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Adenosine A2A receptor (A2AR) heteromerizes with dopamine D2 receptor (D2R). However, these class A G
protein-coupled receptor (GPCR) dimers are not fully formed, but depend on the equilibrium between
monomer and dimer. In order to stimulate the heteromerization, we have previously shown a successful
design for a fusion receptor, single-polypeptide-chain (sc) heterodimeric A2AR/D2R complex. Here, using
whole cell binding assay, six more different scA2AR/D2R constructs were examined. Not only in scA2AR/
D2R ‘liberated’ with longer spacers between the two receptors, which confer the same configuration as
the prototype, the A2AR-odr4TM-D2LR, but differ in size (Forms 1–3), but also in scA2AR/D2LR (Form 6)
fused with a transmembrane (TM) of another type II TM protein, instead of odr4TM, neither of their fixed
stoichiometry (the apparent ratios of A2AR to D2R binding sites) was 1, suggesting their compact folding.
This suggests that type II TM, either odr4 or another, facilitates the equilibrial process of the dimer
formation between A2AR and D2LR, resulting in the higher-order oligomer formation from monomer of
scA2AR/D2LR itself. Also, in the reverse type scA2AR/D2LR, i.e., the D2LR-odr4TM-A2AR, counter agonist-
independent binding cooperativity (cooperative folding) was found to occur (Forms 4 and 5). In this
way, the scA2AR/D2LR system has unveiled the cellular phenomenon as a snapshot of the molecular
behavior in A2AR/D2LR dimer. Thus, these results indicate that the various designed types of functional
A2AR/D2R exist even in living cells and that this fusion expression system would be useful to analyze
as a model of the interaction between class A GPCRs.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Dopamine plays the critical role in the function in the striatum
of the basal ganglia [1]. In the striatum, the stimulatory (Gs) het-
erotrimeric GTP-binding protein (G-protein)-coupled receptor
(GPCR) for adenosine, subtype A2A (A2AR), [2] and the pertussis
toxin-sensitive Gi (inhibitory)/Go (G other)-coupled D2 dopamine
receptor (D2R) [3] are highly coexpressed. By a model of recep-
tor–receptor interaction, a functional antagonistic interaction
between the A2AR and the D2R to modulate dopaminergic activity
has been explained based on various studies, where A2AR has been
shown to bind directly to D2R and form heteromeric complexes in
brain tissues and cultured cells [4–7]. Also in living cells, we have
previously shown the formation of homomeric A2AR complexes as
well as heteromeric A2AR/D2R complexes by bioluminescence res-
onance energy transfer (BRET) assay [8]. Importantly, unlike other
class GPCRs, these class A GPCR dimers are not fully formed, but
depend on the equilibrium between monomer and dimer [9]. Thus,
to further characterize heteromeric A2AR/D2R complexes, a fusion
receptor was engineered consisting of a single-chain heterodimeric
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A2AR/D2R complex (scA2AR/D2R) by fusing the C-terminus of the
A2AR via transmembrane domain (TM) of a type II TM protein with
the N-terminus of D2R in tandem, and it succeeded to be expressed
on the cell surface as a full-length protein with specific binding to
the respective ligands and functional coupling to G-proteins com-
parable to wild-type receptors [10].

Lipid vesicles are fusogenic, which are formed by the ability of
lipids to spontaneously assemble into membrane bilayer struc-
tures (liposomes) [11]. Irrespective of the lipid vesicles, some
receptors in the membrane preparations from cells or tissues do
not work well for ligand binding assays, although powerful meth-
ods. In previous study, obtained cell membranes needed to be used
immediately because D2R binding activity alone of scA2AR/D2R was
lost soon [10]. Thus, by whole cell binding assay to circumvent
such technical difficulty, we showed that in the transfected cells,
scA2AR/D2R forms a functional A2AR/D2R complex. This suggests
that scA2AR/D2R is physiologically relevant in vitro. In addition,
we discuss a relationship between the configuration of each com-
ponent and subsequent binding cooperativity [12] in the context of
scA2AR/D2R.
4 -GMP----------GGSTRVGT 
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Fig. 1. Constructs of various types of scA2AR/D2R. (A) In order to reduce potential
rigidity of HA-A2AR-odr4TM-D2LR between C-terminus of A2AR and odr4TM, and/or
between odr4TM and N-terminus of D2LR, we introduced a spacer sequence
GGGGSGGGGS, resulting in HA-A2AR-odr4TM-s-D2LR (Forms 1 and 2) and HA-A2AR-
s-odr4TM-s-D2LR (Form 3). We also generated reverse constructs Myc-tagged D2LR-
odr4TM-A2AR (Form 4) and Myc-D2LR-s-odr4TM-s-A2AR carrying the spacer
sequence (Form 5). We replaced odr4TM of HA-A2AR-odr4TM-D2LR with TM of the
human low affinity receptor for IgE designated CD23, resulting in HA-A2AR-cd23TM-
D R (Form 6). Note (G S) : 3.5 nm. (B) SDS–PAGE (10% gel)/immunoblot of
2. Materials and methods

