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ABSTRACT

The potential role of dimerization in controlling the expression
and pharmacological properties of «,-adrenoceptor subtypes
was examined using coimmunoprecipitation of epitope-tagged
receptors. Human «4-adrenoceptor subtypes (aqa, ®4g; @1p)
were tagged at their amino-termini with Flag or hemagglutinin
epitopes and transfected into human embryonic kidney 293
cells. Homodimerization of all three subtypes was observed by
coimmunoprecipitation of receptors with different tags and was
not altered by norepinephrine treatment. Heterodimer forma-
tion between hemagglutinin-tagged «,g-adrenoceptors and
Flag-tagged a,A- Or a4p-adrenoceptors was also observed.
However, no «a4./a;p-adrenoceptor heterodimers were ob-
served, suggesting that dimerization is subtype-specific. The
extent of heterodimerization was also unaltered by norepineph-
rine treatment. «4-Adrenoceptor truncation mutants lacking
carboxyl or amino-terminal sequences formed homo- and het-
erodimers similarly to full-length receptors, suggesting that
these domains play little or no role in dimerization. Biotinylation

with a membrane-impermeable agent showed that monomers
and homo- and hetero-oligomers of all three subtypes are
expressed on the cell surface. Radioligand binding studies
showed that heterodimerization did not alter the affinity of
a4-adrenoceptors for norepinephrine, prazosin, or subtype-se-
lective antagonists, suggesting that dimerization does not re-
sult in pharmacologically distinct subtypes. However, coex-
pression of «,g-adrenoceptors significantly increased both
binding site density and protein expression of a;,- and a4p-
adrenoceptors, and increased cell surface expression of a;p-
adrenoceptors, suggesting a functional role for heterodimeriza-
tion. Conversely, coexpression of a,5-with a4p-adrenoceptors,
which did not heterodimerize, had no effect on receptor density
or protein. These studies demonstrate subtype-selective het-
erodimerization of «,-adrenoceptors, which does not change
their pharmacological properties but seems to have functional
consequences in regulating receptor expression and traffick-

ing.

Dimerization of growth factor and cytokine receptors is
essential for their signaling (Heldin, 1995). However, G-pro-
tein coupled receptors (GPCRs) have traditionally been
thought to function as monomers, with a single receptor
binding ligand and activating G-proteins. Early studies, us-
ing muscarinic/adrenergic receptor chimeras, suggested that
the monomeric GPCR model may not completely explain the
mechanisms of GPCR function. These studies demonstrated
that two binding-deficient muscarinic/adrenergic chimeras
could form a receptor capable of specific ligand binding and
signaling upon coexpression. Thus, it was suggested that a
direct interaction between the two chimeras could reconsti-
tute a ligand binding pocket (Maggio et al., 1993).
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Strong evidence now suggests that some GPCRs, such as
GABAj and taste receptors, exist as obligate heterodimers
and that dimerization may alter the functional, pharmaco-
logical or regulatory properties of many other GPCRs (Bou-
vier, 2001; Rios et al., 2001). These observations have revo-
lutionized contemporary views of GPCR function, raising
previously unconsidered possibilities of multiple subunits,
multiple binding sites, and additional subtypes that cannot
be explained by existing GPCR clones expressed in isolation.
GPCR dimerization may be mediated by covalent and/or non-
covalent interactions, may involve extracellular, transmem-
brane, or intracellular domains, and, in some cases, may be
altered by agonist occupancy (Bouvier, 2001; Rios et al.,
2001). Strikingly, two closely related opioid receptors (k and
8) heterodimerize to form receptors with distinct ligand bind-
ing profiles and functional properties (Jordan and Devi,
1999; Jordan et al., 2000). These studies suggest that dimer-

ABBREVIATIONS: GPCR, G protein coupled receptor; AR, adrenoceptor; HEK, human embryonic kidney; BMY7378, 8-[2-[4-(2-methoxyphenyl)-
1-piperazinyl]ethyl]-8-azaspiro[4.5]decane-7,9-dione dihydrochloride; HRP, horseradish peroxidase; HA, hemagglutinin, ; ECL, enhanced chemi-
luminescence; DBM, n-dodecyl-B-p-maltoside; PBS, phosphate-buffered saline; PNGase F, N-glycosidase F; TBST, Tris-buffered saline contain-
ing 0.1% Tween-20; PAGE, polyacrylamide gel electrophoresis; sulfo-LC-NHS-biotin, sulfosuccinimidyl-6-(biotinamido) hexanoate; BE 2254,
2-[8-(4-hydroxyphenyl)-ethylaminomethyl]-tetralone; '2°IBE, '25I-BE 2254; NE, norepinephrine.
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ization of GPCRs may represent a novel mechanism modu-
lating receptor pharmacology, trafficking and/or function.

a;-Adrenoceptors («;-ARs) are G,/;; coupled receptors that
mediate responses to the neurotransmitters and hormones
norepinephrine (NE) and epinephrine. «;-ARs initiate sig-
nals by activating phospholipase C and generating second
messengers that release stored intracellular Ca®* and stim-
ulate protein kinase C. Three human «;-AR subtypes (aq4,
a,p, and a;p) have been cloned, each encoded by different
genes (Zhong and Minneman, 1999). These subtypes are
highly homologous within their transmembrane domains but
share little homology at their amino and carboxyl termini
(Schwinn et al., 1995). Localization studies have shown that
human tissues such as brain, heart, and vascular smooth
muscle express mixtures of a;-ARs (Rokosh et al., 1996;
Zhong and Minneman, 1999), and homogeneous cell popula-
tions, such as rat cardiomyocytes and clonal human SK-
N-MC neuroepithelioma cells, have also been found to coex-
press all three «a;-AR subtypes (Rokosh et al., 1996; Zhong
and Minneman, 1999). Furthermore, there is pharmacologi-
cal evidence for additional «;-AR subtypes that cannot be
explained by the existing clones (Endoh, 1996; Ford et al.,
1996, 1997; Rokosh et al., 1996; Zhong and Minneman, 1999).
For example, a;;-AR, a subtype that has a relatively low
affinity for prazosin, has been described in functional studies
but has not been identified molecularly (Ford et al., 1997,
Muramatsu et al., 1998). Other studies have also indicated
discrepancies between native «;-ARs and recombinant sub-
types (Johnson and Minneman, 1986; Han and Minneman,
1991). The possibility that native «;-AR subtypes may form
dimers could partially explain such complexity.

Recent studies from our laboratory suggested that epitope-
tagged human «;-AR subtypes can exist as both monomers
and SDS-resistant homodimers and oligomers (Vicentic et
al., 2002). In this study, we used biochemical and pharmaco-
logical approaches to examine the potential role of dimeriza-
tion of human «;-AR subtypes in controlling their expression
and pharmacological properties.

Materials and Methods

Materials. The human «,,-AR ¢cDNA (Hirasawa et al., 1995) was
kindly provided by Dr. Gozoh Tsujimoto (National Children’s Hospi-
tal, Tokyo, Japan), human a;5-AR ¢cDNA (Ramarao et al., 1992) was
provided by Dr. Dianne Perez (Cleveland Clinic), and human «;,-AR
was cloned in our laboratory (Esbenshade et al., 1995). Other mate-
rials were obtained from the following sources: HEK293 cells (Amer-
ican Type Culture Collection, Manassas, VA); fura-2/acetoxymethyl-
ester and n-dodecyl-B-D-maltoside (Calbiochem, La Jolla, CA); (—)-
norepinephrine bitartrate, BMY7378, S-(+)-niguldipine, Dulbecco’s
modified Eagle’s medium, penicillin, streptomycin, anti-Flag M2 af-
finity resin, and HRP-conjugated anti-Flag M2 antibody (Sigma
Chemical Co., St. Louis, MO); anti-hemagglutinin (HA) affinity ma-
trix (Roche, Indianapolis, IN); anti-HA tag polyclonal antibody and
mammalian expression vector pPCMV (BD Biosciences Clontech, Palo
Alto, CA); sulfo-LC-NHS-biotin, Supersignal enzyme-linked immu-
nosorbent assay Pico chemiluminescent substrate, and Immunopure
immobilized streptavidin (Pierce, Rockford, IL); prazosin (Pfizer,
Groton, CT); ECL reagent, [1?*I]arylazidoprazosin and carrier-free
Na 25T (Amersham, Chicago, IL). G418 (geneticin), all electrophore-
sis reagents, and precast 4 to 20% Tris-Glycine polyacrylamide gels
were obtained from Invitrogen (Carlsbad, CA), and Superfect Trans-
fection Reagent was from QIAGEN (Valencia, CA) .

