washed sequentially with
high salt buffer (HSB - 0.1% SDS, 0.5% Triton X-100, 20 mM Tris-HCI, 7.5, 120 mM NaCl, 25 mM
KCl), 1 M NaCl in HSB, and low salt wash buffer (10mM Tris-HCI, 7.5) for 20 sec/wash.
Immunoprecipitated proteins were eluted by incubating in Laemmli buffer for 25 min a 37 °C and
resolved by 12% SDS-PAGE under non-reducing conditions. Proteins were transferred to PVDF before
blocking in 5% skim milk O/N. Biotinylated receptors were detected by incubating membranes with
Vectastain Elite ABC reagent (Vector Labs, Burlingame, CA) for 30 min followed by HRP detection with
ECL.

Membrane Preparation - Transfected cells were washed extensively in PBS and centrifuged at 1,500 g to
obtain a pellet. Cell lysates were prepared by polytron disruption in ice-cold 5:2 buffer, containing
protease inhibitors. Lysates were centrifuged at 1,000 g for 10 minutes to separate nuclei and unbroken
cells. Crude membrane fractions were prepared by centrifuging the supernatant at 20,000 g for 25 min.
Membrane protein was determined by the Bradford assay according to the manufacturer’s instructions
(BioRad).

Radioligand binding - For whole cell binding experiments, transfected COS7 cells were seeded onto 24-
well plates (pre-treated with poly-L-ornithine) at a density of 1.75 X 10° cells/well. Cells were pre-
incubated with the appropriate treatments before exposure to agonist. Cells were washed with ice-cold
buffer containing 1 mM EDTA and 50 mM Tris-HCI for 2 min to dissociate agonist before rinsing with
50 mM Tris-HCI for 1 min. Total binding was determined by incubating cells with 2 nM of the D1IR
antagonist, [*H]SCH23390 (prepared in antagonist binding buffer) on ice for 3 hrs. Non-specific binding
was defined by [®H]SCH23390 binding in the presence of 1 uM (+) butaclamol. Cells were subsequently

washed with ice-cold wash buffer (50 mM Tris-HCI) for 3 X 1 min before lysing with 0.2 N NaOH for 20
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min. Lysates were resuspended in scintillation fluid and radioactivity was detected by a Beckman LS
6500 scintillation counter. For saturation binding analysis, membrane preparations (as described above)
were used for radioligand binding at [?H] SCH23390 concentrations of 4 nM, 1 nM, 500 pM, 100 pM, and
10 pM. Binding was performed at RT for 1.5 hrs before bound ligand was isolated by rapid filtration
through a 48-well cell harvester (Brandel, Gaithersburg, MD), using GF/C filters.

I mmunocytochemistry and Confocal Microscopy - HEK293t cells co-transfected with D1R-GFP and
cMyc-caveolin-1 were grown on glass coverslips in 6-well plates until 20-40% confluence. 48 hrs after
transfection, they were washed 3 X with PBS/0.2% BSA (buffer B) and fixed with freshly prepared 4%
paraformaldehyde. Cells were washed with 0.02 M glycine to quench remaining reactive aldehyde
groups. The permeablization of cells was carried out in the presence of 0.1% saponin in PBS for 5 min.
After blocking in buffer B for 1 hr, fixed cells were washed with PBS and incubated with an anti-cMyc
monaclonal antibody (1:1000) (Upstate) for 2 hrs at RT. Cells were then washed 2 X in buffer B and once
in PBS before incubating with TRITC-conjugated anti-mouse secondary antibody (Sigma) at 1:1000
dilution for 2 hrs at RT. Cells were then washed 2 X in buffer B and once in PBS for 5 min before glass
coverslips were mounted. Images were acquired with an X63 lens on a Zeiss LSM510 confocal
microscope. For the live cell monitoring of D1R and caveolin-1, HEK-293t cells were co-transfected with
cDNA encoding D1R-mRFP and caveolin-GFP for 48 hrs. To activate D1R, 10 uM SKF81297 was
administered to these cells, and confocal images were acquired every 2-5 minutes over an 80 minute
period using an X63 deep lens equipped on a Zeiss LSM510 confoca microscope.

Bioluminscence Resonance Energy Transfer (BRET) - To detect interactions between D1R and
caveolin-1, BRET studies were performed in which the D1R-RIuc fusion construct was co-transfected
with increasing molar concentrations of caveolin-1-eGFP or empty vector eGFP (up to a 10-fold
difference) in HEK293t cells. Cells were transfected in 6-well plates and 24 hrs later, were seeded into
96-well plates at a density of 5 X 10" cells/well. The following day, 5 uM of the substrate, coelenterazine

H (Sigma), was added to each well to allow catalytic degradation by Rluc and subsequent light emission.
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Luminescence and fluorescence were measured separately at 480 nm and 535 nm, which corresponds to
the Rluc and GFP maxima of the emission spectra, respectively, on a Victor3 microplate reader (Perkin
Elmer) equipped with filters of the appropriate bandpass (Chroma, Rockingham, VT). The BRET ratio
was defined as [(emission at 510-590 nm) / (emission 440-500)] — Cf where Cf corresponds to (emission
at 510-590)/(emission at 440-500) for the Rluc construct expressed alone inthe same experiment.

cAMP accumulation - Basal and agonist-induced levels of cCAMP were measured from 2.0 X 10° D1R-
transfected COS7 cells plated into 24-well plates. Cells were lysed in 0.1 N HCI for 20 min and the
supernatant was assayed for CAMP accumulation using an enzyme-linked immunoassay kit (Cayman
Chemical, Ann Arbor, MI) according to the manufacturer’s instructions. Where indicated, cells were pre-
treated with 2% mBCD for 30 min followed by the addition of mBCD-cholesterol complexes (10 pg/ml
cholesterol- mBCD complexesin a1:6 molar ratio) for 2 hrsto deliver cholesterol back into the cells. For
desensitization experiments, cells expressing the indicated receptors were pre-treated with 10 uM
SKF81297 for 20 min before stimulating with various concentrations of SKF81297.

