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ABSTRACT G-protein-coupled receptors (GPCRs) control vital cellular signaling pathways. GPCR oligomerization is pro-
posed to increase signaling diversity. However, many reports have arrived at disparate conclusions regarding the existence, sta-
bility, and stoichiometry of GPCR oligomers, partly because of cellular complexity and ensemble averaging of intrareconstitution
heterogeneities that complicate the interpretation of oligomerization data. To overcome these limitations, we exploited fluores-
cence-microscopy-based high-content analysis of single proteoliposomes. This allowed multidimensional quantification of
intrinsic monomer-monomer interactions of three class A GPCRs (b2-adrenergic receptor, cannabinoid receptor type 1, and
opsin). Using a billion-fold less protein than conventional assays, we quantified oligomer stoichiometries, association constants,
and the influence of two ligands and membrane curvature on oligomerization, revealing key similarities and differences for three
GPCRs with decidedly different physiological functions. The assays introduced here will assist with the quantitative experimental
observation of oligomerization for transmembrane proteins in general.
INTRODUCTION
G-protein-coupled receptors (GPCRs) comprise the most
abundant family of transmembrane proteins (TMPs) in
mammalian cells (1,2); they control multiple signaling
transduction pathways and effect crucial physiological reac-
tions in response to a plethora of endo- and exogenic stimuli
(1). Historically, GPCRs were considered monomeric en-
tities, but multiple recent studies indicate that they
frequently exist as dimeric or oligomeric assemblies (3).
Oligomerization is proposed to increase pharmacological
diversity by stabilizing alternative receptor conformations
(4) and thereby promoting alternative signaling pathways
(5). Thus, a concerted effort has gone into understanding
GPCR oligomerization (3). However, many reports have
arrived at disparate conclusions regarding the existence,
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stability, and stoichiometry as well as the influence of
endogenous and pharmacological ligands on GPCR oligo-
mers (5–8).

The majority of GPCR oligomerization studies have been
performed in living cells using optical resonance energy
transfer (RET) methods to interrogate an ensemble of recep-
tors (see Table 1 from Kasai and Kusumi (9)) or, more lately,
single receptor molecules (6). However, cellular complexity,
although establishing biological relevance (8), makes it
difficult to disentangle the association properties intrinsic
to direct receptor monomer-monomer interactions from
the influence of multiple effectors that have been shown to
impact oligomerization, including confining cytoskeletal el-
ements (10), lipid rafts (11), interacting proteins (12), or
extracellular contacts (13). To provide an analysis of
GPCR oligomerization unbiased by cellular complexity,
we purified and reconstituted GPCRs in proteoliposomes.

Proteoliposomes are model systems that are in principle
particularly well adapted to studies of oligomerization
because their continuous spherical surface allows TMPs to
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diffuse perpetually within the plane of the lipid bilayer and
oligomerize without any hindrance imposed by physical
barriers. However, the reproducible production of homoge-
nous proteoliposomes is a great challenge in proteoliposome
reconstitution (14–19). A recent study demonstrated that
individual proteoliposomes within a reconstitution have
a highly heterogeneous protein-to-lipid (P/L) ratio that
severely skews ensemble measurements of oligomerization
(20). In general, heterogeneities are observed for different
samples independent of protein type or reconstitution
method (14–20). To overcome this limitation, we ex-
ploited fluorescence-microscopy-based high-content anal-
ysis (HCA) of single nanoscale proteoliposomes (20). This
allowed the accurate multidimensional quantification of
pure monomer-monomer interactions unbiased by cellular
complexity and intrareconstitution heterogeneities.

Our data provide quantitative comparative insight into the
oligomerization of three class A GPCRs: the b2-adrenergic
receptor (b2AR), which binds adrenaline and noradrenaline
in a variety of tissues to stimulate smooth muscle cell
contraction (1); the cannabinoid receptor type 1 (CB1),
which binds endocannabinoids in neurons and plays a role
in memory, learning, and addiction (21); and opsin, the
non-ligand-bound rhodopsin that mediates visual photo-
transduction in retinal cells (22). To characterize the oligo-
merization process in-depth, we quantified the number of
protein monomers that associate per cluster (stoichiometry),
the strength of monomer association (equilibrium constant
and related association energy), and the influence of
selected ligands and of the geometric structure of the sur-
rounding lipid bilayer. This enabled us to identify key sim-
ilarities and differences among the three GPCRs with
decidedly different physiological functions.
MATERIALS AND METHODS

Cloning, receptor purification, and labeling

Quantitative fluorescence RET (FRET) microscopy requires that each re-

ceptor carry a single fluorescent label; furthermore, to make direct compar-

isons between GPCRs, the fluorescent labeling site must be placed on the

same region as the receptors. We therefore engineered receptor constructs

with a specific cysteine labeling site for fluorescent labeling on the sur-

face-exposed part of helix 8 (see Supporting Materials and Methods, Re-

ceptor Constructs). For all receptors used in this study, it was confirmed

that the single reactive cysteine mutant was functional using ligand binding

assays (for details, see b2AR (23), CB1 (24), and opsin (25)), and that fluo-

rescent labeling did not impair functionality. Expression, purification, and

fluorescent labeling with either Cy3- or Cy5-maleimide (Amersham Biosci-

ences, Little Chalfont, UK) was carried out as previously described (b2AR

(23), CB1 (26), opsin (27)).
Proteoliposome preparation

Fluorescently labeled receptors were reconstituted into proteoliposomes

with a total protein to lipid ratio of 1:1000. Oregon Green 1,2-dihexade-

canoyl-sn-glycero-3-phosphoethanolamine (OG-DHPE) was included at

0.1 mol percentage to fluorescently label all proteoliposomes, and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)2000-

biotin (DSPE-PEG2000-biotin) was included at 0.1 mol percentage to enable

tethering to the passivated microscopy glass surface (see Fluorescence Mi-

croscopy). To make direct comparisons between different GPCRs, the re-

ceptors were reconstituted into the simplest lipid composition required to

maintain receptor functionality (see below). Four different proteoliposome

preparations were produced for each receptor: 1) both GPCR-Cy3 and

GPCR-Cy5 reconstituted at a 1:1 ratio for quantification of FRET, 2) empty

liposomes with no receptors reconstituted, 3) only GPCR-Cy3 reconsti-

tuted, and 4) only GPCR-Cy5 reconstituted. Samples 2–4 were prepared

as controls to carefully quantify possible intensity signal contaminations

in the various microscopy detection channels used in this study (see Quan-

tification of EFRET).

Proteoliposomes were prepared as previously described (20). Briefly,

b2AR proteoliposomes were prepared by resuspending a dried lipid film

of 1,2-dioleoyl-sn-glycero-3-phosphocholine/cholesteryl hemisuccinate/

1,2-dioleoyl-sn-glycero-3-phosphoglycerol/OG-DHPE/DSPE-PEG2000-

biotin (79.4:10:10:0.5:0.1) (Avanti Polar Lipids, Alabaster, AL; Steraloids,

Newport, RI; Invitrogen, Carlsbad, CA) in buffer (20 mM HEPES,

100 mM NaCl, 1% octylglucoside (pH 7.5)) (20). The lipid detergent

mixture was sonicated for 1 h on ice, and subsequently, receptors

were added in the desired lipid to protein ratio. After incubation on ice

for 2 h, proteoliposomes were formed by the removal of detergent on a

Sephadex G-50 (fine) column (25 � 0.8 cm) (Sigma Aldrich, St. Louis,

MO).

CB1 and opsin proteoliposomes (28) were prepared by mixing labeled re-

ceptor, solubilized in 0.05% n-dodecyl-b-D-maltoside, and lipids 1-palmi-

toyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glyc-

ero-3-phosphoglycerol/OG-DHPE/DSPE-PEG2000-biotin (59.85:39.85:

0.2:0.1) (Avanti Polar Lipids, Steraloids, Invitrogen), solubilized in 0.5 M

sodium cholate with approximately two-thirds vol of Bio-Beads SM-2

(Bio-Rad, Hercules, CA) overnight at 4�C. The Bio-Beads were removed

by centrifugation (1000 � g, 1 min), yielding proteoliposome preparations

in 20 mMHEPES (pH 7.3), 150 mMNaCl, 2 mMMgCl2, and 1 mMEDTA.

Both Bio-Beads and size exclusion chromatography are robust methods for

removing detergents. Once proteoliposomes are diluted to 0.0025 g/L and

added to the glass surface for microscopy imaging (see section below),

any remaining detergent will have had ample opportunity to dissociate

into the assay buffer before the actual microscopy measurement takes place.

We therefore evaluate the likelihood for any trace amounts of leftover de-

tergents to be negligible and not influence the dimerization studies. Also,

no lipidomic studies were carried out after reconstitution, as we anticipated

the bulk lipids present would comprise the large excess of reconstitution

lipids, either 1,2-dioleoyl-sn-glycero-3-phosphocholine/cholesteryl hemi-

succinate/1,2-dioleoyl-sn-glycero-3-phosphoglycerol for b2AR or 1-palmi-

toyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glyc-

ero-3-phosphoglycerol for opsin and CB1.
Fluorescence microscopy

We immobilized the biotinylated proteoliposomes on a poly-L-lysine

(PLL)-graft-PEG/PLL-graft-PEG-biotin passivated microscopy glass sur-

face in homebuilt microscope chambers through NeutrAvidin, as described

previously (20). Chamber parts were cleaned extensively using ethanol and

Milli-Q water. Glass slides (thickness 170 5 10 mm) were cleaned by

consecutive rounds of sonication by 2% (v/v) Helmanex, following 3 �
Milli-Q water and 2 � methanol. Glass slides were dried in nitrogen

flow, plasma etched for 2 min, mounted in a microscope chamber, and incu-

bated with a mixture of 1000:6 PLL-g-PEG and PLL-g-PEG-biotin (19;

SuSoS AG, D€ubendorf, Switzerland) (1 g/L) in surface buffer (15 mM

HEPES (pH 5.6)) for 30 min. After carefully washing with sample buffer

(b2AR: 20 mM HEPES, 100 mM NaCl (pH 7.5); CB1 and opsin: 20 mM

HEPES, 100 mM NaCl, 2 mMMgCl2, 1 mM EDTA (pH 7.5)), the surfaces

were incubated with 0.1 g/L NeutrAvidin in surface buffer for 10 min, after

additional washing 10� with sample buffer. We controlled proteoliposome
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surface density by adding samples at a low concentration (0.0025 g/L) to

achieve spatial separation between particles and then washed the chamber

10 � with sample buffer. Proteoliposomes were imaged in sample buffer

with a Leica TCS-SP5 inverted confocal microscope (Leica, Wetzlar, Ger-

many) and an oil immersion objective HCX PL APO CS � 100 (NA 1.4).

