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Abstract
We previously demonstrated that the α2B-adrenergic receptor mutant, in which the F(x)6IL motif in
the membrane-proximal carboxyl terminus were mutated to alanines (α2B-ARm), is deficient in
export from the endoplasmic reticulum (ER). In this report, we determined if α2B-ARm could
modulate transport from the ER to the cell surface and signaling of its wild-type counterpart. Transient
expression of α2B-ARm in HEK293T cells markedly inhibited cell-surface expression of wild-type
α2B-AR, as measured by radioligand binding. Subcellular localization demonstrated that α2B-ARm
trapped α2B-AR in the ER. The α2B-AR was shown to form homodimers and heterodimers with
α2B-ARm as measured by co-immunoprecipitation of the receptors tagged with green fluorescent
protein and hemagglutinin epitopes. In addition to α2B-AR, the transport of α2A-AR and α2C-AR to
the cell surface was also inhibited by α2B-ARm. Furthermore, transient expression of α2B-ARm
significantly reduced cell-surface expression of endogenous α2-AR in NG108-15 and HT29 cells.
Consistent with its effect on α2-AR cell-surface expression, α2B-ARm attenuated α2A-AR- and α2B-
AR-mediated ERK1/2 activation. These data demonstrated that the ER-retained mutant α2B-ARm
conferred a dominant negative effect on the cell-surface expression of wild-type α2-AR, which is
likely mediated through heterodimerization. These data indicate a crucial role of ER export in the
regulation of cell-surface targeting and signaling of G protein-coupled receptors.
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1. Introduction
Cell-surface receptors coupled to heterotrimeric G proteins represent a superfamily of
membrane proteins that respond to a vast array of sensory and chemical stimuli [1,2]. G protein-
coupled receptors are synthesized in the endoplasmic reticulum (ER)2, transported to the Golgi
apparatus for posttranslational modification (e.g. glycosylation), and then moved on to their
functional destinations at the plasma membrane. Therefore, ER export represents the first step
in intracellular trafficking of G protein-coupled receptors. There are several events associated
with the ER that critically regulate G protein-coupled receptor export. First, similar to many
other membrane proteins, receptors must be correctly folded in order to pass the ER quality
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control mechanism [3,4]. Second, export from the ER and further transport to the cell surface
of some G protein-coupled receptors requires specific accessory proteins or chaperones [5–
8]. Interaction of the receptors with chaperones may regulate correct folding/assembly of the
receptors within the ER and facilitates receptor transport from the ER and on to the cell surface.
Third, dimerization of the receptors (homo-and/or hetero-dimerization) in the ER may be
required for ER export and further cell-surface targeting. Recently, Bouvier’s group has
demonstrated that mutation of the putative dimerization motif GxxxGxxxL in the β2-adrenergic
receptor (AR) prevents normal trafficking of the receptor to the plasma membrane [9].
Although dimerization has been demonstrated for a variety of G protein-coupled receptors
[10–15], whether α2-AR is able to homodimerize and the role of dimerization in the trafficking
of α2-AR remain unknown. Fourth, receptor exit from the ER may be directed by specific
signals or motifs embedded in the receptors. Recent studies have identified two classes of ER-
export signals in the cytoplasmic carboxyl termini of a variety of membrane proteins. The
diacidic motif (DxE) was found in the cytoplasmic carboxyl termini of vesicular stomatitis
viral glycoprotein, cystic fibrosis transmembrane conductance regulator and potassium
channels [16–19]. The double phenylalanine motif (FF) is required for efficient ER-to-Golgi
transport of the p24 family proteins and ER-Golgi intermediate compartment-53 [20]. These
ER-export motifs mediate the interaction of transported proteins with the COP II vesicles,
directing the export of proteins from the ER. In regards to G protein-coupled receptors, a triple
phenylalanine sequence (FxxxFxxxF) seems to act as an ER-exit motif for the dopamine D1
receptor [21].

We demonstrated that a phenylalanine and double leucine spaced by 6 residues [F(x)6LL] in
the membrane-proximal carboxyl termini of α2B-AR and angiotensin II type 1 receptor (AT1R)
are required for exit from the ER [22]. Mutation of the F(x)6LL motif to alanines abolishes
export of the receptors out of the ER and further transport to the cell surface. We report here
that, similar to many other G protein-coupled receptors, α2B-AR apparently homodimerizes in
the ER, and that the α2B-AR mutant deficient in ER export confers an inhibitory effect on the
cell-surface targeting and function of its wild-type (WT) counterpart through
heterodimerization in the ER. These data indicate a crucial role of ER export in the regulation
of cell-surface targeting and signaling of G protein-coupled receptors.

