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ABSTRACT: Many membrane proteins are proposed to
work as oligomers; however, the conclusion is sometimes
controversial, as for !2-adorenergic receptor (!2AR), which is
one of the best-studied family A G-protein-coupled receptors.
This is due to the lack of methods for easy and precise
detection of the oligomeric state of membrane proteins on
living cells. Here, we show that a combination of the coiled-
coil tag!probe labeling method and spectral imaging enable a
stoichiometric analysis of the oligomeric state of membrane
proteins on living cells using monomeric, dimeric, and
tetrameric standard membrane proteins. Using this method, we found that !2ARs do not form constitutive homooligomers,
while they exhibit their functions such as the cyclic adenosine 5'-monophosphate (cAMP) signaling and internalization upon
agonist stimulation.

G-protein-coupled receptors (GPCRs) form the largest
family of membrane signaling molecules, and their

oligomerization including association between receptors of
the same subtype (homooligomerization) or of di!erent
subtypes (heterooligomerization) is proposed to allow faster
signaling, speci"c crosstalks, or speci"c responses.1 The
oligomerization of GPCRs has been detected with destructive2,3

or nondestructive methods.4!6 However, existing approaches
have a number of problems in precisely determining the
oligomeric states of membrane proteins on the plasma
membrane of living cells. The destructive methods such as
immunoprecipitation can detect arti"cial aggregation of
proteins after detergent solubilization.
Fluorescence and bioluminescence resonance energy transfer

(FRET and BRET) have been widely used as a nondestructive
indicator of interaction among target proteins in living cells.
Although most studies use #uorescent proteins or luminescent
proteins to label the target proteins, these methods have
limitations for the quantitative analysis of protein oligomeriza-
tion. For example, inconsistent results with BRET have been
reported for the oligomeric state of the !2-adrenergic receptor
(!2AR),

4!8 which is a family A GPCR. The discrepancy can
partly arise from (i) the detection of signals from not only
surface receptors but also intracellular receptors, (ii) the
di$culty in controlling the donor/acceptor expression ratios,
and (iii) the perturbation of protein functions due to the
considerable size of the label. Therefore, cell-surface-speci"c
labeling, accurate control of the labeling stoichiometry of the
energy donor and acceptor, and downsizing of the label should
signi"cantly improve the reliability of analysis. Posttranslational
labeling methods using a genetic tag and a synthetic probe are
promising to ful"ll these requirements.9,10

In this study, we established a new methodology for
stoichiometric analysis of the oligomerization of membrane
proteins on living cells using FRET among proteins labeled by
the novel coiled-coil tag!probe method.11 This labeling
method could overcome the problems of the conventional
methods and correctly determine the oligomeric states of
monomeric, dimeric, and tetrameric membrane proteins.
Having validated the method, we examined the oligomeric
state of !2ARs to clarify its functional relevance. We found that
!2ARs could transduce cyclic adenosine 5'-monophosphate
(cAMP) signals in two cell lines without showing any FRET
signals. Thus, !2ARs do not form constitutive homooligomers,
and homooligomerization is not necessary for the receptor
function of !2ARs.

! EXPERIMENTAL SECTION
Analysis of Eapp Values. E3-tagged membrane proteins on

cell surfaces were labeled with K4 probes at various XD values
and excited at 561 nm to obtain #uorescence emission spectra
from cell membranes. For deconvolution of the observed
spectra into donor and acceptor spectra, we separately obtained
the reference spectra of the donor excited at 561 nm and
acceptor excited at 637 nm from E3-!2AR-CHO (stable)
labeled with either the donor or the acceptor K4 probes. The
Eapp values were calculated with the equation
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where Eapp denotes the apparent FRET e$ciency based on
sensitized acceptor emission, "A (#D

ex) and "D (#D
ex) represent

the molar extinction coe$cient of the acceptor and donor at
561 nm, respectively, and FAD and FA indicate the acceptor
emission (arbitrary unit) excited at 561 nm in the presence and
absence of the donor, respectively.12 However, FA cannot be
directly acquired in the presence of the donor. We, therefore,
measured the ratio of #uorescence intensities of the acceptor
excited at 561 and 637 nm (R561/637) from E3-!2AR-CHO
(stable) labeled with the acceptor and multiplied the
#uorescence intensity of the acceptor acquired by exciting at
637 nm in the presence of the donor by the R561/637 ratio to
obtain the FA value.
Spectral Deconvolution with Least-Squares Method.