GTP%5S Binding Assays - To quantify GTPYS binding to Gso., membrane preparations (100 ug/40 ul) of
D1R transfected COS7 cells were incubated with a reaction mixture containing 2 nM [*S]|GTPyS,10 uM
GDP, in the absence (basal) or presence of 10 uM SKF81297. The reaction was incubated at 30°C for 1
min and terminated with 1 ml ice cold assay buffer (10 mM HEPES pH 7.4, 100 mM NaCl, 10 mM
MgCl,, protease inhibitors). The samples were centrifuged at 20,000 g for 6 min at 4 °C. The resulting
pellets were solubilized in 100 ul ice cold solubilization buffer (100 mM Tris pH 7.4, 200 mM NaCl, 1
mM EDTA, 1.25% Igepal CA630, protease inhibitors) and 0.18% SDS for 1 hr at 4 °C. Unsolubilized
cellular debris was pelleted at 20,000 g for 20 min. The supernatant was subsequently incubated with 5 ug
of Gsov antibody O/N at 4°C, followed by addition of 70 ul protein G agarose (Sigma) and mixing on a
rotator for 4 hrs. Agarose beads were spun down at 2,500 rpm for 3 min and washed 4 X with

solubilization buffer. Beads were suspended in scintillation fluid and radioactivity was determined.
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Data analysis - All pharmacological data were analyzed using Prism (GraphPad Software, San Diego,
CA). Saturation binding curves were generated using non-linear least squares regression curve fitting.
Statistical analysis between group means was performed using one way ANOVA followed by Tukey's

post hoc test.

RESULTS

Co-fractionation of D1R with caveolin-1

To determine whether D1R localizes in caveolae related lipid raft domains, caveolin-enriched fractions
were purified from COS-7 cell lysates expressing HA-tagged D1R using sucrose density gradient
centrifugation. This fractionation scheme utilizes sodium carbonate to separate caveolin-enriched
microdomains based on the high cholesterol and sphingolipid content that renders these fractions
carbonate insoluble with alow buoyant density. We validated the quality of our gradients by showing that
all of the endogenously expressed caveolin-1 in COS-7 cells was recovered in fractions 4 and 5 (Fig 1),
which corresponded to the “light” vesicle or caveolae-enriched fractions (Igarashi and Michel, 2000),
while clathrin heavy chain was localized exclusively in the high-density non-caveol ae fractions (fractions
9-12). When the same fractions were analyzed for the subcellular distribution of D1R, a substantial
fraction of D1 receptors (52 kDa) was found in the caveolin-enriched fractions with some D1R recovery
in non-caveolin-enriched fractions. A similar distribution of endogenous D1R was obtained when whole
rat brain lysates were subjected to sucrose density gradient centrifugation (data not shown). This suggests
that under basal conditions, a significant proportion of D1Rs were localized at the plasma membrane in
caveolar microdomains. We also found that in COS7 cells, the plasma membrane resident protein, Na'/K*
ATPase, co-fractionated with caveolin-1 which is consistent with its functional dependency on the
structural integrity of caveolae (Wang et al., 2004). It has also previously been shown to bind to caveolin-
1 indicating that fraction 5 likely represents plasma membrane caveolin-enriched domains. ARF-6, a GTP

binding protein involved in vesicular trafficking, was found exclusively in the higher density fractions,
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suggesting that this protein is not involved in caveolar trafficking. Gsoo waslocalized to both the caveolin-
enriched fractions (fraction 4 and 5) as well as the high density sucrose fractions, as expected (Li et al.,
1995). Although Gso and D1R did not co-localize precisely in the same fractions, the general observation
that they were both localized in caveolin-enriched fractions suggests that functional G protein-coupled D1

receptors may be regulated in caveol ae.

D1R interacts with caveolin-1 in heterologously expressed cell lines and rat brain
To assess whether localization of DIR in caveolin-enriched microdomains was due to a physical
association between caveolin-l and DI1R, we used a two-pronged approach utilizing co-
immunoprecipitation and bioluminescence resonance energy transfer (BRET) assays. Co-
immunoprecipation experiments were done in COS-7 cell lysates transiently co-expressing HA-tagged
D1R and cMyc-tagged caveolin-1. Antibodies directed against HA co-immunoprecipitated cMyc-
caveolin-1 (Fig 2A, lane 3). Western analysis of recombinant caveolin-1 expression yielded a doublet of
24 kDa and 21 kDa which corresponds to the o and 3 isoforms of caveolin-1, respectively (lane 1). The
specificity of these interactions was tested by immunoprecipitating with another 1gG under identical
conditions (mock, Fig 2A); this did not yield a co-immunoprecipitate. It is unclear why COS7 cells
endogenously express only the o isoform of caveolin-1 (Fig 1) although this has been observed in other
studies (Schwencke et al., 1999). Since the D1 receptor and caveolin-1 are prevalent in brain, we wanted
to confirm the physiologica nature of this interaction in whole rat brain tissue lysates.
Immunoprecipitation with anti-D1R could only co-precipitate the o isoform of caveolin-1 (Fig 2B, lane 2)
despite the presence of both isoformsin brain (Fig 2B, lane 1). When GFP-tagged D1R was co-expressed
with cMyc-tagged caveolin-1 in HEK293t cells, both proteins were found to co-localize in various
regions of the plasma membrane (Fig 2C, merged) under basal conditions.