Epitope-Tagged «,-AR Constructs. Human «;-AR ¢cDNAs were
generated by polymerase chain reaction and subcloned into the
mammalian expression vector pDT containing in-frame N-terminal
hexahistidine and Flag epitope tags as described previously (Robeva
et al., 1996; Vicentic et al., 2002). These subtypes were also sub-
cloned into the mammalian expression vector pCMV containing an
in-frame N-terminal HA tag (YPYDVPDYA). After sequencing,
unique restriction enzyme sites were used to replace the Flag-hexa-
histidine tag in pDT with the HA-epitope tag to allow generation of
stable cell lines under the selection of 400 wg/ml G418.

Cell Culture and Transfection. HEK293 cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 10 mg/ml streptomycin, and 100 U/ml penicillin at
37°C in a humidified atmosphere with 5% CO, (Esbenshade et al.,
1993). Cells were transfected with the tagged human «,-AR subtypes
by calcium phosphate precipitation (30 pug/15-cm plate). Transfected
cells were propagated for several weeks in the presence of 400 ug/ml
G418, and subclones were screened by radioligand binding for recep-
tor expression. HA-tagged receptors were transiently transfected
into a stable cell line expressing individual Flag-tagged receptors for
receptor coexpression studies using 20 to 30 ug of cDNA, and cells
were harvested 48 to 72 h after transfection.

Radioligand Binding and Ca?* Measurements. For radioli-
gand binding, confluent 15-cm plates were washed with phosphate-
buffered saline (PBS; 20 mM NaPO,, 154 mM NacCl, pH 7.6) and
harvested by scraping. Cells were collected by centrifugation and
homogenized with a Polytron homogenizer (Kinematica, Basel, Swit-
zerland). Cell membranes were collected by centrifugation at 30,000g
for 20 min and resuspended by homogenization in 1X buffer (25 mM
HEPES, 150 mM NaCl, pH 7.4, 5 mM EDTA) with a protease
inhibitor cocktail (1 mM benzamidine, 3 uM pepstatin, 3 uM phe-
nylmethylsulfonyl fluoride, 3 uM aprotinin, and 3 uM leupeptin).
Radioligand binding sites were measured by saturation analysis of
specific binding of the «;-AR antagonist radioligand '?°I-BE 2254
(**’IBE; 20-800 pM). Nonspecific binding was defined as binding in
the presence of 10 uM phentolamine. The pharmacological specificity
of radioligand binding sites was determined by displacement of
125IBE (50-70 pM) by selected agonists and antagonists, and data
were analyzed by nonlinear regression (Theroux et al., 1996). Intra-
cellular Ca%* mobilization was measured using fura-2 as described
previously (Theroux et al., 1996).

Photoaffinity Labeling. Photoaffinity labeling was performed
on membranes from HEK293 cells expressing Flag- or HA-tagged
aq-adrenoceptors. Membranes were prepared as described above for
radioligand binding (1 ug protein/ul), and treated in the dark for 1 h
at room temperature with 6 nM [1?°T]arylazidoprazosin (Vicentic et
al., 2002). Nonspecific labeling was determined in the presence of 1
uM unlabeled prazosin. While still in the dark, open tubes were
exposed to 6000 ud/cm? ultraviolet light for 3 min using a Stratal-
inker. Membranes were then washed once with 1 ml of 1X buffer A
with protease inhibitors, centrifuged at 16,000g for 5 min and the
pellet homogenized in 0.5 ml of 2X buffer A (50 mM HEPES, 300 mM
NaCl, pH 7.4) containing protease inhibitors. Radiolabeled mem-
branes were solubilized with 2% n-dodecyl-B-D-maltoside (DBM) in
1X buffer supplemented with protease inhibitor cocktail for 2 h at
4°C with gentle agitation. After solubilization, the soluble fractions
(16,000g) and remaining insoluble material were counted on an
automatic gamma counter (1470; PerkinElmer Wallac, Gaithers-
burg, MD),

Solubilization and Immunoprecipitation. Membrane prepa-
rations (2-3 mg protein) were prepared as described above and
solubilized with 2% DBM in 1X buffer supplemented with protease
inhibitor cocktail for 2 h at 4°C with gentle agitation. After solubi-
lization, samples were centrifuged at 16,000g or 100,000g and the
supernatant was diluted to 0.2% DBM in 1X buffer with protease
inhibitors. Soluble receptors were incubated with M2 anti-Flag or
anti-HA affinity matrix overnight at 4°C with gentle agitation. Resin
was collected by centrifugation, washed with 1X buffer, deglycosy-



lated on the resin with N-glycosidase F (PNGase F) with gentle
agitation for 2 h at room temperature, and then eluted with 4X
sample buffer (62.5 mM Tris-HCI, pH 6.8, 20% glycerol, 2% SDS, and
5% B-mercaptoethanol).

Western Blots. Immunoprecipitated samples were run on 4 to
20% Tris-glycine SDS-PAGE, transferred to nitrocellulose, and mem-
branes blocked with 5% nonfat dried milk in Tris-buffered saline
containing 0.1% Tween-20 (TBST) for 1 h at room temperature or
overnight at 4°C with gentle agitation. Membranes were then incu-
bated with the appropriate concentration of HRP-conjugated M2-
anti-Flag antibody or anti-HA-polyclonal antibody for 1 h at room
temperature. Membranes were washed with TBST and detected with
ECL or incubated with the appropriate concentration of secondary
IgG antibody and then detected with ECL.

Biotinylation of Cell Surface «;-ARs. Before membrane prep-
aration, intact HEK293 cells expressing single Flag-a;-AR subtypes
or coexpressing different Flag- and HA-tagged «;-ARs were rinsed
with PBS and treated with 1.7 mg/ml Sulfo-LC-NHS-biotin, a mem-
brane impermeant biotinylation agent, for 30 min at room tempera-
ture. The reaction was quenched by incubating cells with 500 mM
Tris-HCI, pH 7.5, for 5 min at room temperature. Membranes were
prepared and solubilized as described above and precipitated with
immobilized streptavidin or anti-Flag affinity resin overnight at 4°C
with gentle agitation. Resin was collected by centrifugation, washed
with 1X buffer, receptors were deglycosylated with PNGase F on the
resin with gentle agitation for 2 h at room temperature, and eluted
with 4X sample buffer. Fractions (30 ul) were separated by SDS-
PAGE, transferred to nitrocellulose, and blocked as described above.
Membranes were incubated with HRP-conjugated M2-anti-Flag an-
tibody or HRP-conjugated streptavidin, washed with TBST, and
detected with ECL.

Surface Expression Assay. Stably transfected HEK293 cells
were transiently transfected with tagged human «;-AR subtypes by
Superfect transfection reagent (10 wg/10-cm plate). One day after
transfection, cells were split into poly-D-lysine—coated 35-mm dishes
(Biocoat) and grown overnight at 37°C. The cells were rinsed in PBS,
fixed with 4% paraformaldehyde in PBS for 30 min, and then rinsed
three times in PBS. The cells were blocked with blocking buffer (2%
nonfat milk in PBS, pH 7.4) for 30 min and then incubated with the
appropriate concentration of HRP-conjugated M2-anti-Flag antibody
in blocking buffer for 1 h at room temperature. The cells were
washed three times with blocking buffer, then once with PBS, and
then incubated with enzyme-linked immunosorbent assay ECL re-
agent for 15 s. The luminescence, which corresponds to the amount
of receptor on the cell surface (Xu et al., 2003), was determined by
placing the plate inside a TD20/20 luminometer (Turner Designs,
Sunnyvale, CA).