2. Experimental procedures
2.1. Materials

Rat α2A-, α2B- and α2C-AR in vector pcDNA3 were kindly provided by Dr. Stephen M. Lanier
(Department of Pharmacology and Experimental Therapeutics, Louisiana State University
Health Sciences Center, New Orleans, LA) and rat AT1R in vector pCDM8 by Dr. Kenneth
E. Bernstein (Department of Pathology, Emory University, Atlanta, GA). Antibodies against
phospho-ERK1/2, green fluorescent protein (GFP), HA (conjugated with rhodamine) and
calregulin were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-
ERK1/2 antibodies were from Cell Signaling Technology (Beverly, MA). Anti-HA mouse
monoclonal antibody 12CA5 was from Roche Applied Science (Mannheim, Germany).
Fluorescently labeled secondary antibodies (Alexa Fluor 488-labeled anti-rabbit)and 4,6-
diamidino-2-phenylindole were obtained from Molecular Probes, Inc. (Eugene, OR).
pDsRed2-ER, an ER marker, was from BD Biosciences (Palo Alto, CA). UK14304,
rauwolscine, phentolamine and protein G immobilized on Sepharose 4B were obtained from
Sigma (St. Louis, MO). [3H]-RX-821002 (specific activity = 41 Ci/mmol) was purchased from
PerkinElmer Life Sciences (Boston, MA). Penicillin–streptomycin, L-glutamine and trypsin-
EDTA were from Invitrogen. All other materials were obtained as described elsewhere [23–
26].
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2.2. Plasmid constructions
α2B-AR and AT1R tagged with green fluorescent protein (GFP) at their carboxyl termini
(α2B-AR-GFP and AT1R-GFP) and α2B-AR tagged with HA epitope at its amino terminus
(HA-α2B-AR) were generated as previously described [22,23]. The GFP and HA epitopes have
been used to label G protein-coupled receptors, including α2B-AR and AT1R, resulting in
receptors with similar characteristics to the WT receptors [22–24,27]. Receptor mutants, in
which Phe436Ile443Leu444 in α2B-AR (α2B-ARm) and Phe309Ile315Leu316 in AT1R (AT1Rm)
were mutated to alanines, were generated using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). The sequence of each construct used in this study was verified by
restriction mapping and nucleotide sequence analysis (Louisiana State University Health
Sciences Center DNA Sequence Core).

2.3. Cell culture and transient transfection
HT-29 human colon cancer cells expressing endogenously α2A-AR and HEK293T human
embryonic kidney cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum, 100 units/ml penicillin and 100 µg/ml streptomycin. DDT-MF2
hamster smooth muscle cells stably expressing α2A-AR [28] were cultured DMEM containing
2.5% bovine calf serum, 2.5% horse serum, 100 units/ml penicillin and 100 µg/ml
streptomycin. NG108-15 neuroblastoma-glioma cells expressing endogenous α2B-AR subtype
were cultured in DMEM containing 10% fetal bovine serum, 100 units/ml penicillin, 100 µg/
ml streptomycin, 100 µM hypoxanthine, 0.4 µM aminopterin, and 16 µM thymidine. Transient
transfection of the cells was carried out using Lipofect-AMINE 2000 reagent (Invitrogen) as
described previously [22,23]. Based on the GFP fluorescence, 70–85% of the cells were
transfected.

2.4. Radioligand binding
Radioligand binding of membrane preparation were carried out as described [29] with
modifications [22]. HEK293 cells were cultured on 100-mm dishes and transiently transfected
with 4 µg of α2-AR (α2A-, α2B- or α2C-AR) in pcDNA3 vector together with 6 µg of pEGFP-
N1 vector or α2B-ARm-GFP. NG108-15, HT29 and DDT-MF2 cells were transfected with 10
µg of pEGFP-N1 vector or α2B-ARm-GFP. At 48 h after transfection, the cells were
homogenized in 3 ml per plate of buffer containing 5 mM Tris–HCl, pH 7.4, 5 mM EGTA and
5 mM EDTA supplemented with Complete Mini protease inhibitor cocktail (Roche Applied
Science, Mannheim, Germany). After centrifugation at 100,000 ×g for 30 min, the pellet was
resuspended in 300 µl per plate of membrane buffer containing 50 mM Tris–HCl, pH 7.4, 0.6
mM EDTA and 5 mM MgCl2. The membrane suspension (25 µg from HEK293T and DDT-
MF2 cells) was incubated with increasing concentrations of [3H]-RX-821002 (1.25–160 nM)
in a total volume of 100 µl. The membrane fraction prepared from NG108-15 and HT29 cells
(200 µg) was incubated with [3H]-RX-821002 at a concentration of 40 nM. Nonspecific
binding was determined in the presence of the selective α2-AR antagonist rauwolscine or
phentolamine (10 µM). Duplicate samples were incubated for 30 min at room temperature with
constant shaking, and the reaction was terminated by vacuum filtration. After washing with
100 mM Tris–HCl, pH 7.4 (4 × 4 ml), the retained radioactivity was measured by liquid
scintillation spectrometry in 8 ml of Ecoscint A scintillation solution (National Diagnostics,
Inc., Atlanta, GA).