To evaluate the relative proximity of caveolin-1 and D1R, we used a BRET assay to show an

interaction between these two proteins. BRET is based on the theory that bioluminescent energy transfer

13

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 15, 2007 as DOI: 10.1124/mol.107.034769
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #34769R

from the catalytic degradation of the substrate, coelenterazine, by a luciferase donor to a fluorescent
acceptor requires an intermolecular distance of less than 50 A; this distance posits a direct interaction
between the proteins being investigated. Energy transfer is typically quantified by an increase in the ratio
of acceptor emission (GFP) to luciferase emission (Rluc). In this study, we used HEK293t cells (which
are largely devoid of caveolin expression (Yamamoto et al., 1998)) in order to avoid potentialy
confounding results from endogenous caveolin-1 interactions with D1R. The basd BRET was
determined from HEK?293t cells co-expressing constant levels of D1R-Rluc and increasing levels of
caveolin-1-GFP (cav1-GFP) fusion protein (Fig 2D). The BRET ratio increased as a hyperbolic function
of the concentration of GFP fusion construct added and reached an asymptote that corresponded to a
BRET o Value of 0.122. The BRET 5 indicates the acceptor concentration required to attain maximum
D1R/caveolin-1 coupling. This saturable characteristic indicates that the interaction between D1R and
caveolin-1 was specific and not a result of random collisions that would otherwise yield a linear
“bystander” BRET curve. In contrast to this, co-expression of D1R-Rluc with soluble GFP resulted in a

negligible BRET signal that increased linearly with increasing expression levels of pEGFP vector.

D1R translocates to caveolin-enriched fractions after agonist stimulation

To test whether stimulation of the D1 receptor with agonist altered its localization in caveolin-enriched
fractions, HA-D1R-transfected COS7 cells were treated with the D1R agonist, SKF81297, for various
time points and the distribution of D1R was analyzed from subcellular fractions, as described above. As
shown in Fig 3, D1R localized to caveolin- enriched (fractions 4 and 5) and non-caveolin- enriched
(fraction 8) fractions under basal conditions. Treatment of the D1 receptor with 10 uM SKF81297 for 5
min increased the proportion of D1 receptors in caveolin-enriched fractions with a concomitant decrease
in D1 receptor recovery from non-caveolin-enriched fractions. Within 20 min of SKF81297 stimulation,
the magjority of receptor protein (~ 70 %) was localized in the caveolin-associated fractions with a minor
proportion of receptor in the non-caveolin- associated fractions. Densitometric analysis of the subcdlular

distribution of D1 receptors showed that there was no change in the total amount of protein recovered
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following agonist stimulation thus indicating that the D1 receptor translocated from the non-caveolin-
enriched fractions to the caveolin-enriched fractions. Similar findings were obtained when dopamine was
used to stimulate the receptor (data not shown). The localization of endogenously expressed caveolin-1

did not change in response to SKF81297 treatment.

D1Rinternalizes through a caveolar pathway

Based on the observation that the D1 receptor translocates to caveolin enriched fractions following
SKF81297 stimulation, we wished to determine whether this might be attributed to agonist-dependent
D1R endocytosis. Although clathrin-dependent internalization has been shown to be the major endocytic
pathway for many GPCRs, including the D1 receptor in HEK293t cells (Vickery and von Zastrow, 1999),
endocytosis through caveolae has also been reported to be an aternative route for the cellular entry of
certain GPCRs. While both processes appear to be dynamin dependent, it has been suggested that while
clathrin dependent endocytosis is dependent on phosphorylation by G protein receptor kinase (GRK) and
arrestin  binding, caveolar endocytosis depends on phosphorylation by protein kinase A (PKA)
(Rapacciuolo et a., 2003). To address this, we performed whole cell radioligand binding assays and cell
surface biotinylation studies to quantify the degree of D1 receptor internalization in the presence of
various inhibitors of caveolar and clathrin mediated endocytic pathways. In whole cell binding assays,
DI1R transfected COS7 cells were pre-incubated with hypertonic sucrose or concanavalin A, both of
which are known inhibitors of clathrin-mediated endocytosis, or methyl-B-cyclodextrin (mBCD), a
cholesteral depleter known to disrupt caveolae structure and function. Whole cell surface binding of
[*H]SCH23390, a selective D1R antagonist, to D1 receptors was compared before and after 30 minute
incubation with 10 uM SKF81297 in the presence of these compounds. Pre-treatment of cells with
sucrose or concanavalin A did not significantly alter the degree of D1 receptor internalization (Fig 4A).
Similarly, transfection of the D1 receptor with a dominant negative mutant of GRK2, K220R, did not

change the extent of internalization even when over-expressed. This suggests that clathrin-mediated
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internalization is not the only endocytic route used by the D1 receptor. In contrast to this, pre-treatment
with 2% mBCD amost completely abolished agonist-induced internalization. The concentration and
treatment time of mBCD used does not affect COS7 cell viability (McCabe and Berthiaume, 2001).
Consistent with this, co-transfection of the D1 receptor with a dominant negative mutant of caveolin-1,
P132L (cavl-P132L), significantly attenuated DR internalization by approximately 38 %. To determine
whether D1R internalization was PKA-dependent, we tested the effects of H89, a PKA selective inhibitor,
on receptor sequestration. The inhibition of PKA function yielded a minor, but insignificant, decrease in
agonist-mediated internalization.