Results

Characterization of HA-Tagged «,-AR Subtypes. We
made N-terminal HA-tagged human «,-AR subtypes for use
with our previously characterized Flag-tagged subtypes (Vi-
centic et al., 2002) to directly examine homo- and het-

TABLE 1
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erodimerization. Constructs were expressed in HEK293 cells,
which do not endogenously express detectable a;-ARs, and
the density of recombinant receptor expression was deter-
mined by radioligand binding to be 0.3 to 16 pmol/mg of
protein (Table 1). The three HA-a;-AR subtypes exhibited
similar Ky, values for the radioligand **IBE (Table 1), which
were similar to Ky, values reported for **’IBE at both wild-
type and Flag-tagged human «;-ARs (Esbenshade et al.,
1993; Han and Minneman, 1991; Vicentic et al., 2002). The
pharmacological specificities of the binding sites were also
unaffected by the N-terminal tag, because K; values for the
agonist NE, the nonsubtype selective antagonist prazosin,
the «y,-selective antagonist (+)-niguldipine, and the a;p-
selective antagonist BMY7378 in competing for specific
125IBE binding to HA-tagged subtypes showed no significant
differences from those observed at wild-type and Flag-tagged
a;-AR subtypes (Table 1) (Han and Minneman, 1991; Esben-
shade et al., 1993; Lei et al., 2002). HA-tagged subtypes also
showed NE-stimulated increases in intracellular Ca®" (data
not shown). Epitope-tagged receptor proteins were examined
by Western blots after solubilization, immunoprecipitation,
and deglycosylation (Fig. 1). An anti-HA antibody detected
what seemed to be both monomers («;,, ~50 kDa; a5, ~65
kDa; a;p, ~80 kDa) and dimers (~100,130,160 kDa) and
oligomers (~150-240 kDa) of each receptor as observed pre-
viously with Flag-«;-AR subtypes (Vicentic et al., 2002).

Homodimerization of «;-AR Subtypes. To obtain direct
evidence for a;-AR homodimerization, each HA-tagged a;-AR
subtype was transiently transfected into HEK293 cells (100—
500 fmol/mg) stably expressing the same subtype containing
a Flag tag (either Flag-a, -, Flag-a;3-, or Flag-a;-; 150-600
fmol/mg). Membranes from cotransfected cells were solubi-
lized and immunoprecipitated with anti-Flag or anti-HA an-
tibody. After elution and separation on gels, proteins were
visualized by Western blots with anti-Flag antibody or an-
ti-HA antibody. Figure 2 shows that the anti-Flag antibody
apparently detected monomers (a;,,~50 kDa; a;5, ~65 kDa;
a1p,~80 kDa), dimers and oligomers (~110-240 kDa) of all
three subtypes in immunoprecipitates from either anti-Flag
or anti-HA antibody (Fig. 2). Because no cross-reactivity be-
tween the two antibodies and tags was observed (data not
shown), Flag-a;-ARs must have coprecipitated with HA-«;-
ARs, supporting the existence of receptor homodimers and
oligomers. Similar results were obtained when coexpressed
receptors were detected with anti-HA antibody (data not
shown).

Subtype-Specific Heterodimerization of «,-AR Sub-
types. Differentially tagged combinations of a;-AR subtypes
were coexpressed at similar levels in HEK293 cells, and

Binding properties of HA-tagged a ;-AR subtypes expressed in HEK293 cells

« 1-AR subtypes with N-terminal HA tags were stably expressed in HEK293 cells, membranes were harvested, and saturation of specific >’IBE binding measured as

described under Materials and Methods. B

max

and K, values were calculated by nonlinear regression of saturation curves, and pKj values for inhibition of binding by NE,

prazosin, (+)-niguldipine, and BMY7378 were determined. Values are presented as mean = S.E.M. of three experiments performed in duplicate.

pK;
Subtypes expressed
B Kp NE Prazosin Ni gl(ﬂ*d)i'p e BMY7378
fmol/mg pM
HA-a;, 1364 = 193 45 + 12 4.9 = 0.12 9.0 = 0.15 9.3 = 0.04 6.0 = 0.08
HA-aq 16165 = 1050 38 =13 5.0 = 0.09 9.3 = 0.09 6.9 + 0.04 6.1 = 0.09
HA-a;p 331 =10 59 = 14 5.5+ 0.14 9.4 = 0.27 6.9 +0.35 8.3 £0.19
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coimmunoprecipitation was used to determine whether these
subtypes form heterodimers. In Fig. 3, left, HA-«;5-ARs were
transiently transfected into HEK293 cells (~300-450 fmol/
mg) stably expressing Flag-a;,- or Flag-a;5-ARs (150-600
fmol/mg). Expression levels of each subtype were within
physiological levels (Schwinn, 1994; Graham et al., 1996;
Michelotti et al., 2000). Membranes from these cotransfected

HA-tagged
%
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Fig. 1. Western blot analysis of HA-tagged-a,-ARs expressed in HEK293
cells. Membranes from cells stably expressing each HA-tagged subtype
were solubilized and immunoprecipitated with anti-HA affinity resin.
Samples were deglycosylated with PNGase F, subjected to SDS-PAGE,
transferred to nitrocellulose, blotted with anti-HA-polyclonal antibody,
and detected with ECL. Arrows indicate apparent monomers and dimers
of each subtype, and the figure is representative of three or four experi-
ments.
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Fig. 2. Coimmunoprecipitation of HA-«,-AR subtypes transiently coex-
pressed in HEK293 cells stably expressing the same Flag-a;-AR subtype.
Cells coexpressing HA- and Flag-tagged «;,-; HA- and Flag-tagged a;p-;
or HA- and Flag-a,,-ARs were harvested and membrane preparations
solubilized and immunoprecipitated (IP) with anti-HA (left) or anti-Flag
(right) affinity resin as indicated. Samples were deglycosylated, and
Western blots (WB) performed with HRP-anti-Flag antibody. Arrows
indicate apparent monomers and dimers of each subtype, and each blot is
representative of three or four experiments.

cells were solubilized, immunoprecipitated with anti-Flag or
anti-HA antibodies, and Western blots performed with anti-
Flag or anti-HA antibodies. Figure 3 demonstrates an inter-
action between coexpressed Flag-a;, and HA-a;5-ARs. As
expected after anti-Flag immunoprecipitation, the anti-Flag
antibody detected bands migrating as monomers (52 kDa)
and dimers (110 kDa) of Flag-a;,. After anti-HA immuno-
precipitation, anti-Flag antibody also detected monomers
and dimers of Flag-a;,, presumably caused by association
with HA-a,p (Fig. 3, Left). After anti-HA immunoprecipita-
tion, the HA-a;5 seemed as both monomers and dimers of a
higher molecular mass, as expected.

Figure 3, center, also shows interactions between coex-
pressed Flag-a;5 and HA-«,5-ARs. After coexpression, solu-
bilization, and immunoprecipitation with anti-Flag antibody,
monomers (80 kDa), dimers (160 kDa), and trimers (240 kDa)
of Flag-a;,-ARs were apparent as observed previously. After
anti-HA immunoprecipitation, anti-Flag antibody also de-
tected similar Flag-a;-ARs, indicating interactions between
Flag-a;p and HA-a;5-ARs (Fig. 3, center). Dimers and oli-
gomers were also observed after anti-HA precipitation. As
expected, after immunoprecipitation with anti-HA antibody
the HA-a;5 seemed as both monomers and dimers on an
anti-HA blot, which were smaller than Flag-a;,-ARs.

Because a;5-ARs formed heterodimers with both «,,- and
a;p-ARs, we wanted to determine whether o, /a;p-AR het-
erodimers could also be detected. HA-a;,-ARs were tran-
siently expressed (~200-300 fmol/mg) into stably expressing
Flag-a;-AR HEK293 cells (~150-300 fmol/mg), solubilized,
and immunoprecipitated with anti-HA or anti-Flag antibod-
ies. Figure 3 (right) shows that after immunoprecipitation
with anti-HA antibody, Flag-a;p-ARs were not detected by
anti-Flag antibody, even after long exposure times. However,
parallel blots of anti-Flag immunoprecipitated Flag-a;,-ARs
and anti-HA immunoprecipitated HA-a;,-ARs detected
bands consistent with monomers and oligomers of each re-
ceptor, respectively (Fig. 3, right), confirming that these re-
ceptors were efficiently expressed at similar levels. Taken
together, these results suggest that interactions between ;-
ARs are restricted to particular combinations of subtypes.