We determined the Eapp values on an Excel data sheet
(Microsoft) using a least-squares method. Deconvolution of
observed spectra (ex. 561 nm) into donor and acceptor spectra
was performed by minimizing S1 = !#[( f1 ! dR(#) + f 2 !
aR(#)) ! Sobs(561)(#)]

2, where dR(#), aR(#), and Sobs(561)(#)
represent the #uorescence intensity of the donor and acceptor
and the observed #uorescence intensity at each wavelength #
(ex. 561 nm) and the wavelength-independent adjustable
parameters f1 and f 2 denote contributions of the donor and
acceptor, respectively. Fitting of observed spectra excited at 637
nm (Sobs(637)(#)) to acceptor spectra was performed by
minimizing the S2 value in the equation S2 = !#[( f 3 ! aR(#)
!Sobs(637)(#)]2. The FAD/FA value in eq 1 was calculated as
( f 2)/(R561/637 ! f 3).
Theoretical Curves. The theoretical curve is given as
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where XD, XU! , and N indicate the donor molar fraction, the
unlabeled receptors fraction, and the association number,
respectively.12 In the present study, the XU! value was estimated
to be 0.1 according to occupancies ("90%) of E3-tagged
membrane proteins labeled with K4 probes at 50 nM (see eq
4). E represents true FRET e$ciency in the oligomers and is
determined by the distance and the mutual orientation of the
donor and acceptor. The assumption of a random orientation
of the #uorophores13 is reasonable because the probes were
attached in the #exible N-terminal regions.
cAMP Assay. We measured cAMP concentrations using an

AlphaScreen cAMP assay kit (PerkinElmer) according to the
manufacturer’s instructions, except that the Donor beads in
lysis bu!er were added to cells before the Acceptor beads in
stimulation bu!er because the lysis of cell membranes is
required for stimulation with isoproterenol to cease when
assaying the changes in time-dependent cAMP responses.
Brie#y, for the cAMP assay of E3-!2AR-CHO (stable), the cells
were seeded in a 384-well plate at 1000 cells per well at 24 h
from seeding. For the cAMP assay of E3-!2AR-HEK293
(transient), cells were seeded at 2500 cells per well at 18 h from
transfection because the transfection e$ciency of E3-!2ARs was
40!50% as judged from confocal images (data not shown). For
determining EC50 values, the HEK293 and CHO cells were
incubated with isoproterenol at 10!15 to 10!4 M for 30 min at
30 °C. For assaying time-dependent cAMP responses, the
HEK293 cells were incubated with isoproterenol at 10 $M for
0, 5, 10, 15, 20, and 25 min. The cAMP responses were "tted to

= + "
+ "Y bottom
top bottom

1 10 X EC(log log )50 (3)

where Y represents the concentration of cAMP, X denotes the
concentration of isoproterenol, top indicates the top asymptote
of the curve corresponding to the total binding of acceptor
beads to cellular cAMP, and bottom means the bottom
asymptote of the curve corresponding to the total binding of
acceptor beads to biotinylated cAMP.14

Binding Assay for K4 Probes. E3-!2AR-CHO (stable)
were seeded at 3.0 ! 105 cells in a 35-mm glass bottom dish.
The cells were labeled with Alexa568-K4 or Alexa647-K4 at
concentrations of 5, 10, 20, and 100 nM at 24 h from seeding.
After incubation for 10 min, confocal images were acquired
using a laser scanning confocal microscope to obtain the
#uorescence intensity of cell surface. Kd values of K4 probes
and occupancies of E3-!2ARs labeled with K4 probes were
determined as

= ! +R R
P

P K
[ ] [ ]

[ ]
[ ]total

free

free d (4)

where [R] denotes the amount of K4 probe-bound E3-!2ARs,
[R]total indicates the amount of total E3-!2ARs on cell surface
and is equal to the maximal binding which is approached
asymptotically in the saturation curves, [P]free is the free
concentration of K4 probes, and Kd is the dissociation
constant.14,15 When K4 probes were added at a total
concentration of 50 nM, the occupancies of E3-!2ARs labeled
with K4 probes ([R]/[R]total) were calculated using eq 4.

