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Significance

 Despite extensive structural 
studies of G protein–coupled 
receptors (GPCRs), the 
oligomerization properties of class 
A GPCRs, such as the β1﻿-adrenergic 
receptor (β1 AR), remain elusive. 
Most in vitro studies have been 
conducted in detergent micelles, 
which may obscure intrinsic 
oligomerization tendencies. Using 
double electron–electron 
resonance spectroscopy and 
single-molecule brightness 
measurements, we show that β1 AR 
preferentially forms symmetric 
parallel dimers in lipid nanodiscs 
but remains predominantly 
monomeric in micelles. 
Dimerization is influenced by 
nanodisc size and inhibited by 
cholesteryl hemisuccinate. These 
findings provide insights into how 
membrane composition and 
physical constraints regulate GPCR 
assembly, and suggest that β1 AR 
dimerization may be controlled in 
native membranes, a factor that 
may be critical for understanding 
receptor function and therapeutic 
targeting of dimer-specific 
signaling pathways.

Author contributions: N.K., T.S., Q.W., and G.M.C. 
designed research; N.K., T.S., and Q.W. performed 
research; N.K., T.S., Q.W., and G.M.C. analyzed data; and 
N.K., Q.W., and G.M.C. wrote the paper.

Reviewers: H.M.A., Columbia University; I.K., Weizmann 
Institute of Science; and D.J.W., University of Maryland, 
Baltimore.

The authors declare no competing interest.

Copyright © 2025 the Author(s). Published by PNAS. This 
article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
mariusc@mail.nih.gov.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2519609122/-/DCSupplemental.

Published September 18, 2025.

BIOPHYSICS AND COMPUTATIONAL BIOLOGY

Dimerization propensity of the β1-adrenergic receptor in lipid 
nanodiscs probed by DEER and single-molecule spectroscopies
Nina Kubatovaa, Thomas Schmidta, Quan Wanga, and G. Marius Clorea,1

Affiliations are included on p. 9.

Contributed by G. Marius Clore; received July 21, 2025; accepted August 15, 2025; reviewed by Hashim M. Al-Hashimi, Ilya Kuprov, and David J. Weber

G protein–coupled receptors (GPCRs) comprise a large class of membrane pro-
teins that mediate cellular responses to a wide range of external signals and as such 
constitute major drug targets. While oligomerization has been shown to play a 
well-established role in modulating signaling for class C GPCRs (e.g., the gluta-
mate and GABA receptors), the functional relevance of oligomerization for class A 
receptors, such as the β1-adrenergic receptor (β1AR), remains unclear. Here, we have 
examined the influence of the membrane mimetic environment on the dimerization 
propensity of β1AR using a combination of pulsed Q-band double electron–electron 
resonance spectroscopy and single-molecule fluorescence brightness measurements in 
an Anti-Brownian Elektrokinetic trap. While β1AR is predominantly monomeric in 
docecyl-β-D-maltoside (DDM) micelles, reconstitution of β1AR in lipid nanodiscs 
preferentially favors symmetric parallel dimers. Using nanodiscs of different diame-
ters we observed a clear size-dependent increase in the dimer fraction, reaching over 
50% of the β1AR molecules in large (~12.5 nm diameter) nanodiscs. Addition of 
cholesteryl hemisuccinate, an analog of cholesterol, suppresses β1AR dimerization in 
lipid nanodiscs, recapitulating the behavior in DDM micelles. This work provides 
quantitative evidence that β1AR possesses an intrinsic, membrane sensitive predisposi-
tion for dimerization, and highlights the importance of spatial membrane constraints 
in the modulation of class A GPCR dimerization.

GPCR | double electron–electron resonance EPR | single molecule ABEL trap | dimerization |  
nanodiscs

 G protein–coupled receptors (GPCRs) constitute a large group of cell surface receptors 
comprising 7 transmembrane helices and, as such, have been a major focus of pharma­
ceutical research ( 1   – 3 ). Several studies have linked GPCR oligomerization to ligand bind­
ing and subsequent G-protein activation ( 4     – 7 ). However, with the exception of class C 
GPCRs (that include glutamate and GABA receptors), oligomerization appears to be 
receptor-specific and remains poorly understood. Demonstrating the existence and func­
tional relevance of GPCR oligomers has been hindered by numerous technical challenges 
( 8 ). Further, the majority of in vitro studies have been performed under conditions that 
favor the monomeric form ( 9 ,  10 ). One of the central challenges in studying membrane 
proteins is their dependence on the lipid environment to maintain native structure and 
function. While live cells or cell-derived membranes provide the most physiologically 
relevant context, these systems are limited by heterogeneity, lack of experimental control, 
and constraints on available experimental methods. To overcome these limitations, various 
membrane-mimicking systems have been developed for in vitro GPCR studies ( 11 ). 
Among them, lipid nanodiscs offer a powerful platform: they consist of self-assembled 
phospholipid bilayers stabilized by two membrane scaffold proteins (MSPs), allowing 
precise control over membrane size and composition ( 12 ,  13 ). The diameter of nanodiscs 
typically ranges from 7 to 16 nm, enabling the reconstitution of one or more GPCRs [~3 
nm diameter for the transmembrane core ( 14 )] within a single nanodisc, and are therefore 
particularly well suited for investigating oligomerization ( 15 ).

 Adrenergic receptors are members of the class A (rhodopsin-like) family of GPCRs, 
the largest and most diverse family of GPCRs ( 3 ,  16 ), and respond to catecholamines 
such as adrenaline and noradrenaline ( 17 ). Adrenergic receptors regulate heart rate, 
blood pressure, and metabolism, and, hence, are prominent drug targets in the treatment 
of hypertension, asthma, and heart failure. The β1﻿-adrenergic receptor (β1 AR) is pre­
dominantly expressed in cardiac tissue and plays a critical role in regulating cardiac 
output. Activation of β1 AR stimulates the sympathetic nervous system, modulating 
cardiovascular function. Dysregulation of β1 AR leads to a variety of diseases involving 
the heart ( 18 ).D
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 Symmetric dimers of rhodopsin—the most prominent example 
of the class A GPCR family—have been previously observed in native 
membranes by atomic force microscopy ( 19 ) and in lipid nanodiscs 
by cryoelectron microscopy ( 20 ). For both β1 AR and its close relative 
the β2﻿-adrenergic receptor (β2 AR), dimers in cell membranes have 
been observed by bioluminescence resonance energy transfer (BRET) 
( 21   – 23 ). The heterogeneous membrane composition of living cells, 
however, may impact GPCR oligomerization preferences ( 24 ).