To determine whether these observations were caused by

Flag-A + HA-B Flag-D + HA-B Flag-D+ HA-A
207 =— t:
l « ‘ « . ‘ 1
118 — <« i< -«
«
81 - & -«
-
BT " -
52 — - Gl -«
IP: FLAG HA HA FLAG HA HA FLAG HA HA
WB: FLAG FLAG HA FLAG FLAG HA FLAG FLAG HA

Fig. 3. Immunoprecipitation of HA-tagged «;-AR subtypes transiently
coexpressed with stable Flag-tagged a;-AR subtypes. Left, Flag-a, ,-and
HA-a,5-ARs coexpressed in HEK293 cells. Center, coexpressed Flag-a, -
ARs and HA-a,5-ARs. Right, coexpressed Flag-a;,-ARs and HA-a, ,-ARs.
Membrane preparations from cells expressing different combinations of
subtypes were solubilized and immunoprecipitated (IP) with anti-Flag or
anti-HA affinity resin as indicated. Samples were deglycosylated, elec-
trophoresed and transferred, and Western blots (WB) were performed
with anti-Flag or anti-HA antibodies. Arrows indicate apparent mono-
mers and dimers of each receptor. This blot is representative of three or
four experiments.



interactions of these highly hydrophobic proteins occurring
after solubilization, different HEK293 cell lines, each ex-
pressing only one (Flag-a,, or HA-a;) tagged subtype, were
solubilized, mixed together, and sonicated again to allow the
two receptor populations to come together in the same mi-
celle. When these mixtures were immunoprecipitated with
anti-HA antibody, anti-Flag antibody did not detect Flag-
a;2-AR on Western blots (Fig. 4A, left); and when the mix-
ture was immunoprecipitated with anti-Flag antibody, an-
ti-HA antibody did not detect HA-a;5-ARs (Fig. 4A, right).
Similar results were seen with Flag-a;p- and HA-a;5-AR
mixtures (not shown), demonstrating that these interactions
are not solubilization artifacts, and that receptors must be
coexpressed in cells to interact.

Extent of Solubilization of Epitope-Tagged «,-ARs.
Membranes from HEK293 cells stably expressing epitope-
tagged a;-ARs were solubilized with 2% DBM, which has
previously been used to effectively solubilize G-protein cou-
pled receptors (Gether et al., 1995). We used photoaffinity

A Flag-A Flag-A+HA-B  HA-B Flag-A+HA-B
alone mix alone mix
202 -
os. G -
101 - : ;
A
- -
567 e« sy p
IP: FLAG HA FLAG HA FLAG HA
WB: FLAG HA
B FLAG-A +HA- B
16 100 16 100

13

R

16 100
-

[

mq

IP: FLAG HA

HA

FLAG HA

Fig. 4. A, lack of interaction between presolubilized «,-AR subtypes.
Membrane preparations from HEK293 cells expressing only Flag-a,, or
only HA-a,5-ARs were solubilized, mixed together, re-sonicated, and
immunoprecipitated (IP) with anti-Flag or anti-HA affinity resin as in-
dicated. Samples were deglycosylated with PNGase F, and Western blots
(WB) were performed with anti-Flag antibody (left) or anti-HA antibody
(right). B, membrane preparations from HEK293 cells coexpressing Flag-
a,, and HA-a,5-ARs were solubilized, centrifuged at 16,000g (16) or
100,000g (100) and immunoprecipitated (IP) with anti-Flag or anti-HA
affinity resin as indicated. Samples were deglycosylated, and Western
blots (WB) were performed with anti-Flag or anti-HA antibody as indi-
cated. Arrows indicate apparent monomers and dimers of each receptor.
Results are representative of three or four experiments.

1383

a,-Adrenoceptor Dimerization

labeling to determine the efficiency of DBM solubilization of
a,-ARs. Receptors were covalently labeled with [*2®T]arylazi-
doprazosin before solubilization, and the proportion of la-
beled receptor solubilization was determined. Membranes
expressing a;,-ARs, a;5-ARs, or a combination of «a;,- and
a,z-ARs were labeled with [*?*T]arylazidoprazosin, and total
radioactivity incorporated was determined before and after
solubilization and centrifugation. We found that 83, 86, and
88% of oy 5-, a15-, and a5 +a;5-ARs, respectively, were found
in the soluble fraction, showing that a large majority of
photoaffinity-labeled receptors are solubilized with this pro-
tocol. Because of the low degree of photoaffinity labeling of
a;p-ARs (Vicentic et al., 2002), the degree of solubilization of
this subtype was not determined.

Ultracentrifugation was also used to determine whether
these receptors might be only partially solubilized. Solubi-
lized samples were ultracentrifuged at 100,000g and com-
pared by Western blot analysis to soluble fractions spun at
our standard 16,000g. Figure 4B shows that there are no
differences between solubilized Flag-a;,- and HA-a;5-ARs
after 100,000g or 16,000¢ spins when immunoprecipitated
with anti-Flag or anti-HA resin and blotted with anti-Flag or
anti-HA antibodies. Similar results were seen with the other
a;-AR combinations (not shown), demonstrating that these
interactions are not caused by partial receptor solubilization.

Effect of Agonist Activation on Dimerization. To de-
termine whether agonist occupancy altered homodimer for-
mation, HEK293 cells expressing single Flag-a;-AR subtypes
were pretreated with 100 uM NE for 15 min at 37°C. Western
blots of immunoprecipitated samples from both stimulated
and nonstimulated cells were quantitated by densitometry
and relative band intensities determined. These experiments
showed that NE did not significantly alter either the density
of the bands on Western blots (not shown) or the ratios of
monomers to higher order oligomers (Fig. 5A).

Similar experiments were performed to determine whether
agonist occupancy altered heterodimer formation. HEK293
cells coexpressing HA-a - (~300-450 fmol/mg) and Flag-
aa- or Flag-a;p-ARs (150-600 fmol/mg) were pretreated
with 100 uM NE for 15 min at 37°C before lysis. Solubilized
fractions were immunoprecipitated with anti-HA affinity
resin, and Western blots were performed with anti-Flag an-
tibody. Blots were quantitated by densitometry, showing that
NE did not alter either expression (not shown), or the extent
of heterodimer formation for the Flag-tagged subtype in ei-
ther combination (Fig. 5, B and C). NE also did not induce
heterodimer formation between «;,- and «;-ARs (data not
shown). These results indicate that dimerization of «;-AR
subtypes is independent of agonist activation.

Effect of C-Terminal Truncation on Dimerization. To
examine a possible role for the intracellular C terminus in
a;-AR dimerization, we constructed C-terminal truncation
mutants of each Flag-a;-AR subtype. Truncations were made
14 to 16 amino acids (aa) after the end of the predicted 7th
transmembrane domain, at a conserved glutamine (aq4,
Gln344; a;5, GIn366) or adjacent arginine (a;p, Arg418) by
mutation into a stop codon, and C-truncated (Ctr) Flag-a;-
ARs stably expressed in HEK293 cells. In Fig. 64, it is
apparent that after solubilization and immunoprecipitation
with anti-Flag antibody, Western blots with anti-Flag anti-
body detected bands migrating as monomers and dimers of
the Flag-Ctra,,-, a;p-, and a;p-ARs. As expected, C-trun-



