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GPCRs are targeted by about a third of all approved drugs, 
which makes them by far the most important group of 
drug targets1. Recent years have seen enormous progress in 

elucidating their three-dimensional structure and in understand-
ing how they switch from inactive to active states2,3. Much less is 
known about their behavior at the cell surface, which is where they 
are localized, how they move and how they interact and cooper-
ate with other receptors or downstream signaling partners. Only a 
few studies have achieved analysis of GPCR behavior down to the 
single-molecule level, by observing individual receptors4–6. Such 
studies should help to answer several fundamental open ques-
tions, not only on GPCR localization and mobility, but also on the 
long-standing questions of whether they form dimers or oligomers, 
whether this is affected by ligands and whether and how this might 
change their signaling.

Although we know that class C GPCRs are constitutive dimers 
and that dimerization is a prerequisite for their function7, a clear 
understanding of dimerization and its possible consequences in the 
much larger group of class A GPCRs is still lacking. In the present 
study we address such questions for the µOR, which is the prime 
target for treatment of severe pain. Understanding the function 
of these receptors is considered important to reduce the undesir-
able effects of opioid analgesics, such as constipation, sedation 
and respiratory depression, as well as drug addiction and physical 
dependence.

Structural considerations suggest the possibility of two types of 
µOR dimers. First, the crystal structure of the inactive µOR bound 
to an antagonist suggests a possible dimer interface formed by 
residues in transmembrane helices TM5 and TM6 of both recep-
tor protomers8, whereas the active, agonist-bound µOR crystallizes 
as a monomer9. Data derived from X-ray structures, cryo-electron 
microscopy10, NMR studies11 and molecular dynamics simulations12 
suggest that this interface is lost on activation due to an outward 

displacement of TM6. Second, an active- as well as an inactive-state 
dimer can be formed via a TM1–TM2–H8 interface8. Whether 
other proteins, notably G proteins or β-arrestins, can contribute to 
dimer formation is unknown.

Several lines of evidence suggest that opioid receptors may form 
dimers13,14. However, it is not clear whether and when µORs form 
dimers in their natural environment, that is, at the surface of intact 
cells, nor whether this might affect their localization, dynamics 
and signaling. To elucidate the membrane organization, dynam-
ics and dimerization of the µOR, here we use single-molecule total 
internal reflection fluorescence (TIRF) microscopy combined with 
super-resolution techniques. Labeling SNAP-tagged receptor con-
structs with photostable fluorophores allows us to image, detect 
and track individual receptors at the surface of intact cells. Since 
single-molecule microscopy is limited to low expression levels, we 
validate our results at higher receptor levels by using molecular 
brightness and fluorescence resonance energy transfer (FRET) mea-
surements on a confocal microscope. To assess the effects of ligands 
on the mobility and interactions, we chose a set of four different 
ligands: the reversible antagonist naloxone, the irreversible antago-
nist β-funaltrexamine (β-FNA), which was used for crystallization 
of the inactive µOR8, the full agonist DAMGO ([d-Ala2, N-MePhe4, 
Gly-ol]-enkephalin), and morphine, an agonist that does not lead to 
receptor internalization15. Finally, to assess the connection between 
dimerization and signaling, we measure G protein activation and 
β-arrestin recruitment by the µOR.

Results
µ-Opioid receptor activation controls its mobility. To localize 
and track individual µORs on the surface of living cells, we fused 
a SNAP-tag16 to receptors at the N terminus and labeled them with 
SNAP-Surface 549 dye. For single-molecule experiments the con-
structs were transiently expressed in CHO cells with posttransfection  
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times between 4 and 6 h to ensure low expression levels suitable for 
single-molecule detection (<0.3 particles per µm2).

Essentially, complete labeling was obtained as previously 
described17. Labeling conditions and efficiency were assessed with 
the help of a control construct (Supplementary Fig. 1a), which, 
in addition to the N-terminal SNAP-tag, contains the relatively 
photostable fluorescent protein mNeonGreen at the C terminus. 
Colocalization of the two colors in both detection channels showed 
that using 1 µM SNAP-Surface 549 we could achieve essentially 
quantitative labeling (>90%) of the SNAP-tag of the receptors, 
with negligible nonspecific labeling (Supplementary Fig. 1b,c). 
Radioligand binding and FRET-based G protein activation assays 
showed that neither binding nor signaling behavior were impaired 
by the N-terminal SNAP-tag (Supplementary Fig. 2). The pKD value 
of DAMGO at the SNAP-tagged µOR was 8.83 ± 0.12, which does 
not differ markedly from the value for the untagged, wild-type 
receptor (8.96 ± 0.13). Likewise, Gi protein recruitment and activa-
tion were the same for DAMGO-stimulated SNAP-tagged receptors 
versus wild-type receptors (Supplementary Fig. 2c,d).

