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o -Adrenergic receptors (ARs) belong to the large
Class I G protein-coupled receptor superfamily and
comprise three subtypes (a;,, @5, and «,p). Previous
work with heterologously expressed C-terminal green
fluorescent protein (GFP)-tagged «,-ARs showed that
a;4- and a;5-ARs localize to the plasma membrane,
whereas «;p-ARs accumulate intracellularly. We re-
cently showed that «;- and «,;5-ARs form heterodimers,
whereas a,5- and «a; ,-ARs do not. Here, we examined the
role of heterodimerization in regulating o;,-AR local-
ization using both confocal imaging of GFP- or CFP-
tagged a;-ARs and a luminometer-based surface expres-
sion assay in HEK293 cells. Co-expression with «,5-ARs
caused «,;-ARs to quantitatively translocate to the cell
surface, but co-expression with a;,-ARs did not. Trun-
cation of the «,5-AR extracellular N terminus or intra-
cellular C terminus had no effect on surface expression
of a;p-ARs, suggesting primary involvement of the hy-
drophobic core. Co-transfection with an uncoupled mu-
tant o, 5-AR (A12«, ) increased both «,;-AR surface ex-
pression and coupling to norepinephrine-stimulated
Ca®* mobilization. Finally, GFP-tagged «;p-ARs were
not detected on the cell surface when expressed in rat
aortic smooth muscle cells that express no endogenous
ARs, but were almost exclusively localized on the sur-
face when expressed in DDT;MF-2 cells, which express
endogenous «,;g-ARs. These studies demonstrate that
a;g/a;p-AR heterodimerization controls surface expres-
sion and functional coupling of «,;-ARs, the N- and C-
terminal domains are not involved in this interaction,
and that «;5-AR G protein coupling is not required.
These observations may be relevant to many other Class
I G protein-coupled receptors, where the functional con-
sequences of heterodimerization are still poorly
understood.

a;-Adrenergic receptors (ARs)! belong to the rhodopsin-like
Class I G protein-coupled receptor (GPCR) family (1). There are
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three closely related a;-AR subtypes (a;,, @15, and a;p) with
similar pharmacological and signaling properties. Activation of
each subtype stimulates phospholipase C, release of intracel-
lular Ca®", and activation of mitogenic pathways (2—4). Gen-
eration of both single (5-7) and double (8) «;-AR knock-out
mice has shown that all three subtypes contribute to overall
control of blood pressure. Although recent reports suggest that
a;-ARs cause different transcriptional responses (9) or differ-
entially interact with other proteins (10-12), functional differ-
ences between these closely related receptors remain unclear.

To date, the clearest differences between «;-AR subtypes are
in their subcellular localizations. Confocal imaging of GFP-
tagged a;-ARs has shown that heterologously expressed a;,-
and a;5-ARs are found primarily at the plasma membrane,
whereas a;-ARs accumulate intracellularly in a variety of cell
lines (13, 14). Similar conclusions were made for native recep-
tors using fluorescent ligands for localization in animal tissues
(15). Interestingly, membrane expression correlates with dif-
ferences in coupling efficiencies for «;-AR subtypes (a;5 > a5 =
a;p) in transfected cells (13-18) but does not predict responses in
vivo. a;p-ARs mediate contractile responses to catecholamines in
several blood vessels (19—21) with high potencies and intrinsic
activities. We reported previously that N-terminal truncation
increased a;p-AR binding, functional responses, and surface
membrane expression (17, 18), but there is no evidence that
a;n-ARs are N-truncated in vivo. It seems more likely that diffi-
culties in heterologous expression of a;,-ARs relate to the lack of
accessory trafficking proteins.

There are now many reports of homo- and hetero-dimeriza-
tion of GPCRs (22-27). In fact, it now appears that the majority
of GPCRs can form dimers, often with distantly related recep-
tors (28-33). However, with the exception of Class III GABAg
(34) and taste receptors (35), where hetero-oligomerization is
required to form a single functional receptor, GPCR dimeriza-
tion only rarely results in clearly observable changes in phar-
macology or functional responses. Thus the functional signifi-
cance of Class I GPCR dimerization remains a matter of active
debate.

We previously reported that epitope-tagged «,-ARs exist as
both monomers and dimers (36). Heterodimerization between
these receptors has now been widely reported (37-39). We
found in previous studies that «;-AR heterodimerization is
subtype-specific, with a;5-ARs interacting with a;,- or ayp-
ARs, but with no detectable interactions between «;,- and
a;p-ARs (39). Interestingly, heterodimerization did not alter
apparent ligand-binding properties but, rather, resulted in in-
creased receptor expression (39). In particular, a;p/a;p-AR het-
erodimerization increased surface expression of a;pH-ARs as

serum albumin; DMEM, Dulbecco’s modified Eagle’s medium; InsP,
inositol phosphate; BSS, biological salt solution; CMV, cytomegalovirus;
GABAy, y-aminobutyric acid, type B; fura-2/AM, fura-2/acetoxymethyl-
ester; ER, endoplasmic reticulum.
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monitored by a luminometer assay (39). From these data, we
hypothesized that a;p/a;p-AR heterodimerization might help
traffic a;p-ARs to the plasma membrane where they would be
accessible to their hydrophilic ligands.

