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Many membrane proteins are responsible for signaling and ionic transport necessary to maintain biological func-
tions in vivo. Recently, not only conformational changes but also oligomerization have been proposed to regulate pro-
tein activation. Thus, the study of membrane protein oligomerization is crucial for new drug development. The existing
destructive methodologies such as immunoprecipitation, however, are not suitable to determine oligomeric states pre-
cisely because of the artificial aggregation of proteins after detergent solubilization. In the present study, the coiled-coil
tag-probe labeling method and spectral imaging were first combined to establish a new methodology based on fluores-
cence resonance energy transfer (FRET) for stoichiometric analysis of the oligomeric states of membrane proteins on
living cells. After validating the method for mono-, di-, and tetrameric standard membrane proteins, the oligomeric
state of B,-adrenergic receptors (8,ARs) was examined to clarify its functional significance. It was found that B,ARs
could transduce cyclic adenosine 5'-monophosphate (CAMP) signals and internalize them upon treatment with ligands
without showing any FRET signals. Thus, $,ARs do not form constitutive homooligomers, and homooligomerization is
not necessary for the receptor function of $,ARs. Finally, the oligomeric state of full-length M2 proton-selective chan-
nels of influenza A virus was investigated. Although the results of X-ray crystallography and NMR studies using frag-
ment peptides suggested that M2 stably forms a tetrameric channel, the full-length M2 proteins formed proton-conduct-
ing dimers at neutral pH and these dimers were converted to tetramers at acidic pH, indicating that the minimal func-
tional unit of the M2 channel is a dimer.

Key words——coiled-coil labeling; fluorescence resonance energy transfer; oligomerization; spectral imaging; f,-
adrenergic receptor; M2 proton channel
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Fig. 1. Coiled-coil Tag-Probe Labeling Method and
Schematic Diagram of FRET within Oligomeric Proteins

(A) Helical wheel representation of the E3 and K4 heterodimer. The
peptide chains propagate into the page from the N-terminus to the C-termi-
nus. White and graded double-headed arrows show hydrophobic interaction
between the side chains of L and I in a ‘‘knobs-into-holes’” manner and elec-
trostatic interaction between the side chains of E and K, respectively. (B)
Schematic diagram of FRET within a GPCR dimer. Unlabeled and star-at-
tached cylinders show E3 tags and K4 probes, respectively. The left and right
stars show the energy donor fluorophore (Alexa568) and energy acceptor
fluorophore (Alexa647), respectively.
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Fig. 2. Detection of the Oligomerization of Standard Mem-
brane Proteins by Coiled-coil Tag-Probe Labeling

(A) Spectral images of E3-GpA™* and E3-M2 transiently expressed on
CHO cells labeled with K4 probes at Xp=0.50. (B) Determination of oligo-
meric states. The apparent FRET efficiency, E,,, is plotted as a function of
the donor mole fraction, Xp. The lines from above show theoretical curves
calculated by Eq. (2) for the monomer (N=1), dimer (N=2), trimer (N=
3), tetramer (N=4), and pentamer (N=3) as a function of Xp, respective-
ly. Triangle, circle, and square symbols represent the measured E,,, values
calculated by Eq. (1) 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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Fig. 3.

The Relationship between the Oligomeric State and the Function of E3-£,AR

(A) The E,,, values for E3-8,AR-CHO (stable), E3-GpA*-CHO (transient), and E3-mGluR1b-CHO (transient) labeled with K4 probes at Xp=0.74. Iso
(membrane) and iso (endosome) denote the E,,, values on plasma membranes and endosomes after treatment with the agonist isoproternol, respectively. The an-
tagonist timolol, the inverse agonists carazolol and ICI118551 were also administrated and the E,,, values were determined on plasma membranes. The dotted line
shows the average E,,, value (0.68) for 100% dimers, assuming E=1.0. Error bars represent the mean+S.E.M., n=10. *p<{0.05 (two-tailed Student’s ¢ test) . (B)
The E,,, values for E3-8,AR-HEK293 (transient) , E3-GpA*-HEK293 (transient), and E3-mGluR1b-HEK293 (transient) labeled at X;,=0.74. Similar experiments
to Fig. 3(A) were performed using E3-$,ARs transiently expressed on HEK293 cells. Error bars represent the mean+S.E.M., n=20 (8,AR) and n=10 (GpA*,
mGIuR1b). **p<0.01 (two-tailed Student’s ¢ test) . (C) Time course of FRET increase and cAMP production for E3-$,AR-HEK293 (transient) treated with 10 um
isoproterenol. Error bars represent the mean+S.E.M., n=10 (E,,,) and n=3 (cAMP assay). **p<0.01 (two-tailed Student’s # test). (D) The spectral images of
internalization of E3-8,AR-HEK293 (transient) after stimulation with 10 um isoproterenol.
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Fig. 4. The Oligomeric States of E3-M2 in a pH-dependent Manner

Dimer Tetramer

(A) Determination of the oligomeric states at pH 4.9 and 7.3. The apparent FRET efficiency E,,, was plotted as a function of the donor mole fraction Xp.
Squares and circles indicate the E,,, values determined by Eq. (1) for E3-M2 at pH 4.9 and 7.3, respectively. The black lines represent the theoretical curves from
above for the tetramer (N=4), trimer (N=3), dimer (N=2), and monomer (N=1), respectively, calculated by Eq. (2) assuming a true FRET efficiency of 1.0
and an unlabeled fraction of 0.1. Error bars represent the mean+S.E.M., n=10. (B) The pH dependence of the oligomeric states of E3-M2 and the effect of the Am
pretreatment. Closed and open circles indicate the E,,, values at Xp=0.74 in the absence and presence of Am, respectively. Lines denote the theoretical E,j,, values
for the tetramer (N=4), trimer (N=3), dimer (N=2), and monomer (N=1, overlapped with the abscissa) . Error bars represent the mean+S.E.M., n=10. (C)
The influence of cholesterol removal on channel activity at pH 6.0 (left) and 4.9 (right) . Black, gray, and white bars express y (s~! protein~!) values for untreated,
10 mm MBCD-treated, and 100 um Am-treated cells, respectively. Error bars represent the mean+S.E.M., n=8. (D) The dimer-tetramer equilibrium state in a pH-
dependent manner; a drop of pH derives the dimers to form a tetramer, whereas the tetramer dissociates to dimers at a neutral pH. At a neutral pH, Am binds the
dimer to induce an inactive state, resulting in the inhibition of tetramerization. Note that the true Am to M2 stoichiometry is not known.
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