Cross-Linking !2AR with Antibody and Protein A. Anti-
N-terminus (7!37 residues) !2AR rabbit polyclonal antibodies
(5.0 $g/mL) (Abgent) in 1 mL of PBS (+) were added to the
cells and incubated for 30 min at 37 °C. After incubation of the
antibodies, the solutions were removed. A mixture of K4 probes
at XD = 0.74 and Protein A (1.0 $g/mL) (Invitrogen) in 1 mL
of PBS (+) was then added to the cells and incubated for 5 min
at 37 °C before imaging.

Identi!cation of Expression Level of E3-!2AR-CHO
(Stable). The expression level of E3-!2AR-CHO (stable) has
been determined by the binding of [3H] CGP-12177, as
reported elsewhere.15,16 The average level (1.3 ! 105 receptors/
cell) equals 66 receptors/$m2 assuming a cell diameter of 25
$m (n = 58). According to a previous report5 (2.4 ! 104

receptors/$m2 # 47 pmol/mg protein), 66 receptors/$m2

corresponds to 1.3 ! 10!1 pmol/mg protein. This expression
level was comparable to that reported for human heart tissue5,17

("0.8 ! 10!1 pmol/mg protein) and dog heart tissue5 ("3.0 !
10!1 pmol/mg protein).

! RESULTS AND DISCUSSION
Coiled-Coil Tag!Probe Labeling Method. The coiled-

coil tag!probe labeling method11 utilizes tight interaction
between the heterodimeric coiled-coil peptides E3 (EIAALEK)3
and K4 (KIAALKE)4. These peptides have net negative charges
(!3) and positive charges (+4), respectively. In addition to
electrostatic interaction between E and K, hydrophobic
interaction between L and I drives the formation of a
heterodimer of E3 and K4 (Figure 1A). The E3 peptides
were genetically tagged to the N-termini of target membrane
proteins, whereas the K4 probes were chemically synthesized
and labeled at their N-termini with either the donor dye Alexa
Fluor 568 or the acceptor dye Alexa Fluor 647 to obtain
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Alexa568-K4 (donor) or Alexa647-K4 (acceptor), respectively.
The addition of the K4 probes can label the E3-tagged
receptors expressed on living cells within 1 min.11

This labeling method has many advantages for measurements
of the oligomerization of cell-surface proteins: (i) the K4
probes label receptors only on cell membranes because of their
membrane impermeability (Figure S-1, Supporting Informa-
tion), (ii) the E3-tagged receptors can be labeled with
multicolor K4 probes at the same time by addition of a
mixture of probes, (iii) the ratio of donor to acceptor is
controllable, and (iv) perturbation of receptor function can be
minimized due to the small size of E3 and K4 (the total size is
5!6 kDa, which is one-"fth of green #uorescent proteins
(GFP)). Alexa568-K4 and Alexa647-K4 have high a$nity for
E3-tagged receptors with dissociation constants (Kd) of "5 nM
(Figure S-1, Supporting Information). The K4 probes can label
"90% of E3-tagged proteins on the cell surface at a total
concentration of 50 nM. The Fo"rster distance (R0) of this pair
(82 Å) covers the maximal plausible distance between the N-
termini of a !2AR dimer ("80 Å) (Figure 1B),18 giving a
minimal FRET e$ciency of 54%, although a study in model
lipid bilayers suggests that the transmembrane helix 1 close to
the labeling site is an interface between !2AR protomers.18

Demonstration of Stoichiometric Analysis with
Standard Membrane Proteins. The theory of a quantitative
FRET analysis based on sensitized emissions of the acceptor,
which is useful for analysis on living cell membranes, has been
previously reported,12 although the reliability has not been

tested using standard membrane proteins with known
oligomeric states. Therefore, we initially examined whether
the combination of the labeling and analysis methods could
determine the oligomeric state of membrane proteins using
in#uenza virus A M2 ion channel (M2) (tetramer),19