In this study, we used a combination of N- and C-terminally
tagged a;-ARs to investigate the role of «;-AR dimerization in
regulating receptor localization and function. We found that
co-expression of a;p/a;p-AR heterodimers quantitatively pro-
motes surface expression of a;;-ARs and also increases cou-
pling to intracellular Ca®* release. This interaction is subtype-
specific, does not require the N- or C-terminal domains of the
receptor, and is not dependent on «;5-AR G protein coupling.
These data provide a clear example of the physiological impor-
tance of heterodimerization for a Class I GPCR subtype, the
a;p-AR, which has been difficult to study functionally due to its
predominantly intracellular localization when expressed alone
in many cell types.

EXPERIMENTAL PROCEDURES

Materials—Materials were obtained from the following sources:
c¢DNAs for the wild type human «, ,-AR (40), and human a, -, a;5-, and
a;p-AR C-terminally tagged GFP constructs in pEGFP-N3 (12, 13) were
generously provided by Dr. Gozoh Tsujimoto (National Children’s Hos-
pital, Tokyo, Japan), human a,;5-AR ¢cDNA (41) was a gift from Dr.
Dianne Perez (Cleveland Clinic, Cleveland, OH), human «;-AR ¢cDNA
was cloned in our laboratory (42); pECFP-N1 vector was a gift from Dr.
John Hepler (Emory University, Atlanta, GA); hamster a;5-AR and
Al12a,5-AR in pCMV were a gift from Dr. Myron Toews (University of
Nebraska Medical Center, Omaha, NE); rat aortic smooth muscle
(RASM) cells were a gift from Dr. T. J. Murphy (Emory University,
Atlanta, GA); fura-2/acetoxymethylester (fura-2/AM) and n-dodecyl-B-
Dp-maltoside were purchased from Calbiochem (La Jolla, CA); HEK293,
DDT;MF-2, and Phoenix producer cells from ATCC (Manassas, VA);
(—)-norepinephrine bitartrate, Dowex-1 resin, HRP-conjugated anti-
FLAG M2 antibody, Dulbecco’s modified Eagle’s medium (DMEM),
bovine serum albumin (BSA), penicillin, and streptomycin from Sigma
Chemical Co. (St. Louis, MO); myo-[?H]inositol from American Radio-
labeled Chemicals Inc. (St. Louis, MO); SuperFect transfection reagent
from Qiagen (Valencia, CA); enzyme-linked immunosorbent assay ECL
from Pierce (Rockford, IL); Vectashield mounting medium from Vector
Laboratories (Burlingame, CA); and anti-HA polyclonal antibody and
Texas Red conjugated anti-rabbit antibody from Clontech (Palo Alto,
CA).

Construction of Tagged and Truncated a,jARs—Human o;-AR
cDNAs were subcloned into the mammalian expression vector pDT
containing in-frame N-terminal hexahistidine and FLAG epitope tags
as previously described (36, 39). After sequencing, unique restriction
sites were used to replace the FLAG-hexahistidine tag in pDT with the
HA-epitope tag using complementary annealed oligonucleotides with
appropriate overhangs. N-terminally truncated human «;5-ARs
(A'-381B) were generated by PCR using specific primers on human
a;5-AR ¢cDNA in pDT, subcloned, and sequenced. C-terminal truncated
a;p-ARs (A%%6-519, 1) were generated using PCR to insert a stop codon
~20 amino acids after the predicted seventh transmembrane domain at
the conserved glutamine at position 366. To create CFP-tagged a;,-AR,
a;5-AR and a;-ARs, the pECFP-N1 vector was modified by removing
one nucleotide (C%¢7). In brief, pECFP-N1 was digested with Kpnl and
Agel, gel-extracted, and annealed to a double-stranded linker oligonu-
cleotide with appropriate overhangs (forward: CGCCGGGCCGG-
GATCCA; reverse: CCGGTGGATCCCGGCCCGCGGTAC), minus the
cytosine at position 667. The absence of C%7 resulted in destruction of
the Apal restriction site, which was used as a diagnostic test. a; -, a;5-,
and a;p-AR coding sequences were then cut from pEGFP-N3 using
EcoRI and Kpnl, gel-extracted, and ligated into the modified pECFP-N1
vector in-frame with the CFP tag.

Cell Culture and Transfection—HEK293, DDT,MF-2, and RASM
cells were propagated in DMEM with sodium pyruvate supplemented
with 10% heat-inactivated fetal bovine serum, 100 pg/ml streptomyecin,
and 100 units/ml penicillin at 37 °C in a humidified atmosphere with
5% CO,. Confluent plates were subcultured at a ratio of 1:5 for trans-
fection. HEK293 and DDT,MF-2 cells were transfected with 10 pg of
DNA of each construct for 3 h using SuperFect® transfection reagent,
and cells were used for experimentation 48—72 h after transfection.
Because of the extremely low plasmid transfection efficiency, RASMs
were transfected with infectious retroviral supernatants harvested
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from transfected Phoenix producer cells generated by a helper virus-
free protocol as described previously (43).

Luminometer Based Surface Expression Assay—HEK293 cells were
transiently transfected with FLAG- or HA-N-terminal-tagged human
a;-AR subtypes with SuperFect® for 24 h. Cells were split into poly-D-
lysine-coated 35-mm dishes and grown overnight at 37 °C. Cells were
then rinsed 3X with phosphate-buffered saline (PBS), fixed with 2%
paraformaldehyde in PBS for 30 min, and rinsed 3X with PBS. Cells
were then incubated in blocking buffer (2% nonfat milk in PBS, pH 7.4)
for 30 min, and then incubated with the appropriate concentrations of
HRP-conjugated M2-anti-FLAG or HRP-conjugated anti-HA antibody
in blocking buffer for 1 h at room temperature. Cells were washed 3%
with blocking buffer, 1X with PBS, and then incubated with enzyme-
linked immunosorbent assay ECL reagent (Pierce) for 15 s. Lumines-
cence was determined using a TD20/20 luminometer (Turner Designs,
Sunnyvale, CA). For internalization assays, cells were first rinsed and
then stimulated with or without 100 uM norepinephrine (NE) in DMEM
for 1 h before the above procedure. Mean values = S.E. were calculated
as percent absorbance in arbitrary units and statistically compared
using the unpaired ¢ test, with a p value less then 0.05 considered
significant.