1384  Uberti et al.

cated mutants were about 30% smaller than full-length re-
ceptors, with the corresponding monomers running around
36, 40, and 45 kDa and dimers around 75 to 100 kDa. Full-
length HA-a;5-ARs (~300-450 fmol/mg) were then trans-
fected into HEK293 cells stably expressing Flag-Ctr-a,,
Flag-Ctr-a;5, or Flag-Ctr-a;-ARs at physiological levels
(100—400 fmol/mg). After solubilization and immunoprecipi-
tation with anti-HA affinity resin and deglycosylation, West-
ern blots were performed with anti-Flag antibody. Figure 6B
shows that anti-Flag antibody detected monomers and
dimers of all three C-truncated mutants after immunopre-
cipitation with anti-HA antibody, indicating interactions be-
tween full-length HA-«;5-ARs and each Flag-Ctr-a;-AR sub-
type. The size of the anti-HA coprecipitated Ctr-a,-ARs were
similar to those observed after anti-Flag immunoprecipita-
tion, although the ratio of monomers to oligomers was higher
in the anti-HA versus anti-Flag immunoprecipitated sam-
ples. These results suggest that full-length a;5-ARs form
dimers with a,-, @15, or a;p-AR C-truncated mutants, sup-
porting the hypothesis that the C-terminal domain is not
critical for this interaction.
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Fig. 5. Lack of effect of NE on dimerization of a;-AR subtypes. Intact cells
expressing one or more tagged subtypes were serum starved for 2 h and
treated with or without 100 uM NE for 15 min. Membranes were har-
vested, solubilized, immunoprecipitated, and blotted with anti-Flag an-
tibody. Western blots (not shown) were analyzed by densitometry for
monomers and dimers as determined by their apparent molecular
masses. A, percentage relative band intensity comparing distribution of
stimulated and unstimulated Flag-a,,-, Flag-a,5-, or Flag-a;,-ARs ex-
pressed in isolation. B and C, Flag-a;,-ARs or Flag-a;,-ARs were co-
transfected with HA-a,5-ARs, immunoprecipitated with anti-HA affinity
resin, and blotted with anti-Flag antibody. The percentage of relative
band intensities of the Flag-tagged subtypes in the presence or absence of
NE were quantitated. The density of each band is expressed as a per-
centage of the density of the unstimulated monomer band (set as 100%).
Data represents mean += S.E.M. of three independent experiments.

Effect of N-Terminal Truncation on «,;,-AR Dimer-
ization. o;H-ARs have an unusually long extracellular N
terminus (95 aas) compared with a;,- and a;5-ARs (25 and
45 aa). We examined the possibility that the N terminus of
a;p-ARs might be involved in heterodimerization by gener-
ating mutants truncated at Gly”® (Pupo et al., 2003). N-Trun-
cated-a,, coding sequence was subcloned into the expression
vector pDT containing an N-terminal Flag tag, and Flag-Ntr-
a;p-ARs were transiently coexpressed with full-length HA-
a;p-ARs in HEK293 cells. After immunoprecipitation with
anti-Flag antibody, Western blots were performed with anti-
Flag or anti-HA antibodies. Figure 6C shows that anti-Flag
antibody detected monomers and dimers of Flag-Ntr-a;p-
ARs with approximate molecular masses of 55 and 110 kDa,
as previously reported (Pupo et al., 2003). Figure 6C also
shows that anti-HA antibody detected monomers and dimers
of full-length HA-«;5-ARs immunoprecipitated by the anti-
Flag antibody, indicating an interaction between the full-
length HA-«; 5 and Flag-Ntr-a;»-ARs, suggesting that the N
terminus is not required for heterodimerization.

Biotinylation of Monomers and Higher Order Oli-
gomers. To determine whether «;-AR homodimers were
present on the cell surface, intact HEK293 cells expressing
single Flag-a;-AR subtypes were treated with the mem-
brane-impermeant biotinylating reagent sulfo-LC-NHS-bi-
otin before membrane preparation. After solubilization, bio-
tinylated proteins were precipitated with streptavidin,
deglycosylated, and eluted with 4X sample buffer. Western
blots of streptavidin-purified samples were performed with
anti-Flag antibody to determine which receptor species were
subject to cell-surface biotinylation. Monomers of all three
receptors corresponding to their predicted molecular masses
(a14,~50 kDa; ay5, ~65 kDa; aypp,~80 kDa) could be detected
in the surface biotinylated samples (Fig. 7, top left), although
the a;, signal was weak and required a long exposure time
for detection. In addition, homodimers and trimers of all
three subtypes, corresponding to their predicted molecular
masses, were detected in the streptavidin-purified samples.
To compare with total receptor expression, parallel samples

+HA-B C
CtrA CtrB CtrD

A Alone B
CtrA CtrB CtrD

+HA-B
NirD NtrD

- | 8
R
122 — l — o
96 _ : « i
- H . e > . n
52 - P
— st <
37 = - .
IP: FLAG HA FLAG FLAG
WB:  FLAG FLAG FLAG HA

Fig. 6. Western blot analysis of Flag-a;-AR C-terminal (Ctr) or N-termi-
nal (Ntr) truncation mutants. Flag-tagged Ctr-a,,, Ctr-a;z, or Ctr-a;p-
ARs (CtrA, CtrB, CtrD) were expressed alone (A) or coexpressed (B) with
full-length HA-a,5-ARs (HA-B) in HEK293 cells. C, Flag-tagged N-trun-
cated «a;p-ARs (NtrD) were coexpressed with full-length HA-a;5-ARs
(HA-B) in HEK293 cells. Membrane preparations were solubilized and
immunoprecipitated (IP) with anti-Flag or anti-HA affinity resin as in-
dicated. Samples were deglycosylated and Western blots (WB) performed
with HRP-anti-Flag or anti-HA antibody. Arrows in B and C indicate
apparent monomers and dimers of each subtype. Results are representa-
tive of three or four experiments.



were immunoprecipitated with anti-Flag affinity resin, and
blotted with anti-Flag antibody. All three anti-Flag immuno-
precipitated receptors were also visible as monomers, dimers
and trimers (Fig. 7, top right). Sequential coimmunoprecipi-
tations were also done to further determine which receptor
complexes were present on the cell surface. In these experi-
ments, biotinylated «;-AR samples were immunoprecipitated
with anti-Flag and then anti-HA resin before detection with
streptavidin on Western blots. However, no bands were de-
tected on these blots (data not shown) even after long expo-
sure times, probably because of poor recovery of samples
after this complex procedure.

To determine whether heterodimers were present on the
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Fig. 7. Surface expression of Flag-a;-AR subtypes detected with a mem-
brane-impermeant biotinylating reagent. Intact HEK293 cells expressing
individual Flag-a;-AR subtypes (top) or a combination of subtypes as
indicated (bottom) were treated with sulfo-LC-NHS-biotin and harvested,
and membranes were prepared. Membranes were solubilized and precip-
itated (IP) with either immobilized streptavidin or anti-Flag affinity
resin, as indicated. Samples were deglycosylated and eluted with 4X
sample buffer. Equal amounts of protein (in 30 ul) were loaded onto
Western blots (WB) detected with HRP-anti-Flag antibody (top) or HRP-
streptavidin (bottom). Closed arrows indicate apparent monomers and
dimers of each receptor (top) or apparent heterooligomers of Flag-a; - +
HA-«,5-ARs or Flag-a,- + HA-a,5-ARs (bottom); hollow arrow indicates
apparent HA-a,5-AR dimers (bottom) that were observed in both coex-
pression samples. These blots are representative of two to six experi-
ments.
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cell surface, cells cotransfected with Flag-a;,- and HA-a; -
ARs, or cotransfected with Flag-a;p- and HA-a;5-ARs, were
also treated with sulfo-LC-NHS-biotin. After solubilization,
biotinylated proteins were immunoprecipitated with anti-
Flag affinity resin, deglycosylated, eluted with sample buffer,
and blotted with HRP-streptavidin. In Fig. 7, bottom, high
molecular mass species apparently corresponding to trimeric
complexes of a;,- and a;5-ARs (~150-160 kDa) were de-
tected by streptavidin on the cell surface, along with appar-
ent HA-a;5-AR dimers (~125 kDa). After a long exposure,
dimers of Flag-a; ,-ARs were also detected on the cell surface
(data not shown). Figure 7, bottom, also shows large molec-
ular mass species consistent with heterodimers and -trimers
of a;5- and a;H-ARs (~145-200 kDa) detected by streptavi-
din, along with apparent HA-a;5-AR homodimers. These
data indicate that oligomeric complexes of a;p/a;,-ARs and
a;p/ap-ARs are expressed on the cell surface, although it is
difficult to determine, in these higher order complexes, which
receptors are actually present and in what proportion.