476, 543, and 633 nm laser lines were used to excite the OG-DHPE, Cy3,

and Cy5 fluorophores, respectively. The OG intensity signal was filtered out

in the range of 486–539 nm and collected by a photomultiplier tube. Cy3

and Cy5 emissions were detected by avalanche photodiodes (APDs) with

the emission signals cut off at 625 nm between APD1 and APD2 using a

dichroic mirror BS625 (Chroma Technology, Bellows Falls, VT). Cy3

and Cy5 emissions were filtered by bandpass filters BrightLine HC 585/

40 (Semrock, Rochester, NY) and HQ675/55M (Chroma Technology),

respectively. Images had a resolution of 1024 � 1024 pixels, with a pixel

size of 50.5 nm sample length and a bit depth of 16 and were acquired

with a scan speed of 400 Hz. All fluorescence microscopy was carried

out at room temperature.
Single fluorescent particle characterization

Automated detection and fitting of single fluorescent particles was carried

out using software written in Igor Pro v. 6.01 (WaveMetrics, Portland,

OR), as previously described (20). Briefly, a two-dimensional Gaussian

bell was fitted to each diffraction-limited intensity to assign an xy center

and measure the integrated fluorescence intensity. A circularity cutoff of

0.5 (minor axis divided by major axis) was applied to reject spurious inten-

sity signals. Colocalization was defined as particles in separate color chan-

nels having centers within a distance of three pixels.
Quantification of EFRET

To accurately determine the efficiency of energy transfer (EFRET), fluores-

cent signals must be carefully corrected for several signal contaminations.

We used three control samples (preparations 2–4 described in Proteolipo-

some Preparation) and imaged them, employing the exact same micro-

scopy conditions as for the proteoliposomes investigated for FRET

(preparation 1). Imaging the single-labeled proteoliposomes allowed us

to measure the amount of fluorescence intensity leaking into neighboring

emission detection channels (emission bleed-through) and also the amount

of unintended fluorescence intensity resulting from excitation by neigh-

boring laser lines (indirect excitation). We identified three such fluorescent

signal contaminations and were able to accurately determine EFRET by us-

ing the correction factors (u, a, b) (see Supporting Materials and

Methods, Determining Fluorescent Signal Correction Factors (u, a, b)).

In the following section superscript, 0 denotes raw uncorrected intensities.

ID and I0;FRETA are the donor and acceptor intensities excited by the donor

laser line (543 nm).

The GPCR-Cy3 emission ðI0DÞ was corrected for OG-DHPE bleed-

through (u) using Eq. 1:

ID ¼ I0D � uI0M: (1)

The FRET ðI0;FRETA Þ emission was corrected for two signal contamina-

tions—Cy3 emission bleeding into the acceptor detection channel (b) and

the indirect excitation of Cy5 with the donor laser (543 nm) (a)—using

Eq. 2:

IFRETA ¼ I0;FRETA � bID � aI0A: (2)

EFRET was finally calculated according to Eq. 3 (29):

EFRET ¼ IFRETA

IFRETA � gID
; (3)
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where

g ¼ FAhA

FDhD

(4)

was introduced to decouple EFRET from instrumental and photophysical

(30) effects. ðFA=FDÞ corrected for differences in detection effi-

ciencies ðhA=hDÞ and differences in quantum yields of the Cy3 and Cy5 flu-

orophores. ðFA=FDÞ and ðhA=hDÞ were determined as carried out

previously (20).
RESULTS

Direct imaging of single proteoliposomes enables
HCA of compositional heterogeneities

We reconstituted fluorescently labeled GPCRs in proteoli-
posomes doped with a lipid-coupled dye and produced ar-
rays of single surface-tethered proteoliposomes that could
be imaged individually with fluorescence microscopy
(Fig. 1 A). We have previously measured nanoscale lipo-
somes at the single particle level and demonstrated that sur-
face immobilization did not compromise either the spherical
or the physiochemical integrity of the particles (31,32). By
using single proteoliposomes, we reduced the amount of re-
ceptor needed for each assay to �6 pg, a 109-fold reduction
over traditional assays (see Supporting Materials and
Methods, Total Receptor Per Assay). Labeling of both pro-
teins and the membrane phase allowed us to accurately
quantify the amount of GPCRs and lipids per proteolipo-
some and concurrently measure oligomerization by
FRET (20).

We site-specifically labeled previously well-character-
ized and functionally active GPCR mutants with either
Cy3 or Cy5 fluorophores at single reactive cysteines on
the solvent-exposed helix 8 region of each receptor. Recep-
tors were reconstituted in proteoliposomes using standard
protocols of gel chromatography and removal of detergent
using Bio-Beads (Materials and Methods). Mixing receptors
labeled with Cy3 (donor, D) and Cy5 (acceptor, A) allowed
us to quantify GPCR homo-oligomerization as the EFRET

between D- and A-labeled receptors within single nanoscale
proteoliposomes.

Fluorescent confocal microscopy enabled the parallel
collection of fluorescent intensities from thousands of in-
dividual proteoliposomes (Fig. 1 B). We recorded four in-
tensity signals per proteoliposome—lipid dye, D, A, and
FRET (A emission at D excitation) (Fig. 1, B and C)—
and extracted the position and integrated intensity for
all four signals by fitting a two-dimensional Gaussian
function.

Labeling of the proteoliposome lipid phase permitted the
discrimination of receptors reconstituted in proteoliposomes
from protein aggregates as well as empty liposomes by iden-
tifying particles with coexisting lipid and receptor inten-
sities. This approach allowed us to then separate the
proteoliposome fraction into the relevant subpopulation



FIGURE 1 Single proteoliposome high content analysis allows identifi-

cation of intrareconstitution compositional heterogeneities. (A) Single pro-

teoliposomes are tethered to a functionalized microscopy glass surface at

dilute densities to ensure spatially separated particles. Proteoliposome

membranes are labeled with a lipid-coupled dye Oregon Green DHPE

(membrane, OG), and reconstituted GPCRs are labeled with either Cy3

(Donor, D) or Cy5 (Acceptor, A) fluorophores. (B) Typical confocal image

micrographs of single proteoliposomes are shown. Scale bars, 10 mm. Mi-

crographs are recorded for four fluorescent intensity signals: OG (blue),

Cy3 (green), Cy5 (red), and FRET (black). (C) Colocalization of four

unique intensity signals per proteoliposome reveals a subset of different

particles within a reconstitution sample, namely proteoliposomes without

reconstituted GPCRs (Empty), proteoliposomes harboring only donor-

labeled or only acceptor-labeled GPCRs (D or A), proteoliposomes

harboring both donor-labeled and acceptor-labeled GPCRs (AþD), and

protein aggregates (AþD agg). (D–F) Histograms display individual pro-

teoliposome (D) diameters, (E) receptor densities, (F) A/D ratios, and

(G) FRET efficiencies (EFRET). Histograms of b2AR and opsin receptor

densities overlay one another in (E). For each GPCR, data comprise n >

12,800 single proteoliposomes from >5 technical replicates. Errors shown

in (D)–(G) represent the full width of histograms composed from single

Homo-Oligomerization of Class A GPCRs
for FRET studies containing both D- and A-labeled GPCRs
(AþD, Fig. 1 C, red box) from the unwanted populations of
singly labeled proteoliposomes. Our colocalization analyses
revealed that each receptor reconstitution contained subpop-
ulations with highly different GPCR compositions and that a
significant number of particles in each reconstitution were
unusable for FRET studies (Fig. S2 A). We selected the rele-
vant proteoliposomes (AþD) from the total population of
particles for oligomerization studies: 56 5 2% for b2AR,
22 5 2% for CB1, and 18 5 3% for opsin. Although the
mechanisms behind these differences in receptor reconstitu-
tion remain unknown, our single-particle approach allows us
to isolate this population across different reconstitution
samples.

We then quantified intrasample heterogeneities within the
selected proteoliposome population. GPCR oligomerization
is strongly dependent on receptor concentration; we there-
fore carefully determined the receptor concentration of
each single proteoliposome by quantifying the surface
area using a previously published calibration procedure
and the absolute number of receptors employing single-
molecule photobleaching (see Supporting Materials and
Methods, Proteoliposome Size and Receptor Density).
We observed proteoliposome diameters from 40 to
400 nm (Fig. 1 D) and absolute receptor surface densities
covering a broad range of �0.3 � 3.0 � 10�3 receptors/
nm2 (Fig. 1 E). Each proteoliposome contained between
�10 and 200 receptors (Fig. S2 B) with an average of 50 re-
ceptors per proteoliposome. Analysis of single proteolipo-
somes also revealed a broad distribution of A/D ratios
(Fig. 1 F) spanning from 0.2 to 5.0 within a single reconsti-
tution sample prepared with a nominal mixing-ratio of 1:1.
We propagated the single proteoliposome errors for each
parameter in Fig. 1, D–G from the uncertainty associated
with quantifying the fluorescence intensity signals from
GPCRs and lipids and plotted them as histograms (see Sup-
porting Materials and Methods, Error Propagation). The
variation in compositional heterogeneities substantially ex-
ceeded the full width of the error histograms (Fig. 1, D–F,
black arrows), demonstrating that the variations in diameter
(more than 47-fold larger than errors), density (more than
fivefold larger than errors), and A/D ratios (more than
sixfold larger than errors) can be used for HCA.
Oligomer-specific FRET allows quantification of
GPCR oligomerization

FRET association studies require careful controls to
verify that the energy transfer signal is specific to phys-
ical interactions between receptors. The homogeneous
orientation of the receptor in the membrane is crucial
proteoliposome errors for each parameter. Solely in this figure, data for

b2AR are reproduced from (20) to facilitate a direct comparison to CB1

and opsin.
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to prevent non-natural top-to-tail oligomerization events.
We therefore verified that our proteoliposome preparations
contained a uniform receptor orientation (b2AR �90%
outside out (23) and CB1 and opsin >95% inside out)
(see Fig. S1 and Supporting Materials and Methods,
Orientation of Receptors). Additionally, to avoid measuring
artificial receptor crowding, the average distance between
receptors must be considerably larger than the Fӧrster
radius for the D and A fluorophores. Our calculations
reveal that average monomer distances (assuming noninter-
acting monomers) at the observed high- and low-density
extremes (Fig. 1 E) were respectively three- and ninefold
larger than the �5.6 nm Cy3/Cy5-Fӧrster radius, demon-
strating that protein crowding does not contribute substan-
tially to the FRET readout (see Supporting Materials and
Methods, Average Monomer Distance).