Laser Confocal Microscopy—Cells transiently transfected with HA-,
CFP-, or GFP-tagged constructs were grown on sterile coverslips, fixed
for 30 min with 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4,
and rinsed 3X with PBS containing 0.5% normal horse serum (PBS+).
For anti-HA immunostaining, fixed coverslips were blocked for 1 h in
blocking buffer (PBS containing 1% BSA, 5% normal horse serum)
containing 0.01% Triton X-100 to permeabilize cells. Anti-HA antibody
was added to coverslips overnight at 4 °C at 1:500 dilution in blocking
buffer, washed 3X with PBS+, and incubated with Texas Red-conju-
gated anti-rabbit IgG secondary antibody for 1 h at room temperature
at 1:500 dilution in blocking buffer. Coverslips were washed 3X with
PBS+ and mounted onto slides using Vectashield mounting medium.
Cells were scanned with a Zeiss LSM 510 laser scanning confocal
microscope (Heidelberg, Germany) as described previously (44). For
detecting GFP and CFP, fluorescein isothiocyanate fluorescence was
excited using an argon laser at a wavelength of 488 nm, and the
absorbed wavelength was detected for 510-520 nm for GFP and 480—
490 nm for CFP. For detecting Texas Red, rhodamine fluorescence was
excited using a helium-neon laser at a wavelength of 522 nm. The
pinhole size was maintained at 1 airy unit for all images.

Measurement of Ca®" Mobilization—Intracellular Ca®?* mobilization
was measured after preloading with fura-2 as described previously (16).
In brief, confluent 150-mm plates of transiently transfected HEK293
cells were washed with biological salt solution (BSS) (in mm: NaCl, 130;
KCl, 5; MgCl,, 1; CaCl,, 1.5; HEPES, 20; glucose, 10; with 0.1% BSA),
gently detached using trypsin in Ca®"-free Hanks’ solution, and centri-
fuged for 2 min at 1000 X g at 4 °C. Cells were resuspended in DMEM
containing 0.05% BSA and incubated with 1 uM fura-2/AM for 15 min at
37 °C. Cells were then diluted, centrifuged, and resuspended into 3-ml
aliquots (2.0 X 108 cells/ml) and placed on ice. Prior to use, cells were
warmed to 37 °C, pelleted at 1000 X g for 2 min, resuspended in 3 ml of
BSS, transferred to a cuvette, and placed in a PerkinElmer Life Sci-
ences LS50 luminescence spectrofluorometer (Beaconsfield, Buckings-
hamshire, UK). Excitation wavelengths were 340 and 380 nm, and the
emission wavelength was 510 nm. Calculation of [Ca®"], was performed
by equilibrating intra- and extracellular Ca®* with 30 um digitonin
(R o) followed by addition of 9 mm EGTA, 1 M Tris, pH 9.0 (R,,,;,)), and
using a K, of 225 nM for fura-2. 100 um NE was used to stimulate
a;-AR-induced Ca®" mobilization and was normalized to [Ca®"]; stim-
ulated by 100 um UTP. Mean values *= S.E. were calculated and were
statistically compared using the unpaired ¢ test, with a p value less then
0.05 considered significant.

Measurement of [*H]InsP Formation—Accumulation of [*H]inositol
phosphates (InsPs) was determined in confluent 96-well plates. Tran-
siently transfected HEK293 cells were prelabeled with myo-[*H]inositol
for 48 h, and production of [*H]InsP was determined by modification of
a protocol described previously (45). After prelabeling, medium contain-
ing myo-[*H]inositol was removed, and 100 ul of Krebs Ringer bicar-
bonate buffer (in mm: NaCl, 120; KCl, 5.5; CaCl,, 2.5; NaH,PO,, 1.2;
MgCl,, 1.2; NaHCO,, 20; glucose, 11; Na,EDTA, 0.029) containing 10
mM LiCl was gently added to each well. Cells were incubated with or
without 100 uMm NE for 60 min. The reaction was stopped by addition of
100 wl of 20 mMm formic acid, and samples were sonicated for 10 s.
Samples were subjected to anion exchange chromatography to isolate
[*H]InsPs, which were quantified by scintillation counting. Total [*H]-
inositol incorporation in each sample was determined by removing 5-ul
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aliquots prior to chromatography and counting. Percent hydrolysis of
total myo-[*Hlinositol into [*H]InsPs was calculated as cpm of [*H]InsP
divided by total cpm of [*Hlinositol incorporated, and expressed as
mean * S.E. Mean values were compared using the unpaired ¢ test,
with a p value less then 0.05 considered significant.