metabotropic glutamate receptor (mGluR) (dimer)9,20 and
glycophorin A G83I mutant (GpA*) (monomer)21 as stand-
ards. The E3-tagged membrane proteins, E3-M2, E3-mGluR1b,
and E3-GpA*, were transfected into chinese hamster ovary
(CHO) cells and then labeled with Alexa568-K4 and
ALexa647-K4 probes mixed at various donor mole fractions
(XD). Without washout of free probes, the donor #uorophores
were excited at 561 nm to obtain #uorescence spectra from
regions all over the plasma membranes using a laser scanning
confocal microscope equipped with a spectrum detector.
Although the observed spectra included background #uores-
cence due to free probes (<10% of signals), it did not a!ect the
quanti"cation because it was subtracted before data analysis.
The observed spectra were a composite of emissions from both
the donor and the acceptor, and the latter originated from
sensitized emission due to FRET and emission from directly
excited acceptor at 561 nm. To quantify the sensitized
emission, we "rst deconvoluted the observed spectra into
spectra of the donor and the acceptor to obtain the total
acceptor emission. Next, emission due to direct acceptor
excitation at 561 nm was calculated by multiplying the
#uorescence intensity of the acceptor excited at 637 nm in
the presence of the donor by the constant R561/637, the ratio
of #uorescence intensities of the acceptor excited at 561 and
637 nm. Figure 2A shows the images and spectra of E3-GpA*
and E3-M2 labeled with K4 probes at 50 nM and XD = 0.50 as
examples. The spectrum for M2 included signi"cant sensitized
emission of the acceptor, indicating the occurrence of FRET,
whereas that for GpA* exhibited only weak emissions from the
acceptor, which essentially originated from direct excitation,
showing the absence of FRET.
Apparent FRET e$ciency (Eapp) was calculated according to

eq 1. We analyzed Eapp values as a function of XD to estimate
the stoichiometry of self-association (Figure 2B). On the basis
of eq 2, the theoretical curve for the monomer remains zero
regardless of XD, and that for the dimer shows a straight line
converging to 0.9 at XD = 1. Curves for higher-order oligomers
are concave upward. Measured Eapp values for the standard
membrane proteins could be well explained by corresponding
theoretical curves, demonstrating that the oligomeric states of
membrane proteins can be correctly determined using the
coiled-coil tag!probe labeling method. Note that random
energy transfer was not detected for the monomeric standard
protein GpA*, even though its expression level appeared to be
more than 5 times higher than those of other standard proteins,
based on #uorescence intensity (see Figure S-2, Supporting
Information).

Oligomeric State of !2AR on CHO Cells and Its
Functional Relevance. Next, we examined whether E3-
!2ARs transfected on CHO cells self-associate. Although !2AR
is one of the best studied membrane receptors, it is
controversial whether oligomerization of !2ARs is required
for signaling on living cells.7,8 We con"rmed that CHO cells did
not express detectable levels of endogenous !2ARs based on a
cAMP assay (data not shown). Hence, FRET signals from E3-
!2ARs on host CHO cells should directly re#ect their
homooligomeric states without forming oligomers with
endogenous !2ARs. We determined the state of !2ARs at a

Figure 1. Coiled-coil tag!probe labeling method and schematic
diagram of FRET within the !2AR dimer. (A) Helical wheel
representation of the E3 and K4 heterodimer. The peptide chains
propagate into the page from the N-terminus to the C-terminus. Gray
double-headed arrows and white double-headed arrows show
hydrophobic interaction between the side chains of L and I in a
“knobs-into-holes” manner and electrostatic interaction between the
side chains of E and K, respectively. (B) Schematic diagram of FRET
within the !2AR dimer. Green and red stars show the energy donor
#uorophore (Alexa568) and energy acceptor #uorophore (Alexa647),
respectively. Red and blue cylinders show E3 tags and K4 probes,
respectively.

Analytical Chemistry Article

dx.doi.org/10.1021/ac400177a | Anal. Chem. 2013, 85, 3454!34613456



"xed XD value of 0.74 because the Eapp value is sensitive to the
oligomeric states of membrane proteins at the XD value (Figure
2B). Larger di!erences are obtained at larger XD values.
However, weaker emission due to a lower concentration of
acceptor can result in a larger experimental error, so we
adopted XD = 0.74 to achieve a good balance between accuracy
and sensitivity. The expression level of E3-!2ARs stably
expressed on CHO cells (E3-!2AR-CHO (stable)) was
determined using the radioactive isotope ligand [3H] CGP-
12177. The level (1.3 ± 0.2 ! 105 receptors/cell) was
comparable to that reported for human and dog heart tissues
(see Experimental Section) and much less than that of a

previous report in which !2ARs were overexpressed at 3.8!
32.9-fold physiological levels.5 We also con"rmed that E3-
tagged !2ARs were correctly folded and fully functional. The
degree of receptor internalization upon agonist stimulation
quanti"ed from confocal images for the receptors labeled by the
coiled-coil method (42 ± 4%, Figure 3A) was in good
agreement with that estimated using [3H] CGP-12177 (40 ±
6%). Furthermore, the receptors exhibited cAMP responses on
treatment with isoproterenol in a dose-dependent manner with
an EC50 value of 3.0 ! 10!10 M (Figure 3B), which was
comparable with a reported value of 5.6 ! 10!10 M for !2AR.