To further evaluate whether D1R internaized through a caveolar pathway, we used glutathione-
cleavable biotin to assess the amount of internalized receptor following caveolae disruption and agonist
stimulation (Fig 4B). The radioligand binding experiments described above were used to show changesin
cell surface binding in response to caveol ae disruption and agonist stimulation. Hence, we conducted cell
surface biotinylation assays to show that these changes were actually due to differences in the amount of
receptor internalized. Briefly, D1R transfected cells were pretreated with cell impermeable cleavable
biotin before stimulation with agonist. All cell surface bound biotin was then stripped with glutathione
leaving only internalized biotinylated receptors protected from glutathione cleavage. These internalized
receptors were then detected by immunoprecipitation and western blot analysis. As shown in Fig 4B, D1R
stimulation with 10 uM SKF81297 triggered an increase in internalized receptor (lane 3). In contrast,
pre-treatment of cells with mBCD or filipin, a sterol binding agent that inhibits caveolae formation,
attenuated the amount of internalized bictinylated receptor detected. Similar results were obtained when
cells were co-transfected with cavl-P132L, indicating that this attenuation was specifically a result of
caveol ae disruption. Since caveolar translocation occurs within twenty minutes of agonist induction (Fig
3), it appears likely that D1R translocates to caveolae upon binding to agonist before undergoing caveolar

endocytosis.
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Kinetics of caveolar internalization of D1R
Since D1R internalization in COS7 cells was insensitive to inhibitors of clathrin mediated endocytosis but
attenuated by known disrupters of caveolar function, we concluded that the D1 receptor likely undergoes
caveolar endocytosis in this cell line. In order to quantify the internalization kinetics of the D1 receptor
through caveolae, we measured the extent of receptor internaization over a fixed time period using
binding assays. Following 5 minutes of receptor stimulation with 10 uM SKF81297, approximately 20%
of the cell surface population of D1 receptors was internalized (Fig 5A). Maximum internalization was
achieved at 45 minutes where approximately 55 % of receptors were internalized. This indicates that
caveolar endocytosis of D1R is a kinetically slower process than clathrin-mediated endocytosis of D1R,
the latter of which occurs more rapidly with approximately 65 % receptor internalization occurring
within 5 minutes of agonist stimulation (Vickery and von Zastrow, 1999).

To monitor the intracellular distribution of the D1 receptor in caveolae, we used rea-time live
cell imaging D1R-mRFP and caveolin-1-GFP. In the absence of agonist, DIR-mRFP exhibited a
predominantly cell surface distribution whereas caveolin-1-GFP was localized to both cell surface and
perinuclear regions (Fig 5B, top row). Within 20 minutes of incubation with agonist at 37°C, the
appearance of distinct vesicles containing caveolin-1-GFP and D1R-mRFP originating from the cell
surface could be observed (Fig 5B, second row). These vesicles, presumably caveolae, were found to
redistribute to intracellular regions upon continuous agonist exposure with the colocalization of caveolin-
1 and D1R maintained throughout the endocytic process. These vesicles could be seen trafficking back to
the cell surface within 40 minutes, ultimately returning to the plasma membrane within 60 minutes of

initial agonist stimulation. This may implicate an additional role for caveolae in D1R recycling.

D1R cell surface expression is dependent on the distal aromatic residue of the putative caveolin binding

motif
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Since caveolae-associated proteins require an intact caveolin binding motif to interact with caveolin-1
(Couet et d., 1997), we designed several D1R mutants by site-directed mutagenesis in which the critical
amino acids within the putative caveolin binding motif (CBM) in the proximal half of the seventh TM
domain were disrupted. This motif lies just upstream of the highly conserved NPXXY moetif. The F313A,
W318A, and W321A mutants disrupted the CBM at the proximal, central, and distal aromatic residues,
respectively, whereas the FWW/A mutation had al three aromatic residues substituted for alanine.
Plasma membrane expression of HA-tagged CBM mutants was assessed through cell surface
biotinylation (Fig 6). The F313A and W318A mutants were found to have slightly higher and lower
plasma membrane expression than wild-type D1R, respectively. In contrast, cell surface expression of the
W321A and FWW/A mutants was strongly attenuated compared to wild-type D1R possibly due to protein
misfolding. To assess whether the pharmacological properties of the CBM mutants were altered,
saturation binding analysis was performed on F313A and W318A. These single point mutants displayed
high affinity binding for [*H]SCH23390 with K4 values of 0.57 nM and 0.61 nM, respectively, which is
comparable with that of wild-type D1R (Table 1). The B vValues were 1.8 and 0.86 pmol/mg membrane
protein, respectively, with relative receptor densities that correlated with plasma membrane receptor
expression as determined by cell surface biotinylation. The triple substitution mutant, FNVW/A, exhibited
negligible binding which was consistent with the marked decrease in cell surface expression. This failure
to translocate to the plasma membrane was likely attributed to the distal aromatic residue, W321, since

this mutant similarly exhibited a poor binding and expression profile.

D1 dopamine receptor mutants lacking an intact caveolin-binding motif fail to internalize

To further define the role of the caveolin binding motif in the D1R, we performed internalization studies
using whole cell binding assays on the various CBM mutants (Fig 7A). Pre-incubation of cells expressing
the wild-type D1 receptor with 10 uM SKF 81297 for 30 minutes resulted in aloss of 57.7 + 3.3 % of cell
surface receptors. In contrast, the extent of receptor internalization for F313A and W318A was

significantly reduced to 15.4 + 4 % and 4.5 + 6.7 %, respectively. We could not accurately determine the
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extent of internalization for W321A dueto its poor expression. To determine whether F313A and W318A
could interact with caveolin-1, we performed BRET competition experiments in which untagged F313A
and W318A were individually tested for their ability to reduce the BRET signal generated between D1R-
Rluc and cavl-GFP. The selected CBM mutants were co-transfected with an amount of D1R-Rluc and
cav1-GFP found to generate a near maximal BRET signal (Fig. 2D). We transfected a specific amount of
cDNA that was optimized for each mutant receptor and not found to compromise cavl-GFP or D1R-Rluc
expression. Expression of untagged wild-type D1R markedly reduced the BRET signa generated by
D1R-Rluc and cav1-GFP (Fig 7B). In contrast, expression of either untagged F313A or W318A did not
significantly affect the BRET signal between the two fusion proteins. Equivalent expression of
transfected F313A and W318A was confirmed by radioligand binding assays (data not shown). These
data suggest that the D1R interacts with caveolin-1 through a series of aromatic amino acids defined by a
putative caveolin binding motif and that the integrity of this motif is critical in mediating caveolar

endocytosis.