RESULTS

Cellular Localization of a;-AR Subtypes—To provide an
overview of the subcellular localization patterns of individually
expressed «;-AR subtypes, «;-ARs tagged at the C terminus
with either GFP or CFP were transiently transfected into
HEK293 cells, fixed on coverslips, and examined using confocal
microscopy. As shown in Fig. 1 and Table I, both GFP- and
CFP-tagged a;,- and «;5-ARs were primarily located at the
plasma membrane, whereas a;,-ARs showed almost exclu-
sively intracellular localization, as reported previously (13, 18).

a;p-la;p-AR  Heterodimerization Quantitatively Promotes
Surface Expression of o;p-ARs—Previously, we found that
epitope-tagged a;p- and a;-ARs co-immunoprecipitate follow-
ing co-expression in HEK293 cells (39). To examine the effect of
a;p-/ayp-AR  heterodimerization on cellular localization,
HEK293 cells were co-transfected with GFP-tagged o;;-ARs
and HA-tagged a;5-ARs, or with GFP-tagged a,z-ARs and
CFP-tagged a;p-ARs. As shown in Fig. 24, confocal imaging of
fixed cells demonstrated that co-expression of a;3- and a;p-ARs
resulted in complete translocation of a;5-ARs from intracellu-
lar sites to the plasma membrane. This was observed in all cells
that expressed both constructs (data not shown). To study this
using a different technique, HEK293 cells were co-transfected

a,,-GFP a,5-GFP

a,,-GFP

a,,-CFP a,5-CFP a,,-CFP

Fic. 1. Cellular localization of a;-AR subtypes. HEK293 cells
were transiently transfected with C-terminal GFP-tagged (upper) or
C-terminal CFP-tagged (lower) a;-AR subtypes. Cells were visualized
using laser confocal microscopy according to the protocol detailed under
“Experimental Procedures.” Each image is representative of the large
majority of cells observed from several individual experiments (Table I).
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with FLAG-tagged «;-ARs and HA-tagged «;5-ARs, and cell
surface expression of FLAG-a;-ARs was quantified using a
luminometer-based assay (Fig. 2C). In comparison to transient
expression of a;p-ARs alone, co-expression of o;- with aqp-
ARs resulted in a significant increase (6.7-fold) in a;p-AR cell
surface expression, which is strikingly similar to the -fold in-
crease (6.6-fold) in a;p-AR cell surface expression observed
with cell counts (Table I). Because the cell counts were per-
formed only with GFP fluorescence, we could not distinguish
cells that expressed only one receptor subtype from those that
expressed both, probably accounting for the only partial
a;p-AR translocation. These data clearly demonstrate that a;5-
AR/a;p-AR dimerization facilitates quantitative translocation
of a;p-ARs to the cell surface.

Co-expression of ajs-la;p-ARs Does Not Result in Surface
Localization of a;p-ARs—Our previous data showed that
epitope-tagged a;,- and a;-ARs do not form heterodimers
(39). Therefore, we hypothesized that co-expression of a;,- and
a;p-ARs would not result in differences in cellular localization
of either «;-AR subtype. Using the same protocol used in a;p-/
a;p-AR co-transfections, HEK293 cells were co-transfected
with GFP-tagged «;p-ARs and HA-tagged a;,-ARs, or with
GFP-tagged a;,-ARs and CFP-tagged a;p-ARs. As shown in
Fig. 2B, confocal imaging revealed that co-transfection of a; ,-
and a;p-ARs resulted in a primarily intracellular localization
of a;p-ARs, whereas a;,-ARs were almost exclusively found on
the plasma membrane. These results were again supported
using the luminometer-based cell surface assay to compare
expression of FLAG-tagged a;-ARs expressed alone or in com-
bination with HA-tagged a;5-ARs (Fig. 2C). Unlike co-expres-
sion with a;5-ARs, co-expression with a;,-ARs resulted in no
significant increase in surface expression of a;-ARs, in com-
parison to transient expression of FLAG-a;)-ARs alone. There-
fore, these data suggest that co-expression of a; - and a;-ARs
does not alter the cellular localization of a;p-ARs.

Role of the a;p-AR N- and C-terminal Domains in Het-
erodimerization—Previous work using N- and C-terminal trun-
cation constructs has indicated that a;p-AR homo- and het-
erodimerization does not involve either the N or C terminus (37,
39). To determine if these domains are necessary for the ability of
a;5-ARs to promote o;-AR trafficking to the plasma membrane,
we co-transfected HEK293 cells with HA-tagged o;5-ARs
truncated at either the N terminus (A28, 5) or C terminus
(A366-519, =) (Fig. 3A) in addition to GFP-tagged a;p-ARs.
Confocal imaging of transfected cells revealed that both N- and
C-truncated forms of the a;5-AR were fully capable of traffick-
ing GFP-tagged a;p-ARs to the plasma membrane (Fig. 3B).
Using the cell surface assay to confirm these results, we found
that both truncated forms of the a;5-AR were not significantly
different from wild-type a;5-ARs in their abilities to promote
surface expression of FLAG-«,-ARs (Fig. 3C). Therefore, these
data show that the a;3-AR N- and C-terminal domains are not
necessary for trafficking a;-ARs to the plasma membrane and
suggest that the a;5-AR hydrophobic core or intracellular/
extracellular loops are primarily responsible.

TABLE 1
Cellular localization of GFP-tagged « ;-ARs heterologously expressed in HEK293 cells
GFP-tagged a ;-AR subtypes were transiently transfected into HEK293 cells. Fields of cells were examined under a fluorescent microscope.
Individual cells were classified as having fluorescence almost exclusively in a bright ring surrounding the cell (surface), or dense intracellular
fluorescence (intracellular). Data are expressed as mean number of cells + S.E. and represent results from multiple experiments.