2.5. Fluorescence microscopy
HEK293T cells were grown on poly-L-lysine coated coverslips in 6-well dishes and transfected
with 30 ng of pDsRed2-ER together with 30 ng of α2B-AR-GFP, 30 ng of α2B-ARm-GFP or
30 ng of α2B-AR-GFP plus 300 ng of HA-α2B-AR. At 36–48 h after transfection, the cells were
fixed with 4% paraformaldehyde–4% sucrose mixture in PBS for 15 min. For direct
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fluorescence microscopy, the cells were stained with 4,6-diamidino-2-phenylindole for 5 min.
For immunofluorescence microscopy, the fixed cells were permeabilized with PBS containing
0.2% Triton X-100 for 5 min, and blocked with 5% normal donkey serum for 1 h. The cells
were then incubated with primary antibody for 1 h. After washing with PBS (3 × 5 min), the
cells were incubated with Alexa Fluor 488-labeled secondary antibody (1 :2000 dilution) for
1 h at room temperature and stained with 4,6-diamidino-2-phenylindole for 5 min. The cover-
slips were mounted, and fluorescence was detected with a Leica DMRA2 epifluorescent
microscope. Images were deconvolved using SlideBook software and the nearest neighbors
deconvolution algorithm (Intelligent Imaging Innovations, Denver, CO) as previously
described [22,23].

2.6. Immunoprecipitation of receptors
HEK293T cells were cultured on 100-mm dishes and transfected with 4 µg of HA-or GFP-
tagged receptor constructs individually or in combination for 48 h. The cells were washed twice
with PBS and harvested. The cells were then lysed with 800 µl of lysis buffer containing 50
mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and
Complete Mini protease inhibitor cocktail. After gentle rotation for 1 h, samples were
centrifuged for 15 min at 14,000 ×g and the supernatant was incubated with 50 µl of protein
G Sepharose for 1 h at 4 °C to remove non-specific bound proteins. Samples were then
incubated with 5 µg of anti-HA antibodies overnight at 4 °C with gentle rotation followed by
an incubation with 50 µl of protein G sepharose beads for 5 h. Resin was collected by
centrifugation and washed three times with 500 µl of lysis buffer. Immunoprecipitated
receptors were eluted with 100 µl of 1 X SDS-PAGE loading buffer, separated by 8% SDS-
PAGE and visualized by immunoblotting using anti-GFP antibodies.

2.7. Measurement of ERK1/2 activation
HEK293T cells were cultured on 100-mm dishes and transfected with 4 µg of α2-AR with or
without 8 µg of α2B-ARm. At 12 h after transfection, the transfected cells were split into 6-
well dishes. At 36 h after transfection, HEK293T cells were starved for at least 3 h and then
stimulated with the α2-AR agonists UK14304 at concentrations from 0.01 to 10 µM for 5 min
at 37 °C as described previously [22,23]. Stimulation was terminated by addition of 1 × SDS
gel loading buffer. After solubilizing the cells, 20 µl of total cell lysates was separated by 10%
SDS-PAGE and ERK1/2 activation was determined by Western blotting by measuring the
levels of phosphorylation of ERK1/2 with phosphospecific ERK1/2 antibodies. The
membranes were stripped and reprobed with anti-ERK1/2 antibodies to determine the total
amount of ERK1/2 and to confirm equal loading of proteins.

2.8. Immunoblotting
Western blotting was carried out as described previously [22,23]. Samples were separated by
SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The signal was
detected using ECL Plus (PerkinElmer Life Sciences) and a Fuji Film luminescent image
analyzer (LAS-1000 Plus).