2.1. Construction of vectors for scA2AR/D2LR

HA-tagged A2AR, triple HA (3HA)-tagged A2AR, Myc-tagged D2LR,
and single-chain A2AR/D2LR [HA-tagged A2AR-odr4TM-D2LR, HA-
A2AR-D2LR(DTM1), and Myc-D2LR-A2AR(DTM1)] and BRET con-
structs for A2AR and D2LR were described previously [8,10]. In order
to reduce potential rigidity of HA-A2AR-odr4TM-D2LR between the
C-terminus of A2AR and the odr4TM, and/or between the odr4TM
and the N-terminus of D2LR, a spacer sequence GGGGSGGGGS
was introduced in various locations. This created several new
forms of the single-chain construct: HA-A2AR-odr4TM-s-D2LR
(Fig. 1A, Forms 1 and 2) and HA-A2AR-s-odr4TM-s-D2LR (Form 3).
Reverse constructs, Myc-tagged D2LR-odr4TM-A2AR (Form 4) and
Myc-D2LR-s-odr4TM-s-A2AR, were also generated, which included
the spacer sequence (Form 5), by using Myc-D2LR-A2AR(DTM1)
[8]. The odr4TM of HA-A2AR-odr4TM-D2LR was replaced with the
TM domain of the human low affinity receptor for IgE designated
CD23, creating HA-A2AR-cd23TM-D2LR (Form 6). 3HA-tagged
A2AR-odr4TM-D2LR was also generated. The following primers for
PCR were used (the restriction enzyme site is underlined and the
initiating Met codon and stop codon are shown in bold): 50-C-G
GGATCC GTTAAC ACTCAGATTGTTCTTCTTGGACTTGTTACTGCTGC-T
CTTTGGGCTGGAC (F-CD23-TM, 63mer, HPLC-purified); 50-CGGG-A
TCC AT AGCGCT CCAGTGCCAAAGAAGAAGAAGAGTAAGAAGTCC-A
GCCCAAAGAGCAGCAG (R-CD23-TM, 66mer, HPLC-purified); 50-G
GATATC GGAGGAGGAGGATCTGGAGGAGGAGGATCTAGCGCTG-AT
ATCC (F-G4S2, 50 mer, HPLC-purified); 50-GGATATC AGCGCTAG-A
TCCTCCTCCTCCAGATCCTCCTCCTCCGATATCC (R-G4S2, 50 mer,
HPLC-purified). All PCR-amplified sequences were confirmed by
sequencing analysis.
2L 4 3

constructs. Immunoblot analysis of crude membranes from the transfected 293T
cells of scA2AR/D2LR, i.e., prototype A2AR-odr4TM-D2LR (3HA-tagged: lane 3), Forms
1–3 and 6 (lanes 4–7, respectively), with anti-HA antibody showed the bands
corresponding to the respective receptors, but no additional band with much lower
molecular masses, corresponding to the anticipated monomeric receptors, indicat-
ing the full-length protein scA2AR/D2LR. GFP (lane 1) and coexpressed 3HA-A2AR/
Myc-D2LR (lane 2) in 293T cells are also shown. In (B), 21 lg membrane protein
each/lane, except for lane 1 (11 lg), were applied.
2.2. Cell culture, transfection, and radioligand binding assay