Cholesterol depletion does not alter Gs mediated production of CAMP through D1R

Based on the observation that Gsoo and adenylyl cyclase (Head et al., 2006) co-localized with the D1
receptor in caveolin-enriched sucrose gradient fractions (Fig. 1), we sought to investigate the role of
caveolin-1 on D1R-mediated cAMP signaling. Using an ELISA assay, we wanted to determine what
effect caveolar disruption would have on the ability of the D1R to activate adenylyl cyclase and enhance
cAMP production. Cells expressing D1R were pre-treated with 2% mBCD before stimulating with various
concentrations of SKF81297 for 20 minutes. There was no significant difference between the ECy, of the
dose-response curves for CAMP generation (Fig. 8A) nor were there significant differences between the
Kqg for SCH23390 and B Of DR in the presence or the absence of mBCD (Table 1). However, we
found that there was an approximately 35 % increase in CAMP at the highest concentration of SKF81297

used (corresponding to the V) in the presence of mBCD (Fig. 8A). This enhancement was reversed
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upon cholesterol replenishment as described in Materials and Methods (data not shown). Similarly, co-
transfection of cavl-P132L at a 4-fold cDNA concentration over that of D1R was also found to enhance
the V mx Of CAMP accumulation by approximately 43 % without significantly altering the ECs, (Fig. 8B).
To test the hypothesis that the enhancement in cAMP production was Ge-mediated and not due to
a global dysregulation of adenylyl cyclase, [*S]GTPYS binding assays, which serve as a measure of
receptor mediated G protein activation, were performed in D1R-transfected and untransfected cellsin the
presence and absence of 2% mBCD. Stimulation of D1R-transfected cells with 10 uM SKF81297 for 1
minute increased [*S])GTPYS binding to G by 47 + 5.9 % compared to basal levels (Fig 8C). In contrast,
basal [*S]GTPyS binding to Gs from mBCD-treated D1R-transfected cells was over two-fold higher (114
+ 52.4 %) than in untreated cells. When membranes from these cholesterol depleted cells were incubated
with 10 uM SKF81297, no further increase in [**S]|GTPYS binding was observed (basal, 114 + 52.4 %
over mBCD untreated vs. + SKF81297, 113 + 41.5 % over mBCD untreated). No changes in [*S|GTPYS
binding were observed in untransfected cells in the presence of mBCD (data not shown). Collectively,
these data suggest that caveolar disruption activates Gs maximally without altering CAMP levels. This
constitutive activation of Gs occurred independent of agonist binding which was required for CAMP

production.

Caveolin binding mutants exhibit constitutive desensitization

To further characterize the effect of disrupting the association of D1R with caveolae, we wished to
determine whether the interaction with the caveolin-1 protein, itself, was essentia for CAMP signaling.
Contrary to the effects of cholesterol depletion on cAMP production, both the F313A and W318A
mutants displayed an equally small, but significant, increase in the ECs, for CAMP generation compared
to wild-type DIR (Fig. 9A). The ECs, for CAMP generation was determined to be 4.8 X 107 M, 1.8 X
10°M, and 2.3 X 10° M for wild-type D1R, F313A, and W318A, respectively. Furthermore, the F313A

mutant displayed an approximately 25 % decrease in V n compared to wild-type D1R when values were
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corrected against the cell surface receptor density. The W318A mutant did not show any difference in its
capacity to maximally stimulate CAMP. We tested the hypothesis that these receptor mutants might be
constitutively desensitized as aresult of their diminished ability to efficiently produce cCAMP. Stimulation
of cells (pre-treated with 10 uM SKF 81297 for 20 min) expressing wild-type D1R shifted the ECsqto the
right by over half alog unit while reducing the V.« by 33 % (Fig. 9B). However, stimulation of agonist
pre-treated cells independently expressing either F313A or W318A did not result in any significant
changes in the ECs, (F313A, 1.29 X 10° M; W318A, 1.65 X 10° M). Furthermore, while the Ve of
agonist pre-treated F313A was not altered, the V , Of pre-treated W318A was significantly attenuated by
approximately 26 %. This suggests that F313A was constitutively desensitized while W318A exhibited
only partial constitutive desensitization. Taken together, these results suggest that caveolin-1 binding to

D1R isrequired to inhibit constitutive desensitization, possibly by regulating auto-phosphorylation.

DISCUSSION

In this study, we report that the D1 dopamine receptor interacts with caveolin-1 in brain and
undergoes agonist-induced endocytosis through caveolae, which is dependent on the direct interaction of
caveolin-1 with the D1 receptor. The stimulation of the D1 receptor with the full agonist, SKF81297,
triggered a robust translocation of receptor to caveolin-enriched fractions and a concomitant decrease in
expression in non-caveolin-enriched fractions without any change in the distribution of caveolin-1
following agonist trestment. We identified a caveolin binding motif in the proxima half of
transmembrane domain 7 of the D1 receptor, which was shown to be critical for the interaction between
the receptor and caveolin-1 and the mutation of which was found to abrogate agonist-induced receptor
internalization. Furthermore, we demonstrate that the structural integrity of caveolae also appears to be

important for regulating agonist mediated D1R production of CAMP.
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We used co-immunoprecipitation and BRET saturation assays to show that D1R and caveolin-1
exist in a functional complex. We adapted the BRET assay for use in live cells to show that caveolin-1
and the D1 receptor interacted in a specific and saturable manner. In whole rat brain, we detected a
selective co-precipitation of the o isoform of caveolin-1 by the D1 receptor implicating a physiological
preference for the o isoform over the B isoform, which was not observed in COS7 cells. The full-length o
and truncated [ isoforms of caveolin-1 are derived from the same cDNA, though from different
methionine start sites, and differ by the first 31 N-terminal amino acid residues. It is unlikely that these
residues are critical for the interaction of caveolin-1 with the D1 receptor since both isoforms were co-
precipitated in our heterologous cell expression assays. Instead, despite both isoforms being present in
brain, it is possible that the o isoform is the only caveolin-1 isoform that is expressed in regions of the
brain where the D1 receptor is expressed. Alternatively, D1 receptors may selectively co-segregate with
caveolin-lo if caveolin-low containing caveolae favour the sequestration of signaling components
involved in D1 receptor function (Fujimoto et al., 2000; Nohe et a., 2005).