22

Figure 2. Detection of the oligomerization of standard membrane proteins by coiled-coil tag!probe labeling. (A) Spectral images and #uorescence
emission spectra of the cell membrane region obtained from E3-GpA* and E3-M2 transiently expressed on CHO cells labeled with K4 probes at XD
= 0.50. Images acquired using a spectrum detector are shown in pseudocolor including spectral information (the scale bar on the right). These
images are composite of 19 channels in the range of 565 to 745 nm (resolution: 10 nm). See Supporting Information Figure S4 for more detail. In
the spectra for GpA* and M2, black, green, red, and blue lines show the observed spectra, the deconvoluted spectral components of the donor, that
of the acceptor, and the spectra expected for directly excited acceptors at 561 nm, respectively. Middle panels show the residuals between the
observed and calculated spectra. (B) Determination of oligomeric states. The apparent FRET e$ciency, Eapp, is plotted as a function of the donor
mole fraction, XD. Red, blue, green, black, and orange lines show theoretical curves calculated from eq 2 for the monomer (N = 1), dimer (N = 2),
trimer (N = 3), tetramer (N = 4), and pentamer (N = 5) as a function of XD, respectively. Triangle, circle, and square symbols represent the
measured Eapp values for E3-GpA* (pH 7.4), E3-mGluR1b (pH 7.4), and E3-M2 (pH 4.9), respectively. Error bars represent the mean ± s.e.m., n =
10.
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We detected FRET signals of E3-!2AR-CHO (stable) at
temperature-controlled environments because the previous
experiments were performed at various temperatures.9,18,23

Eapp variances for E3-!2AR-CHO (stable) at 20, 30, and 37 °C
without treatment with ligands were indistinguishable from that
for monomeric GpA* (Figure 3C). The variances were not
derived from the partial oligomerization because 10!20%
dispersions were observed even in the standard membrane
proteins (0.68 ± 0.11 for dimeric E3-mGluR1b-CHO and 0.07
± 0.10 for monomeric E3-GpA*-CHO). In the ligand
treatment experiments, temperature was set at 30 °C because
internalization of E3-!2ARs was signi"cant at 37 °C. Although
Eapp values after stimulation with a !2AR agonist (isoproter-
enol) appear to be more dispersed, the average values for
plasma membranes and endosomes were 0.00 ± 0.12 and 0.00
± 0.14, respectively. Even after stimulation with an antagonist
(timolol) and inverse agonists (carazolol and ICI118,551), no
increase in Eapp was observed (Figure 3C). In contrast, cross-
linking of the receptors by treatment with bivalent anti-!2AR
primary antibody and Protein A resulted in an increase in Eapp,
indicating that, if !2ARs form oligomers, signi"cant FRET
signals should be observed (see also Figure 4A). Furthermore,
the Eapp values of cross-linked !2ARs were smaller than those of
E3-mGluR1b (dimer), suggesting that E3-!2ARs expressed on
CHO cells were rather separated with each other on the cell

surfaces, therefore only partially cross-linked. This is also
supported by the recent report using photoactivated local-
ization microscopy that !2AR does not cluster in "xed CHO
cells.24 The average distance between monomeric !2ARs is
approximately 1400 Å based on the cell surface area per
receptor, assuming a globular shape of the cell with a diameter
of 25 $m.

Oligomeric State of !2AR on HEK293 Cells and Its
Functional Relevance. In previous reports, oligomerization
of !2ARs has been measured using receptors transiently
expressed in human embryonic kidney (HEK293) cells,4!6 so
we also performed the same experiments with HEK293 cells
(E3-!2AR-HEK293 (transient)). To check the e!ect of the
expression method and host cell, we also performed FRET
experiments for E3-!2ARs transiently expressed on CHO cells
(E3-!2AR-CHO (transient)) and HEK293 cells (E3-!2AR-
HEK293 (transient)). We found that E3-!2AR-CHO (tran-
sient) did not show any FRET signals under various conditions
(Figure S-3, Supporting Information). Again, no signi"cant
FRET signals were detected for E3-!2AR-HEK293 (transient)
except after stimulation with the agonist isoproterenol (Figure
4A). However, the initiation of the FRET increase was
signi"cantly slower than that of cAMP production and receptor
internalization (Figure 4C,D), suggesting that the receptors can
be activated and desensitized irrespective of oligomerization.