 Here, we used a combination of Q-band pulsed EPR-based double 
electron–electron resonance (DEER) ( 25 ,  26 ) and single-molecule flu­
orescence brightness measurements in an Anti-Brownian Elektrokinetic 
(ABEL) trap ( 27 ,  28 ) to examine the effect of the membrane mimicking 
system, specifically lipid nanodiscs, on the oligomeric preferences of 
β1 AR. DEER measures pairwise distances up to ~60 Å between spin- 
labeled sites in nondeuterated frozen proteins ( 26 ) allowing detection 
of conformational states or oligomerization at angstrom-level resolution. 
Single-molecule fluorescence and electrokinetic trapping measures both 
brightness and diffusion of individual molecules in solution, permitting 
monomers to be distinguished from dimers in real time at room tem­
perature. Measurements were carried out for two different sizes of lipid 
nanodiscs, MSP1D1 (diameter ~9.2 nm) and MSP1E3D1 (diameter 
~12.5 nm) ( 12 ). Both DEER spectroscopy and single-molecule fluo­
rescence brightness measurements show that β1 AR exists predominantly 
in a monomeric state in n﻿-dodecyl- β-D-maltoside (DDM) micelles, 
but preferentially forms dimers when incorporated into nanodiscs. The 
dimer population is correlated with the diameter of the nanodiscs. 
Incorporation of cholesteryl hemisuccinate (CHS), an analog of cho­
lesterol, into the nanodiscs suppresses dimerization of β1 AR, consistent 
with previous observations in DDM micelles ( 29 ). 

Results and Discussion

Membrane-Mimicking Systems. To investigate the effect of 
membrane-mimicking systems on β1AR oligomerization, we 
compared DDM micelles, one of the most commonly used GPCR 
environments (30, 31), with lipid nanodiscs which provide a more 
native-like membrane-mimicking system for in vitro experiments 
(32). Two DMPC lipid nanodiscs with different diameters, 
governed by the chosen MSP, were used in the current work: 
namely small MSP1D1 and large MSP1E3D1 nanodiscs with 
respective diameters of ~9.2 and 12.5 nm (SI Appendix, Fig. S1). 
β1AR was incorporated into the small nanodiscs at ratios of β1AR-
to-nanodiscs of 1:4 and 1:1 and into large nanodiscs at ratios of 
1:10, 1:4, and 2:1 (Table 1). The size of the large MSP1E3D1 
nanodiscs is known to be sufficient to readily accommodate two 
GPCR molecules (15, 33). To ensure pure β1AR-nanodisc samples, 
it was essential to separate empty nanodiscs from β1AR containing 
nanodiscs. To this end we made use of a β1AR construct with 
a second histidine tag at the C-terminus, positioned before the 
3C protease cleavage site (34), thereby enabling β1AR containing 
nanodiscs to be purified by nickel affinity chromatography.

R1-Nitroxide Labeling, DEER, and Basis Set P(r) Distributions 
for Pure β1AR Monomer and Dimer. In our previous work we 
showed that only two cysteines, C163 and C344, are labeled 
with the R1 nitroxide (29). β1AR is largely monomeric in DDM 
(Fig. 1A); addition of cholate promotes dimerization (Fig. 1B), 
while addition of CHS favors the monomeric state (Fig. 1C) (29). 
In DDM and DDM/cholate, C163-R1 exists in three distinct 
rotameric states giving rise to three intrasubunit distances at 31, 
34, and 39 Å between C163-R1 and C344-R1 observed by DEER 
(Fig. 2 B and C) (29, 35). In addition, one intersubunit distance 
between C344-R1 and C344′-R1 is observed by DEER at 26 Å 
which serves as a reporter of the symmetric parallel dimer (Fig. 2B) 
(29) whose interface is formed by transmembrane helices TM1 and 
TM2 and the C-terminal helix H8 (36). [In a biologically spurious 
antiparallel dimer the C344-R1–C344′-R1 distance would be 
in excess of 80 Å (29); similarly, in an alternative biologically 
irrelevant dimer interface formed by transmembrane helices TM4 
and TM5 (36), the intermolecular distances between spin labels 
are too long and inconsistent with the DEER data (29).] Note 
that the monomer and dimer peaks in the P(r) distribution can 
be differentiated by T1-edited DEER as the T1 values for a dimer 
are approximately half those of a monomer owing to a doubling 
of the number of nitroxide labels within the molecular entity of 
interest (35). Since β1AR was not deuterated, one cannot assume 
that all the peaks in the P(r) distance distribution are characterized 
by the same phase memory relaxation time (37); that is one cannot 

Table  1.   Component ratios used for β1AR reconstruc-
tion in nanodiscs

Nanodisc β1AR MSP:β1AR
Nanodisc: 

β1AR DMPC:MSP

 MSP1D1  1  8  4  85

 MSP1D1  1  2  1  85

 MSP1E3D1  1  20  10  160

 MSP1E3D1  1  8  4  160

 MSP1E3D1  2  2  1  120

C344'-R1

C344-R1

C344-R1
C344'-R1

C344-R1

C163-R1a
C163-R1b

C163-R1c

Top viewA

C344-R1

C163-R1a

Side view

B
C163-R1b

C163-R1c

C

CHS

C344-R1

C163-R1b

C163-R1c
CHSCHS

C344-R1

C163-R1b
C163-R1c

TM1

TM2

H8

TM4

TM5

Fig. 1.   β1AR structures. (A) Monomeric β1AR (PDB 2Y00) (38); (B) dimeric β1AR 
(PDB 4GPO) (36); (C) β1AR in complex with CHS (PDB 2Y00) (38). The sites of R1 
nitroxide spin-labeling at Cys163 and Cys344, calculated from the molecular 
coordinates with the CalcPr helper function in Xplor-NIH (39) are shown 
as red spheres (29). CHS is displayed as a green space-filling model. Note 
that C163-R1 occupies three distinct rotamers in the absence of CHS; in the 
presence of CHS, however, C163-R1 occupies only two distinct rotamers, owing 
to displacement of one of the rotamers by bound CHS (29). The β1AR dimer 
shown in panel B corresponds to the dimer orientation found in rhodopsin 
(19) and the dimer interface is formed by transmembrane helices TM1 and 
TM2 and the C-terminal helix H8 (36); the dimer interface is stabilized by 
hydrophobic and van der Waals interactions; in addition Ser45 and Ser45′ in 
TM1 for an intermolecular hydrogen bond, and there is a salt bridge between 
Glu41 (TM1) of one subunit and Arg104 (TM2) of the other (36). This figure 
has been adapted from figure 2 of Kubatova et al. (29) published in Proc. 
Natl. Acad. Sci. U.S.A. while the authors were U.S. Government employees 
at the NIH.
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assume that for a pure dimer, the intensity of the intersubunit 26 
Å peak is half that of the sum of the intensities of the intrasubunit 
31, 34, and 39 Å peaks. Hence, to determine the percentage dimer 
present from the DEER-derived P(r) distribution, one needs to 
determine the basis set P(r) distributions for the pure dimer 
and the pure monomer. This was previously done by T1-edited 
DEER using the same duration of the dipolar evolution time as 
in the current work (T = 2τ2 = 6 µs): For the pure monomer, the 
fractions of the 31, 34, and 39 Å peaks are 0.57, 0.16, and 0.26, 
respectively; for the pure dimer, the fractions for the 26, 31, 34, 
and 39 Å peaks are 0.46, 0.38, 010, and 0.08, respectively (35). 
The same pure monomer and dimer basis set P(r) distributions, 
within experimental error, are also obtained from global analysis 
of the DEER data obtained for β1AR in DDM upon titration 
with cholate (29).