To further study the interaction with caveolin-1, we generated D1 receptor mutants in which the
putative caveolin binding motif in TM 7 was disrupted. Although the pharmacological properties of the
point mutants, F313A and W318A, were preserved, there was a significant reduction in the cell surface
expression of the other mutants that did not permit pharmacol ogical characterization. The FWWI/A triple
mutant was poorly expressed; we determined that in the D1 receptor, the distal aromatic amino acid of the
caveolin binding motif, W321, is likely the critical residue maintaining proper receptor expression since
this mutation yielded alow expression profile compared to FVW/A. Similar mutations in the angiotensin
Il type 1 receptor also abrogated receptor plasma membrane expression suggesting that caveolin-1 may
act as a chaperone for exocytic transport of the AT, receptor to the cell surface (Wyse et al., 2003). This
is unlikely to be the case for the D1 receptor as both F313A and W318A expressed robustly, but were
unable to interact with caveolin-1 as demonstrated by their inability to competitively disrupt the BRET

signal between D1-Rluc and cavl-GFP. However, consistent with the requirement for a physical
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association with caveolin, these receptors were not able to internalize as efficiently as wild-type D1
receptor suggesting that caveolar internalization of D1 receptors may require an interaction with caveolin-
1.

Besides the classica endocytic pathway involving clathrin coated pits, other ligand induced
internalization pathways have been described that involve caveolae (Chini and Parenti, 2004) and other
clathrin/caveolae independent mechanisms (Roseberry and Hosey, 2001). To determine whether the
agonist-induced targeting of the D1 receptor to caveolin-enriched sucrose fractions could be attributed to
caveolar endocytosis, D1 receptor-expressing cells were challenged with various known inhibitors of
caveolae function before stimulation with SKF81297. Quantification of cell surface D1 receptors by
radioligand binding analysis showed that agonist-induced receptor internalization was significantly
inhibited by pre-treatment with methyl-f-cyclodextrin. The cholesterol-depleting effects of this treatment
were specific to caveolae, since co-expression with dominant negative caveolin-1 P132L yielded asimilar
effect. These results were strengthened by reversible cell-surface biotinylation studiesin which filipin was
also shown to suppress receptor internalization. The inhibition of clathrin-dependent endocytosis by
hypertonic sucrose, concanavalin A, or the dominant negative G protein-coupled receptor kinase 2
mutant, K220R, did not affect the extent of internalization suggesting that in COS7 cells, this may not be
the dominant mode of D1 receptor internalization. Although these cells express low levels of arrestin and
GRK2, the endogenous expression levels of these proteins in COS7 cells are sufficient to facilitate
arrestin and clathrin-mediated internalization of various other GPCRs (Gaborik et al., 2001; Vrecl et a.,
1998) indicating that both internaization pathways are functional in this cell line. Therefore, the D1
dopamine receptor is fully capable of internalizing through the clathrin coated pit pathway (Vickery and
von Zastrow, 1999), as well as through caveolae. The molecular determinants that control which
endocytic route (clathrin vs. caveolae) is taken, however, remain unclear. A previous study reported that
clathrin mediated endocytosis was mediated by GRK phosphorylation while caveolae-dependent
endocytosis was controlled by PKA phosphorylation (Rapacciuolo et al., 2003); both GRK- (Lamey et al.,

2002) and PKA- (Mason et a., 2002) induced phosphorylation have been shown to occur in the D1
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receptor following agonist activation. Our data showed that the extent of D1 receptor internalization was
not significantly affected by PKA inhibition suggesting that other PK A-independent mechanisms, such as
cholesteral oxidation, might dictate caveolae-mediated endocytosis (Okamoto et al., 2000).

In our studies, we showed that while caveolae disruption by cholesterol depletion or over-
expression with cavl-P132L did not alter the receptor’s affinity or the ECs, for cAMP generation, the
Vmax Was significantly enhanced. This was not consistent with the dose-response profile exhibited by
F313A and W318A, the former of which showed an attenuated V.. and both of which showed a decrease
in the ECs, for agonist mediated cAMP production. Although it is difficult to reconcile these differences,
the effects of disrupting caveolae may not be equivaent to disrupting caveolin interactions when
characterizing the Gs-CAMP signaling pathway. Indeed, our results suggest that these mutants’ inability to
interact with caveolin-1 renders a constitutively desensitized state that may be a result of constitutive
phosphorylation of D1R by specific GRKs. The D1R has previously been shown to be constitutively
phosphorylated and desensitized by over-expression of GRK-4 (Rankin et a., 2006) and caveolin has
been shown to inhibit GRK activity (Carman et a., 1999). The disruption of these caveolin interactions at
the level of the receptor or the kinase may release this tonic level of inhibition that results in constitutive
phosphorylation and desensitization. Although this issue requires further study, previous reports have
shown that agonist dependent CAMP production by the B,-adrenergic receptor in a sphingolipid-deficient
(and hence, caveolae deficient) cell line is enhanced only at higher agonist concentrations (Miura et al.,
2001), consistent with the effects we observed with mBCD and over-expressed caveolin-1 P132L. This
suggests that the lipid-enriched environment of morphological caveolae has additional effects on D1R
mediated signaling and that caveolae-dependent signaling is not strictly defined by an interaction with
caveolin-1, per se. Unexpectedly, we determined that pre-trestment with mgCD was found to enhance
basal GTPYS binding to Gs without a parallel basal increase in CAMP production. Furthermore, while
agonist stimulation did not change GTPYS binding levels, CAMP production was significantly enhanced.