To demonstrate that we observed specific oligomerization
and rule out that EFRET is not contaminated significantly by
random collisions of receptors, we have previously used a
theoretical scheme showing that EFRET always exceeded
the expected EFRET from random encounters (20). Here,
we followed the improved experimental guidelines of
Lambert and colleagues, who recently used extensive con-
trols to show that RET between noninteracting proteins
may only increase as a function of acceptor density, whereas
RET resulting from specific association should also be sen-
sitive to donor density (33). To run this test, we plotted
EFRET as a function of A density at a low and high D density,
respectively (Fig. S2, C–H). We found a relative increase in
EFRET at lower D, indicating that EFRET was sensitive to
D density. Thus, these results confirmed that EFRET was
not influenced by random collisions of receptors in the den-
sity ranges investigated here and that all three GPCRs inves-
tigated engaged in specific oligomerization.

Having ruled out the contribution of top-to-tail dimeriza-
tion, receptor crowding, and random collisions, we could
now interpret EFRET measurements from more than 12,000
individual proteoliposomes for each receptor. We observed
a wide distribution of EFRET (Fig. 1 G) (more than 17-fold
larger than errors) as a consequence of the large spread
A/D ratios (Fig. 1 F) and protein densities (Fig. 1 E). Inter-
estingly, the CB1 and opsin EFRET peak positions, 0.34 5
0.001 and 0.375 0.001, respectively, were shifted to higher
efficiencies than for the b2AR, 0.13 5 0.001. These results
indicate that the oligomerization of CB1 and opsin differs
markedly from that of b2AR because of differences in
both association stoichiometry and energy, as we demon-
strate further on.
Ensemble-average proteoliposome
measurements can severely bias oligomerization
assays

Typically, ensemble association studies estimate the average
P/L ratio of proteoliposomes from the starting material of
304 Biophysical Journal 115, 300–312, July 17, 2018
reconstitution samples and measure TMP oligomerization
with ensemble RET. Having first identified that a significant
number of particles were not the relevant AþD proteolipo-
somes (Fig. 1 C; Fig. S2 A), we next evaluated if an
ensemble-average from this sample represented the single
proteoliposome distributions of densities, A/D ratios, and
EFRET (Fig. 1, E–G). We determined the percentage of sin-
gle proteoliposomes having values within a 10% error
margin around the predicted ensemble-average. We based
the 10% error margin on previous reports of RET oligomer-
ization measurements of GPCRs in proteoliposomes (23)
and live cells (34).

We calculated a bulk receptor density (rbulk) under the
assumption that all lipid and receptor materials were used
to produce proteoliposomes (Table S1). For all three recep-
tors, rbulk (1.7 5 0.2 � 10�3 receptors/nm2) represented
less than 15% of the single proteoliposomes (Fig. S2 I).
Additionally, even though proteoliposomes were prepared
at a nominal 1:1 A/D ratio, only 10–12% of single proteoli-
posomes had an A/D ratio within 10% of the intended
A/D ¼ 1 (Fig. S2 I; Table S1). Both observations demon-
strate that the common assumption permitting protein den-
sity and A/D ratios to be estimated from the amount of
starting materials must be used with great caution.

Finally, we estimated an ensemble EFRET average (see
Supporting Materials and Methods, Ensemble Proteolipo-
some EFRET) including signals from AþD proteoliposomes,
protein aggregates, and proteoliposomes carrying only D- or
A-labeled GPCRs (Fig. S2 I; Table S1). The calculated
ensemble EFRET-bulk was similar for all three receptors
(b2AR 0.27, CB1 0.27, and opsin 0.22) but deviated greatly
from the single proteoliposome EFRET peak positions (see
Fig. 1 G) and would incorrectly suggest that the three
GPCRs had similar oligomerization behavior. In addition,
only 4% (b2AR), 14% (CB1), or 7% (opsin) of single proteo-
liposomes were within 10% of the predicted EFRET-bulk

(Fig. S2 I; Table S1). These calculations demonstrate
that protein aggregates and proteoliposomes carrying only
D- or A-labeled GPCRs severely alter ensemble-averaged
EFRET signals. In contrast to the convoluted and biased
ensemble values, single-proteoliposome measurements re-
vealed important differences in the oligomerization propen-
sity of the b2AR, CB1, and opsin.
Identifying unique apparent stoichiometry and
association modes for three class A GPCRs

We have previously shown that compositional heterogene-
ities can be exploited to perform HCA as a function of
TMP density and A/D ratio to extract quantitative parame-
ters of oligomerization (20). Here, we went on to quantify
both the stoichiometry and association energies for b2AR,
CB1, and opsin.

The ratio of D- and A-labeled GPCRs in an oligomer
can be used to determine the apparent average oligomer
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stoichiometry (23,34–38). In the simple case of a D-A
dimer, the amount of energy transferred by the D- to the
A-fluorophore is dependent on the proximity of the two flu-
orophores (39). In higher-order oligomers, where for
example a D-fluorophore may excite multiple acceptors,
the A/D ratio will also affect EFRET. To determine the stoi-
chiometry of each GPCR, we used the widely applied
method of Veatch and Stryer (38) to relate EFRET to the A/
D ratio and extract the apparent average oligomer stoichi-
ometry as a fitting parameter (Fig. 2 A and Supporting Ma-
terials and Methods, Receptor Stoichiometry). The Veatch
and Stryer theory has been a well-established approach
that allows the direct comparison of receptors with stoichi-
ometries greater than dimers; progress is currently being
made in the field to improve this classical theory (40).

We determined the apparent average stoichiometry for
each receptor by fitting this theoretical scheme to all proteo-
liposomes (n > 12,800) presented in Fig. 1, D–G. The stoi-
chiometry analysis reveals interesting differences between
the three receptors. We find that the b2AR forms oligomers
of much lower order than CB1 or opsin (Fig. 2 A) with their
apparent average stoichiometries being 1.8 5 0.2, 4.9 5
0.1, and 4.1 5 0.2, respectively. Taken together, our results
in a simple lipid system reveal that b2AR, CB1, and opsin
each have a unique propensity to form oligomers of a certain
stoichiometry when oligomerization is solely governed by
receptor-receptor interactions.

The direct comparison of our findings with the literature
is not straightforward. GPCR oligomerization has been
largely measured with ensemble-based RET studies in
living cells that have not necessarily arrived at a consensus
with respect to individual receptor oligomerization or stoi-
chiometries (7). Given the disparity of information in the
literature, it is hard to make a direct comparison between
live cell studies and single proteoliposome studies; however,
GPCR oligomeric fraction is evaluated as a function of total receptor density, a

(CB1 and opsin) thermodynamic equilibrium using the kinetic theory of FRET (

for b2AR (�3.9 5 0.007 kcal/mole) and CB1 (�15.2 5 0.8 kcal/mole) and find

liposomes per bin), and a weighted average is shown. For each GPCR, a total o

stoichiometry is shown as a function of total receptor density. Fitting and extrac

teoliposomes selections with increasing receptor densities while maintaining a co

The apparent average stoichiometry from each density selection is shown. For e

tainties represent51 SD calculated from the fit of Eq. S3. A linear fit to each data

and association mode for each GPCR.
we would like to note that there is existing support in live
cells that b2AR can form a dimer (34,41,42) and that the
smallest repeating unit of rhodopsin in isolated disk mem-
branes is tetrameric (43–45).

We then proceeded to quantify the association energies of
oligomerization. We previously applied the method of
Wolber and Hudson (46) to determine the apparent Gibbs
free energy of association for b2AR; however, this method-
ology is restricted to a dimer system and did not satisfyingly
fit the CB1 and opsin data. We therefore built upon the
advanced kinetic theory of FRET by Raicu (47,48) and
computed the theoretical apparent FRET efficiency as a
function of total concentration for two models of a mono-
mer-dimer (b2AR) and monomer-tetramer (CB1 and opsin)
reaction (see Supporting Materials and Methods, Receptor
Association Energies). To exclude any possible contribution
of membrane curvature on protein diffusion (49) and thus
oligomerization, we selected proteoliposomes within an
extremely narrow diameter range (120–130 nm). We then
fitted the ratio of oligomers to free monomers (oligomeric
fraction) as a function of total receptor density to the bind-
ing curves for each oligomer association model and ex-
tracted the association constant of oligomerization Ka.

We determined the apparent Gibbs free energy of associ-
ation for b2AR, �3.9 5 0.007 kcal/mole (which is compa-
rable to that found using the classical Wolber and
Hudson method, �4.7 5 0.2 kcal/mole (20)) and for CB1,
�15.2 5 0.8 kcal/mole. The CB1 association was stronger
than that of the b2AR, as expected by comparison of the
oligomeric fractions of the two receptors in Fig. 2 B (i.e.,
at 0.6 � 10�3 receptors/nm2, �40% of b2AR is oligomeric,
whereas �75% of CB1 is oligomeric). We could not accu-
rately fit the data for opsin with our association model
because the oligomeric fraction of the receptor did not
vary substantially within the range of receptor densities
FIGURE 2 Quantification of GPCR association

strengths and stoichiometry. (A) To quantify the

apparent average stoichiometry of each receptor,

EFRET is evaluated as a function of A/D ratios

and fit with Eq. S3. From the fit, we extract the

apparent average stoichiometry (n). The data

shown in (A) comprise >12,400 single proteolipo-

somes. For clear visualization, EFRET values of

single proteoliposomes are binned (200 single pro-

teoliposomes per bin), and a weighted average of

each bin is displayed. Uncertainties are less than

or equal to displayed marker size. (B) To determine

the association energies of oligomerization (E), the

nd data are fitted based on a monomer-dimer (b2AR) or monomer-tetramer

Supporting Materials and Methods). We determine the association energies

that opsin is a high-affinity oligomer. In (B), data were binned (10 proteo-

f n > 820 single proteoliposomes was included in the analysis. (C) GPCR

ting the apparent average stoichiometry was repeated as in (A) for four pro-

nstant proteoliposome diameter within515 nm of the mean (see Table S1).

ach GPCR, data comprise n > 2500 single proteoliposomes, where uncer-

set is included to guide the eye. Our analysis reveals a unique stoichiometry
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that we could measure (Fig. 2 B), indicating that opsin oli-
gomerizes at much lower densities than CB1 or b2AR.