2.9. Statistical analysis
Differences were evaluated using Student’s t test, and P <0.05 was considered as statistically
significant. Data are expressed as the mean±SE.
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3. Results
3.1. Effect of α2B-ARm on the cell-surface expression of α2B-AR

We have recently demonstrated that α2B-ARm, in which Phe436Ile443Leu444 in α2B-AR were
mutated alanines is unable to export from the ER [22]. To determine whether α2B-ARm could
function as a dominant negative mutant for the transport of its WT counterpart from the ER to
the cell surface, we first determined the effect of α2B-ARm on the transport of α2B-AR to the
cell surface by radioligand binding of membrane preparations and intact cells. The membrane
fractions prepared from cells expressing α2B-AR bound the ligand RX-821002 in a dose-
dependent manner (Fig. 1). Consistent with our previous data [22], membrane fractions
prepared from cells expressing α2B-ARm-GFP or HA-α2B-ARm were unable to bind the ligand
RX-821002. Ligand binding was significantly attenuated in membrane fractions prepared from
cells expressing α2B-AR together with α2B-ARm-GFP or HA-α2B-ARm compared with that
from cells expressing α2B-AR (Fig. 1). These data indicate that α2B-ARm conferred a dominant
negative effect on the cell-surface targeting of its WT receptor.

We then sought to determine the effect of α2B-ARm on the subcellular localization of α2B-AR
by fluorescent microscopy. HEK293T cells were transiently transfected with GFP-or HA-
tagged α2B-AR and/or α2B-ARm. The subcellular distribution of the GFP-tagged receptors at
steady state was revealed by fluorescence microscopy detecting GFP signal and HA-tagged
receptors were visualized by detecting immunofluorscent signal following staining with anti-
HA antibodies. As anticipated, α2B-AR-GFP was mainly localized at the cell surface in the
absence of mutant receptor (Fig. 2A). Cell-surface localization of α2B-AR-GFP was confirmed
by co-localization with tetra-methylrhodamine-conjugated concanavalin A, a plasma
membrane marker (not shown). α2B-ARm tagged with GFP or HA was unable to export from
the ER as indicated by co-localization with the ER markers, pDsRed2-ER and calregulin (Fig.
2B and C). Consistent with its inhibitory effect on the cell-surface expression of α2B-AR as
measured by radioligand binding, expression of HA-α2B-ARm induced an accumulation of
α2B-AR-GFP in the perinuclear regions of the transfected cells. The accumulated receptors
were extensively co-localized with the ER marker pDsRed2-ER (Fig. 2D). These data indicate
that α2B-ARm is able to trap its WT counterpart in the ER, therefore, inhibiting the transport
to the cell surface.

3.2. Homodimerization and heterodimerization of α2B-AR and α2B-ARm
We hypothesized that the inhibition of transport to the cell surface of α2B-AR by its ER-retained
mutant was mediated through heterodimerization of mutant and WT receptors, preventing the
WT from ER export. To test this hypothesis, we first determined whether α2B-AR is able to
form homodimers. α2B-AR-GFP was transiently expressed in HEK293T cells, and its
expression was visualized by immunoblotting using anti-GFP antibodies. As anticipated, a
α2B-AR-GFP monomer with apparent molecular weight of ~60 kDa was revealed. Another
band with apparent molecular weight of ~120 kDa, twice that of the monomer, was also
observed (not shown). Consistently, two bands, apparently monomer and dimer were detected
in the immunoprecipitate using anti-GFP antibodies from cells expressing α2B-AR-GFP (not
shown). To obtain direct evidence for α2B-AR homodimerization, we determined if α2B-AR
tagged with two different epitopes could be co-immunoprecipitated. HEK293T cells were co-
transfected with HA-α2B-AR and α2B-AR-GFP, and the receptors were then
immunoprecipitated with anti-HA antibodies. The presence of α2B-AR-GFP in the anti-HA
immunoprecipitate was then revealed by immunoblotting using anti-GFP antibodies. As shown
in Fig. 3A, α2B-AR-GFP was detected in the anti-HA immunoprecipitate. Similarly, α2B-ARm-
GFP was found in the anti-HA immunoprecipitate from the cells expressing HA-α2B-ARm. In
contrast, AT1R-GFP was not found in the anti-HA immunoprecipitate when co-expressed with
HA-α2B-AR. These data indicate that HA- and GFP-tagged α2B-AR or α2B-ARm were co-
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immunoprecipitated as a complex and suggest that α2B-AR as well as α2B-ARm underwent
homodimerization, similar to many other G protein-coupled receptors [9–15].

We then determined whether α2B-AR and α2B-ARm could form heterodimers. α2B-AR and
α2B-ARm differentially tagged with epitopes HA and GFP were co-expressed in HEK293 cells
and immunoprecipitated with anti-HA antibodies. As shown in Fig. 3B, α2B-AR-GFP was
found in the anti-HA immunoprecipitate from cells transfected with HA-α2B-ARm and α2B-
AR-GFP. These data indicate that α2B-AR and α2B-ARm form heterodimers.