The increase in basal GTPyS binding upon caveolae disruption suggested that the inactive state of the
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receptor/G-protein complex was constrained by its localization in caveolar domains. Indeed, caveolin-1
has been shown to have a high affinity for the inactive GDP bound state of Gsot and can inhibit its
function by suppressing the rate of basal GDP/GTP exchange (Li et a., 1995). As a result, methyl-3-
cyclodextrin mediated disruption of caveolae may release the inhibitory effect of caveolin-1 on Geo, thus
facilitating GTP binding. The agonist-induced increase in CAMP, under caveolae-disrupted conditions,
may be a result of an agonist-induced conformationa reorganization of a pre-existing D1R-Gso. complex
(Gales et d., 2006) that may facilitate opening of the Gqo. interface to more efficiently interact with
adenylyl cyclase. This conformational change may act in concert with the maximally activated G protein
to enhance CAMP. These data suggest that caveolae have an inhibitory role on G protein activation and
effector signaling by GPCRs specifically coupled to Gs or Gi;, (Rybin et al., 2000; Xu et al., 2006) which
is in contrast to the facilitation of Gg-coupled receptor signaling by caveolar localization (Bhatnagar et
al., 2004; Navratil et al., 2003). In previous studies, caveolin-2 wasimplicated in D1 receptor localization
and required for agonist mediated CAMP production (Trivedi et a., 2004; Yu et a., 2004). These studies
were performed in rat renal proximal tubule cells, which do not express caveolin-1, which is requisite for
the formation of caveolae. Therefore, these specific cells do not form functional caveolae, suggesting that
adistinct subset of lipid rafts mediate these effects and that different caveolin subtypes have unique roles
in modulating D1 receptor signaling.

In summary, we have shown that caveolin-1 functionally interacts with the D1 dopamine receptor
to modulate cAMP signaling and regulate receptor internalization. We demonstrate that this interaction is
mediated by a specific caveolin binding motif in the receptor that has important implications in agonist
induced receptor sequestration. We have also provided evidence for the physiological occurrence of this
interaction in rat brain, in which the D1 receptor has isoform selectivity for caveolin-1o. Taken together,
these data suggest that important regulatory processes involving the D1 receptor may be influenced by its

association in caveolar microdomains.
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FIGURE LEGENDS

Fig. 1. Localization of D1R in caveolin-1-enriched fractions. Detergent-free sucrose density gradient
fractions were prepared from D1R-transfected COS7 cells, separated on SDS-PAGE, and probed with
antibodies against the indicated proteins. D1R was found (as indicated by HA immunoreactivity) in both
non caveolin-1 enriched fractions and caveolin-1 enriched fractions (as indicated by the presence of
caveolin-1 in fraction 5). Similar results were obtained when sucrose density gradient fractions from
whole rat brain lysates were probed for endogenous D1R. Both Gso. and Na/K ATPase were also found in
caveolin-1 enriched fractions whereas clathrin heavy chain and ARF-6 was found exclusively in the high

density caveolin-1 free fractions.

Fig. 2. DIR interacts with cavedlin-1 in COS-7 cells and whole rat brain lysate. (A) Co-
immunoprecipitation of D1IR and caveolin-1 from lysates of COS-7 cells transfected with HA-tagged
D1R and cMyc-tagged caveolin-1. Immunoprecipitations were performed with either monoclona anti-
cMyc, polyclonal anti-HA, or irrelevant IgG (mock), and subsequently immunaoblotted with a cMyc
specific monoclonal antibody. Immunoblot analysis in the absence of immunoprecipitating antibody is
also shown (lane 1). (B) Co-immunoprecipitation of D1R and caveolin-1o. from whole rat brain lysate.
Immunoprecipitation was performed with monaclonal anti-D1R or irrelevant 1gG (mock) and samples
were subjected to immunoblots using monoclonal anti-caveolin-1. Both caveolin-1o. and 1 are expressed
in whole rat brain homogenate (lane 1). (C) HEK293t cells were co-transfected with D1R-GFP and cMyc
tagged caveolin-1 which was detected using a TRITC-conjugated secondary antibody. Cell surface co-
localization of D1R-GFP and caveolin-1 is shown in the merged image (arrows). (D) BRET saturation
curves were generated from HEK293t cells co-transfected with a constant cDNA concentration of D1-
Rluc and increasing concentrations of caveolin-1-GFP (m) or soluble GFP encoded by pEGFP vector
(¥). The BRET, total fluorescence, and total luminescence were determined 48 h after transfection. The

BRET levels were normalized against luminescent emission levels at 480 nm in the absence of GFP
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(background). Non-linear regression analysis was performed to obtain a By Of 0.122 in cells co-
transfecting D1R-Rluc and caveolin-1-GFP. The results are expressed as the mean BRET ratio + S.E.M.

of 4-9 independent experiments carried out in replicates of six.

Fig. 3. Agonist induced trandocation of D1R into caveolin-1 enriched fractions. Detergent-free
sucrose gradient subcdlular fractions were prepared from HA-D1R transfected COS7 cells that were
treated for various times (0, 5, 10, 20 min) with the D1R agonist, SKF81297 (10 uM). An equa volume
of each fraction was separated on SDS-PAGE and analyzed by immunoblotting with antibodies directed
against the HA epitope (top panel) or caveolin-1 (middle panel), as shown. No change in the distribution
of caveolin-1 (fractions 4 and 5) was observed with agonist treatment. Semi-quantitative analysis of D1R

expression in each fraction was performed using densitometry as shown in the bottom panel.