Increasing receptor density has been proposed to shift the
equilibrium from monomers to oligomers because of the
higher number of protein-protein encounters (42). Thus,
one would expect the apparent stoichiometry to increase
on average with protein density. The multidimensional het-
erogeneity of our samples allowed us to test this hypothesis
because we were able to quantify EFRET as a function of A/D
ratio for multiple receptor densities. In Fig. 2 C, we plot the
apparent average GPCR oligomer stoichiometry for four
groups of proteoliposomes with increasing surface densities
while maintaining a constant proteoliposome diameter. The
average apparent stoichiometry of CB1 increased as ex-
pected. Interestingly, within the limits of statistical uncer-
tainty, we did not observe a similar change for b2AR
(Fig. 2 B). The apparent stoichiometry of opsin was constant
over these receptor densities, which was not surprising given
the constant oligomeric fraction (Fig. 2 B) of opsin within
this range of densities.
Membrane curvature modulates GPCR
oligomerization

Upon ligand binding, GPCRs are thought to desensitize by
internalization into endocompartments of high membrane
curvature (50). However, high membrane curvature has
recently attracted considerable attention for being able
to regulate multiple biophysical properties of TMPs
(49,51–53). We therefore set out to explore whether GPCR
oligomerization is sensitive to changes in the localmembrane
where uncertainties represent 51 SD calculated from the fit of Eq. S3. A line

free b2AR association energy is shown as a function of liposome diameter and

mole from �3.8 to �7.8 kcal/mole in extremely curved versus quasi-planar me

a function of liposome diameter. (E) Dimer lifetimes are calculated for the proteo

omerization as well as dimerization on-rates and lifetimes.
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shape surrounding the receptor. We did this by evaluating
EFRET as a function of liposome diameter (Fig. 3 A).

Our measurements revealed a pronounced effect on
EFRET, changing from �0.05 in a highly curved membrane
(50 nm in diameter) to �0.12 in a more planar membrane
(300 nm in diameter) for b2AR (Fig. 3 A). Over the same
range of curvatures, EFRET changed from �0.30 to 0.40
for both CB1 and opsin (Fig. S3, B and C). These observa-
tions suggest that highly bent bilayers reduce the propensity
of GPCRs to oligomerize.

To exclude any convolution of the curvature effect with
variations in protein density and A/D ratio, we selected
proteoliposomes with a constant range of acceptor and
donor densities for this analysis (Fig. S3, D–F). Ensuring
that both acceptor and donor densities are constant, we
can ascribe the observed perturbation in EFRET to solely
originate from the influence of membrane curvature.
Interestingly, we also found that the apparent stoichiom-
etry of b2AR, CB1, and opsin decreased with high mem-
brane curvature (Fig. 3 B; Fig. S4). Thus, our data reveal
that high membrane curvature can destabilize both the
propensity of GPCRs to oligomerize and the size of the
oligomers.

A major challenge in the membrane curvature field is
to design experimental approaches for controlling and
measuring the effect of both positive and negative curvature
on TMP function (54). Our assay provided an unambiguous
assessment of both types of membrane bends on GPCR olig-
omerization because the receptors favored uniform and
different orientations in the proteoliposomes (b2AR, outside
out, and CB1 and opsin, inside out). We found that high
FIGURE 3 Membrane curvature modulates

GPCR oligomerization. (A) b2AR EFRET is shown

as a function of proteoliposome diameter. EFRET

increases as proteoliposome diameter increases,

and membrane curvature decreases. Data in (A)

have a constant receptor density and A/D ratio

(Fig. S3). Corresponding data for CB1 and opsin

are shown in Fig. S3. In (A), data were binned

(75 single proteoliposomes per bin), and a

weighted average is shown. Data in (A) comprise

a total of n¼ 2175 single proteoliposomes with un-

certainties less than or equal to the displayed

marker size. (B) Increasing membrane curvature

decreases oligomer stoichiometry. Stoichiometry

analysis was repeated as in Fig. 2 A for proteolipo-

some selections with increasing diameters while

maintaining a constant receptor density within

50.2� 10�3 receptors/nm2 of the mean (see Table

S1). Corresponding data for CB1 and opsin are

shown in Fig. S4. The apparent average stoichiom-

etry from each diameter selection is shown. Data in

(B) comprise n > 2500 single proteoliposomes,

ar fit to the data set is included to aid interpretation. (C) Standard Gibbs

membrane curvature. b2AR association energy is decreased by �4 kcal/

mbrane geometries. (D) Dimerization on-rates (kon) (mm
2/s) are shown as

liposome selection of (C). High membrane curvature decreases GPCR olig-



FIGURE 4 Effect of ligands on b2AR oligomerization. (A) b2AR oligo-

merization and (B) apparent average b2AR stoichiometry are shown as a

function of membrane curvature under saturating conditions of either

agonist isoproterenol (ISO) or inverse agonist ICI 118,551 (ICI). Data in

(A) have a constant receptor density and A/D ratio (Fig. S3). In (A), data

were binned (75 proteoliposomes per bin), and a weighted average is

shown. Data in (A) comprise a total of n > 900 single proteoliposomes

for each ligand condition. In (B), data were binned (200 single proteolipo-

somes per bin), and a weighted average is shown. Data in (B) comprise a

total of n > 4000 single proteoliposomes for each ligand condition. Uncer-

tainties in (A) and (B) are less than or equal to the displayed marker size.

Taken together, we find that ligands do not perturb the influence of mem-

brane curvature or the stoichiometry of b2AR.

Homo-Oligomerization of Class A GPCRs
membrane curvature restrains receptor interactions for both
positive (b2AR, outside out) and negative membrane curva-
tures (CB1 and opsin, inside out). Thus, the sign of the cur-
vature does not influence to a measurable extent the effect of
membrane bending on the oligomerization of the three
GPCRs that we examined.

Previously, we used the Wolber and Hudson model to
determine the standard Gibbs free energy of association
and the FRET efficiency within the b2AR dimer (Ebound)
to be �0.2 for proteoliposomes of 120–130 nm in diam-
eter (20). Assuming that the dimeric complexes on
average interact at the same interfaces independently of
curvature (i.e., Ebound is constant), we can now estimate
the fraction of bound dimers as a function of curvature
(see Supporting Materials and Methods, Estimation of
b2AR Association Energies as a Function of Membrane
Curvature). Our estimate yields a curvature-imposed
change in association energy from �7.8 kcal/mole in
quasi-planar bilayers to �3.8 kcal/mole in highly curved
membranes (Fig. 3 C). A �4 kcal/mole change is signifi-
cantly larger than the cost of structural TMP mutations
(55), revealing the pronounced effect of membrane curva-
ture on dimer stability.

To gain insight on the possible underlying mechanisms
driving the difference in dimerization at higher membrane
curvature, we developed the following theoretical frame-
work. We evaluated the dimerization on-rate constant and
its dependence on membrane curvature using protein
mobility theory in combination with a diffusion-limited
on-rate constant (56) (see Fig. 3 D and Supporting Materials
and Methods, Calculation of b2AR On-Rates). We found
that the theoretical diffusion constant is much lower in high-
ly curved membranes (1.9 mm2/s) compared to a planar
bilayer (3.9 mm2/s). We estimated the dimerization on-rate
constant under the assumption that a dimer-binding reaction
will take place every time that two receptors collide (diffu-
sion-limited dimerization). Under this assumption, a diffu-
sion constant that increases with the vesicle diameter
implies an on-rate constant that decreases in highly curved
membranes (Fig. 3 D). Furthermore, by combining our
measured association free-energy with the diffusion-limited
dimerization model and estimates of the dimerization on-
rate, we were able to calculate the approximate dimer life-
times as a function of membrane curvature (Fig. 3 E).
Notably, the combined effect of increased on-rate (faster
diffusion) and increased association energy (increased sta-
bility of the dimers) predicted a significant increase (by
three orders of magnitude) in the dimer lifetime of planar
membranes.

Our results demonstrate that the geometry of the mem-
brane environment strongly modulates GPCR oligomeriza-
tion. Changes in local membrane environments, whether
from the dynamic rearrangements of plasma membrane or
via cycling to endosomes or nanotubules, are thus predicted
to regulate the oligomeric lifetime of GPCRs.
Soluble ligands do not perturb the influence of
membrane curvature or GPCR stoichiometry

There has been considerable effort in the GPCR oligomeri-
zation field to resolvewhether ligands modify class AGPCR
receptor oligomerization, with a body of studies with
opposing conclusions (compare (23,57,58) to (42,59–61)).
Here, we chose to evaluate the effect of ligands for the
b2AR because of its outside-out orientation in proteolipo-
somes, which allows ligands to bind from solution. We
previously tested the influence of the b2AR agonist (isopro-
terenol (ISO)) and inverse agonist ((2R,3R)-rel-3-isopropy-
lamino-1-(7-methylindan-4-yloxy)-butan-2-ol hydrochlo-
ride (ICI) 118,551) by fitting the scaling of EFRET with
density (20). We observed an approximately threefold
increase of Ka for ICI, suggesting that ligands have the po-
tential to modulate the inherent propensity of b2AR
oligomerization.

Here, we first tested the influence of ligand binding on the
curvature-dependent oligomerization behavior. We incu-
bated b2AR proteoliposomes with saturating concentrations
of ISO (10 mM) and ICI (500 nM) for 30 min before imaging
(see Supporting Materials and Methods, Ligands). To eval-
uate the effect of membrane curvature on oligomerization,
we chose a constant protein density (see Fig. S3). The
presence of either ligand (Fig. 4 A) did not perturb to a
measurable extent the effect of membrane curvature on olig-
omerization, thus suggesting that the regulation by mem-
brane curvature is unaffected by ligand binding.

We next tested the effect of ligands on the apparent olig-
omer stoichiometry, here including all receptor densities and
proteoliposome diameters (Fig. 4 B). We found that the
apparent average stoichiometry of b2AR 1.8 5 0.2 did
Biophysical Journal 115, 300–312, July 17, 2018 307
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not change in the presence of ICI, 1.8 5 0.1, or ISO, 2.1 5
0.2. These results are in line with single-molecule tracking
studies in live cells in which ISO was shown not to influence
the stoichiometry of b2AR (42).

Although agonist (ISO) and inverse agonist (ICI) binding
has been shown to induce different ligand-bound conforma-
tional states in b2AR monomers (62,63), we found here that
these ligands did not alter the strong regulatory effect of the
membrane or translate into a change in average stoichiom-
etry. Our data suggest that both the influence of membrane
curvature and the conserved dimeric b2AR stoichiometry
are fundamental to different ligand-bound conformational
states of the receptor.
DISCUSSION

The oligomerization of class A GPCRs has been studied
extensively, and accumulating evidence support that GPCRs
can, in principle, form dimeric or oligomeric assemblies in
the plasma membrane (5). However, many reports arrive at
conflicting conclusions regarding the existence, stability,
and stoichiometry as well as the influence of endogenous
and pharmacological ligands on these assemblies (6–8,33).
The majority of GPCR oligomerization studies have been
performed in living cells (9), in which many environmental
effectors may influence oligomerization. Here, we exploited
a recently developed methodology based on HCA of single
proteoliposomes to provide a comprehensive analysis of
GPCR oligomerization unbiased by cellular complexity
and intrareconstitution proteoliposome heterogeneities.
Our results demonstrate that GPCR oligomerization is re-
ceptor specific and highly sensitive to environmental effec-
tors, such as local protein density and membrane curvature,
and we propose that this could in part explain the inconsis-
tencies present in the published literature.