Receptor No. of cells intracellular No. of cells surface Total intracellular Total surface
% %
a;,-GFP 16 £ 4 221 = 25 6.7 93.3
a,5-GFP 374 188 = 23 16.4 83.6
a;p-GFP 201 = 33 22+ 6 90.3 9.7
HAa,p/a;n-GFP 102 = 4 182 = 35 35.8 64.2
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FiG. 2. Cellular localization of co-expressed «,-AR subtypes.
HEK293 cells were transiently co-transfected with A, N-terminal
HA-tagged a;5- and C-terminal GFP-tagged «,p-ARs (upper) or C-
terminal GFP-tagged a;5- and C-terminal CFP-tagged «,p-ARs
(lower) or B, N-terminal HA-tagged a;,-AR and C-terminal GFP-
tagged «;p-ARs (upper) or C-terminal GFP-tagged «,,-AR and C-
terminal CFP-tagged a;p-ARs (lower). Cells were visualized using
laser confocal microscopy according to the protocol detailed under
“Experimental Procedures.” Each image is representative of many
cells from two to three individual experiments. C, cell surface expres-
sion of FLAG-tagged a;p-ARs was detected using a luminometer-
based assay after transient co-transfection with HA-tagged a,,- or
a;5-ARs, as described under “Experimental Procedures.” The values
for each experiment are represented as percent absorbance, with
100% absorbance equal to the average observed with FLAG-tagged
a;p-AR co-expressed with HA-tagged «,5-AR. The data are expressed
as mean * S.E. of four independent experiments (*, significantly
different then FLAG-a;-AR expressed alone, p < 0.05).
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FiG. 3. Role of the N- and C-terminal domains of a,5-ARs in
translocation of «,,-ARs to the cell surface. A, sequence compar-
ison of human a,,- and a;5-ARs. The a,5-AR backbone is used for
comparison. Amino acid residues identical in the two subtypes are
shown as closed circles, whereas variable amino acids are shown as
open circles. Arrows indicate N-terminal and C-terminal truncations.
B, HEK293 cells were transiently co-transfected with C-terminal
GFP-tagged o,p-ARs and HA-tagged A'3%a,,-ARs (upper) or HA-
tagged A%6¢-519 .-ARs (lower). Cells were visualized using laser
confocal microscopy as detailed under “Experimental Procedures.”
Each image is representative of many cells from two to three individ-
ual experiments. C, cell surface expression of N-terminal FLAG-
tagged a,p-ARs was determined upon co-expression with either HA-
tagged A*?8q, - or A%66-519% .-ARs using a luminometer-based assay
as described under “Experimental Procedures.” The values for each
experiment are represented as percent absorbance, with 100% ab-
sorbance equal to the average observed with FLAG-tagged a;,-ARs
co-expressed with HA-tagged A®¢6-59q ,-ARs. The data are
expressed as mean *= S.E. of four independent experiments (¥,
significantly different than FLAG-a,;,-ARs expressed alone, p <
0.05).
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B

GFP-tagged a,,-AR + hamster A12a,,-AR

Fic. 4. Hamster full-length and Al2«,5-ARs traffic o,,-ARs to the cell surface. HEK293 cells were transiently co-transfected with
C-terminal GFP-tagged a;-ARs and A, full-length hamster a;5-ARs or B, untagged Al2a;5-ARs. Cells were visualized using laser confocal
microscopy as detailed under “Experimental Procedures.” Each image is representative of many cells from two individual experiments. C, cell
surface expression of N-terminal FLAG-tagged a,,-ARs was determined upon co-expression with full-length hamster «;5-or hamster A12a,5-ARs
using a luminometer-based assay as described under “Experimental Procedures.” The values for each experiment are represented as percent
absorbance, with 100% absorbance equal to the average observed with FLAG-tagged a;,-ARs co-expressed with full-length hamster a,z-ARs. The
data are expressed as mean + S.E. of four independent experiments (¥, significantly different then FLAG-a;,-ARs expressed alone, p < 0.05).

Role of a;p-la;p-AR Heterodimerization in a;p-AR Coupling
to Functional Responses—Of the three a;-AR subtypes, a;p-
ARs are least efficiently coupled to functional responses in
transfected cells (16). Because we found that o« p-/a;p-AR
dimerization increases «;-AR surface expression, we hypoth-
esized that a;p-AR coupling to functional responses might be
increased when co-transfected with a;5-ARs. However, because
all three a;-ARs are G,-coupled receptors and there are few
selective antagonists that can effectively distinguish between
a;p- and a;p-ARs, it is difficult to pharmacologically isolate the
relative contributions of individual subtypes in stimulating
functional responses when they are co-expressed. To address
this problem, we used a hamster a;5-AR containing a 3-amino
acid deletion at residues 227-229 (A12a,5-AR), which has pre-
viously been reported to be completely uncoupled from all func-
tional responses (46—48). We found that both full-length and
A12 hamster a;5-ARs were capable of promoting «;-AR sur-
face expression in HEK293 cells, as evidenced by confocal im-
aging of GFP-tagged «;-ARs (Fig. 4, A and B) and luminom-
eter cell surface detection of FLAG-a;-ARs (Fig. 4C). This
enabled us to drive a;p-AR surface expression using an uncou-
pled a;-AR, while simultaneously allowing us to measure
a;p-AR functional responsiveness in the absence of responses
mediated by a;z-ARs. To determine the effect of A12«;5-AR
co-transfection on a;-AR coupling to functional responses, we
measured NE-stimulated intracellular Ca?* mobilization and
[*H]InsP formation in transiently transfected HEK293 cells. As