 To determine the fractions of the 26, 31, 34, and 39 Å peaks 
for the β1 AR samples in DDM and DDM/cholate, we fit the 
DEER-derived P (r ) distributions obtained by Tikhonov regular­
ization ( Fig. 2 B  and C  ) to a sum of four Gaussians centered at 
these four peak positions. With the P (r ) distributions for pure 

monomer and dimer in hand, we calculate that the percentages 
of dimer molecules present in the β1 AR samples in DDM and 
DDM/cholate are 17% and 66%, respectively, with 5 to 95% 
confidence limits of 16 to 18% and 57 to 77%, respectively 
( Table 2 ). ﻿

DEER of β1AR in Small MSP1D1 Nanodiscs. A schematic of a β1AR 
monomer and dimer embedded in a small MSP1D1 nanodisc 
is depicted in Fig.  2A. Given the diameters of the MSP1D1 
nanodisc (9.2 nm) and transmembrane core of a β1AR monomer 
(~3 to 3.5 nm), one can deduce that the space available for a 
β1AR dimer (diameter ~ 7.5 nm) within a small nanodisc is rather 
limited and would therefore tend to disfavor incorporation of a 
β1AR dimer. However, even at a β1AR-to-nanodisc ratio of 1:4, 
the DEER-derived P(r) distribution indicates that ~30% of the 
β1AR molecules incorporated into the small nanodiscs are dimeric 
(Fig. 2D and Table 2). At a β1AR-to- nanodisc ratio of 1:1 the 
DEER-derived P(r) distribution shows that the percentage dimer 
is further increased to ~40% (Fig.  2E and Table 2). Since the 
percentage β1AR dimer in DDM micelles is small (<20%), one 
can therefore conclude that, despite steric restrictions imposed by 
the small diameter of the MSP1D1 nanodiscs, the β1AR parallel 
dimer is preferentially incorporated into nanodiscs and enriched 
during reconstruction. Further, it is important to bear in mind 
that incorporation of β1AR into nanodiscs during reconstruction 
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Fig. 2.   Q-band DEER measurements on nitroxide spin-labeled β1AR (C163-R1/
C344-R1) in small MSP1D1 nanodiscs. (A) Diagrammatic representation of 
monomeric (blue, Left panel) and dimeric (Right panel; with one subunit in 
blue and the other in orange) β1AR incorporated into small (9.2 nm diameter) 
MSP1D1 lipid nanodiscs. The MSP1D1 proteins are shown in green. DEER 
echo-curves (Left) and corresponding P(r) distance distributions (Right) for 
(B) β1AR in DDM micelles, (C) β1AR in DDM micelles with 50.5 mM cholate; 
(D) β1AR in small nanodiscs at a ratio of β1AR-to-nanodiscs of 1:4; (E) β1AR 
in small nanodiscs at a ratio of β1AR-to-nanodiscs of 1:1. The experimental 
DEER echo curves (blue) and the corresponding best-fit curves obtained by 
validated Tikhonov regularization (40) are shown in the left-hand panels of 
(B–E). The exponential background functions are shown as dashed lines. The 
corresponding P(r) distance distributions obtained by validated Tikhonov 
regularization are shown in the Right-hand panels of (B–E) as black lines with 
the light blue shading indicating the upper and lower confidence limits. The 
data in panels (B) and (C) are reproduced from figure 2 A and C of Kubatova 
et al. (29) published in Proc. Natl. Acad. Sci. U.S.A. while the authors were U.S. 
Government employees at the NIH.

Table 2.   Percentage β1AR dimer under various membrane- 
mimicking conditions determined by DEER and single-
molecule fluorescence brightness*