Fig. 4. Agonist induced internalization of D1R into caveolae. (A) HA-D1R expressing cells were
either co-expressed with GRK2-K220R at a 1:1 and 1:2 transfection ratio or caveolin-1 P132L (cavl-
P132L), or pre-treated with 0.45 M sucrose, 0.25 mg/ml concanavalin A, 2% methyl-B-cyclodextrin
(mBCD), or 30 uM H89 for 30 min prior to agonist stimulation with SKF81297 (10 uM) for an additional
30 min. Receptor density was estimated by whole cell radioligand binding anaysis with 2 nM
[*H]SCH23390. The results are expressed as the mean % internalization + S.E.M. of 3-5 independent
experiments. Significance at p<0.05 versus % internalization under control conditionsis denoted by *. (B)
HA-D1R expressing cells were either co-expressed with caveolin-1 P132L, or pre-treated with 2% mBCD
or 1 ug/ml filipin before cell surface biotinylation was performed. Cells were stripped of biotin after
stimulation with agonist for 30 min (and in the absence of agonist, lane 1) and internalized receptors were

immunoprecipitated with polyclonal anti-HA before analysis on SDS-PAGE.

Fig. 5. Kinetics of D1R internalization via caveolae. (A) Whole cell radioligand binding analysis was

performed with 2 nM [®H]SCH23390 on D1R-expressing cells exposed to 10 pM SKF81297 for the
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indicated time periods. Results are expressed as the mean % internalization = S.E.M. of 3 independent
experiments. (B) HEK 293t cells were co-transfected with D1-mRFP and caveolin-1-GFP. Shown are live
cell confocal microscopy images obtained over a 60 minute time period of SKF81297 treatment (10 uM)
in serum-free MEM. Colocalization of D1R-mRFP and caveolin-GFP is shown in the merged image

(yellow) and maintained throughout the duration of agonist treatment (arrowhead).

Fig. 6. Cell surface expression of DIR mutant receptors lacking an intact caveolin binding motif.
Plasma membrane expression of HA-tagged D1R mutant receptors with a disrupted caveolin binding
motif was assessed by cell surface biotinylation and immunoprecipitation with anti-HA specific

antibodies. The result is representative of three independent experiments.

Fig. 7. Caveolar internalization of D1R requires an intact caveolin binding matif. (A) COS7 cells
were transfected with wild-type D1R, F313A, or W318A and treated with SKF81297 (10 uM) for 30 min
before receptor density was estimated by whole cell radioligand binding analysis with 2 nM
[*H] SCH23390. Resuits are expressed as the mean % internalization + S.EE.M. of at least 3 independent
experiments. Significance at p<0.05 versus % internalization of wild-type D1R is denoted by *. (B)
BRET experiments were performed by co-transfecting D1R-Rluc and caveolin-1-GFP at a ratio (1:7)
found to give a near-maximal energy transfer signal. Co-expression of the D1R-Rluc/caveolin-1-GFP pair
with a two-fold excess over D1R-Rluc of either untagged D1R, F313A, or W318A was performed to
competitively disrupt BRET between D1R-RIuc and caveolin-1-GFP. The results are expressed as the
mean BRET ratio + S.E.M. of 3-4 independent experiments carried out in replicates of six. Significance at

p<0.05 versus BRET between D1-Rluc and caveolin-1-GFP.

Fig. 8. Caveolar disruption enhances D1R mediated cCAMP production (A) D1R transfected COS7
cells were pre-treated with vehicle (-mBCD) or with 2% mBCD for 30 min before cells were challenged
with 0, 10 nM , 100 nM , 500 nM, 10 uM, or 100 uM SKF81297 for 20 min. The results are expressed as

the mean % cAMP accumulation £ S.E.M. relative to maximum cAMP levels of wild-type D1R in the
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absence of mBCD. (B) D1R was co-expressed with increasing cDNA concentrations of cav1-P132L at
D1R:cavl-P132L transfection ratios of 1:1, 1.2, and 1:4 before cells were challenged with increasing
concentrations of SKF81297 (10°® to 10*). The results are expressed as the mean % cAMP accumulation
+ SEM. relative to maximum cAMP levels of wild-type D1R in the absence of cavl-P132L (-P132L)
(C) Membranes from DI1R transfected cells were prepared and vehicle or SKF81297-stimulated
[**S]GTPYS binding to G was determined. The results are expressed as the mean % [**S]GTPYS binding
relative to basal binding levels in the absence of mBCD. Significance at p<0.05 versus % SKF81297-

induced [*S]GTPyS binding in the absence of mBCD is denoted by *.

Fig. 9. Caveolin binding mutants are constitutively desensitized (A) D1R, F313A, or W318A
transfected COS7 cells were challenged with 0, 10 nM , 100 nM , 500 nM, 10 uM, or 100 uM SKF81297
for 20 min to stimulate cAMP production. The results are expressed as the mean % cAMP accumulation
S.E.M. relative to maximum cAMP levels of wild-type D1R. Arrows indicate ECs,. Significance at
p<0.05 versus ECs, of D1R isdenoted by *. (B) Cells transfected with D1R were pre-treated with 10 uM
SKF81297 for 20 min before being challenged with increasing concentrations of SKF81297 (10 to 10°
*). The desensitization profiles of F313A (C) and W318A (D) were aso determined in a similar manner.
The data are presented as the mean % cAMP accumulation = S.E.M. relative to maximum cAMP levels of

the receptor indicated in the absence of agonist pre-treatment.
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Table 1. [*H]SCH23390 binding parameters for wild-type DIR and mutant receptors lacking an
intact caveolin binding motif.

For each construct, results are reported as the mean £ S.E.M. of at |east three independent experiments.

Brmax (Pmol/mg membrane protein) Kqg (NM)
Wild-type 1.22+0.1 0.26 + 0.02
F313A 180+0.1 0.57 £ 0.05
W318A 0.86+0.1 0.61+0.03
W321A n/a n/a
FWW/A n/a n/a
+mBCD 119+0.1 0.37£0.08
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FIGURE 6.
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FIGURE 8
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FIGURE 9
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