Transient expression studies with human embryonic kidney
(HEK) 293T cells were performed as previously described [10].
Maintenance of SH-SY5Y cells is described in detail elsewhere
(H.N.). These cultured cells were not validated for evidence of
authenticity, and tests in being free of mycoplasma contamination
to them were also not done, although no ordinary microbial/bacte-
rial contamination was observed at any passage (International Cell
Line Authentication Committee, http://iclac.org/).
2.3. Immunofluorescence

Immunofluorescence studies were performed as previously
described [10]. The transfected cells were washed once with
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serum-free D-MEM, and then incubated for 3 h at 37 �C in the
absence or presence of 1 lM CGS21680, 10 lM quinpirole, or
10 lM ADP-b-S. Cells were then fixed. A semi-quantitative analysis
of images on the distribution of coexisting receptors obtained, by
evaluating the intensity of the color and calculating ‘‘the Gini’s
index (a measure of unevenness, which evaluates the proportion
of coaggregates in the sampled area),’’ [7] was not done.

2.4. Whole cell binding assay

Whole cell binding assays (D2R saturation binding assays) were
performed essentially according to Guo et al. [13]. To put it briefly,
the transfected cells were treated with the agonists as described
above, and processed except for incubation being carried out with
[3H]spiperone (851 GBq mmol�1; Amersham Pharmacia Biotech),
using 10–20 lg of intact whole cells per tube for 1 h at 25 �C.
Non-specific binding was defined as binding in the presence of
100 nM haloperidol. In A2AR saturation experiments at 4 �C with
[3H]ZM241385 (23.47 Ci/mmol; Tocris, Bristol), non-specific bind-
ing was defined as binding in the presence of 10 lM xanthine
amine congener. All the binding data were analyzed with Prism
3.0 (GraphPad Software). No apparent endogenous A2AR and D2R
were observed in the host HEK 293T cells used in this study (The
expression level of receptors is discussed in Supplemental Informa-
tion), by either the respective receptor-specific radioligand binding
assay (Fig. S3C) or immunoblot analysis [10: Fig. 1B].

2.5. Immunoblot analysis

Cell membranes were subjected to SDS–PAGE and transferred to
a nitrocellulose membrane as previously described [10]. The
immunoreactive bands on blots were probed with rabbit anti-
A2AR and rabbit anti-D2R antibodies (Alpha Diagnostic) or rat
anti-HA 3F10 MoAb (Roche Diagnostics). In Fig. 1B, the crude
membranes [8] that were dissolved in urea (�8.5 M)-containing
sample buffer [14], instead of Laemmli’s sample buffer, were also
used to subject to SDS–PAGE. In Fig. 2A, membranes from stable
Myc-D2LR-expressing 293 cells transiently transfected with 3HA-
A2AR were solubilized [8] in 50 mM Tris–HCl (pH 7.4) + 0.1 M
NaCl + 1% digitonin + �0.2% cholesteryl hemisuccinate. The
resultant lysate was incubated with anti-HA MoAb-beads (Roche
Diagnostics) and eluted with HA peptide (Rounds 1 and 2). Insolu-
ble fraction (ppt) was also analyzed after further solubilization.
3. Results and discussion

3.1. Various types of scA2AR/D2R
3.1.1. scA2AR/D2LR Forms 1–3, with the same configuration as the
prototype, the A2AR-odr4TM-D2LR