Pharmacological Characterization of «,-AR Het-
erodimers. The binding properties of heterodimers were
determined using the antagonist radioligand '2?°IBE. The
density of binding sites (B,,,,) and affinity (K;,) for '**IBE
were determined by saturation analysis of specific *’IBE
binding in membranes from cells transfected with different
combinations of tagged subtypes expressed alone or together
(Tables 2 and 3), with each experiment representing three to
four different transfections. No significant differences in af-
finity for '?°IBE were found with any combinations of sub-
types examined (Tables 2 and 3).

Inhibition of specific 1?°IBE binding by the agonist NE, the
non—subtype-selective antagonist prazosin, the a,,-selective
antagonist (+)-niguldipine, or the «a;p-selective antagonist
BMY7378 was examined in each preparation, and K; values
were determined by nonlinear regression analysis (Fig. 8,
Table 4). We found no changes in apparent K, values for
prazosin, which binds to all cloned subtypes with similar
affinities, when combinations of «;-AR subtypes were coex-
pressed. However, the subtype-selective antagonists (+)-
niguldipine and BMY7378 showed different affinities for in-
dividual subtypes, as previously reported, and competition
curves for these drugs in cells expressing combinations of
subtypes were clearly biphasic (Fig. 8). Biphasic curves were
separated into two components by nonlinear regression anal-
ysis to determine the fraction of high- and low-affinity bind-
ing sites and the affinity of the competing drug for each site.

When a;,- and a;5-ARs were coexpressed, two-site analy-
sis of inhibition of specific ***IBE binding by (+)-niguldipine
(Fig. 8A) showed that 68% of binding sites had a high affinity
characteristic of a;,-ARs. Receptor density in HEK293 cells
expressing only a;,-ARs, only a;5-ARs, or a combination of
a;ata;p-ARs is shown in Table 2, and the density of each
subtype was calculated by multiplying total B, . by the
fraction of sites showing high or low affinity for (+)-niguldip-
ine. a;,- or a;p-ARs expressed alone showed similar B,
values (Table 2), however the density of a; ,-ARs was signif-
icantly increased (by approximately 66%) when coexpressed
with a;5-ARs, whereas a;5-AR density was not significantly
altered (Table 2). Densitometric analysis of Western blots of
samples immunoprecipitated with anti-Flag antibody also
showed an 83 *= 1.9% increase in signal strength for Flag-
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a;4-AR protein upon coexpression of «; - and a;5-ARs, com-
pared with Flag-a, ,-ARs expressed alone (Fig. 9A).

When «a;-ARs were coexpressed with either a;,- or a;p-
ARs, the fraction of binding sites with a high affinity for the
a;p-selective antagonist BMY7378 was used to determine
the proportion of a;,-ARs. Receptor density was determined

TABLE 2

in cells expressing a;-, a1p-, or a;p-ARs alone, a;5-+a;p-
ARs, or a;5-+a;p-ARs (Table 3). The proportion of a;5-ARs
was 31% for a5+, and 19% for a, o +a;p-AR combinations
(Fig. 8, B and C). B, values for each subtype were calcu-
lated and showed that «;-AR density increased by 68% and
a;5-AR density by 119% when the two subtypes were coex-

125IBE binding to Flag-a ;, and HA-a ;5-ARs expressed alone and together
Differentially tagged « 1-AR subtypes were expressed alone or HA-a ;5-ARs were transiently expressed in HEK293 cells stably expressing Flag-a 15,-ARs, membranes were

harvested, and B,

and Kp, values were calculated by nonlinear regression of saturation curves of specific 12’IBE binding. Estimated B, values for each coexpressed

subtype were calculated from the fraction of high- and low-affinity binding sites for (+)-niguldipine (see Fig. 8). Values are presented as mean = S.E.M. of three independent

transfection experiments performed in duplicate.

Estimated B, ,,
Subtypes Expressed Kp B, ax Flag-a;p HA-a;
M fmol/mg fmol/mg
Flag-a; 5 415 661 = 102
HA-a,5 39 =13 471 £ 61
Flag-a;, + HA-a45 45 £ 12 1635 + 69 1098 + 794 +66%") 537 * 15(+14%°)

¢ Significantly different (P < 0.05), using unpaired ¢ test analysis, compared with the same subtype expressed alone using student ¢ test analysis.

® Increase in B, compared with the same subtype expressed alone.

TABLE 3

125IBE binding to HA-«a 5, HA-a -, and Flag-a ;,-ARs expressed alone and together

Differentially tagged « ;-AR subtypes were expressed alone or HA-a ;5- or HA-a 15,-ARs were transiently expressed in HEK293 cells stably expressing Flag-a ;p-ARs,
membranes were harvested, and B,,,, and Ky, values calculated by nonlinear regression of saturation curves of specific >’IBE binding. Estimated B,,,, values for each
coexpressed subtype were calculated from the fraction of high- and low-affinity binding sites for BMY7378 (see Fig. 8). Values are presented as mean = S.E.M. of three

independent transfection experiments performed in duplicate.

Estimated B,

Subtypes Expressed Ky Bax HA-a5 HA-o4 Flag-a;p
pM fmol/mg fmol/mg
HA-a4, 45 = 22 452 =70
HA-o 37*3 481 + 44
Flag-a,p, 64 + 16 273 =7
Flag-o,, +HA-0 50 = 16 1513 £ 121 1052 *+ 84%(+119%°) 458 = 44%(+68%")
Flag-a,n+HA-a; 49 £ 7 644 + 107 532 = 92(+14%°) 179 * 25 (—34%")

“ Significantly different (P < 0.05), using unpaired ¢ test analysis, compared with the same subtype expressed alone using student ¢ test analysis.

® Increase in B, .« compared with the same subtype expressed alone.
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binding by subtype-selective antago-
nists. A, inhibition by the a, ,-selective
antagonist (+)-niguldipine in mem-
branes from HEK293 cells expressing
1 Flag-a,,, HA-a,5, or both. B, inhibi-

40 9 -8 7 6
[(+) Niguldipine] log M

aqploqp

® oqp
G1p

% Specific
% Specific

25+

0

tion by the a;p-selective antagonist
BMY7378 in membranes from
HEK293 cells expressing Flag-a;p,
HA-«, 5, or both. C, inhibition by the
a;p-AR selective antagonist BMY7378
in membranes from HEK293 cells ex-
pressing Flag-a,;,, HA-a,,, or both.
Data are plotted as percentage of spe-
cific binding remaining at the indi-
cated drug concentrations. Each point
is the mean = S.E.M. from three to
four different transfection experi-
ments, each performed in duplicate.

a (1,1AIU.1D
A 0qp
® oqp

T T

-1l0 -9 -8 —l7
[BMY7378] log M

T T
-12 11 10 -l9

8 7
[BMY7378] log M



pressed (Table 3). However, when a;,- and a;-ARs (which
do not coimmunoprecipitate) were coexpressed, no significant
increases were observed in the density of either subtype
(Table 3). Compared with Flag-a;,-ARs expressed alone,
densitometric analysis of Western blots also detected an 80 +
3.0% increase in Flag-a;-AR total protein expression only
when «;5-, and not a;,-ARs, were coexpressed (Fig. 9A).
These results show that coexpression of subtypes that form
heterodimers (a;5+a;4 Or a;g+a;p) alters both receptor den-
sity and receptor protein levels, whereas coexpression of sub-
types that do not form heterodimers (a; 5 +a;p) does not. This
coincidence raises the possibility that the observed alter-
ations in receptor density may be a functional consequence of
a;-AR heterodimerization.

Increased Cell Surface Expression. The data from the
ligand binding and Western blot analysis suggested that the
processing and/or trafficking of a;-ARs might be regulated
by coexpression with a;5-ARs. Therefore, we used a quanti-
tative luminometer-based assay to directly determine
whether the increase in «a;-AR expression when coexpressed
with a,5-ARs was related to an increase in receptor surface
expression. Interestingly, several laboratories have reported
that «;-ARs tend to be localized intracellularly and are
poorly expressed on the cell surface (Daly et al., 1998; Mec-
Cune et al., 2000; Chalothorn et al., 2002). We determined
surface expression of Flag-a;-ARs stably expressed in
HEK293 cells (~150-250 fmol/mg) alone and when coex-
pressed with HA-a;5-ARs (~300-450 fmol/mg), which were
transiently expressed in these cells. As shown in Fig. 9B,
there was a striking 10-fold increase in cell surface expres-
sion of a;p-ARs when coexpressed with a;5-ARs compared
with a;p-ARs alone. These data reveal that coexpression of
a,5-ARs facilitates efficient trafficking of a;-ARs to the cell
surface.