shown in Figs. 5 and 6, NE stimulation of FLAG-a;,H-ARs
resulted in only minor increases in [°H]InsP formation and
intracellular Ca®* mobilization in comparison to HA-a,5-ARs,
which generated much larger increases in both responses upon
NE stimulation. In agreement with previous studies suggest-
ing hamster Al2a,3-ARs are uncoupled to functional re-
sponses, NE was unable to stimulate [*H]InsP formation or
mobilize intracellular Ca%* in HEK293 cells expressing ham-
ster A12a,5-ARs alone. Interestingly, co-transfection of FLAG-
a;p- and hamster A12«,5-ARs increased the level of NE-stim-
ulated Ca®" mobilization to 41 = 3.1% of the 100 um UTP
response (Fig. 5), similar to the level of Ca?" mobilization
induced by NE-stimulation of wild type a;5-ARs (42 * 16.8%).
In contrast, co-transfection of FLAG-a;- and A12a;5-ARs re-
sulted in no significant increase in NE-stimulated [*H]InsP
formation (Fig. 6) relative to that observed in HEK293 cells
expressing FLAG-tagged o;p-ARs alone. These data suggest
that a;z-AR-induced translocation of a;p-ARs to the cell sur-
face results in increased coupling to NE-stimulated Ca%* mo-
bilization but does not increase coupling to NE-stimulated
[®H]InsP formation under the conditions of our assays.
a;p-ARs Are Internalized upon Agonist Stimulation—One
possible explanation of the differential effects of co-expression
with a;5-ARs on a;p-AR-stimulated Ca®* mobilization and
[®H]InsP formation is the duration of agonist stimulation in the
two assays. Intracellular Ca?" mobilization is measured within
seconds of adding agonist, whereas [’H]InsP formation assay is
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Fic. 5. Co-expression with hamster Al2q,;-ARs enhances
a,5-AR coupling to intracellular Ca®* mobilization. HEK293 cells
were transiently co-transfected with «;-ARs and loaded with fura-2.
Cells were stimulated with 100 um NE or 100 um UTP as described
under “Experimental Procedures,” and [Ca®"]; was measured. The val-
ues for each experiment are represented as percent Ca®?* mobilization,
with 100% mobilization equal to the average stimulated by 100 um UTP
in HEK293 cells expressing HA-tagged «;5-ARs. The data are ex-
pressed as mean * S.E. of data from three to four separate experiments
(*, significantly different then basal, p < 0.05).
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FiG. 6. Co-expression with hamster A12«,;-ARs does not en-
hance «,,-AR coupling to inositol phosphate formation. HEK293
cells were transiently co-transfected with a;-ARs and prelabeled with 1
wCi myo-[*Hlinositol for 24 h. Cells were stimulated with 100 um NE for
1 h, and [*H]InsPs were isolated as described under “Experimental
Procedures.” The values for each experiment are represented as percent
hydrolysis, with 100% hydrolysis equal to the level of NE-stimulated
hydrolysis in HEK293 cells expressing HA-tagged «;5-ARs. The data
are expressed as mean = S.E. of data from three separate experiments
performed in duplicate or triplicate (*, significantly different then ba-
sal, p < 0.05).

measured after 1 h of agonist stimulation. Therefore, we hy-
pothesized that the lack of increase in NE-stimulated [°PH]InsP
formation in cells co-expressing a;5- and a;p-ARs might poten-
tially be due to agonist-induced internalization of a;p-ARs.
Previous reports have shown that a;5-ARs are rapidly inter-
nalized upon agonist stimulation (47). However, there are no
previous reports investigating a;n-AR internalization, because
this receptor is almost exclusively intracellular after heterolo-
gous expression. To measure a;pH-AR internalization, HEK293
cells transiently expressing a;-ARs were stimulated for 1 h
with 100 um NE, and the amount of a;-AR surface expression
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FiG. 7. a;p-ARs are internalized upon agonist stimulation.
HEK293 cells were transiently transfected with «;-ARs and cell surface
expression of HA-tagged a;5-ARs (left bar) or FLAG-tagged a,-ARs
(right three bars) was determined using a luminometer-based assay as
described under “Experimental Procedures.” Cells treated with 100 um
NE were stimulated for 1 h. The values for each experiment are repre-
sented as percent internalization from the cell surface. The data are
expressed as mean * S.E. from data from three to four separate exper-
iments (¥, significantly different then basal, p < 0.05).

was determined using the luminometer-based cell surface as-
say (Fig. 7). As reported in previous studies (49, 50), HA-tagged
a;p-AR cell surface expression decreased (38 * 11.4%) after
treatment with 100 um NE for 1 h, whereas surface expression
of FLAG-tagged «;p-ARs expressed alone was low and un-
changed by NE treatment. As described above, a;p-AR cell
surface expression was robustly increased upon co-expression
with either a;p- or hamster A12a,5-ARs. Interestingly, stimu-
lation with 100 um NE for 1 h decreased FLAG-tagged a;p-AR
cell surface expression by 61 * 3.1% when co-expressed with
HA-tagged a;5-ARs and by 46 = 17.1% when co-expressed with
hamster A12a,5-ARs. Therefore, these data demonstrate that,
when co-expressed with a;5-ARs, a;-ARs are expressed at the
cell surface and undergo profound internalization upon stimu-
lation with agonist.