In scA2AR/D2LR, the odr4TM mediates connection between the
N-terminal receptor half (A2AR) and the C-terminal receptor half
(D2LR, the long form of D2R) of the fused receptor. To analyze the
effect of the odr4TM on the binding activity of the fused receptor,
we generated three other forms: 1–3, respectively, which consisted
of a spacer (linker sequence) of 14 (Form 1) or 26 amino acids
(Form 2), including glycine-glycine-glycine-glycine-serine (G4S),
between the odr4TM and the N-terminus of D2LR, and an additional
spacer of 26 amino acids (Form 3), including G4S, between the
C-terminus of A2AR and the odr4TM (Fig. 1A). These constructs
were transiently transfected into HEK293T cells, and radioligand
binding assay using the intact whole cells was carried out as
described in Section 2 (Table 1). In previous study, obtained cell
membranes needed to be used immediately because D2R binding
activity alone of scA2AR/D2R was lost soon [10]. Whole cell binding
assay was found to be able to avoid this technical difficulty, by tak-
ing benefit from D2R saturation binding assay [(at 25 �C using cell
membranes) of Armstrong and Strange] [15] that allows to distin-
guish between D2R monomer and dimer formation. All of these
constructs showed no significant changes in ligand binding charac-
teristics (Kd, Bmax, and the apparent ratio of the A2AR to D2R binding
sites in the scA2AR/D2LR, BmaxA2AR/BmaxD2R) compared to the pro-
totype scA2AR/D2LR. This suggests that the incorporation of longer
amino acid sequences around odr4TM did not affect the expression
(and/or stability of ligand-binding pockets) of scA2AR/D2LR, given
(G4S)3: 3.5 nm [16]. Again, although highly ‘liberated’ scA2AR/
D2LR (with longer spacer between the two receptors: Forms 1–3)
should have the BmaxA2AR/BmaxD2R of 1, neither was found to do.
These suggested scA2AR/D2LR as heteromeric A2AR/D2R, such that
it keeps on the steric hindrance of D2R binding pockets, partly
includes the less stable folding of scA2AR/D2LR and/or the higher
order oligomerization of scA2AR/D2LR, with a tendency to aggregate
in sample preparation for SDS–PAGE and immunoblot analysis
(Section 3.1.4).

3.1.2. scA2AR/D2LR Forms 4 and 5, the D2LR-odr4TM-A2AR, with the
different configuration from the prototype

Next, in order to elucidate the reasons for BmaxA2AR/BmaxD2R of
4 in the scA2AR/D2LR, regardless of these two GPCRs expressed in a
single-polypeptide-chain with a fixed stoichiometric ratio, i.e.,
whether it is due to configuration (position) of the two receptors,
we generated the reverse type scA2AR/D2LR: Forms 4 and 5 which
contained D2LR and A2AR at the respective N- and C-terminus of
the odr4TM, including shorter sequence of 8 amino acids (Form
4) and longer sequence of 18 and 16 amino acids (Form 5)
(Fig. 1A). These constructs showed active A2AR-specific binding
activity similar to (Form 4) or lower (Form 5, as a tendency
although not significant), but no (Form 4) or indistinguishable
but faint (Form 5) D2R-specific binding activity compared with,
the respective wild-type receptors and the prototype scA2AR/
D2LR. It suggested that the length of amino acid sequence connect-
ing D2LR to A2AR via odr4TM was not sufficient to guarantee the
structure and the activity of the D2LR-odr4TM-A2AR, which in turn
is less stable than A2AR-odr4TM-D2LR.

3.1.3. scA2AR/D2LR with another TM, Form 6
Moreover, in order to determine whether an insertion of some

other TM sequence instead of the odr4TM sequence works simi-
larly, or whether it has to be odr4TM to work, we also designed
scA2AR/D2LR with another TM: Form 6 which included TM of the
human low affinity receptor for IgE designated CD23 as a type II
TM protein (Fig. 1A). This construct showed the similar ligand
binding characteristics (Kd, Bmax, and BmaxA2AR/BmaxD2R) to the
prototype scA2AR/D2LR, suggesting that the sequence of TM of type
II TM proteins did not affect the expression (and/or stability of
ligand-binding pockets) (stability) of scA2AR/D2LR.