Discussion

Although multiple «;-AR subtypes are known to coexist
within tissues and cells, the functional importance of this
coexistence remains unclear. All three subtypes are known to
respond to the same neurotransmitters and couple to the
same major signaling mechanisms, and responses to combi-
nations of subtypes could therefore be additive, redundant, or
synergistic (Graham et al., 1996; Zhong and Minneman,
1999; Varma and Deng, 2000). However, with the recent
discovery that some GPCRs form dimers that alter their
pharmacological and functional properties, the potential im-

TABLE 4
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plications of the coexistence of these subtypes must be exam-
ined more carefully. Therefore, in this study, we have exam-
ined the possibility that «;-AR subtypes homo- and
heterodimerize into larger multiprotein species that may im-
pact their pharmacological and functional properties.

Our laboratory recently reported that epitope-tagged aq4-,
a,p-, and a;p-ARs form SDS-resistant homodimers and
higher order oligomers when expressed in HEK293 cells.
These SDS-resistant oligomers can be reduced to monomers
under very strong denaturing conditions (6 M urea) (Vicentic
et al., 2002), suggesting that noncovalent mechanisms are
involved. This suggests that there is equilibrium between
monomeric and oligomeric forms of the receptor, which can
be altered by solubilization conditions. In the studies re-
ported here, we provide direct evidence for homodimerization
of all three subtypes in HEK293 cells by coimmunoprecipi-
tation of a;-ARs with different epitope tags. Single subtypes
tagged with either Flag- or HA- epitopes were coexpressed in
HEK293 cells, solubilized, and immunoprecipitated with an-
tibodies to each tag. Each subtype was found to coimmuno-
precipitate with its alternatively tagged version, suggesting
formation of homodimers that can be partially separated into
monomers on an SDS gel under the denaturing conditions
used. Interestingly, larger species with molecular masses
characteristic of dimers or trimers were also observed in
many of these experiments, although we do not know
whether these contain the same or different tags. It seems
that some homodimers are dissociated during preparation of
samples for Western blots, whereas others are SDS-resistant
and run as dimers after partial denaturation and electro-
phoresis.

Similar approaches were used to study heterodimerization
between different «;-AR subtypes. Different subtypes with
distinct epitope tags were coexpressed in HEK293 cells, sol-
ubilized, and immunoprecipitated with tag-specific antibod-
ies. After electrophoresis and blotting, individual subtypes
were detected using anti-tag antibodies. These experiments
showed that a;5-ARs coimmunoprecipitate with either a;,-
or a;p-ARs when expressed in the same cells. Because no
such heterodimerization was observed when solubilized
preparations from cells expressing single subtypes were
mixed together, such coimmunoprecipitation does not seem
to be a result of nonspecific hydrophobic interactions. Fur-
thermore, heterodimerization does not occur via the associa-
tion of partially solubilized receptors, because similar levels
of heterodimers were still present after ultracentrifugation,
which should pellet all partially solubilized proteins. Inter-

Affinities of drugs in competing for specific ***IBE binding to « ;-AR subtypes expressed alone and together in HEK293 cells

Differentially tagged « ;-AR subtypes were expressed alone or together in HEK293 cells, membranes were harvested, and inhibition of specific *2’IBE binding was determined
for the drugs indicated. pKj values were calculated by nonlinear regression of one- or two-site fits as described under Materials and Methods. Values are presented as mean +

S.E.M. of three experiments performed in duplicate.

pK; (+)-Niguldipine BMY 7378
Subtypes Expressed

NE Prazosin PK high PK1 1ow PKT high PK1 1ow
a5 alone 4.9 +0.07 9.3 +£0.18 10.3 = 0.09 6.3 = 0.04
a;p alone 5.2 = 0.04 9.7 = 0.07 7.1 = 0.08 6.6 = 0.04
«,p alone 6.7 = 0.06 9.8 = 0.22 6.9 = 0.35 8.8 = 0.16
aatagg 5.2 = 0.05 9.3 = 0.04 10.2 = 0.05 7.3 =0.09 N.D. N.D.
aatoqp N.D. 9.3 £ 0.10 N.D. N.D. 8.8 = 0.21 6.4 = 0.05
ayptogp 5.3 = 0.04 9.6 = 0.05 N.D. N.D. 8.8 =0.24 6.5 = 0.10

N.D., not determined.
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estingly, coimmunoprecipitation of a; - and a;5-ARs was not
observed after coexpression, suggesting that heterodimer for-
mation occurs only between specific combinations of sub-
types.

Similar subtype-specific heterodimerization has been ob-
served with other GPCRs, including opioid, serotonin, and
somatostatin receptors (Bouvier, 2001; Rios et al., 2001).
Coimmunoprecipitation studies show dimerization between «
and & but not k and u opioid receptors (Jordan and Devi,
1999), whereas another study found & and w receptor het-
erodimers (George et al., 2000). Interestingly, recent work
suggests that several different AR combinations, including
B;- and B,-ARs (Lavoie et al., 2002) and B;- and a,,-ARs (Xu
et al., 2003), which coexist in many tissues, can also form
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Fig. 9. A, Western blot analysis of «;-AR protein expression in mem-
branes expressing single subtypes or mixtures of subtypes. Left, Flag-
a;5-ARs (Flag-A) expressed alone or in combination with HA-a,5-ARs
(HA-B). Center, Flag-a,-ARs (Flag-D) expressed alone or in combination
with HA-a;5-ARs. Right, Flag-a,,-ARs expressed alone or in combination
with HA-«,,-ARs (HA-A). Membranes were solubilized, immunoprecipi-
tated (IP) with anti-Flag affinity resin, and deglycosylated. Western blots
(WB) were performed with HRP-conjugated anti-Flag antibody and are
representative of three to four different transfection experiments. Arrows
indicate apparent monomers and dimers of each receptor. B, cell surface
expression of Flag-a;,-ARs expressed alone or in combination with HA-
a,5-ARs was quantified via a luminometer-based assay as described
under Materials and Methods. The values for each experiment are rep-
resented as arbitrary relative absorbance units. The bars and error bars
represent the means + S.E.M. for three to six independent experiments.
* significantly different (p < 0.05), using an unpaired ¢ test analysis,
compared with the same subtype expressed alone.

heterodimers that modulate receptor internalization and sig-
naling. Taken together, these studies suggest that subtype-
specific GPCR heterodimer formation may be widespread,
with multiple functional consequences.

The effect of agonist activation on GPCR dimerization var-
ies depending on the receptors involved. Agonist occupancy
has been shown to increase, decrease or have no effect on
dimerization of different GPCRs (Bouvier, 2001; Rios et al.,
2001). We found that stimulation of intact cells with NE did
not alter the levels of homodimers of any «;-AR subtype or
the extent of a; /a;5 or a;p/a;p heterodimers and did not
induce formation of a; s/a; heterodimers. These results sug-
gest that both homo- and heterodimerization of «;-ARs is
constitutive and agonist-independent, similar to results ob-
tained with k opioid and M3 muscarinic receptor ho-
modimers, and angiotensinl/bradykinin B2 heterodimers
(Jordan and Devi, 1999; Jordan et al., 2000).

Mechanisms that have been implicated in GPCR dimeriza-
tion include interactions between specific motifs within
transmembrane domains, intracellular or extracellular loops,
or N- or C-terminal extensions. For example, metabotropic
glutamate receptors form dimers via covalent disulfide bonds
in their very long extracellular N-termini, GABAg receptor
C-termini play a role in GABAg receptor dimerization, and
chimeric a,,-AR-m3 muscarinic receptors require the third
intracellular loops for dimerization (Bouvier, 2001; Rios et
al., 2001). We first examined whether the relatively long
C-tails of a;-AR subtypes might be involved in dimerization
by the use of C-truncated mutants. We found C-truncated
receptors formed both homo- and heterodimers similar to
those formed by full-length receptors, suggesting that their
C-termini are not required for dimerization. Similar results
have been observed with C-truncation mutants of 8 opioid
and dopamine D3 receptors (Cvejic and Devi, 1997). We also
examined the relatively long N terminus of a;-ARs to de-
termine whether it was required for a;-AR homo- or het-
erodimerization and found similar results. Mutated «;-ARs
lacking the N-terminal 79 aa formed SDS-resistant ho-
modimers similar to full-length receptors (Pupo et al., 2003),
and also formed heterodimers with a;p-, but not «;,-ARs,
also similar to full-length «;,-ARs. These results suggest
that dimerization of a;-ARs does not require C- and N-ter-
minal domains, suggesting that «;-AR oligomerization may
occur by a transmembrane domain-swapping model, as has
been proposed previously for B,-ARs (Hebert et al., 1996).