Figure 3. Self-association and receptor function of E3-!2AR-CHO (stable). (A) Spectral images for E3-!2AR-CHO (stable) without (left) and with
(right) treatment with 10 $M isoproterenol for 30 min at 30 °C. Images are shown in pseudocolor (the scale bar on the right). These images are a
composite of 19 channels in the range of 565 to 745 nm (resolution: 10 nm). (B) The cAMP response of E3-!2AR-CHO (stable) on treatment with
isoproterenol at 30 °C. Error bars represent the mean ± s.e.m., n = 3. (C) The Eapp values for E3-!2AR-CHO (stable), E3-GpA*-CHO (transient),
and E3-mGluR1b-CHO (transient) labeled with K4 probes at XD = 0.74. Iso (membrane) and iso (endosome) denote the Eapp values on plasma
membranes and endosomes after treatment with the agonist isoproternol, respectively. The antagonist timolol and the inverse agonists carazolol and
ICI118551 were also administrated, and the Eapp values were determined on plasma membranes. The dotted line shows the average Eapp value (0.68)
for 100% dimers, assuming E = 1. Error bars represent the mean ± s.e.m., n = 10. $, P < 0.05 (two-tailed Student’s t test).
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For further discussion, see the Note in the Supporting
Information.
Recently, oligomerization of membrane proteins, particularly

of GPCR, has been a topic of broad interest because of its
functional relevance and potential importance in development
of new drugs. However, signi"cant controversy exists on the
oligomeric state of GPCRs due to the lack of reliable detection
methods (see below in the case of !2AR). To improve such a
situation, new methods based on various detection principles
have been developed. For example, #uorescence correlation
spectroscopy and photon counting histogram have been
applied to determine the brightness of di!using objects,
which is proportional to the number of GPCRs moving
together, in living cells.25 Single-molecule imaging methods
were also reported to determine the number of subunits in
membrane proteins by counting discrete steps of photo-
bleaching26 or to monitor the association!dissociation
dynamics by single-particle tracking.27,28 These methods
require only single-color-labeled proteins; however, it is di$cult
to distinguish whether the membrane proteins form oligomers,
they exist within the limits of optical resolution ("200 nm), or
they are segregated into membrane domains. On the other
hand, resonance energy transfer-based methods can detect
interaction of membrane proteins when they approach each
other within "10 nm. Although #uorescent or luminescent

proteins have been widely used for FRET or BRET
methods,4!6,29!31 they have limitations in surface speci"city,
controlled multicolor labeling, and size. Another strategy using
#uorescent proteins is bimolecular #uorescence complementa-
tion;25,29 however, it provides information for the interaction
between the split #uorescent proteins and not stoichiometry of
interaction of the target proteins. Thus, it is desired to develop
cell-surface speci"c, smaller, and convenient multicolor labeling
methods, such as noncovalent coiled-coil labeling,11 covalent
SNAP-tag,9 ACP-tag,10 and NTA-His binding technologies.32

While the covalent systems are promising alternative tools for
conventional methods,9,12,20,27 the coiled-coil labeling has more
advantages over them; (i) short labeling time within 1 min (cf.
SNAP-tag: 1 h;9 ACP: > 20 min on living cells10,12) enables the
precise analysis of oligomeric states of receptors on living cells
with minimum in#uences of internalization of the labeled
receptors and surface expression of newly biosynthesized
receptors, (ii) perturbation of receptor function can be
minimized owing to the small size of 5!6 kDa (SNAP-tag:
"18 kDa9), and (iii) the high a$nity of the K4 probes (Kd =
"5 nM) reduces background signals in comparison with the
NTA-His binding system (Ni-NTA exhibits Kd values of 1.05
$M and 166 nM for (His)6 and (His)10 tag-fused receptors,
respectively).32 Other pros and cons of the coiled-coil method
has been discussed elsewhere.33,34 Indeed, our simple