Cellular Localization of GFP-tagged o;-ARs Differs between
DDT,MF-2 and RASM Cells—The studies performed in
HEK293 cells clearly demonstrate that co-expression of o p-
ARs promotes surface expression of a;p-ARs. We wanted to
determine if transfecting «,-ARs into a cell line that endog-
enously expresses a;5-ARs would result in surface expression
of a;p-ARs. DDT;MF-2 cells, a smooth muscle derived cell line
from which the hamster a;5-AR was originally cloned (51),
express a;5-ARs at a density of ~400 fmol/mg of protein but do
not express a; - or a;p-ARs (52). As shown in Fig. 84, transient
transfection of GFP-tagged a;p-ARs into DDT,;MF-2 cells re-
sulted almost exclusively in surface localization of a;p-ARs in
all cells observed, although slightly more diffuse intracellular
signal was seen than was observed with co-transfection of both
subtypes in HEK293 cells (Fig. 2). We also examined «;p-AR
expression in RASM cells, another smooth muscle-derived cell
line that, however, exhibits no endogenous «;-AR expression
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Fic. 8. GFP-tagged a,,-ARs are located on the cell surface in
DDT ,MF-2 cells but not in RASMs. A, DDT ,MF-2 cells were tran-
siently transfected with C-terminal GFP-tagged o;,-ARs. B, RASM
cells were retrovirally transfected with C-terminal GFP-tagged o;p-
ARs. Cells were visualized using laser confocal microscopy according to
the protocol detailed under “Experimental Procedures.” Each image is
representative of all cells observed in two to three separate experiments.

(18). Because RASMs are very difficult to transfect with plas-
mids, we used a retroviral transfection method. In striking
contrast to DDT;MF-2 cells, retroviral transfection of GFP-
tagged a;p-ARs into RASM cells resulted in an almost exclu-
sive intracellular localization of the receptor (Fig. 8B), similar
to that observed in HEK293 cells. These data support the idea
that a;3-AR heterodimerization with «a;p-ARs results in traf-
ficking of a;p-ARs to the cell surface and suggest that endog-
enous levels of a;5-ARs in DDT;MF-2 cells are sufficient to
mediate a strong cell type-dependent regulation of a;-AR sub-
cellular localization.

DISCUSSION

The data presented here show that a;p-AR co-expression
with a;5-ARs, but not a,,-ARs, results in quantitative surface
expression of a;p-ARs, which is almost exclusively intracellu-
lar when expressed alone. Since our previous data using co-
immunoprecipitation has shown direct interactions of «p-
with a;-, but not a; ,-ARs (39), we believe that the effect of the
a;5-AR on a;p-AR surface expression is likely to be due to
direct heterodimerization of the two subtypes. This phenome-
non appears to involve primarily the a;5-AR hydrophobic core
or intracellular/extracellular loops, because N- and C-terminal
truncation mutants are as effective as full-length receptors. It
does not appear to require a;5-AR G protein coupling or second
messenger responses, because it is also observed with function-
ally uncoupled «;5-ARs. In addition, promotion of surface ex-
pression of a;p-ARs by heterodimerization with «;5-ARs is
associated with increased a;p-AR responsiveness and internal-
ization. Finally, a;p-AR surface expression also appears to be
strongly promoted by natively expressed a;5-ARs in
DDT,MF-2 cells, suggesting that it is not an artifact of overex-
pressed recombinant proteins.

The results presented here are somewhat similar to what has
been observed previously with the GABAg receptor, where
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GABA;-R1 expressed alone is retained in the endoplasmic re-
ticulum, and co-expression of GABAL-R2 is necessary to trans-
port GABAgR1 to the cell surface and form a functional recep-
tor (34). However, there are several striking differences
between the GABARR findings and our results. First, GABAg
receptors belong to the much smaller Class III family of recep-
tors and exhibit very large extracellular N-terminal domains
that contain the agonist binding sites and very large cytoplas-
mic C termini that contribute to receptor dimerization (22).
Second, and more importantly, the individual GABAy subunits
do not form functional receptors when expressed alone, and the
heterodimer appears to form only a single receptor (34). In
contrast, Class I GPCRs, including «;-ARs, have agonist bind-
ing sites at least partially within the hydrophilic pocket formed
by the seven transmembrane domains and clearly form func-
tional receptors with the expected pharmacology when ex-
pressed alone. Although we do not yet know whether «p/
a;p-AR heterodimers function as a single receptor, our
previous data examining the pharmacology of co-expressed
subtypes suggest that each retains its own unique pharmaco-
logical characteristics (39), suggesting that they remain inde-
pendent receptor subtypes.

One of the most surprising findings of our previous work
(39), and this study is the subtype selectivity observed. Because
a4~ and a;5-ARs share a high degree of sequence homology
(Fig. 3A), the dramatic differences between these two subtypes
in their abilities to translocate a;p-ARs to the cell surface is
quite unexpected. Because the domains of these receptors with
the least sequence homology are the extracellular N terminus
and intracellular C terminus, it was even more surprising to
find that these domains are not required for heterodimeriza-
tion and/or translocation. This is unlike the GABAy receptors
(22, 53) and mGluR1 (54) receptors, which dimerize at least
partially through interactions at their C- and N-terminal do-
mains, respectively. Our data are consistent with the idea that
a;p/a1p-AR heterodimerization involves primarily the hydro-
phobic core of the a;5-AR, an idea that has previously been
suggested for other Class I GPCRs, including B,-ARs (55),
dopamine D2 (56), and rhodopsin (57) receptors. Interestingly,
the a;,-AR and a;5-AR transmembrane domains differ by only
35 amino acids, which should greatly facilitate identification of
particular amino acids or domains involved in dimerization.