Expression of both homo- and heterodimers of «;-ARs on
the cell surface was examined by use of a membrane-imper-
meant biotinylating reagent (Bai et al., 1998) and subsequent
interaction with streptavidin These data suggest that the
observed «;-AR dimers and oligomers all seem to be ex-
pressed on the cell surface. This was particularly noticeable
for a;p-ARs, which often have low expression levels in
HEK293 cells, and in which the primary species seem to be
homodimers and trimers (Vicentic et al., 2002). In fact, the
pattern of expression of each subtype was similar for total
and cell surface receptor expression, with mixtures of mono-
mers and dimers predominating for a; ,-, monomers for a;g-,
and dimers and trimers for a;5-ARs. This suggests that
homo- and hetero-oligomerization is not specifically confined
to a single subcellular compartment.

One possible consequence of «;-AR dimerization might be
changes in the pharmacological properties of the receptor



binding sites. In fact, there is existing evidence for additional
a;-AR subtypes that cannot be explained by the three known
cloned subtypes (Endoh, 1996; Ford et al., 1996, 1997).
Changes in pharmacological properties have been observed
previously with opioid, somatostatin, and dopamine (Dy/D)
receptor heterodimers, which have novel ligand binding
properties compared with subtypes expressed alone (Jordan
and Devi, 1999; Scarselli et al., 2000). However, other
GPCRs, such as 5-HT,5/5-HT;, serotonin receptor and opi-
oid/adrenergic receptor (8-OR/B,-AR) heterodimers, show no
apparent differences in binding properties upon heterodimer-
ization (Xie et al., 1999; Jordan et al., 2001). We used radio-
ligand binding to examine the affinities of agonists and an-
tagonists in membranes from cells expressing o;-AR
subtypes alone or in different combinations. We found no
changes in apparent K, values for the nonsubtype selective
antagonist prazosin when combinations of a;-AR subtypes
were coexpressed, suggesting that heterodimerization does
not explain the “a,;” subtype previously observed in func-
tional studies of smooth muscle (Ford et al., 1996; Mura-
matsu et al., 1998). However, we cannot rule out the possi-
bility that the a,;, subtype is not labeled by *’IBE. We also
examined the subtype-selective antagonists (+)-niguldipine
(a;4) and BMY7378 (a;p). These drugs showed different K;
values for individual subtypes expressed alone as expected,
but competition curves for these drugs in cells expressing
combinations of subtypes were clearly biphasic. Nonlinear
regression analysis showed that inhibition curves from cells
coexpressing combinations of subtypes were best fit by a
two-site model, with each of the sites characteristic of a
single subtype expressed alone. For example, inhibition of
specific *’IBE binding in cells coexpressing a;,- and a;p-
ARSs by (+)-niguldipine resulted in a two-site fit; one site had
an affinity characteristic of the a;,-subtype and the other
was characteristic of the a;5- subtype expressed alone. Sim-
ilar results were obtained with the «a;p-selective antagonist
BMY7378 when a;,-ARs were coexpressed with other sub-
types. These results suggest that «;-AR heterodimers do not
display any unexpected pharmacological profiles but that
their pharmacological properties seem to be caused by com-
binations of binding sites contributed by individual subtypes.
Thus, heterodimerization of a;-ARs is not likely to account
for the properties of novel subtypes that have been proposed
in native tissues.

In contrast to the lack of effect of subtype coexpression on
receptor pharmacological properties, the surface expression
of a;p-ARs was strikingly increased upon coexpression with
a;p-ARs, suggesting that «;53-ARs may assist in transporting
a;p-ARs to the cell surface. Furthermore, coexpression of
a,5-ARs with o;,- and a;H-ARs significantly increased the
density of a;,- and a;p-AR binding sites and the amount of
receptor protein observed on Western blots. The mechanisms
by which such effects occur remain to be elucidated. It is
interesting that heterodimerization is important in traffick-
ing the GABAg receptor heterodimer to the cell surface,
where the R2 subtype acts as a molecular chaperone and is
essential for proper transport of the R1 subtype (Margeta-
Mitrovic et al., 2001). In addition, dimerization of vasopres-
sin and dopamine receptor C-truncated mutants with wild-
type vasopressin V2 and dopamine D3 receptors prevents cell
surface expression, supporting a role for dimerization in re-
ceptor processing and transport (Karpa et al., 2000; Zhu and
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Wess, 1998). Our data raise the possibility that heterodimer-
ization may enhance the efficiency of «;-AR processing
and/or trafficking, resulting in increased receptor expression.

Interestingly, a number of previous studies have suggested
that a large fraction of a;,-ARs are localized intracellularly,
with a limited cell surface expression (Daly et al., 1998;
McCune et al., 2000; Chalothorn et al., 2002). For example,
a;p-ARs fused with green fluorescent protein seem to be
mainly cytosolic in HEK293 cells (Chalothorn et al., 2002).
These findings support previous observations on low expres-
sion levels and poor coupling efficiencies of human «;-ARs
after heterologous expression in different cell lines (Perez et
al., 1993; Esbenshade et al., 1995; Theroux et al., 1996;
Taguchi et al., 1998), raising the possibility that this subtype
cannot be efficiently folded and translocated to the surface
membrane on its own. On the other hand, the a;5 subtype
has been found predominantly on the cell surface in most
studies (Hirasawa et al., 1997; Daly et al., 1998; McCune et
al., 2000; Chalothorn et al., 2002). Thus, our results suggest
that coexpression of the surface-directed a;z-AR promotes
surface trafficking of the «; subtype, possibly by direct
heterodimerization, although this remains to be further in-
vestigated.

It is known that rat cardiomyocytes express all three a;-AR
subtypes (Noguchi et al., 1993, 1995; Zhong and Minneman,
1999) and that rat and human vascular smooth muscle cells
express heterogeneous mixtures of subtypes (usually a;p-
with a;4- or a;p-ARs) (Price et al., 1994; Graham et al., 1996;
Piascik et al., 1997). Interestingly, studies in the peripheral
vascular system show that a;5-AR mRNA is widespread,
although this subtype does not seem to be involved in con-
traction (except in mesenteric resistance arteries) (Piascik et
al., 1997). All three «;-AR subtypes are also expressed in
several human brain regions, including cerebral cortex and
cerebellum, where their functions may modulate sleep,
arousal, and other important behavioral processes but re-
main largely unknown (Price et al., 1994; Graham et al.,
1996). The widely observed coexistence of these subtypes in
many different cells and tissues supports a potential role for
heterodimerization in control of expression or trafficking of
particular subtypes.

In summary, we used coimmunoprecipitation to show that
differentially-tagged human «;-AR subtypes form agonist-
independent homodimers that are expressed on the cell sur-
face. We have also presented the first evidence for formation
of heterodimers by certain combinations of «;-AR subtypes
but not others. These heterodimers are constitutively
present, are located on the cell surface, and require neither
the extracellular amino terminus nor the intracellular car-
boxyl tail. Radioligand binding studies suggest that het-
erodimerization of a;-ARs does not change their affinities for
norepinephrine or antagonists, suggesting that dimerization
does not result in pharmacologically distinct subtypes. Coex-
pression with «;5-ARs significantly increases receptor den-
sity and total protein expression of both @;,- and a;p-AR
subtypes and also significantly increases the proportion of
a;p-ARs on the cell surface. These findings suggest that
heterodimerization of human «;-AR subtypes are function-
ally relevant in the regulation of receptor processing and/or
trafficking.
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