3.1.4. Comparisons between the scA2AR/D2LR constructs
No [Kd = 0.3 ± 0.2 nM, A2AR–D2LR(DTM1); 0.4 ± 0.08, Forms 4 vs.

0.3 ± 0.03 nM, wild-type] and strong negative binding cooperativ-
ity (Kd = 2.4 ± 2 nM, Forms 5 vs. 0.3 ± 0.03 nM, wild-type; as a ten-
dency although not significant) occurred in the context of scA2AR/
D2LR, i.e., A2AR–D2LR(DTM1) (Table 1; data not shown); [10] or the
reverse type D2LR-odr4TM-A2AR with shorter and longer sequence
between the two receptors, Forms 4, and 5, respectively. On the
other hand, the full-length proteins scA2AR/D2LRs, i.e., prototype
A2AR-odr4TM-D2LR, and Forms 1–3 and 6, have similar binding
characteristic to wild-type receptors (without reduction of the
affinity of A2AR; no allostery within a 100% A2AR/D2LR heteromeric
complex). In spite of a tendency to aggregate in sample preparation
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Fig. 2. Partial purification of A2AR/D2LR. This allows it to elucidate molecular entity of the antagonism between D2LR and A2AR. (A) Immunopurified heteromeric A2AR/D2LR
complex can be stored at 4 �C but not at �80 �C. Cell membranes of coexpressed A2AR/D2LR were solubilized and partially purified with anti-HA MoAb column. The elution
(Rounds 1 and 2), and insoluble fraction (ppt) that had been thus followed by further solubilization, were analyzed with immunoblot: a band of D2LR but not A2AR disappeared
upon freezing. Also, note the A2AR distribution (more dimer in ppt). Arrowheads indicate the monomer (lower) and the dimer (upper) of the wild-type receptors {[8]-B}. Note
that stable Myc-D2LR expressed in HEK 293 cells is a heavily N-glycosylated protein with a major band of�70 kDa ([8]-B, lane 8; vs. 53 kDa theoretical Mr), different from that
of transient one. The partially purified A2AR/D2LR (yield �60% of the start) had, although not full, a [3H]ZM241385-binding activity (data not shown); their antagonism
remains unresolved because competition experiments with dopamine vs. [3H]raclopride (displacement assay) were not done. (B) Appearance of epitopes in heteromeric A2AR/
D2LR alone (the upper and lower), but not in monomeric (and/or homodimeric) A2AR or D2LR, can occur. In order to obtain an MoAb specific for heteromeric A2AR/D2LR,
because of the above reason, partially purified A2AR/D2LR was not used for an immunogen. Thus, mice were immunized with membranes of the coexressed receptors. Also,
prototype scA2AR/D2LR was not used as an immunogen at that time because whether scA2AR/D2LR can simulate wild-type A2AR/D2LR remains unresolved as described in this
paper. The existence of several conformational states of scA2AR/D2LR and its relation to the striatal antagonism are discussed in Supplemental Information.
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Table 1
Radioligand binding to receptors expressed on the cell surface.a

Transfected receptors (treatment) [3H]ZM241385 [3H]spiperone

Kd (nM) Bmax (pmol/mg) Kd (nM) Bmax (pmol/mg)

3HA-A2AR + Myc-D2LR 0.3 ± 0.03 3.7 ± 0.9 0.1 ± 0.03b 0.9 ± 0.3
HA-A2AR-D2LR(DTM1) 0.3 ± 0.2 0.3 ± 0.1 �c �
Myc-D2LR-A2AR(DTM1) � � 0.3 ± 0.05 0.1 ± 0.0
HA-A2AR-odr4TM-D2LR 0.3 ± 0.09 1.3 ± 0.1d 0.2 ± 0.05b 0.5 ± 0.1d

3HA-A2AR-odr4TM-D2LR 0.3 ± 0.1 1.4 ± 0.4e 0.1 ± 0.01b 0.4 ± 0.1e

scA2AR/D2LR 1 0.2 ± 0.04 1.7 ± 0.5 0.2 ± 0.04 0.8 ± 0.2
scA2AR/D2LR 2 0.2 ± 0.02 0.9 ± 0.1 0.2 ± 0.02 0.5 ± 0.1
scA2AR/D2LR 3 0.2 ± 0.03 1.5 ± 0.5 0.2 ± 0.01 0.7 ± 0.3
scA2AR/D2LR 4 0.4 ± 0.08 0.8 ± 0.4 � �
scA2AR/D2LR 5 2.4 ± 2 1.6 ± 1 0.2 ± 0.2 0.0 ± 0.0
scA2AR/D2LR 6 0.1 ± 0.00 0.4 ± 0.0 0.08 ± 0.01 0.2 ± 0.1
HA-A2AR-A1R + Myc-D2LR � � 0.1 ± 0.03 0.7 ± 0.3
3HA-A2AR + Myc-D2LR-D1R 0.6 ± 0.2 10 ± 1 � �

Transfected receptors Bmax/Bmax
f (arbitrary)