Conditions
Percentage β1AR dimer  

molecules

DEER

Single-
molecule 

brightness
(5 to 95% 

limits)
Lower bound 

estimate
DDM micelles

﻿β1AR in DDM  17 (16 to 18) ﻿  11

﻿β1AR in DDM/cholate  66 (57 to 77) ﻿ ﻿

﻿β1AR in DDM/CHS  6 (4 to 8) ﻿ ﻿

﻿MSP1D1 small (9.2 nm) 
nanodiscs﻿

﻿ ﻿ ﻿

﻿β1AR:nanodiscs = 1:4  31 (25 to 37) ﻿  17

﻿β1AR:nanodiscs = 1:1  38 (29 to 49) ﻿ ﻿

﻿MSP1E3D1 large (12.5 nm) 
nanodiscs﻿

﻿ ﻿ ﻿

﻿β1AR:nanodiscs = 1:10  44 (36 to 54) ﻿ ﻿

﻿β1AR:nanodiscs = 1:4  65 (56 to 76) ﻿  44

﻿β1AR:nanodiscs = 2:1  57 (52 to 62) ﻿  50

﻿MSP1E3D1 large (12.5 nm) 
nanodiscs + CHS﻿

﻿ ﻿ ﻿

﻿β1AR:MSP1E3D1:CHS = 1:4:700 ﻿ ﻿  22

﻿β1AR:MSP1E3D1:CHS = 2:1:100  14 (8 to 20) ﻿ ﻿

﻿β1AR:MSP1E3D1:CHS = 2:1:700  0 ﻿ ﻿
*The DEER data specifically detect the symmetric parallel dimer depicted in Fig. 1B (whose 
interface is formed by transmembrane helices TM1 and TM2 and the C-terminal helix H8) 
and characterized by a 26 Å intermolecular distance between the unpaired electrons of 
C344-R1 of one subunit and C344-R1′ of the other (29). In contrast, the single molecule 
brightness measurements count fluorescent labels per particle and are therefore not 
sensitive to the type of dimer (parallel vs. antiparallel) but simply to the number of β1AR 
monomer units present in a nanodisc (which may also include multiple β1AR monomers 
in random orientations); further the single molecule data only provide a lower bound es-
timate of the dimer population due to potential incomplete labeling and photobleaching.D
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involves an effectively irreversible process. That is to say, while 
one can envisage an equilibrium between monomeric and dimeric 
β1AR in DDM micelles involving transient fusion of micelles, no 
such equilibrium can exist between nanodiscs with monomeric 
β1AR and nanodiscs with dimeric β1AR, since β1AR cannot simply 
transition from one nanodisc to another without precipitating 
out of solution and two nanodiscs cannot fuse with one another. 
Indeed, an attempt to further increase the incorporation of β1AR 
dimer into small nanodiscs by raising the β1AR-to-nanodisc ratio 
above 1:1 resulted in sample precipitation, suggesting that while 
the small nanodiscs can stretch to accommodate some dimers, 
the small nanodiscs lack the structural capacity to provide a fully 
relaxed environment for β1AR dimers.

DEER of β1AR in Large MSP1E3D1 Nanodiscs. A schematic of 
a β1AR monomer and dimer embedded in a large MSP1E3D1 
nanodiscs is depicted in Fig. 3A. The diameter of 12.5 nm for 
the MSP1E3D1 nanodiscs (SI  Appendix, Fig.  S1) can easily 
accommodate a dimer of β1AR with no steric hindrance. 
We therefore reasoned that the fraction of β1AR molecules 
incorporated in the dimeric form should be significantly enhanced 
relative to the smaller MSP1D1 nanodiscs. The DEER echo curves 
and corresponding P(r) distributions at β1AR-to-nanodisc ratios 
of 1:10, 1:4, and 2:1 are shown in Fig. 3 B, C, and D, respectively. 
Even at a β1AR-to-nanodisc ratio of 1:10, where one would 
expect almost all reconstituted β1AR to be monomeric in the 
absence of preferential incorporation of β1AR dimer, ~44% of the 
reconstituted β1AR molecules are dimeric (Fig. 3B and Table 2). 

Increasing the β1AR-to-nanodisc ratio to 1:4 results in maximal 
dimer incorporation of ~65% (Fig.  3C and Table  2), and no 
further increase in the percentage of incorporated dimer (~57%) 
is observed at a β1AR-to-nanodisc ratio of 2:1 (Fig.  3D and 
Table 2). Indeed, the percentage dimer is slightly reduced (albeit 
not significantly) at the 2:1 ratio, possibly due to precipitation of 
unincorporated β1AR during the reconstitution process.

Effect of CHS on β1AR Dimerization in Nanodiscs. Cholesterol, 
a key component of eukaryotic cell membranes, modulates the 
function, dynamics, and oligomerization behavior of GPCRs (41, 
42). In the case of β1AR, cholesterol is a negative allosteric modulator 
reducing conformational flexibility and impeding access to the 
active state of the receptor (43). Due to its poor aqueous solubility, 
cholesterol is frequently substituted by CHS in structural and 
biophysical studies (29). CHS binds to the cholesterol consensus 
motif (CCM) cleft formed by transmembrane helices TM2–4 
(44). The spin-labeling site C163-R1 is positioned near the CCM 
binding pocket (Fig. 1C), making it an ideal probe for studying 
the interaction of CHS with β1AR by DEER spectroscopy (29). 
Indeed, one of the three rotamers of C163-R1 is displaced upon 
addition of CHS, resulting in the disappearance of the 31 Å peak 
and leaving two intrasubunit distances at 34 and 39 Å in the 
DEER-derived P(r) distribution (Fig. 4A) (29).

 To investigate the effect of CHS on β1 AR dimerization in large 
MSP1E3D1 nanodiscs, we employed two different experimental 
approaches. In the first, CHS was dissolved in DMPC and incor­
porated directly during nanodisc reconstitution. In this instance, 
the highest achievable CHS-to- β1 AR ratio was 100, limited by the 
solubility of DMPC ( Fig. 4B  ). In the second, CHS was dissolved 
in DDM and added to β1 AR solubilized in DDM micelles prior 
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Fig. 3.   Q-band DEER measurements on nitroxide spin-labeled β1AR (C163-R1/
C344-R1) in large MSP1E3D1 nanodiscs. (A) Diagrammatic representation of 
monomeric (blue, Left panel) and dimeric (Right panel; with one subunit in 
blue and the other in orange) β1AR incorporated into large (12.5 nm diameter) 
MSP1E3D1 lipid nanodiscs. The MSP1E3D1 proteins are shown in green. DEER 
echo-curves (Left) and corresponding P(r) distance distributions (Right) for 
β1AR incorporated into large nanodiscs at ratios of β1AR-to-nanodiscs of (B) 
1:10, (C) 1:4 and (D) 2:1. The experimental DEER echo curves (blue) and the 
corresponding best-fit curves obtained by validated Tikhonov regularization 
(40) are shown in the left-hand panels of (B) and (C). The exponential 
background functions are shown as dashed lines. The corresponding P(r) 
distance distributions obtained by validated Tikhonov regularization (40) are 
shown in the Right-hand panels of (B) and (C) as black lines with the light blue 
shading indicating the upper and lower confidence limits.
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Fig. 4.   Q-band DEER measurements on nitroxide spin-labeled β1AR (C163-R1/
C344-R1) in the presence of CHS reconstituted in DDM micelles or large (12.5 
nm diameter) MSP1E3D1 nanodiscs. (A) β1AR in DDM at a β1AR-to-CHS ratio of 
1:700. (B and C) β1AR incorporated into large (12.5 nm diameter) MSP1E3D1 
nanodiscs at a 2:1 ratio of β1AR-to-nanodiscs with either (B) CHS dissolved in 
DMPC lipids prior to nanodisc reconstruction and added at a β1AR-to-CHS ratio 
of 1:100, or (C) CHS dissolved in DDM prior to nanodisc reconstruction and 
added at a CHS-to-β1AR ratio of 1:700. The experimental DEER echo curves 
(blue) and the corresponding best-fit curves obtained by validated Tikhonov 
regularization (40) are shown in the Left-hand panels with the exponential 
background functions represented as dashed lines. The corresponding P(r) 
distance distributions obtained by validated Tikhonov regularization (40) are 
shown in the Right-hand panels as black lines with the light blue shading 
indicating the upper and lower confidence limits. The data in panel A are 
reproduced from figure 3A of Kubatova et al. (29) published in Proc. Natl. Acad. 
Sci. U.S.A. while the authors were U.S. Government employees at the NIH.D
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to nanodisc reconstitution. This method allows CHS to interact 
with the receptor in the micellar phase and enables the use of much 
higher CHS-to- β1 AR ratios: the CHS-to- β1 AR ratio employed 
was 700:1 and represents a saturated CHS concentration in DDM 
micelles. In both cases, the ratio of β1 AR-to-nanodisc was 2:1, 
providing the most favorable conditions for the incorporation of 
two β1 AR molecules per nanodisc.