To determine whether heterodimerization of α2B-AR and α2B-ARm was mediated through non-
specific interaction (such as hydrophobic) of the receptors caused by solubilization, HEK293T
cells were separately transfected with α2B-AR or α2B-ARm, mixed and immunoprecipitated
with anti-HA antibodies. Anti-HA antibodies did not immunoprecipitate α2B-AR-GFP from
the mixture (Fig. 3B, middle lane). These data indicate that α2B-AR and α2B-ARm did not
heterodimerize when they were transfected separately into different cell populations. These
data indicate that the interaction observed in cells co-expressing α2B-AR and α2B-ARm was
not an artifact and that such an interaction required co-expression of the receptors in the same
cells.

3.3. Effect of α2B-ARm on the transport of α2A-AR and α2C-AR
Our preceding data indicate that α2B-ARm functions as a dominant negative mutant for cell-
surface targeting of its WT counterpart. We then investigated whether α2B-ARm could also
regulate the transport of other α2-AR subtypes, α2A-AR and α2C-AR. We first determined the
effect of α2B-ARm on the cell-surface expression of α2A-AR in DDT-MF2 cells stably
expressing α2A-AR. Transient expression of α2B-ARm significantly reduced ligand binding of
membrane preparations from DDT-MF2 compared with those from cells transfected with
pEGFP-N1 vector (Fig. 4A). In contrast, transient expression of AT1Rm had no significant
influence on the ligand binding of membrane fractions prepared from DDT-MF2 cells (Fig.
4A).

We then determined the effect of α2B-ARm on the transport of α2A-AR and α2C-AR in
HEK293T cells. HEK293T cells were co-transfected with α2A-AR or α2C-AR together with
α2B-ARm-GFP and effect of α2B-ARm on the transport of α2A-AR and α2C-AR was evaluated
by ligand binding of membrane preparations. The ligand binding was markedly reduced in
membrane fractions from HEK293T cells co-transfected with α2B-ARm and α2A-AR or α2C-
AR as compared with the cells transfected with α2A-AR (Fig. 4B) or α2C-AR alone (Fig. 4C).
These data suggest that α2B-ARm may confer a similar inhibitory effect on the transport of the
three α2-AR subtypes, α2A-AR, α2B-AR and α2C-AR.

3.4. Effect of α2B-ARm on the transport of endogenous α2-AR
To determine if α2B-ARm could inhibit the transport of endogenous α2-AR, NG108-15 and
HT29 cells expressing endogenous α2B-AR and α2A-AR, respectively, were transiently
transfected with α2B-ARm-GFP. Ligand binding was significantly inhibited in membrane
fractions prepared from NG108-15 (Fig. 5A) and HT29 cells (Fig. 5B) when transfected with
α2B-ARm-GFP compared with that from cells transfected with pGEFP-N1 vector. Inhibition
of α2B-AR transport by α2B-ARm was specific, as ligand binding was essentially the same in
membrane fractions prepared from cells transfected with α2B-AR and pEGFP-N1 or AT1Rm-
GFP (Fig. 5A).

3.5. Effect of α2B-ARm on ERK1/2 activation
To determine whether α2B-ARm was able to modulate signaling of α2-AR, we determined the
effect of α2B-ARm on the activation of ERK1/2. HEK293T cells were transfected with α2A-
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AR or α2B-AR with or without co-transfection of α2B-ARm and stimulated with the α2-AR
agonist UK14304. Activation of ERK1/2 in response to stimulation with UK14304 was
significantly attenuated in cells co-transfected with α2B-AR or α2A-AR and α2B-ARm
compared with those from cells transfected with α2B-AR (Fig. 6A) or α2A-AR alone (Fig. 6B),
consistent with the α2B-ARm- induced reduction in the cell-surface expression of both α2-AR
subtypes. These data suggest that α2B-ARm may function as a dominant negative mutant for
signal transduction via different α2-AR subtypes.