We directly compared the oligomerization behavior of
three GPCRs with distinct biological roles (b2AR, CB1,
and opsin) to identify key similarities and differences in
their oligomerization propensity. The three receptors associ-
ated with vastly different strengths, ranging from the rela-
tively weak association of b2AR to the very strong
association of opsin (Fig. 2 B). The apparent Gibbs free en-
ergy of association for b2AR (�3.9 5 0.007 kcal/mole) is
slightly higher than what has been reported for the dimeriza-
tion of a model transmembrane helix in liposomes
(�3.0 kcal/mole) (64), which was considered to be reduced
to the simplest TMP interaction in lipid membranes. This
free energy of association meant that in proteoliposomes,
b2AR oligomerization was predominantly modulated for
surface densities between 300 and 2000 receptors/mm2

(Fig. 2 B). Interestingly, b2AR in H9C2 cardiomyocyte-
like cells (65) is clustered within plasma membrane regions
of � 120–160 nm in diameter with very similar densities
(�600–6400 receptors/mm2) (65). It is noteworthy that
when receptors are clustered, their density is not uniform
308 Biophysical Journal 115, 300–312, July 17, 2018
over the entire plasma membrane; thus, the average density
estimated with ensemble average methods like radio ligand
binding can underestimate by a factor of �100 or more the
real local density (65).

The apparent Gibbs free energy of association for CB1

(�15.2 5 0.8 kcal/mole) was much lower than that of
b2AR, reflecting the propensity of CB1 to form oligomers
at much lower receptor densities than b2AR and revealing
that CB1 is able to readily form high-energy oligomers in
the absence of cellular coagents. We found that opsin had
an even lower association energy than CB1, which we could
not determine because it remained almost fully oligomer-
ized over the density range covered in our experiment (cor-
responding to 300–3000 receptors/mm2). The differences
that we quantified in oligomer energetics imply that the
GPCR monomer-oligomer association reaction can be regu-
lated in a receptor-specific manner. Such specificity would
allow cellular effectors to fine-tune the interaction strength
and oligomerization state for each receptor in different re-
gions of the cell; thus, providing a means to locally modu-
late GPCR function.

Dimer dissociation constants in units of receptors/mm2

have been reported for two other class A GPCRs in model
cell studies; namely, the N-formyl peptide receptor in Chi-
nese hamster ovary cells (59) (3.6 receptors/mm2) and opsin
in COS-7 cells (66) (1010 receptors/mm2). These results
suggest that opsin would be the weaker dimer; however,
they are obtained in two different cell lines and thus may
not be directly comparable. For example, a recent study re-
vealed that b2AR formed clusters in cardiomyocytes but not
in HeLa or Chinese hamster ovary cell lines when examined
systematically, side by side, by super-resolution photoacti-
vated localization microscopy (67).

It is worth highlighting that the association strengths of
interaction for oligomers of different sizes are best
compared in units of kilocalories/mole or kilojoules/
mole. Considering that the dimer and tetramer reaction
schemes [M] þ [M] 4 [D] and [M] þ [M] þ [M] þ
[M] 4 [T] (M denotes monomer, D denotes dimer, and
T denotes tetramer), the association constants KA,dimer ¼
[D]/[M]2 and KA,tetramer ¼ [D]/[M]4 have different units
of [concentration]�1 and [concentration]�3, respectively.
This is also the case when converting association con-
stants into a characteristic length scale such as concentra-
tion of receptors per area. Furthermore, converting to a
characteristic length scale in the relevant dimension of
the membrane solvent is not trivial (68) and would require
generalizing assumptions on lipid parameters such as
membrane thickness or lipid headgroup area (69), both
of which are highly variable between and within cells
and influential on association energetics (64). We there-
fore overall suggest comparing the strengths of interaction
on the energy scale in our study.

The apparent average stoichiometry varied greatly among
the receptors. b2AR was dimeric, whereas opsin and CB1
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were tetrameric and pentameric, respectively (Fig. 2 A),
suggesting that CB1 and opsin have multiple interfaces of
interaction to accommodate higher-order oligomers. Accu-
mulating evidence from single-molecule studies in live cells
suggests that class A GPCR oligomers form reversibly
(42,59,70,71) and comprise mixtures of monomers, dimers,
and higher-order oligomers (42,71). We could test the exis-
tence of mixed oligomeric species in our samples by moni-
toring changes in the apparent average stoichiometry as a
function of total receptor concentration. The average stoi-
chiometry of CB1 increased with density (Fig. 2 C) as ex-
pected, suggesting a shift from predominately dimeric to
predominantly pentameric clusters. Surprisingly, we did
not observe the same behavior for b2AR, which exhibited
a constant (dimeric) average apparent stoichiometry over
the entire density range investigated (�300–3000 recep-
tors/mm2). This is in contrast with a live cell single-particle
tracking study of b2AR (42) and suggests that if b2AR forms
higher-order oligomers, then additional cellular cofactors
may be required. Our findings support that GPCRs can
have a preferred average stoichiometry and that the robust-
ness of these stoichiometries to small changes in receptor
density is receptor specific.

We further provide, to our knowledge, the first experi-
mental evidence that the geometrical environment of the
membrane modulates GPCRs association. Membrane cur-
vature is rapidly regulated in living cells during signaling
(e.g., in endocytosis) and is considered crucial in tuning
protein recruitment to active signaling sites (72–75). Inter-
estingly, in addition to their canonical signaling platform
in the plasma membrane, GPCRs have recently been
observed to function in areas of high membrane curvature
such as endosomes (<60–500 nm) (50,76,77) and lipid
nanotubules (20 � 450 nm) (78,79) with diameters compa-
rable to proteoliposomes (40 � 400 nm, Fig. 1 D). We
found that high membrane curvature decreased the interac-
tions of b2AR, CB1, and opsin (Fig. 3 A; Fig. S3, B and C)
and decreased their average stoichiometry (Fig. 3 B).
We calculate that membrane curvature perturbs b2AR asso-
ciation energy by �4 kcal/mole. A reduction of 4 kcal/
mole in association energy is significantly larger (on
average >1 kcal/mole higher) than the cost of systemati-
cally perturbing TMP helix-helix interactions by structural
mutations (55) or the effects of ligands (20), suggesting
that modulation by membrane curvature can affect also
other TMP assemblies. Furthermore, coupled to the modu-
lation in receptor mobility in curved membranes, the
stability change implies order-of-magnitude variations in
dimeric lifetimes, which could have profound functional
consequences. Our results predict that the geometry of
the local membrane environment in living cells, as
observed for example in clathrin-coated pits, modulates
GPCR oligomerization.

The lipid environment of the membrane likely plays a
role in GPCR association in the cell (80). Here, we chose
minimal lipid compositions shown to stabilize each GPCR
in proteoliposomes to directly compare their oligomeriza-
tion. The lipid requirements to maintain a functional
b2AR were, however, different for CB1 and opsin (Materials
and Methods). Nevertheless, we found that the response of
receptors to membrane curvature remains intact for all re-
ceptors (e.g., oligomerization and stoichiometry decreased
for all GPCRs in proteoliposomes with high membrane cur-
vature (see Figs. S3, A–C and S4). Additionally, we found
that lipid composition did not overwrite the uniqueness of
receptor-receptor interactions for each GPCR, e.g., CB1

and opsin were reconstituted under identical lipid composi-
tions but showed distinct differences in association energies
and oligomer stoichiometry as a function of density (Fig. 2,
B and C).

Studies of oligomerization in a cellular context un-
doubtedly enhance the biological relevance of the investi-
gation. However, our findings highlight overall that a
quantitative systematic comparison between different re-
ceptors is greatly facilitated by experimental conditions
that can begin to disentangle cellular complexities and
nanoscale heterogeneities to reveal the intrinsic physical
propensity of monomers to oligomerize. The assays intro-
duced here are thus expected to assist the quantitative
experimental observation of oligomerization for TMPs
in general.
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1 SUPPORTING MATERIALS AND METHODS 

1.1 Engineered receptor constructs 

Receptor constructs were engineered with a specific cysteine labeling site for fluorescent labeling 

on the surface exposed part of Helix 8 (H8). 

 

Β2AR labelled at H8 position R333C (1): This construct was termed Δ5. Five cysteines were 

mutated and substituted respectively with (C77V, C265A, C327S, C378A and C406A). 

Subsequently, a single cysteine was introduced at R333C for specific labelling. 

 

CB1 labelled at H8 position A407C (2): Minimal cysteine truncated purification 

construct (∆88/∆417) termed θ, in which only two of the 13 endogenous cysteines 

(Cys-257 and Cys-264) were retained to ensure a functional receptor (2). A specific 

cysteine for labelling was introduced at A407C. 

 

Opsin labelled at Helix 8 position 316C (3, 4): The construct termed θ’ was created 

using a well characterized non-reactive labelling construct (140S, 167S, 222S, 264S, 

322S, and 323S) (4). Into this construct two cysteines were introduced (N2C, D282C) 

to thermally stabilize the apo protein opsin (3). The endogenous 316C was used for 

specific labelling. 

 

1.2 Orientation of receptors  

The orientation of β2AR was previously determined by Fung et al. (1) to be ∼90% outside out. 

The orientation of CB1 and opsin was determined by digestion of the receptors C-terminal region 

with V8 protease and the concurrent loss of the rhodopsin 1D4 epitope (TETSQVAPA) (5). The 

1D4 epitope was used to aid in receptor purification (see (5)). Immunoblot analysis with the 1D4 

monoclonal antibody in Fig. S1 shows that CB1 and opsin are orientated with the extracellular 

domain inside the proteoliposome (inside out).  
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1.3 Determining fluorescent signal correction factors (ω, α, β) 

To accurately determine EFRET, fluorescent signals were carefully corrected for fluorescence 

contaminations using correction factors (ω, α, β) (see Quantification of EFRET (Materials and 

Methods)). We used three control samples (preparations 2-4 described in Proteoliposome 

preparation (Materials and Methods)) and imaged these employing the exact same microscopy 

conditions as for the proteoliposomes investigated for FRET (preparation 1). Correction factors 

were determined separately for β2AR and for CB1 and opsin samples to account for smaller 

changes in the microscope alignments and to accommodate a potential requirement for re-

optimization of laser and image settings. All correction factors are reported as mean ± sem 

determined from hundreds (n) of single proteoliposomes. In the following section superscript 0 

denotes raw uncorrected intensities. ID and 𝐼𝐴
0,𝐹𝐹𝐹𝐹 are the donor and acceptor intensity excited by 

the donor laser line (543 nm). 