 The DEER echo curves and corresponding P (r ) distributions 
for β1 AR(C163-R1/C344-R1) in DDM and large MSP1D3E1 
nanodiscs are displayed in  Fig. 4 . Addition of ~10 mM CHS to 
β1 AR (at a CHS-to- β1 AR ratio of 1:700) in DDM micelles results 
in a ~threefold reduction in the intensity of the intersubunit 26 
Å peak ( Fig. 4A  ) ( 29 ), corresponding to a reduction in dimer from 
~17% to ~6% ( Table 2 ). Similar findings are observed for β1 AR 
reconstituted in MSP1E3D1 nanodiscs: At a CHS-to- β1 AR ratio 
of 100:1, the intensity of the 26 Å peak is significantly reduced 
corresponding to a ~fourfold reduction in dimer from ~60 to 
~15% ( Fig. 4B   and  Table 2 ); and at a CHS-to- β1 AR ratio of 
700:1, the intersubunit 26 Å peak is no longer observable indi­
cating that the reconstituted β1 AR is entirely monomeric under 
these conditions ( Fig. 4C   and  Table 2 ).

 These findings demonstrate that CHS disrupts β1 AR dimer 
formation in both DDM micelles and lipid nanodiscs through 
direct interaction of CHS with β1 AR and/or alteration of the 
physical properties of the lipid micelles and membrane bilayers. 
CHS, like cholesterol, integrates into lipid bilayers with its hydro­
phobic steroid core parallel to the lipid acyl chains and its hydro­
philic headgroup oriented toward the membrane surface, resulting 
in an increase in bilayer thickness, a reduction in fluidity and a 
consequent alteration in membrane geometry ( 41 ,  45 ,  46 ). CHS 
aligns with the nanodisc DMPC lipid bilayer in the same manner, 
thereby permitting CHS to both bind directly to β1 AR and mod­
ulate the physical properties of the bilayer.  

Single-Molecule Fluorescence Brightness Measurements. As a 
complementary strategy to probe β1AR dimerization in nanodiscs, 
we sought to differentiate dimers and monomers from their 
fluorescent brightness at the single-molecule level. For this purpose, 
we labeled β1AR with Cy3 dyes. Cy3 is covalently linked to cysteine 
residues via a maleimide-thiol coupling (47), analogous to the 
MTSL labeling approach used for the DEER measurements, and 
thus targets the same sites on β1AR, namely Cys163 and Cys344. 
Given the two possible labeling positions on β1AR (Cys163 and 
Cys344) (Fig. 5A), a monomeric receptor can have a maximum 
single-molecule brightness that corresponds to two Cy3 dyes, while 
a β1AR dimer is expected to be twice as bright, with a maximum 
possible brightness that corresponds to four Cy3 dyes (Fig. 6A). In 
practice, due to incomplete labeling and photobleaching, brightness 
values may be lower than the maximum allowed by labeling sites, 
but single molecules with >2 times the Cy3 brightness can be 
unambiguously identified as dimers.

 Single-molecule brightness measurements were conducted using 
the ABEL trap platform ( Fig. 5B  ). The experiments were carried 
out in solution at room temperature with ultralow concentrations 
(~20 pM) of Cy3-labeled β1 AR. At such a low concentration in 
aqueous buffer, individual receptor molecules can randomly diffuse 
into a ~3 × 3 µm2  area and be captured for multiple seconds by 
way of electrokinetic feedback flows ( 27 ). During this seconds-long 
observation window, the single molecule experiences a uniform 
excitation profile and its brightness can be accurately deter­
mined ( 48 ).

 We first carried out single-molecule brightness measurements on 
Cy3- β1 AR in DDM. A typical single-molecule trace is shown in 
 Fig. 5C  . Here, two receptor molecules, solubilized in DDM micelles 
are captured for seconds long. The first molecule (from 0 to 3.1 s) 
has an initial brightness of ~180 counts/5 ms, which persists for 
~0.8 s before a sudden transition to a lower brightness of ~105 
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counts/5 ms. The lower brightness level subsequently lasts until the 
3.1 s mark before a sharp decrease into background. The second 
molecule shows a single brightness level, similar to the lower bright­
ness level of the first molecule, from start to the end. We interpret 
the first receptor molecule in the frame to contain two Cy3 dyes 
which photobleached sequentially and the second receptor molecule 
to contain only one Cy3 dye. Note that the observed two pho­
tobleaching steps are not identical in this case and we attribute this 
observation to the nonidentical chemical environment of the two 
labeled cysteine sites on β1 AR, when solubilized in DDM micelles. 
Collecting data from 540 molecules yields an initial brightness his­
togram shown in  Fig. 5C   right, where a major peak at ~180 counts/5 
ms and minor peak at ~105 counts/5 ms can be identified. We note 
that the two peaks in the histogram are broad, potentially reflecting 
the chemical heterogeneity of the two labeling sites and their respec­
tive chemical environment. Nevertheless, very few molecules show 
an initial brightness that is much higher. If we use a threshold of 
225 counts/5 ms (which corresponds to the average brightness of 
2.5 Cy3 in this experiment) and assign all molecules that exceed 

the threshold to be β1 AR dimers, we estimate a dimer fraction 
of ~11%.

 Serendipitously, we found that the Cy3 dye can be incorporated 
nonspecifically into a small fraction (~1%) of empty DDM 
micelles in the absence of receptors. These Cy3-incorporated 
empty micelles cannot be pulled down by the nickel column and 
are absent in the Cy3- β1 AR sample but can serve as a useful control 
for our methodology. Interestingly, these empty DDM micelles 
show remarkable homogeneity in their single-molecule brightness 
profiles: Each molecule displays a single brightness and one-step 
bleaching ( Fig. 5D  ). The brightness histogram from 169 molecules 
gives a sharp peak at 95 counts/5 ms, which corresponds to a single 
Cy3 molecule in a homogeneous micelle environment. This con­
trol experiment further strengthens our assignment of the labeling 
stoichiometry and the presence of chemical heterogeneity around 
the labeling sites in the Cy3- β1 AR experiment.