4. Discussion
The molecular mechanisms underlying the transport of G protein-coupled receptors from the
ER to the cell surface and its role in regulation of receptor signaling remain poorly understood.
To address these issues, we previously determined the role of Rab1, a Ras-like GTPase that
regulates vesicle-mediated protein transport in the early secretory pathway, specifically from
the ER to the Golgi, in the export trafficking of α2B-AR, β2-AR and AT1R [23,24]. We have
demonstrated that, whereas the transport from the ER to the cell surface of AT1R and β2-AR
is dependent on Rab1, α2B-AR export is independent of Rab1, indicating that different G
protein-coupled receptors may use distinct pathways for their transport from the ER to the cell
surface [23]. We then identified a motif consisting of a phenylalanine and double leucine spaced
by 6 residues [F(x)6LL] in the membrane-proximal carboxyl termini of α2B-AR and AT1R,
which is essential for the exit of the receptors from the ER [22]. The receptor mutants, α2B-
ARm and AT1Rm in which the F(x)6LL motif were mutated to alanines, were unable to
transport to the cell surface and were retained in the ER. In this report, we sought to determine
if α2B-ARm could regulate the cell-surface targeting and signaling of its WT counterpart.

We first determined the effect of α2B-ARm on the transport of its WT receptor to the cell
surface. Our data demonstrated that transient expression of α2B-ARm negatively regulated the
cell-surface expression of α2B-AR in HEK293T cells as measured by radioligand binding.
Consistently, subcellular localization analysis indicated that α2B-AR was trapped in the ER by
its mutant. Furthermore, α2B-ARm expression also significantly attenuated the transport of
endogenous α2B-AR to the cell surface in NG108-15 cells. These data strongly indicate that
ER-retained α2B-ARm conferred a dominant negative effect on the cell-surface targeting of its
WT counterpart. In contrast, AT1Rm had no significant effect on the cell-surface expression
of α2B-AR, suggesting that inhibition of cell-surface targeting of α2B-AR by its mutant is not
caused by an accumulation of the mutant receptors in the ER, which may interfere with WT
receptor transport along the secretory pathway. These data are consistent with other reports
demonstrating that the intracellularly retained mutants of G protein-coupled receptors
negatively regulate the cell-surface expression of their WT counterparts [30–33], therefore
functioning as dominant negative mutants.

We hypothesized that inhibition of α2B-AR transport from the ER to the cell surface by its ER-
retained mutant was mediated through heterodimerization between WT and mutant receptors
in the ER. To test this hypothesis, we determined whether α2B-AR and α2B-ARm could form
heterodimers by co-immunoprecipitation of receptors tagged with different epitopes (i.e. HA
and GFP). When HA-α2B-ARm and α2B-AR-GFP were coexpressed in HEK293 cells, α2B-
AR-GFP was found in the anti-HA immunoprecipitate, indicating that indeed α2B-AR and
α2B-ARm form a stable complex. In contrast, two differentially tagged α2B-AR were not co-
immunoprecipited when they were expressed in separate cell populations, suggesting that
dimerization of α2B-AR and α2B-ARm requires their co-expression. Furthermore, co-
expression of AT1R-GFP with HA-α2B-AR or HA-α2B-ARm did not result in co-
immunoprecipitation with anti-HA antibodies. These data indicate that dimerization between
WT and mutant α2B-AR is specific and suggest that α2B-AR does not heterodimerize with
AT1R. Therefore, we conclude that the inhibition of WT α2B-AR transport from the ER to the
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cell surface by α2B-ARm is mediated through heterodimerization of α2B-ARm and α2B-AR.
These data are consistent with inhibition of the transport to the cell surface of G protein-coupled
receptors by heterodimerization of WT and intracellularly retained receptor mutants [30–33].
As the motif F(x)6LL is highly conserved among G protein-coupled receptors [22], the motif
mutants, defective in ER export, may provide a useful tool for dissecting the role of
dimerization in the trafficking of many other G protein-coupled receptors.

Why are the dimers of mutant and WT receptors unable to export from the ER? The F(x)6LL
motif may be involved in correct folding and/or export from the ER of the receptors. It is
possible that dimerization of α2B-AR may be required to form an ER export competent
conformation. Disruption of such a conformation by mutation of the F(x)6LL motif in one of
the receptors in the dimers may thus impair ER export. It is also possible that the dimers of
mutant and WT receptors may retain proper conformation required for ER export, but lack the
ER export signal [i.e. F(x)6LL motif]. Therefore, dimers are unable to export from the ER.

Dimerization has been well described for a variety of G protein-coupled receptors [9–15,34–
41]. However, whether α2B-AR is capable of forming homodimers has not been reported. We
have demonstrated that, similar to many other G protein-coupled receptors, α2B-AR is able to
homodimerize by co-immunoprecipitation from cells expressing receptors tagged with
different epitopes (i.e. HA-α2B-AR and α2B-AR-GFP). Whether α2B-AR could form
homodimers in living cells is currently under investigation by using fluorescence resonance
energy transfer techniques. In addition, we have demonstrated that, similar to WT α2B-AR, the
mutant α2B-ARm is also capable of forming homodimers, suggesting that the motif F(x)6IL is
not involved in the dimerization of α2B-AR.