 

ω was determined using the control sample labeled only by OG-DHPE (preparation 2) and 

represents the ratio of OG intensity in the 𝐼𝐷
0 channel to OG intensity in the membrane channel 

(𝐼𝑀
0 ) when excited with the 476 nm laser. ω was determined to be 0.9 ± 0.02% for β2AR (n = 

729) (13) and (3.3 ± 0.0004%) (n = 1163) for CB1 and opsin.  

 

β was determined using the control sample harboring only GPCR-Cy3 (preparation 3) and 

represents the ratio of Cy3 intensity in the acceptor emission channel to Cy3 intensity in the donor 

emission channel when excited with the 543 nm laser. β was determined to be (11.1 ± 0.06%) for 

β2AR (n = 1130) (13), (14.5 ± 0.001%) for CB1 (n = 1399) and (13.3 ± 0.001%) for opsin (n = 

1630). 

 

α was determined using the control sample harboring GPCR-Cy5 only (preparation 4) and 

represents the ratio of Cy5 intensity in the acceptor channel when excited by the 543 nm laser to 

the intensity of Cy5 intensity in the acceptor channel excited by the 633 nm laser. α was 

determined to be (9.8 ± 0.1%) for β2AR (n = 1130) (13), (6.7 ± 0.001%) for CB1 (n = 1399) and 

(6.2 ± 0.001%) for opsin (n = 1630).  
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1.4 Proteoliposome size 

Proteoliposome diameters were determined as described previously (6, 9, 10) by relating the 

fluorescence intensity of the proteoliposome membrane fluorophore OG-DHPE to 

proteoliposome diameter as measured by dynamic light scattering (DLS). Briefly, because the 

number of fluorophores incorporated in the membrane (Oregon Green-DHPE) is proportional to 

the proteoliposome surface area and thereby related to diameter (D) through Eq. S1, a conversion 

from diffraction limited intensity spots to physical proteoliposome size was possible. 

𝐼𝑂𝑂𝑂𝑂𝑂𝑂 𝐺𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐹 ∝  𝐴𝐿𝐿𝐿𝑂𝐿𝑂𝐿𝑂 =  𝜋𝐷𝐿𝐿𝐿𝑂𝐿𝑂𝐿𝑂                                        
2  

⇒ 𝐷𝐿𝐿𝐿𝑂𝐿𝑂𝐿𝑂 =  𝐶𝑐𝑐𝑐�𝐼𝑂𝑂𝑂𝑂𝑂𝑂 𝐺𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐹              [S1] 
 
The calibration factor (Ccal) was determined by the use of a calibration sample, where empty 

liposomes were extruded 20×  through two 50 nm filters (Millipore) to produce a narrow size 

distribution. The calibration sample was first examined by DLS to obtain a mean diameter, and 

then by confocal microscopy utilizing identical imaging conditions as for GPCR-Cy3 and GPCR-

Cy5 (preparation 1). The mean of the integrated Oregon Green-DHPE intensity spots was 

correlated to the mean radius found by DLS to obtain Ccal. When Ccal was determined all 

intensities were converted to diameters by Eq. S1. DLS measurements were performed on an 

ALV-5000 correlator equipped with a 633 nm laser. The concentration of liposomes was 0.1 g/l, 

and all data were collected at room temperature.  

 

1.5 Receptor density 

To calibrate receptor densities we used the fluorescent intensities from either control samples 

harboring only GPCR-Cy3 (preparation 3) and only GPCR-Cy5 (preparation 4) and the calculated 

single proteoliposome surface area. The integrated intensity of the labeled receptor IA/D is 

proportional to the number of fluorophores, and thus the number of proteins, since each receptor 

carries one label. This holds true for acceptor fluorophores excited by acceptor laserline (633 nm) 

however donor intensities are quenched by FRET. To recover the unquenched donor intensity we 

added the corrected acceptor FRET intensity to ID (7), using an IA
FRET that was decoupled from 

instrumental and photo-physical effects through the γ-factor.  

We collected single molecule bleaching traces for control samples preparation 3 and 

preparation 4. Bleaching movies were acquired on a Leica DMI6000 TIRF setup using an oil 
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immersion objective HCX PL APO CS (100× magnification, 1.46 NA) (Leica). Oregon Green-

DHPE, GPCR-Cy3 and GPCR-Cy5 were excited by a 488 nm laserline, a 561 nm laserline and a 

635 nm laserline respectively. Oregon Green emission was filtered through a filtercube with a 

dichroic mirror Q495LP and a bandpass filter HQ525/50m. Cy3 emission was filtered through a 

filtercube with a dichroic mirror T565LP and a bandpass filter ET605/70m. Cy5 emission was 

filtered through a filtercube with a dichroic mirror Q660LP and a bandpass filter HQ700/75m. All 

filters and dichroic mirrors were from Chroma Technology. The fluorescence intensity was 

collected on an electron-multiplying Andor Ixon 897 camera. Images were acquired in the format 

of 512×512 pixels, each pixel corresponding to 160 nm sample length, bit-depth of 14 and 250 ms 

exposure time. Each frame was transferred in 0.304 s, bleaching series were acquired for 900 

frames. Single molecule bleaching trace intensities were extracted by software written in Igor Pro 

Ver. 6.01 (Wavemetrics). Single molecule bleaching step intensities were quantified by 

subtracting the average step intensity by the average background intensity (6). For a narrow size 

distribution ranging from 0 – 60 nm the mean number of receptor, were assessed by dividing the 

unbleached starting intensity by the mean bleaching step intensity (11). The mean number of 

receptors was correlated to the mean intensity obtained by confocal microscopy for the same 

narrow size range (0 – 60 nm) and this factor was used to access the number of receptors on all 

individual proteoliposomes. 

 

1.6 Ensemble proteoliposome EFRET 

To determine the ensemble average EFRET we composed a pseudo FRET efficiency by summing 

up all intensity signals from the imaged proteoliposome samples including signals from protein 

aggregates and proteoliposomes carrying only donor or acceptor labeled receptors using Eq. S2. 

𝐸𝑏𝑏𝑐𝑏
𝐹𝐹𝐹𝐹 =  

1
𝑁 ∑ 𝐼𝐴

𝐹𝐹𝐹𝐹− 𝛽 1
𝑁 ∑ 𝐼𝐷−𝛼 1

𝑁 ∑ 𝐼𝐴𝑁𝑁𝑁
1
𝑁 ∑ 𝐼𝐴

𝐹𝐹𝐹𝐹− 𝛽 1
𝑁 ∑ 𝐼𝐷−𝛼 1

𝑁 ∑ 𝐼𝐴𝑁𝑁𝑁 +1
𝑁 ∑ 𝐼𝐷𝑁  

    [S2] 

 

1.7 Error propagation 

The uncertainty associated with quantifying proteoliposome diameter, receptor densities, A/D 

ratios, and EFRET were determined as described previously (6). Briefly, we propagated the errors 

on the 2D Gaussian fit coefficients used to determine the fluorescence intensity of each single 
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particle (see Single fluorescent particle characterization (Materials and Methods)). In Fig. 1 

D-G the full width of the propagated error histograms for the GPCR with the largest errors are 

shown.  

 

1.8 Average monomer distance 

We assumed receptors to be monomeric and equally distributed in the proteoliposomes. We 

determined the average distance between any two receptors in 3D for proteoliposomes with the 

highest and lowest densities. The smallest proteoliposome (40 nm diameter) with the highest 

density (3.0 × 10-3 receptors/nm2) gave an average distance between any two receptors of 17 nm. 

Likewise, the largest proteoliposome (400 nm diameter) with the lowest observed density (0.3 × 

10-3 receptors/nm2) gave an average distance between two receptors of 58 nm.    

 

1.9 Total receptor per assay 

To estimate the total amount of receptor needed for a miniaturized screen, we used the fact that a 

microscope experiment required 1.5 × 106 liposomes given a microscope chamber of 5 mm in 

diameter and a surface density of 7.5 × 1010 proteoliposomes/m2. Assuming each liposome 

carries 50 receptors of 47,058.1 g/mol each, this corresponds to 5.9 pg of protein. 

 

1.10 Ligands 

Proteoliposomes containing reconstituted β2AR were incubated with saturating amounts (10 µM) 

of agonist Isoproterenol (ISO) (Sigma), and saturating amounts (500 nM) of inverse agonist ICI 

118,551 (Sigma). Samples were incubated with ligands for 30 min at room temperature before 

measurements were taken. 

 

1.11 Receptor stoichiometry 

Using the oligomer stoichiometry theory proposed by Veatch and Stryer (12), in a modified 

version (13), we relate EFRET to the A/D ratio and extract the apparent average oligomer 

stoichiometry as a fitting parameter. Here stoichiometry (n) is related to energy transfer (EFRET) 



7 
 

and maximum FRET efficiency EFRETmax, and the mole fraction of the acceptor is represented as 

the acceptor to donor mole ratio (A/D ratio):  

𝐸𝐹𝐹𝐹𝐹 = (1 −  1
(1+(A/D ratio))𝑛−1) ∗ 𝐸𝐹𝐹𝐹𝐹𝐿𝑐𝐹    [S3] 

Data were fit using the Curve Fitting Toolbox in MATLAB v. 8.2 (MathWorks Inc.) evaluating n 

and EFRETmax as free fitting parameters. The fit was weighted with the propagated A/D ratio errors 

(described in Error Propagation). 

The apparent average stoichiometry as a function of density (Fig. 2 C) only included 

proteoliposomes within ± 15 nm of the mean proteoliposome diameter (see Table S1) to avoid 

convoluting the effect of density with membrane curvature. The apparent average stoichiometry 

as a function of membrane curvature (Fig. 3 B and Fig. S3) only included proteoliposomes within 

± 0.2 × 10-3 receptors/nm2 of the mean receptor density to avoid convoluting the effect of 

membrane curvature with total receptor density.  