Using the uncoupled hamster A12a,5-AR mutant, we found
that dimerization induced translocation of a;p-ARs to the cell
surface, resulting in increased coupling of this receptor to CaZ*
mobilization. These results show that a;5-AR coupling is not
required for o;p-AR translocation and rule out the role of
downstream signaling. These findings may also shed light on
differences between the coupling efficiency of heterologously
expressed and in vivo a;p-ARs. Although heterologously ex-
pressed a;n-ARs weakly couple to second messenger responses
(16-18), stimulation of a;5-ARs in intact blood vessels is very
effective in causing contraction (19-21). Evidence from «;5-AR
knockout mice supports the idea that the presence of a;5-AR is
important for a;H-AR function in vivo, because phenylephrine-
induced contraction of aortic rings occurred with lower potency
and intrinsic activity in comparison to wild-type animals (7).
However, a subsequent report did not confirm this observation
(58). Also, phenylephrine stimulates decreases in left ventric-
ular pressure and coronary blood flow in «;,-/a;5-AR double
knockout mice (8), suggesting that heterodimerization with
a;5-ARs cannot be the only mechanism involved in determin-
ing the surface expression of functional a;,-ARs. We are cur-
rently examining whether other GPCRs may also promote
a;p-AR surface expression, which might explain why «;,-ARs
can still function in «;5-AR knockout mice.
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Heterodimerization of a;1,-ARs with the inactive A12a;5-AR
mutant resulted in striking increases in agonist-induced Ca?*
mobilization, but no significant increase in agonist-induced
[*H]InsP formation. The main difference between these assays
is the time of agonist exposure, being seconds for Ca®" meas-
urements and 1 h for [PH]InsPs measurements. Therefore, we
determined whether the observed difference might be due to
rapid o;p-AR desensitization and internalization. Although de-
sensitization has been examined extensively for a;5-ARs (43),
there are few reports on a;5-ARs, presumably because of diffi-
culties in obtaining significant expression levels in heterolo-
gous systems. However, one report (59) has suggested that
a;p-ARs are rapidly phosphorylated (~1 min) upon stimulation
with NE or treatment with phorbol esters, resulting in rapid
desensitization. We found that 1-h stimulation with NE re-
duced surface FLAG-a;p-AR expression (co-expressed with
a;5-ARs) by >60%. These data support the idea that the lack of
a;p-AR induced [*H]InsP formation may be a result of rapid
a;p-AR desensitization/internalization.

Increasing interest in the cellular localization of GPCRs has
been spurred by identification of diseases caused by protein
mislocalization, including hypercholesterolemia, cystic fibrosis,
and nephrogenic diabetes insipidus (60). Although GPCRs are
usually assumed to be expressed primarily on the cell surface
when heterologously expressed, this is not always the case. In
fact, many GPCRs are found primarily in intracellular com-
partments after heterologous expression, including «;p-ARs
(13, 18), ayc-ARs (61-63), GABARR1 (34), adenosine-2b (64),
sweet taste (35), bitter taste (65), and the large family of
odorant (66) receptors, as well as ion channel receptors, includ-
ing the 5-HT3y subtype (67). These receptors are often found
retained in the endoplasmic reticulum, where they are unlikely
to respond to agonist stimulation. The mechanisms involved in
intracellular retention of receptors remain unclear in most
cases. Some GPCRs contain ER retention motifs that must be
removed or masked before they can be exported, including the
CB1 N terminus (68) and GABAg-R1 C terminus (34). Other
GPCRs may be targeted by ER retention proteins such as
HSP79 analogue BiP/GRP78 (69) or the lectin-like proteins
calnexin and calreticulin (70, 71), preventing surface expres-
sion. We show here that a;3-ARs promote a;pH-AR surface ex-
pression, presumably by direct heterodimerization. Previously,
we showed that N-terminal truncation promotes surface ex-
pression of a;p-ARs through a transplantable sequence con-
tained within the relatively long N terminus (17, 18). Thus,
a;5-AR/a;n-AR heterodimerization may mask an ER retention
signal in the a;p-AR N terminus, although this hypothesis
remains to be tested.

Although these results suggest a clear functional role for
a;-AR heterodimerization, there are a number of caveats. Be-
cause of the lack of specific antibodies, only recombinant tagged
receptors were examined. However, many previous studies
have shown that epitope-tagged «;-ARs are pharmacologically
and functionally equivalent to wild type receptors, and we also
minimized this issue with combinations of different C-terminal
and N-terminal tags. Another potential limitation is our pri-
mary use of HEK293 cells as a convenient model, and possible
receptor overexpression. However, we also transfected GFP-
tagged o;p-ARs into a hamster smooth muscle cell line
(DDT;MF-2), which endogenously expresses a;5-ARs, as well
as a rat aorta smooth muscle cell line that expresses no detect-
able ARs. Because GFP-tagged «;h-ARs were expressed on the
cell surface in DDT;MF-2 cells, this suggests that wild-type
a;5-ARs can also promote a;p-AR surface expression at phys-
iologically relevant levels. This is in direct contrast to RASMs,
where GFP-tagged «;-ARs are primarily intracellular, just as
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in HEK293 (13, 18), COS (14), and CHO (18) cells.

These data provide clear evidence for a dramatic functional
role of subtype-specific heterodimerization of «;-ARs. Despite
the growing list of receptors that undergo homo- and het-
erodimerization (22—-34), dimerization of Class I GPCRs has
usually been found to be associated with only small differences
in receptor pharmacology, function, or agonist-induced inter-
nalization. This study expands this list to a major role in
receptor trafficking to the plasma membrane, similar to that
observed previously with the Class III GABAg receptors, where
two subunits are required for surface expression. It will be
interesting in future studies to determine whether het-
erodimers of Class I receptors, like the a;p/a;-AR heterodimer
described here, remain together on the cell surface, and if so,
whether they function as one (like the GABAp) or two distinct
receptors. In any case, these studies contribute to a growing
recognition of the importance of dimerization in GPCR phar-
macology and function.
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