Whereas some G protein-coupled receptor dimers are constitutively formed in the ER and then
transported to the cell surface, other receptors are assembled as dimers at the cell surface in an
agonist-dependent fashion [38,39]. The α2B-ARm, an ER-export deficient mutant, formed
homodimers as well as heterodimers with α2B-AR and trapped α2B-AR in the ER. These data
suggest that α2B-AR dimerization constitutively occurs as early as in the ER. Whether α2B-AR
could dimerize at the plasma membrane and α2B-AR dimerization is regulated by agonist
stimulation need further studies.

Expression of α2B-ARm inhibited cell-surface targeting of all three WT α2-AR subtypes,
α2A-, α2B- and α2C-AR. Consistent with its effect on the cell surface receptor expression,
α2B-ARm inhibited ERK1/2 activation by α2A-AR and α2B-AR, suggesting that α2B-ARm
modulates not only α2-AR transport to the cell surface but also their signal transduction. Since
we have demonstrated that inhibition of α2B-AR cell-surface expression is mediated through
dimerization of mutant and WT receptors, it is possible that the inhibitory effect of α2B-ARm
on the transport of α2A-AR and α2C-AR is also due to heterodimerization of α2B-ARm with
α2A-AR or α2C-AR. This possibility is supported by a number of observations demonstrating
that closely related members of G protein-coupled receptors may heterodimerize [11,14,37–
39]. Furthermore, α2A-AR and α2C-AR indeed form heterodimers with β1-AR and M3-
muscarinc receptor, respectively [40,41]. As homo-and hetero-dimerization may play a crucial
role in the regulation of cell-surface targeting, signaling specificity/efficiency and ligand
binding selectivity of individual receptors [34], the finding that α2B-AR exists in dimeric forms
and possible heterodimerization between different α2-AR subtypes hints at the complexity of
α2-AR and may open additional ways of understanding the function of this subfamily of G
protein-coupled receptors.