 

1.12 Receptor association energies 

The FRET efficiencies  of donor-labeled and acceptor-labeled protein oligomers were calculated 

using  the “kinetic theory of FRET”, as derived by Raicu (14, 15): 

              𝐸𝑂𝑐𝐿𝑂𝑂
𝐷𝐷 =  𝜇𝑜𝑜𝑜𝑜𝑜

[𝐷]𝐹
∑ 𝑏(𝑂−𝑏)𝐹�

1+(𝑂−𝑏−1)𝐹�
�𝑂

𝑏�𝑃𝐷
𝑏𝑃𝐴

𝑂−𝑏𝑂−1
𝑏=1     [S4] 

In Eq. S4, n represents the oligomer order.  𝜇𝑂𝑐𝐿𝑂𝑂 is the concentration of oligomers.  𝑃𝐷 and 𝑃𝐴 

are the fractions of donors and acceptors in the oligomer.  For large numbers of molecules, 𝑃𝐷 and 

𝑃𝐴 are equal to the fraction of donor and acceptors, respectively: 𝑥𝐷 and 𝑥𝐴.   𝑥𝐴 =  [𝐴]
[𝐷]+[𝐴]

, with 

[D] and [A] representing the donor and acceptor concentrations, and 𝑥𝐷 + 𝑥𝐴 = 1. Only 

proteoliposomes having diameters between 120 – 130 nm were selected to avoid convoluting 

geometric curvature with oligomeric fraction.  

Eq. S4 gives the theoretical apparent donor-quenched energy transfer efficiency for mixtures of 

monomers and oligomers, assuming an equal donor to acceptor distance for all D-A pairs in the 

oligomer.  For the case of n = 2, a dimer, this is always correct as there is only one donor and one 

acceptor in the dimer pair.  For trimers and above, this is an approximation which minimizes the 

number of adjustable parameters in the theoretical model for FRET (16). We fit Eq. S4 for n = 2 

(β2AR) and n = 4 (CB1 and opsin), corresponding to the cases of monomer-dimer and monomer-
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tetramer thermodynamic equilibria, to the experimental data as described below. Because CB1 

was found to form a mixture of oligomers from 2.8 ± 0.6 to 5.3 ± 0.6 in proteoliposomes with 

diameters between 120 – 130 nm (Fig. 2 C), we chose to fit CB1 using  the average stoichiometry 

in this proteoliposome diameter range corresponding to a monomer-tetramer model.  We 

determined the minimized chi-squared value for all oligomeric models. The kinetic model for 

FRET, however, does not take into account stochastic FRET, or FRET that occurs due to random 

approach of donors and acceptors in the membrane within distances of ~100 Å (14, 17). 

Stochastic FRET can represent a significant contribution to measured EFRET in the case of a 

monomer-dimer equilibrium, but it decreases significantly as a function of oligomer size. As 

such, here we corrected for stochastic FRET in the dimer case (see (18) for details), but we did 

not apply a proximity FRET correction for higher order oligomers. FRET for a mixed population 

of monomers and dimers can be modeled as a function of the dimeric fraction fd(KA,[T]) 

according to Eq. S5:  

𝐸𝑑𝐿𝐿𝑂𝑂
𝐷𝐷 =  𝑓𝐷(𝐾𝐴, [𝑇]) 𝑥𝐴𝐸�     [S5] 

To this FRET prediction, we added a contribution for stochastic FRET (18) and completed the 

theoretical model for the apparent FRET efficiency for the case of a monomer-dimer equilibrium 

(17, 18): 

𝐸𝑐𝐿𝐿,𝑡ℎ𝑂𝑂𝑂𝑒,𝐿 =  𝐸(𝐾𝐴, [𝐴]𝐿)𝐿𝑂𝑂𝐹𝐿𝐿𝐿𝑡𝑒 +  𝑥𝐴,𝐿𝑓𝐷(𝐾, [𝑇]𝐿)𝐸�     [S6] 

Next, we vary the 𝐸�  and K values, and we choose the model which minimizes the chi-squared as 

the best model to represent the data (16). The chi-squared value is calculated according to: 

                          𝜒2�𝐾, 𝐸�� =  1
𝑁−2−1

∑ �𝐹𝑎𝑎𝑎,𝑡ℎ𝑒𝑜𝑒𝑒,𝑜− 𝐹𝑎𝑎𝑎,𝑜

𝜎𝑜
�

2
    [S7] 𝑁 𝑑𝑐𝑡𝑐 𝐿𝑂𝐿𝑂𝑡𝐿

𝐿=1  

We followed the same basic procedure for fitting of higher order oligomerization models, except 

that there was no proximity FRET correction: 𝐸𝑐𝐿𝐿 ≈ 𝐸𝑂𝑐𝐿𝑂𝑂
𝐷𝐷 .  As discussed above, this 

approximation is justified as the stochastic FRET contribution to the signal decreases significantly 

as a function of oligomer order (18).  

To record the fraction of oligomers as a function of total concentration and an equilibrium 

association constant for the association of n monomers to an n’th order oligomer, 𝑛 ∗ [𝑚]  ⇌

𝑜𝑜𝑜𝑜𝑜 , one must find the roots of an n’th order equation. Instead of finding the analytical solution 
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for the fraction of oligomers as a function of total receptor concentration, which is impossible for 

n > 5, we utilized a MATLAB root finding function to numerically calculate the roots of the 

binding polynomial. We took the largest real root as the physical solution to the n’th order 

polynomial which yields [mi] as a function of 𝐾𝐴 and [Ti]. As with the case of the monomer-

dimer equilibrium, we varied the 𝐸�  and K values, and we chose the model which minimized the 

chi-squared as the best-fit model to represent the data (Eq. S7).  

Having determined the association constants of oligomerization for β2AR (8.3 ± 0.9 × 102 

dimer/receptor2) and for CB1 (2.0 ± 1.0 × 1011 tetramer/receptor4), we could then calculate  the 

apparent Gibbs free energy of association (∆Ga)  by: 

∆𝐺𝑐 =  −𝑅𝑇𝑜𝑛(𝐾𝑐)    [S8] 

where R is the universal gas constant, and T is temperature in Kelvin (T = 293±14 K). 

 

1.13 Estimation of β2AR association energies as a function of membrane curvature 

Previously (6), we determined the standard Gibbs free energy of association to be -4.66 ± 0.24 

kcal/mole (-8 kBT) for proteoliposomes of 120 – 130 nm in diameter. In this study we utilized a 

theoretical scheme (17) that describes the FRET efficiency of dimerizing receptors in a 2D 

membrane environment based on two contributions: a) the efficiency arising from random 

collisions and b) the efficiency arising from dimerized proteins. An analytical approximation of 

the FRET efficiency for a random distribution of donors and acceptors in a 2D membrane is given 

by (17) 

𝐸𝐹𝑐𝑂𝑑𝑂𝐿 = 1 − (𝐴1𝑒−𝑏1𝐶𝑎 + 𝐴2𝑒−𝑏2𝐶𝑎)    [S9] 

 

Here the concept of reduced acceptor density (Ca) is introduced as the acceptor surface density 

multiplied by a Förster radius (R0) area ( )(For Cy3/Cy5 =53 Å (19)). A1,2 and k1,2 are 

constants that vary for different values of (Re/R0), Re being the closest approach between donor 

and acceptor when attached to receptors. Based on structural information Re/R0 was assumed to be 

1 (20) for reconstituted β2AR. For a system including dimerized donors and acceptors, the FRET 

efficiency is given by  
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𝐸𝐹𝐹𝐹𝐹 = (1 − 𝑓𝑏)𝐸𝐹𝑐𝑂𝑑𝑂𝐿 + 𝑓𝑏𝐸𝐵𝑂𝑏𝑂𝑑    [S10] 

 

where Ebound is the FRET efficiency within a dimer. Ebound is weighted by the fraction of bound 

donors (fb), as the probability that a randomly chosen donor is bound to an acceptor. fb can be 

expressed as the probability that a single randomly chosen donor will be in a dimer (fd) multiplied 

by the probability that the second unit in the dimer is an acceptor (PA) (21).  PA is expressed in 

terms of reduced donor and acceptor densities as Ca/ (Ca+Cd).  

 

𝐸𝐹𝐹𝐹𝐹 = (1 − 𝑓𝑑𝑃𝐴)𝐸𝐹𝑐𝑂𝑑𝑂𝐿 + 𝑓𝑑𝑃𝐴𝐸𝐵𝑂𝑏𝑂𝑑     [S11] 

 

The fraction of dimers can thus be expressed as 

𝑓𝑑 = � 𝐹𝐹𝐹𝐹𝐹− 𝐹𝐹𝑎𝑛𝑅𝑜𝑅
𝐹𝑏𝑜𝑏𝑛𝑅− 𝐹𝐹𝑎𝑛𝑅𝑜𝑅

� 1
𝐷𝐴

    [S12] 

Because both acceptor density and total receptor density is constant in the analysis performed 

here (see Fig. S3 D), Erandom and PA are constant. Assuming that Ebound remains unchanged with 

curvature, and utilizing the Ebound obtained for β2AR (∼0.2), we can therefore calculate the 

fraction of dimers for each curvature, employing the measured EFRET  (Fig. 3 A).  

 

For a monomer dimer equilibrium, [𝑀] + [𝑀] ↔ [𝐷], the association constant is given by 

𝐾𝑐 =  [𝐷]
[𝑀]2    [S13] 

As pointed out by Fleming et al (22) it is crucial for a correct thermodynamic description of 

protein association in a hydrophobic solute to apply the effective concentration of proteins in the 

lipid phase. This is in contrast to, for example, protein concentration in the total volume of buffer 

and lipids. In accordance with this we employed the mole fraction scale, permitting extraction of 

a standard Gibbs free energy that can be directly compared to reported literature values. The 

fraction of dimers can be expressed in terms of Ka and the total receptor mole fraction Xp 

according to (23)  

𝑓𝑑 =
4𝐾𝑎𝑋𝑎+1− �8𝐾𝑎𝑋𝑎+1

4𝐾𝑎𝑋𝑎
    [S14] 

where (Xp) is given by 
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𝑋𝐷 =  2𝑁𝑎𝑒𝑜𝑡𝑒𝑜𝑛

2𝑁𝑎𝑒𝑜𝑡𝑒𝑜𝑛+ 𝑁𝑜𝑜𝑎𝑜𝑅𝑙
=  2𝑁𝑎𝑒𝑜𝑡𝑒𝑜𝑛

2𝑁𝑎𝑒𝑜𝑡𝑒𝑜𝑛+2
𝐴𝑜𝑜𝑎𝑜𝑙𝑜𝑅𝑒

𝐴𝑜𝑜𝑎𝑜𝑅

    [S15] 

Nprotein and Nlipids being the numbers of receptors and lipids respectively and two accounting for 

the transmembrane nature of the receptors. Due to the lipid bilayer Nlipids is given by twice the 

liposome area (Aliposome) divided by the lipid headgroup area (Alipid= 0.67 nm2) (24).  

Isolating Ka in Eq. S16 yields a solution given by 

𝐾𝑐 =  𝑓𝑅
2𝑋𝑎(𝑓𝑅−1)2    [S16] 

Hence, from the calculated fraction of dimers we obtain a Ka at the molefraction scale for each 

curvature, and finally a standard Gibbs free association energy according to Eq. S8. Ka obtained 

on the molefraction scale is converted to units of copies/Area according to the scheme published 

by Provasi et al. (25) using a lipid headgroup area of 0.67 nm2 (24). 