 In addition to accurate brightness measurements, the ABEL trap 
also determines the diffusion coefficient (D ) of individual captured 
molecules. The diffusion information is obtained from statistical 
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and the outliers are plotted individually using the + marker symbol.
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analysis of the feedback voltage time series needed to counteract 
Brownian motion ( 27 ) and reflects the hydrodynamic radius of sin­
gle molecules. Here, we measured the averaged diffusion coefficient 
of an empty DDM micelle to be ~50 µm2 /s ( Fig. 5E  ), which corre­
sponds to a hydrodynamic radius (Rh  ) of ~4 nm, consistent with 
previous measurements by dynamic light scattering (Rh   ~ 3.5 nm) 
( 49 ). For the Cy3- β1 AR sample in DDM, <D > ~ 40 µm2 /s corre­
sponding to Rh   ~ 5 nm. We attribute the ~25% increase in Rh   to the 
incorporation of a Cy3- β1 AR monomer in a DDM micelle.

 A typical single-molecule trace for Cy3- β1 AR reconstituted in 
small MSP1D1 nanodiscs is shown in  Fig. 6 B  , Left . Here, we 
identify three molecules: the first two molecules have similar initial 
brightness of ~160 counts/5 ms. The second molecule (from 1.1 
to 4.2 s) bleached down via an intermediate brightness level at 
~80 counts/5 ms. The third molecule showed a single flat bright­
ness level of ~80 counts/5 ms before bleaching. Given that the 
level at 80 counts/5 ms is the smallest digital step before pho­
tobleaching, we identified it to be the brightness of a single Cy3 
label in this experiment. Thus, the three receptors in the frame 
contain 2, 2, and 1 Cy3 dyes, respectively, and all three are iden­
tified as β1 AR monomers. Compared to the experiment done in 
DDM micelles ( Fig. 5C  ), the brightness profile has a similar shape 
with two broad peaks that correspond to one and two Cy3 dyes 
per receptor. The dye brightness, however, is slightly reduced (80 
counts/5 ms here versus 105 counts/5 ms for a single Cy3 from 
β1 AR in DDM, versus 95 counts/5 ms from empty DDM 
micelles) and the two Cy3 dyes have equal brightness. These obser­
vations may reflect the subtle differences in the local chemical 
environment as a result of the different solubilization strategies 
(nanodisc vs DDM micelles). Nevertheless, there are also mole­
cules with much higher brightness and more complicated bleach­
ing dynamics and those are identified as β1 AR dimers. After 
histogramming all 502 receptors measured (<D > ~ 30 µm2 /s; 
 Fig. 6F  ) and using 200 counts/5 ms (which corresponds to 2.5 
Cy3 labels in this case) as the brightness threshold, we find ~17% 
of the measured receptors are dimer molecules ( Fig. 6 B  , Right  
panel, and  Table 2 ). Repeating the measurement on Cy3- β1 AR in 
the large MSP1E3D1 nanodiscs (<D > ~ 16 to 18 µm2 /s;  Fig. 6F  ) 
reveals a different picture ( Fig. 6 C  and D  ). At a β1 AR-to-nanodisc 
ratio of 1:4, ~44% of single-molecule traces (664 molecules) 
exhibited an initial brightness above 200 counts/5 ms, which we 
attribute to receptor dimers ( Fig. 6C   and  Table 2 ). Increasing the 
ratio to 2:1 (218 molecules) further raised the dimer fraction by 
~6%, reaching a total of ~50% dimer molecules ( Fig. 6D   and 
 Table 2 ). Both β1 AR-to-nanodisc ratios (1:4 and 2:1) also show 
complex bleaching dynamics, which could be due to self-quenching 
between Cy3 dyes brought into close proximity after dimer 
formation.

 Finally, we investigated the effect of CHS on β1 AR dimerization 
using single-molecule measurements. Unlike DEER, single-molecule 
brightness analysis does not differentiate between biologically rele­
vant parallel dimers and nanodiscs that are randomly occupied by 
two monomers which may or may not form antiparallel dimers of 
no biological relevance. Therefore, we selected a β1 AR-to-nanodisc 
ratio of 1:4 to minimize stochastic co-occupancy and enable a more 
direct comparison with the DEER results.  Fig. 6E   shows a signifi­
cantly lower percentage of identified dimers (~22% dimer mole­
cules) upon addition of CHS, fully consistent with the results from 
DEER ( Fig. 4  and  Table 2 ).  

Concluding Remarks. Despite extensive structural studies on GPCRs, 
the oligomerization behavior of class A GPCRs, such as β1AR, has 
remained elusive (4–7). In the current work we investigated β1AR 
dimerization using two complementary biophysical methods: pulsed 

Q-band DEER spectroscopy and single-molecule fluorescence 
brightness measurements. DEER directly probes long-range distances 
between site-specific spin labels, making it particularly sensitive for the 
detection of stable, symmetric parallel dimers (29), and specifically to 
the dimer formed by transmembrane helices TM1 and TM2 and the 
C-terminal helix H8 (36) (Fig. 2B) that corresponds to the rhodopsin 
dimer (19). In contrast, single-molecule fluorescence brightness 
analysis reflects the number of fluorescent labels per particle and can 
therefore potentially detect both parallel dimers as well as multiple 
β1AR monomers incorporated in random orientations (which 
may include nonbiologically relevant antiparallel dimers) within a 
nanodisc. Further, in the ABEL trap, the fraction dimeric species is 
likely underestimated due to incomplete labeling and/or premature 
photobleaching (where some molecules bleach partially before the 
observation begins).