Figure 4. Relationship between oligomerization and function of E3-!2AR-HEK293 (transient). (A) The Eapp values for E3-!2AR-HEK293
(transient), E3-GpA*-HEK293 (transient), and E3-mGluR1b-HEK293 (transient) labeled at XD = 0.74. Similar experiments to Figure 3 were
performed using E3-!2ARs transiently expressed on HEK293 cells. Error bars represent the mean ± s.e.m., n = 20 (!2AR) and n = 10 (GpA*,
mGluR1b). $$, P < 0.01 (two-tailed Student’s t test). (B) cAMP response of E3-!2AR-HEK293 (transient) on treatment with isoproterenol at 30
°C. Error bars represent the mean ± s.e.m., n = 3. (C) Time course of FRET increase and cAMP production for E3-!2AR-HEK293 (transient)
treated with 10 $M isoproterenol. Error bars represent the mean ± s.e.m., n = 10 (Eapp) and n = 3 (cAMP assay). $$, P < 0.01 (two-tailed Student’s t
test). (D) The spectral images of internalization of E3-!2AR-HEK293 (transient) after stimulation with 10 $M isoproterenol. Images are shown in
pseudocolor (the scale bar on the right). These images are a composite of 19 channels in the range of 565 to 745 nm (resolution: 10 nm). The
yellow arrows indicate the regions of locally accumulated !2ARs on the membranes.
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experimental procedures and precise analysis enable discrim-
ination of dimer and tetramer without complicated steps.
Moreover, the results of mGluR1b demonstrated that this
method is applicable for not only class A GPCRs having
compact structures and short N-termini (Figures 3 and 4,
closslinked !2ARs) but also class C GPCRs with large
extracellular regions forming “head-to-head” dimers.
There is currently dispute over oligomerization of !2AR, a

typical family A GPCR, on living cells. James et al. concluded
that !2AR did not form dimer and pointed out the possibility
that the actual amounts of dimers might be limited at a
physiological expression level,6 whereas Mercier et al. reported
that more than 80% of !1AR and !2AR formed constitutive
homo- and heterodimers and that the dimerization is
insensitive to receptor density.5 The di!erence between their
interpretations has developed into a major controversy.7,8

Meanwhile, Dorsch et al. demonstrated that !2ARs form stable
oligomers on living cells using #uorescence recovery after a
photobleaching method, in which the target proteins fused with
YFP at the extracellular region were immobilized with
polyclonal antibodies and then the lateral mobility of the
nonimmobilized fraction fused with CFP at the intracellular
region was determined.23

These discrepancies are due to the lack of a precise way to
stoichiometrically determine oligomeric states of membrane
proteins on living cells; "rst, fusion proteins with #uorescent or
luminescent proteins have functional limitations as stated
above; second, overexpression may raise arti"cial oligomeriza-
tion and/or random transfer; third, FRET or BRET methods
were not validated using standard membrane proteins. In
addition, it is also important to investigate not only oligomeric
states of membrane proteins on living cells but also their
functional relevance.
We used the coiled-coil labeling method to overcome the

problems of the fusion proteins and found that !2ARs on the
cell surface do not form constitutive homooligomers regardless
of the cell species and method for expression and that they exist
as monomers or may form heterooligomers with other
receptors.35!37 On the other hand, they showed cAMP
responses and internalization on treatment with isoproterenol,
demonstrating that homooligomerization is not necessary for
the receptor functions of !2ARs. These results are consistent
with the in vitro observation that a monomeric !2AR is the
minimal functional unit necessary for signaling.38 Moreover,
Scarselli et al. also recently found that !2AR does not cluster in
"xed CHO cells using photoactivated localization microscopy.24

Note that the absence of FRET signals did not originate from
defects in the experimental system because treatments with the
cross-linkers antibodies and Protein A (Figure 3C and 4A) on
the agonist isoproterenol (Figure 4A) resulted in a signi"cant
increase in Eapp, indicating that our method can detect the
association between !2ARs when they form oligomers.

! CONCLUSIONS
Our results in this study with stoichiometric analysis provide a
"nal solution to the long-standing debate about the oligomeric
state of !2AR for a decade. We initially demonstrated that the
oligomeric states of three standard membrane proteins could be
correctly determined using the coiled-coil tag!probe labeling
method combined with spectral imaging. Using this method, we
investigated the relationship between oligomeric states of !2AR
and its functions after having con"rmed that the E3-tagged
receptors were fully functional and found that !2ARs on the cell

surface do not form constitutive homooligomers regardless of
the cell species and method for expression. Our less perturbing
methodology is a powerful tool for analyzing not only
oligomeric states of membrane proteins on living cells but
also their functional relevance.
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