3HA-A2AR + Myc-D2LR 6 ± 3
HA-A2AR-D2LR(DTM1) �g

Myc-D2LR-A2AR(DTM1) �
HA-A2AR-odr4TM-D2LR 3 ± 0.5
3HA-A2AR-odr4TM-D2LR 4 ± 0.8
scA2AR/D2LR 1 2 ± 0.2
scA2AR/D2LR 2 2 ± 0.4
scA2AR/D2LR 3 3 ± 1
scA2AR/D2LR 4 �
scA2AR/D2LR 5 18 ± 8
scA2AR/D2LR 6 4 ± 2
HA-A2AR-A1R + Myc-D2LR �
3HA-A2AR + Myc-D2LR-D1R �

a A2AR and D2R saturation binding assays were carried out with radioligands [3H]ZM241385 and [3H]spiperone, respectively, using intact whole HEK293T cells.
Data are expressed as mean ± SEM of 2–3 independent experiments: [3H]spiperone binding of the transfected receptors, Myc-D2LR-A2AR(DTM1) and scA2AR/D2LR 5, and
[3H]ZM241385- or [3H]spiperone binding of the transfected receptors (HA-A2AR-A1R + Myc-D2LR; 3HA-A2AR + Myc-D2LR-D1R) were carried out in two binding experiments of
the different cell preparations, obtained in two independent transfection experiments; (others were done three times: three binding experiments from three independent
transfection experiments).

b The difference between the groups is not statistically significant (P < 0.05, Student’s t-test). Student’s t-test was done every between two groups, but not between more
than two.

c No specific binding for ligands observed.
d,e The difference between the groups is statistically significant (d: P < 0.01; e: P < 0.05, Student’s t-test).

f The apparent ratio of the A2AR to D2R binding sites (Bmax of [3H]ZM241385 binding/Bmax of [3H]spiperone binding, arbitrary unit) was determined.
g The apparent ratio (Bmax/Bmax) was not determined because of no specific binding for ligands observed.
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for SDS–PAGE and immunoblot analysis, molecular populations of
scA2AR/D2LR species were determined. Immunoblot analysis of
crude membranes [8] from the transfected cells (Forms 1–3 and
6) with anti-A2AR and anti-D2R antibodies indicated the bands cor-
responding to the respective receptor oligomers, {probably includ-
ing 240 kDa in Mr, much higher than approximately 82 kDa, vs. the
theoretical Mr of the prototype scA2AR/D2LR, A2AR-odr4TM-D2LR
(101 kDa) [10]}, but no additional band with much lower molecu-
lar masses, corresponding to the anticipated monomeric receptors
(data not shown); whereas that of the reverse type scA2AR/D2LR,
either Forms 4 or 5, did additional smaller ones. In other experi-
ments of immunoblot analysis with anti-HA antibody, Forms 1–3
and 6 with the full-length protein were confirmed (Fig. 1B): how-
ever, Form 2 (lane 5) showed the thickest band among scA2AR/
D2LRs, indicating the greatest expression in crude membrane, irre-
spective of radioligand binding (Table 1). Why binding of specific
ligands to Forms 1–3, except for the minimum in Form 6, did not
necessarily represent the receptor expression measured by the
HA antibody, i.e., the difference of the degree of HA-immunoreac-
tivities between the scA2AR/D2LRs (Supplemental Information), was
not addressed in detail because of the difficulty in dealing with
these samples. Overall, these results suggest that highly specific
binding to the respective ligands of various types of scA2AR/D2LR
(Forms 1–3 and 6), unlike Forms 4 and 5, is shown by full-length
single polypeptide chain, and not by degraded monomeric A2AR
and D2LR, in membrane preparation. This point is discussed more
in detail in relation to CFP- and YFP-tagged receptors, originally
for FRET analysis (as described in Supplemental Results: Figs. S1/
S2). Together with this point, expression level of receptors is also
discussed in Supplemental Information. Ligand binding character-
istics determined by using intact whole cells indicated that trans-
fectants exhibited a membrane-associated form of the receptors,
the ligand-binding site of which clearly faced the extracellular
domain.