 Both DEER and single-molecule fluorescence brightness con­
sistently demonstrated that β1 AR is largely monomeric in DDM 
micelles, while incorporation into lipid nanodiscs preferentially 
favors β1 AR dimers. In addition, the DEER data indicate that 
the dimers incorporated into nanodiscs are symmetric with the 
subunits oriented parallel to one another in the configuration 
corresponding to the rhodopsin dimer ( Fig. 2B  ). Both methods 
also revealed a clear increase in dimerization upon increasing the 
size of the nanodiscs. Thus, the larger (12.5 nm) MSP1E3D1 
nanodiscs show a significantly higher dimer fraction than the 
smaller (9.2 nm) MSP1D1 nanodiscs. Quantitatively, at a β1 AR-to- 
nanodisc ratio of 1:4, DEER spectroscopy provided estimates of 
the dimer molecule fractions of ~30% in small nanodiscs and 
~65% in large nanodiscs. Very similar results were obtained from 
single-molecule fluorescence brightness experiments with ~17% 
and ~44% dimer molecules in small and large nanodiscs, respec­
tively, at the same β1 AR-to-nanodisc ratio ( Table 2 ). Given that 
the values obtained by single-molecule brightness measurements 
represent lower bounds for the fraction dimer, the agreement 
between the DEER and single-molecule measurements is remark­
ably good and would also indicate that the only dimer species 
incorporated into nanodiscs is the biologically relevant parallel 
configuration (corresponding to that shown in  Fig. 2B  ). We 
should also note that the dimer fraction determined from the 
single-molecule measurements is based on a brightness threshold 
set at 2.5 Cy3 dyes, corresponding to 200 counts/5 ms ( Figs. 5  
and  6 ). If this threshold were adjusted to a stricter cutoff of exactly 
2 Cy3 dyes, corresponding to ~160 counts/5 ms, the absolute 
dimer percentage would be increased somewhat. However, the 
observed trend—namely, that dimerization increases with nano­
disc size—remains robust regardless of threshold.

 It is important to note that incorporation of β1 AR into nano­
discs reflects a nonequilibrium process: Receptors that fail to 
transfer from DDM into nanodiscs are lost by precipitation, and 
thus the resulting sample reflects a selectively stabilized popula­
tion. Our data indicate that parallel β1 AR dimers are preferentially 
incorporated into nanodiscs. Thus, even under conditions of a 
ten-fold molar excess of large nanodiscs relative to β1 AR, the frac­
tion of dimer is significantly enriched in nanodiscs (~44%) relative 
to DDM micelles (~17%), highlighting the strong influence of 
the membrane environment on β1 AR oligomerization.

 The lack of previous reports on β1 AR dimerization may be 
attributed to limitations of the systems and methods traditionally 
used. Most studies have relied on detergent micelles, which, while 
effective for solubilization, fail to provide the lateral pressure and 
bilayer architecture necessary to stabilize protein–protein interac­
tions within the membrane. Further, bulk biophysical techniques 
may not be sensitive enough to detect small dimer populations or 
may average out transient or heterogeneous states.D
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 Our findings highlight the critical importance of membrane 
context and experimental resolution in detecting GPCR oligomers. 
Demonstrating that β1 AR possesses an intrinsic predisposition to 
form symmetric parallel dimers when a sufficient lipid bilayer envi­
ronment is present has important implications. In particular, our 
results suggest that dimerization may be a regulated feature of β1 AR 
function, potentially influencing receptor signaling, trafficking, and/
or pharmacological properties. These insights could potentially 
guide the design of future functional studies and may possibly be 
leveraged for therapeutic strategies targeting dimer-specific states.   

Experimental Procedures

β1AR Expression and Purification. Thermostabilized turkey 
β1AR was expressed and purified in Escherichia coli Rosetta (DE3) 
competent cells (Sigma Aldrich) as described previously (34). Unless 
otherwise stated, all purification steps were performed at 4 °C. 
Purification comprised the following steps (29): solubilization of 
β1AR with 1.5% n-docecyl-β-D-maltoside (DDM), 0.7% CHAPS 
[(3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate)] 
and 0.15 % CHS; Ni2+-nitrilotriacetic acid (NTA) affinity 
chromatography using a 50% Ni agarose resin (ThermoFisher); 
cleavage of thioredoxin 1 (TrxA) and maltose-binding protein 
(MBP) fusion tags with human rhinovirus (HRV) 3C protease 
(ThermoFisher); separation of β1AR by Sepharose Fast Flow cation 
exchange (Cytiva) chromatography; further purification with 
receptor specific alprenolol agarose affinity chromatography (Cube 
Biotech); and finally Superdex 200 Increase (Cytiva) size exclusion 
chromatography. The fractions from the final column were analyzed 
by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and the molecular mass of purified β1AR was confirmed 
by matrix assisted laser desorption/ionization (MALDI) mass 
spectrometry (29). Finally, purified β1AR was concentrated using 
a centrifugal concentrator with a molecular weight cutoff of 50,000 
(VivaSpin20, Sartorius, Germany) (29).

Expression and Purification of MSP. pET-28a vectors containing 
MSP1D1 and MSP1E3D1 gene constructs (Addgene) were 
transformed into T7 Express competent E. coli cells (New England 
Biolabs). Expression and purification were performed as described 
previously (50). 1 L of Luria–Bertani (LB) broth supplemented 
with 50 μg/mL kanamycin was grown at 37 °C until the OD600 
reached 0.6. Protein expression was then induced by adding 1 
mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and the cells 
were grown for a further 2.5 h. Next, the cells were harvested by 
centrifugation and resuspended in lysis buffer comprising 20 mM 
Tris pH 7.4, 1% Triton X-100, 1 mM ethylenediaminetetraacetic 
acid (EDTA) and two tablets of cOmpleteTM protease inhibitor 
cocktail. After sonication, the lysate was cleared by centrifugation 
and applied to a Ni-NTA agarose resin (Cytiva). The column was 
washed sequentially with: 1) 40 mM Tris pH 8.0, 300 mM NaCl, 
and 1% Triton X-100; 2) 40 mM Tris pH 8.0 and 300 mM NaCl, 
50 mM cholate and 20 mM imidazole; and 3) 40 mM Tris pH 8.0, 
300 mM NaCl, 50 mM imidazole. MSPs were eluted with 40 mM 
Tris pH 8.0, 300 mM NaCl, and 300 mM imidazole, and dialyzed 
overnight against 40 mM Tris pH 8.0 and 100 mM NaCl in 10 
kDa molecular weight cutoff dialysis tubing. Subsequently, MSPs 
were incubated at a 1:100 ratio (w/w) of Tobacco Etch Virus (TEV) 
protease to MSP overnight at 4 °C. The mixture was reloaded onto 
a Ni-NTA column, and the flow-through containing cleaved MSPs 
was collected. Finally, the purified MSPs were concentrated to 1 
mM, aliquoted, and flash-frozen for future use.