The efficient trafficking of G protein-coupled receptors and the precise positioning of specific
receptors at the cell membrane are critical aspects of integrated responses of the cell to
hormones. Defective transport of the receptors from the ER to the cell surface is associated
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with the pathogenesis of a variety of human diseases [42,43]. The diseases may result from
defective transport of the receptors out of the ER (resulting in receptor retention in the ER)
and/or a defect in the machinery which transports receptors to their functional destination after
ER exit. For example, numerous naturally occurring mutations in G protein-coupled receptors
leading to ER retention have been implicated in inherited diseases such as retinitis pigmentosa,
nephrogenic diabetes insipidus and male pseudohermaphroditism [42–44]. We have
demonstrated that different G protein-coupled receptors may use distinct pathways to move
from the ER to the cell surface [23] and that selective G protein-coupled receptors may carry
a specific code for exit from the ER [22]. Therefore, selectivity of G protein-coupled receptor
transport from the ER to the cell surface could be achieved at different regulatory sites within
the transport process. Further elucidation of molecular mechanisms of export traffic of
individual G protein-coupled receptors may provide a foundation for development of
therapeutic strategies that influence specific components involved in the process of ER export
of the receptors.
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Fig. 1.
Effect of transient expression of α2B-ARm on the transport of α2B-AR. HEK293T cells were
transiently transfected with 4 µg of α2B-AR in pcDNA3 plus 6 µg of pEGFP-N1 vector (closed
squares), 10 µg of α2B-ARm-GFP (diamonds), 10 µg of HA-α2B-ARm (open triangles), 4 µg
of α2B-AR plus 6 µg of α2B-ARm-GFP (closed triangles) or 4 µg of α2B-AR plus 6 µg of HA-
α2B-ARm (open squares). Membrane preparation (25 µg) was incubated with increasing
concentrations of [3H]-RX-821002 (1.25–160 nM) for 30 min. Specific binding was
determined in duplicate and nonspecific binding determined in the presence of 10 µM
rauwolscine as described under “Experimental Procedures”. The data shown are representative
of at least three separate experiments, each with similar results.
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Fig. 2.
Effect of α2B-ARm on the subcellular distribution of α2B-AR. HEK293T cells cultured on
coverslips were transiently transfected with α2B-AR-GFP and the ER marker pDsRed2-ER
(A), α2B-ARm-GFP and pDsRed2-ER (B), HA-α2B-ARm (C) or α2B-AR-GFP, HA-α2B-ARm
and pDsRed2-ER (D). GFP-tagged receptor subcellular distribution and co-localization with
the ER marker pDsRed2-ER were revealed by direct fluorescence microscopy. HA-tagged
receptor subcellular localization and co-localization with the ER marker calregulin were
revealed following staining with anti-calregulin antibodies (1 :50 dilution). The data are
representative images of three independent experiments. Green, GFP-tagged receptor (A, B
and D) and calregulin (C); Red, the ER marker pDsRed2-ER (A, B and D) and HA-tagged
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receptor (C); Blue, DNA staining by 4,6-diamidino-2-phenylindole (nuclear); Yellow, co-
localization of the receptor and pDsRed2-ER (A, B and D) or calregulin (C); Scale bars = 10
µm.
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Fig. 3.
Western blot analysis of homodimerization and heterodimerization of α2B-AR and α2B-ARm.
A. Homodimerization of α2B-AR and α2B-ARm. HEK293T cells were transfected with HA-
α2B-AR plus AT1R-GFP (left lane), HA-α2B-AR plus α2B-AR-GFP (middle lane), or HA-
α2B-ARm plus α2B-ARm-GFP (right lane). The cells were solubilized and immunoprecipitated
with anti-HA antibodies. The anti-HA immunoprecipitate was separated by SDS-PAGE and
immunoprecipitated receptors were revealed by Western blotting with anti-GFP antibodies. B.
Heterodimerization of α2B-AR and α2B-ARm. HEK293T cells were transfected with HA-
α2B-ARm plus AT1R-GFP (left lane) and HA-α2B-ARm plus α2B-AR-GFP (right lane),
solubilized and immunoprecipitated with anti-HA antibodies. HEK293 cells transfected with
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only HA-α2B-ARm or α2B-AR-GFP were mixed together for immunoprecipitation with anti-
HA antibodies (middle lane). The immunoprecipitated receptors were separated by SDS-PAGE
and visualized by Western blotting with anti-GFP antibodies. The data shown are
representative of at least four independent experiments.
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Fig. 4.
Effect of α2B-ARm on the transport of α2A-AR and α2C-AR. A. DDT-MF2 cells stably
expressing α2A-AR were cultured on 100-mm dishes and transfected with 10 µg of pEGFP-
N1 vector (squares), α2B-ARm-GFP (triangles) or AT1Rm-GFP (diamonds). B. HEK293T
cells were co-transfected with 4 µg of α2A-AR in pcDNA3 and 6 µg of pEGFP-N1 vector
(squares) or α2B-ARm-GFP (triangles). C. HEK293T cells were co-transfected with 4 µg of
α2C-AR in pcDNA3 and 6 µg of pEGFP-N1 vector (squares) or α2B-ARm-GFP (triangles).
Membrane preparation (25 µg) was incubated with increasing concentrations of [3H]-
RX-821002 (1.25–160 nM) for 30 min. Specific binding was determined in duplicate and
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nonspecific binding determined in the presence of 10 µM rauwolscine as described under
“Experimental Procedures”. The data shown are representative of three separate experiments.
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Fig. 5.
Effect of α2B-ARm on the transport of endogenous α2-AR. NG108-15 (A) or HT29 cells (B)
were transiently transfected with 10 µg of pEGFP-N1 vector (control), AT1Rm-GFP or α2B-
ARm-GFP. Membrane preparations (200 µg) were incubated with [3H]-RX-821002 at a
concentration of 40 nM for 30 min. Specific binding was determined in triplicate and
nonspecific binding determined in the presence of 10 µM phentolamine (A) or rauwolscine
(B) as described under “Experimental Procedures”. The data are presented as the mean ± SE
of three experiments. *P <0.05 versus control.
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Fig. 6.
Effect of α2-ARm on ERK1/2 activation by α2A-AR and α2B-AR. HEK293 cells transfected
with 4 µg of α2B-AR (A), or α2A-AR (B) together with 8 µg of pEGFP-N1 vector (control,
squares) or α2B-ARm-GFP (triangles) were stimulated with increasing concentrations of
UK14304 (0.01 to 10 µM) for 5 min. ERK1/2 activation was determined by Western blot
analysis using phospho-specific ERK1/2 antibodies. Left panel-representative blots of ERK1/2
activation (upper panel) and total ERK1/2 expression (lower panel); Right panel-quantitative
data expressed as percent of the ERK1/2 activation obtained in cells transfected with individual
receptors and stimulated with 1 µM UK14304. Similar results were obtained in four separate
experiments.
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