 

1.14 Calculation of β2AR on-rates 

A prototypical model for diffusion of cylindrical inclusions in membranes is the Saffman-

Delbrück model (26), which treats the membrane as a 2D viscous fluid with two dimensional 

viscosity ηm=hνm , h being thickness and νm the lipid viscosity, surrounded by a 3D 

(“embedding”) fluid with three dimensional viscosity νw. The diffusion of a cylindrical inclusion 

of radius a is given by DSD =D0 /4π (ln(2ξ0/ac)−γ), where ac is the protomer radius, γ the Euler-

Mascheroni constant, D0 =kBT/ηm ~ 10 nm2/μs sets the units for the diffusion constant and 

ξ0=ηm/(2νw) is the Saffman-Delbrück length, i.e. the characteristic scale beyond which the 

membrane exchanges in-plane momentum with the surrounding fluid. This model is derived from 

hydrodynamic considerations for the 2D flat slab surrounded by the embedding solvent. Using νw 

~1cP  and νm~1P gives ξ0=200 nm. 

Generalizing this to the spherical case (27), the co-rotational diffusion of the inclusion of particles 

in liposomes – that is the mobility of the proteins with respect to the vesicle – is given by: 

𝐷𝑐𝑂−𝑂𝑂𝑡 = 𝐷0
8𝜋

∑ 2𝑐+1
𝑆𝑜

𝑐𝑅𝑎𝑚
𝑐=2     [S17] 

 sl=l(l +1)−2+2R/ξ0 (2l+1), R being the vesicle radius.The cutoff lmax = exp(-ɣ) 2R/ac was 

introduced to regularize a high-momentum divergence and was chosen so that the for vanishing 
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curvature, Eq. S15 gives the flat Saffman-Delbrück result. The diffusion for proteins (ac ~ 3.0 nm) 

in vesicles of different diameters estimated with Eq. S17 are plotted in Fig. 3 D. To convert this 

diffusion into a dimerization rate, we assumed a diffusion-limited dimerization step, and used the 

Smoulchowski theory in 2D to obtain the on-rate kon 

𝑘𝑂𝑂(𝐷𝑐) = 4𝜋𝐷𝑐

ln�
4𝜋𝐷𝑐𝑡𝑒𝑚𝑎

𝑎𝑐2
�−𝛾

     [S18] 

where texp refers to typical experimental time scales explored to detect diffusion, and Dc is the 

diffusion constant of the protomers. Combined, Eq. S17 and Eq. S18 allowed us to calculate the 

on-rate as a function of the membrane curvature (see Fig. 3 D).   
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2 SUPPORTING FIGURES AND TABLES 
 

2.1 Supporting Figure 1  
 

 
 
 
Orientation of CB1 and opsin in proteoliposomes. To assess the orientation of the receptor in proteoliposomes, we 
tested proteoliposome samples for their susceptibility to proteolysis by V8 protease. The V8 protease can cleave opsin 
and our CB1 purification mutant at the C-terminus, causing a loss of the 1D4 epitope. For digestion to occur the 
cytoplasmic face must be exposed (i.e. on the outside of the vesicles). Immunoblot analysis with an anti C-terminal 
antibody (1D4, that binds to both opsin and our CB1 purification mutant) showed that liposome samples incubated with 
V8 protease ( + ) show a loss of epitope binding compared to samples without V8 protease incubation ( - ). The 
immunoblot in Fig. S1 reveals that the vast majority of CB1 and opsin samples are oriented inside-out.  
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2.2 Supporting Figure 2 

 

 
 

Characterization of proteoliposome samples. (A) Particle subpopulations within GPCR reconstituted proteoliposome 
samples included empty proteoliposomes (Empty), proteoliposomes with both donor and acceptor (A+D), only donors 
GPCR (D) and only acceptors (A) labeled GPCRs, and receptor aggregates of only donor (D), only acceptors (A), and 
donor and acceptor (A+D) labeled GPCRs. For each GPCR the total number of single particles included in the analysis 
comprises n > 9000 single particles. Data is shown as a weighted average with uncertainties representing the standard 
deviation of technical replicates from 3 independent experiments. (B) Histogram displaying of the number of receptors 
in individual (A+D) proteoliposomes. For each GPCR data comprise n > 12800 single proteoliposomes from > 5 
technical replicates. Error shown represents the full width of the propagated error histogram for the GPCR with the 
largest error. (C-H) EFRET is specific and not due to stochastic interactions. (C, E, G) We plot EFRET as a function of total 
acceptor density at a low (0 – 0.3 × 10-3 receptors/nm2) and high (0.8 – 10 × 10-3 receptors/nm2) total donor density. 
Because we see a relative increase of EFRET at lower total density of donor we conclude that FRET is a result of specific 
interaction of GPCR monomers and is not due to by-stander FRET (28). Data in C, E, G were binned (100 single 
proteoliposomes per bin) and a weighted average shown. For each GPCR and each donor density selection (low or high) 
data n > 1100 single proteoliposomes.  Uncertainties are less than or equal to the displayed marker size. Proteoliposomes 
selected for analysis in C, E, G are shown in panels (D, F, H) as a histogram of total donor density. (I)  To determine 
how representative ensemble averages were of the underlying single proteoliposome population, we counted the number 
of single proteoliposomes which fell within the ensemble average ± 10%. Data are shown as a percentage of the total 
number of single proteoliposomes (see Table S1). Fig. S2 shows that (1) proteoliposome reconstitutions contain 
significant percentage of unintended particles, (2) EFRET is specific in selected proteoliposomes and is not dominated by 
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bystander FRET, (3) ensemble proteoliposome measurements do not represent the underlying single proteoliposome 
population.  
 

2.3 Supporting Figure 3 
 

 
 
Membrane curvature reduces the oligomerization of GPCRs. (A-C) GPCR oligomerization increases as 
proteoliposome diameter (and planarity) increases. Data in A-C were selected for constant donor and acceptor GPCR 
densities (0.4 − 0.8 × 10-3 receptors/nm2) and were binned (75 proteoliposomes per bin) with weighted average shown. 
Data in A-C comprise n > 1800 single proteoliposomes. (D-F) Controls showing that neither total receptor density 
(black) nor the A/D ratio (red) vary with proteoliposome diameter. (G-H) Response of β2AR to the agonist Isoproterenol 
(ISO) or the inverse agonist ICI 118,551 (ICI) at saturating conditions.  Ligands do not modify the response of β2AR to 
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membrane curvature. Data in G-H were selected for constant donor and acceptor GPCR densities (0.4 − 0.8 × 10-3 
receptors/nm2) and were binned (75 proteoliposomes per bin) with a weighted average shown. Data in G-H comprise n 
= 1575 (β2AR + ICI) or n = 975 (β2AR + ISO) single proteoliposomes.  (I-J) Controls showing that neither total 
receptor density (black) nor the A/D ratio (red) vary with liposome diameter. Uncertainties represent the standard error 
of the mean and are shown in B-C where the uncertainties were larger than the marker size; all other uncertainties are 
equal to or smaller than marker size shown. Data in A, G, H are re-plotted from Fig. 4 A. Fig. S3 shows that high 
membrane curvature decreases GPCR oligomerization.  
 

2.4 Supporting Figure 4 
 
 
 
 
 

 
 
 
Membrane curvature decreases oligomer stoichiometry. Stoichiometry analysis repeated as in Fig. 2 A for 
proteoliposomes with defined proteoliposome diameters, while maintaining a constant receptor density within ± 0.2 × 
10-3 receptors/nm2 of the mean (see Table S1). The average stoichiometry from each diameter selection is shown. For 
each GPCR data comprises n > 2500 single proteoliposomes where uncertainties represent ± 1 standard deviation 
calculated from the fit of  Eq. S3. A linear fit to each data set is included to aid interpretation. Data for β2AR are re-
plotted from Fig. 3 B. Fig. S4 shows that the stoichiometry decreases in proteoliposomes of low diameters, hence high 
membrane curvatures.  
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2.5 Supporting Table 1 

 
  Ensemble Single Proteoliposome % Ensemble 

Variable Sample  Mean STDEV SEM  
Proteoliposome 

diameter 
β2AR 101.1 114.5 45.9 0.4 20.0 
CB1 90.6 125.5 63.0 0.5 16.8 

Opsin 81.8 105.5 48.0 0.4 18.6 
Total receptor 
density (nm-2) 

β2AR 1.71 × 10-3 1.26 × 10-3 0.8 × 10-3 0.7 × 10-5 12.4 
CB1 1.71 × 10-3 1.11 × 10-3 0.8 × 10-3 0.6 × 10-5 10.2 

Opsin 1.71 × 10-3 1.29 × 10-3 0.7 × 10-3 0.6 × 10-5 13.6 
 

A/D Ratio 
β2AR 1.0 1.99 1.79 0.02000 10.3 
CB1 1.0 0.82 0.54 0.00004 10.3 

Opsin 1.0 1.24 0.76 0.00600 12.2 
 

EFRET 
β2AR 0.27 0.13 0.14 0.001 4.5 
CB1 0.27 0.34 0.15 0.001 13.8 

Opsin 0.22 0.37 0.16 0.001 7.0 
 

Characterization of proteoliposomes using bulk or single particle approaches. Ensemble measurements or 
estimates were determined from starting preparation constituents or from averaging all reconstitutional particles. 
Briefly, ensemble average proteoliposome diameters were determined by averaging the size of all proteoliposomes 
with and without reconstituted receptor from the single proteoliposome assay. Ensemble average total receptor 
density (nm-2) were estimated from a 1:1000 receptor to lipid ratio, assuming no lipid or receptor loss, and a lipid 
head group area of 0.67 nm2. Ensemble average A- to D-labeled GPCRs (A/D ratio) were estimated from a 1:1 
stoichiometry during receptor reconstitution. Ensemble EFRET was determined by summing all fluorescent intensity 
signals (Methods).  Single proteoliposome data represent the means, standard deviations (STDEV), and standard 
error of the means (SEM) from histograms presented in Fig. 1 D-G fit with either a lognormal (total receptor density  
(nm-2), A/D ratio, and proteoliposome diameter) or normal (EFRET) distributions. The % ensemble represents the 
percentage of single proteoliposomes for each GPCR having values within ± 10% of the mean predicted by the bulk 
data. We chose 10% as a reasonable error on the bulk data based on previous reports of RET oligomerization 
measurements of GPCRs in proteoliposomes (1) and live cells (29).  
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