Reconstruction of β1AR in Nanodiscs. Dimyristoylphosphatidyl­
choline (DMPC) lipids (Avanti Polar Lipids) were first dissolved in 
chloroform and then evaporated to remove the solvent. The dried 
lipid film was subsequently dissolved in 100 mM sodium cholate 
(Sigma-Aldrich) to obtain a final 50 mM stock solution. For β1AR-
containing nanodiscs, purified β1AR (~60 µM) in a DDM-containing 
buffer was mixed with MSP and DMPC/cholate at the ratios specified 
in Table 1. The concentration of cholate was kept to at least 14 mM 
for all samples. After 1 h incubation at 25 °C, BioBeads SM-2 resin 
(Bio-Rad), prewashed with methanol, water, and nanodisc buffer  
(50 mM Tris pH 8.0 and, 300 mM NaCl), was added. The mixture 
was incubated at 25 °C for another 1 h, and then placed at 4 °C over­
night to remove residual DDM. The following day, BioBeads were 
removed, and the mixture was filtered through ultracentrifugal filters 
(Sigma-Aldrich) before being applied to a His-Ni-sepharose column 
(Cytiva). Empty nanodiscs elute directly in the flow-through, while 
β1AR-containing nanodiscs were eluted with 500 mM imidazole. 
Finally, the β1AR-containing nanodiscs were purified by gel filtration 
on a Superdex 200 Increase 10/300 GL column in 40 mM Tris pH 
8.0 and 300 mM NaCl, at a flow rate of 1 mL/min and 25 °C.

β1AR Nitroxide Spin Labeling for DEER Experiments. R1 nitroxide 
labeling of β1AR was carried out prior to nanodisc reconstruction 
using S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)  
methyl methane sulfonothioate (MTSL; Toronto Research Che­
micals), as previously described (29). Briefly, a ten-fold molar 
excess of MTSL was added to β1AR (~60 μM), followed by 2 h 
incubation at room temperature and an additional 12 h incubation 
at 4 °C. Excess spin label was then removed by multiple washes 
in centrifugal concentrator. The spin-labeled β1AR sample was 
subsequently used for β1AR-containing nanodisc reconstruction, 
following the protocol described above. For flash-freezing, 15 μL 
of R1-labeled β1AR in nanodiscs in buffer (40 mM Tris pH 8.0 
and 300 mM NaCl) containing 30% (v/v) d8-glycerol was placed 
into EPR tubes (1 mm inner diameter, 1.6 mm outer diameter; 
VitroCom) and plunged directly into liquid nitrogen.

Q-Band DEER. Pulsed EPR DEER data were collected at Q-
band (33.8 GHz) at a temperature of 50 K on a Bruker E-
580 spectrometer equipped with a 150 W traveling-wave tube 
amplifier, a model ER5107D2 resonator, and a cryo-free cooling 
unit, as described previously (51). Four-pulse DEER experiments 
were acquired using a conventional four-pulse sequence (25). The 
observer and electron–electron double resonance (ELDOR) pump 
pulses were separated by about 80 MHz, with the observer π/2 
and π pulses set to 12 and 24 ns, respectively, and the ELDOR 
π pulse set to 10 ns; the pump frequency was centered at the 
Q-band nitroxide spectrum located at +40 MHz from the center 
of the resonator frequency; the τ1 value of 400 ns for the first 
echo-period time was incremented eight times in 16 ns steps to 
average 2H modulation; and the position of the ELDOR pump 
pulse was incremented in steps of Δt = 4 ns. The bandwidth of 
the overcoupled resonator was 120 MHz (29). All DEER echo 
curves were acquired for tmax = 2.5 μs with the total length (T 
= 2τ2) of the dipolar evolution time set to 6 µs; data collection 
was not extended to the full τ2 (3 µs) range because of a “2 + 1” 
echo perturbation of the DEER echo curves at a time of about t1 
from the final observe π pulse (29). Each DEER echo curve was 
averaged for ~12 h with a shot repetition time of 6 ms. The pulse 
gate time used for echo integration was 32 ns.

 All the raw DEER data have been deposited in FigShare 
(https://doi.org/10.6084/m9.figshare.29877635 ) ( 52 ).  

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

Y
 O

F 
A

L
B

E
R

T
A

 L
IB

R
A

R
Y

, A
Q

U
IS

IT
IO

N
S/

G
E

N
E

R
A

L
 C

O
L

L
 S

V
C

S"
 o

n 
O

ct
ob

er
 2

, 2
02

5 
fr

om
 I

P 
ad

dr
es

s 
12

9.
12

8.
21

6.
34

.

https://doi.org/10.6084/m9.figshare.29877635


PNAS  2025  Vol. 122  No. 38 e2519609122� https://doi.org/10.1073/pnas.2519609122 9 of 10

P(r) Distributions from DEER Echo Curves. P(r) pairwise 
distributions were obtained from the DEER echo curves using 
model-free validated Tikhonov regularization as implemented in 
the program DeerLab (40), with bootstrap analysis for uncertainty 
quantification via the bootan function in the DeerLab library 
and the number of bootstrap samples evaluated set to 1,000 
(29). In addition, compactness regularization was imposed upon 
the distance distribution, as described in ref. 53. The DeerLab 
processing script is provided in SI Appendix.

β1AR Fluorophore Labeling for Single-Molecule Fluorescence 
Brightness Experiments. Fluorophore labeling was carried out in a 
similar manner to nitroxide spin labeling, except that Cy3-maleimide 
(Lumiprobe 11080) was used instead of MTSL. The labeling reaction 
was conducted at room temperature for 1 h and subsequently purified 
using a size-exclusion column (p6, Biorad) followed by a His-Ni-
sepharose column (Cytiva) in 20 mM Tris pH 7.5, 350 mM NaCl, 
and 0.15% DDM. β1AR was eluted with 250 mM imidazole. We 
note that Cy3 has a tendency to be nonspecifically incorporated 
into micelles and the Ni column step was essential to isolate Cy3 
labeled receptors. The averaged degree of labeling was 0.8 Cy3 per 
site (i.e. at C163 and C344). The Cy3 labeled β1AR was subsequently 
reconstituted into nanodiscs following the procedures described in 
Reconstruction of β1AR in Nanodiscs.

Single-Molecule Brightness Measurements. Measurement of 
single-molecule brightness was conducted in a custom-built ABEL 
trap instrument as previously published (54), using a 532 nm 

excitation laser. Experiments with nanodiscs were conducted in 
20 mM HEPES pH 7.8 and 100 mM NaCl at a concentration 
of ~20 pM labeled β1AR receptors. About 150 to 600 molecules 
were collected for each sample condition. Single-molecule traces 
typically show step-wise bleaching and/or complex dynamics 
during the observation window. As an attempt to accurately 
count the number of Cy3 labels attached to the β1AR receptor, 
we calculated the “initial brightness” as the average brightness 
from the start of the trace until any brightness drop, as identified 
by a change point algorithm (55).

Data, Materials, and Software Availability. All the raw DEER data have been 
deposited in FigShare (https://doi.org/10.6084/m9.figshare.29877635) (52). All 
other data are included in the article and/or SI Appendix.
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