Furthermore, among these constructs Forms 1–3 and 6 had the
same stability to the prototype scA2AR/D2LR by immunoblot analy-
sis, while Forms 1–3 and 6 showed the similar ligand binding char-
acteristics to the prototype. Prior experiments indicated that
partially purified A2AR/D2LR (A2AR was also contained) obtained
by immunopurification with anti-HA column following solubiliza-
tion of membranes from (transient) 3HA-A2AR/(stable) Myc-D2LR-
expressing 293 cells [8,17] was unexpectedly unable to be stored
at �80 �C, while no D2LR but A2AR-bands could be detected upon
freezing (Fig. 2A). In this context, membranes of scA2AR/D2LR were
also unstable. In our previous reports [8,10,17], extensively washed
membranes from the transfected cells were used on immunoblot
analysis as well as on radioligand binding assay. Also, Forms 1–3
and 6 showed the BmaxA2AR/BmaxD2R of 2–4: Type II TM, either
odr4 or CD23, did not interact itself with the test ligands. Taken
together, these results suggested that it is important how to con-
nect via TM of a type II TM protein by introducing the linker
sequences with the length enough to sustain configuration, rather



Table 2
Radioligand binding to receptors expressed on the cell surface.a

Transfected receptors (Treatment) [3H]spiperone

Kd (nM) Bmax (pmol/mg)

3HA-A2AR + Myc-D2LR 0.06 ± 0.00 0.5 ± 0.1
None 0.08 ± 0.02b 0.5 ± 0.1c

Quinpirole 0.08 ± 0.02b 0.5 ± 0.2c

HA-A2AR-odr4TM-D2LR 0.05 ± 0.05 0.3 ± 0.2
None 0.06 ± 0.01d 0.3 ± 0.2e

Quinpirole 0.09 ± 0.06d 0.3 ± 0.2e

a After treatment with the D2R agonist quinpirole (10 lM for 3 h), D2R saturation
binding assays were carried out with radioligands [3H]spiperone, using intact whole
SH-SY5Y cells. Data are expressed as mean ± SEM of 2 independent experiments.

b,c,d,e The difference between the groups is not statistically significant (P < 0.05,
Student’s t-test).
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than the sequence itself of TM of type II TM proteins between the
two receptors, and that the prototype scA2AR/D2LR was the best
fusion to analyze further as a model of heteromeric A2AR/D2LR
among these constructs (Fig. 2B). Because our major concern is
the allostery within the scA2AR/D2LR (Their existence of several
conformational states is discussed in Supplemental Information),
scA2AR/D2LR constructs consisting of the respective chimeric recep-
tor halves (Supplemental Information) were not generated. Also,
FRET constructs by the incorporation at an appropriate place in
the context of this reorganized scA2AR/D2LR were not generated.
However, in the present study without single molecule analysis,
two other points unresolved in our previous report [10] have been
clarified (Supplemental Information, Fig. S5).
3.1.5. Expression of scA2AR/D2R in SH-SY5Y cells
In order to confirm the existence of functional scA2AR/D2LR

complexes, that is, even though degraded ones or as a dimer or oli-
gomer of scA2AR/D2LR, like a wild-type heterodimer of A2AR and
D2LR, HA-A2AR-odr4TM-D2LR was transfected into the human neu-
roblastoma cell line SH-SY5Y cells, and radioligand binding assays
using intact whole cells were carried out to address whether in
HA-A2AR-odr4TM-D2LR-expressed SH-SY5Y cells treatment with
the D2R agonist quinpirole induced coaggregation of the receptors.
Table 2 shows that membrane-associated and extracellularly faced
form of the D2R did not significantly change after treatment
with the D2R agonist quinpirole in both HA-A2AR-odr4TM-D2LR-
expressed and wild-type 3HA-A2AR/Myc-D2LR-coexpressed
SH-SY5Y cells, suggesting no internalization of the D2R, consistent
with results obtained by immunofluorescence analysis as
described in Supplemental Information. SEM values of [3H]spipe-
rone-binding activities of HA-A2AR-odr4TM-D2LR were larger than
the values of samples in Table 1 and wild-type in Table 2. Whether
this was due to this assay itself, which in turn to obtain more
reduced SEM, its further modifications and appropriate alterna-
tives should be done, or stability of HA-A2AR-odr4TM-D2LR was
not addressed. Here, we could not exclude the possibility of rapid
internalization followed by recycling to the cell surface (discussed
in Supplemental Information) during an incubation for 1 h at 25 �C
by whole cell binding assay.

In summary, the present study clarifies a relationship between
counter agonist-independent binding cooperativity and configura-
tion of each component in various types of constructs (discussed in
Supplemental Information), and indicates that various designed
types of functional A2AR/D2R exist even in living cells and that this
fusion expression system would be useful to analyze as a model.
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