Detection, tracking and motion analysis of single particles were 
done with the tracking software u-Track18. Spatial localization with 
an accuracy down to ~25 nm was achieved via fitting of single point 
spread functions (PSFs; Extended Data Fig. 1a). For most applica-
tions (apart from dimerization kinetics) the temporal resolution 
was between 30 and 40 ms. Using this approach, we tracked individ-
ual µORs on the cell surface (Extended Data Fig. 1b). Additionally, 
we imaged endogenous actin fibers with direct stochastic optical 
reconstruction microscopy (dSTORM) following receptor acqui-
sition by coexpressing a Lifeact7-HaloTag construct labeled with 
Janelia Fluor 646 (refs. 19,20).

Our results show that the µORs are compartmentalized on the 
cell surface within meshes of actin fibers (Extended Data Fig. 2a,b 
and Supplementary Videos 1 and 2). Receptor activation by 10 µM 
DAMGO accelerated the overall diffusion speed of the µORs and 
allowed an increased fraction of receptors to overcome actin bar-
riers (Fig. 1a and Extended Data Fig. 1c). After 5 min of DAMGO 
stimulation, receptors became increasingly immobile and com-
partmentalization was restored. The immobile fraction and com-
partmentalization further increased after 10 min and remained so 
at 15 min of DAMGO stimulation (Fig. 1a,b). The distribution of 
diffusion coefficients obtained (Fig. 1a) was shifted to higher val-
ues 1 min after receptor stimulation with 10 µM DAMGO. At 5 min 
after stimulation, diffusion coefficients returned to the initial val-
ues, and the fraction of fast-diffusing receptors was reduced. This 
effect continued and stabilized after 10 min at a lower value.

To further investigate the diffusion behavior, we used the u-Track 
motion analysis function to classify tracks into immobile, con-
fined, Brownian and directed fractions (Extended Data Fig. 1b,d), 
on the basis of their confinement radius and diffusion coefficient 
(see Methods)6,18. After 1 min of stimulation, the diffusion coeffi-
cient of the immobile fraction was noticeably reduced, whereas the 
diffusion coefficients of all three mobile fractions were increased  
(Fig. 1b). The directed diffusion underwent the most substantial 
increase and then decreased progressively until 15 min of stimula-
tion. Conversely, the diffusion coefficients of the immobile, con-
fined and Brownian motion classes returned to basal levels after 
only 5 min of DAMGO stimulation.

Basal µOR dimerization is low and occurs rapidly. To evaluate the 
oligomeric status of the µORs, we analyzed individual PSFs from 
single-frame TIRF images. To avoid bias towards the monomer 
population caused by photobleaching, only the first frame of each 
TIRF movie was used for the intensity distribution analysis. As the 
monomer control, we used an N-terminally SNAP-tagged construct 
of the β1-adrenergic receptor (β1AR), which was previously shown 
to be almost exclusively monomeric5,12, whereas a SNAP-CD28 

construct served as a dimer control12,21. Multiple Gaussian fits  
(Fig. 2a–c) indicated that our controls can be reliably used at the 
receptor densities analyzed. The area under the curve (AUC) of 
the β1-AR (Fig. 2a) at a density of 0.148 particles per µm2 revealed 
a monomer fraction of 90.4 ± 0.5% and a dimer fraction 9.5 ± 0.1%, 
with negligible trimer and tetramer fractions. The dimer control 
CD28 (Fig. 2b) showed 89.8 ± 1.6% (AUC) dimers at a density of 
0.114 particles per µm2. For the µOR (Fig. 2c) we obtained a mono-
mer fraction of 91.9 ± 1.1% even at expression levels that were 
higher than those of the controls (0.271 particles per µm2). Only 
a small dimer population of 5.9 ± 1.8% was suggested by the fit. 
Trimers and tetramers were absent.

To further understand the dependency of these results on the 
receptor expression level, we conducted analogous experiments 
at levels ranging from 0.1 to 0.3 particles per µm2 (Fig. 2d–f). The 
β1AR showed a mainly monomeric constitution up to a density of 
0.3 particles per µm2; above this density, PSFs started to overlap 
(Extended Data Fig. 3a) and showed increasingly double or higher 
order intensities. Conversely, CD28 showed a dominant dimer pop-
ulation even at very low expression levels; at expression levels above 
0.3 particles per µm2 CD28 also showed PSFs of higher order. Again, 
the µOR behaved similarly to the β1AR, but with an even higher 
fraction of monomers.

To investigate whether real dimers occur at higher expres-
sion levels and to further exclude that SNAP-tags might influ-
ence the dimerization, we used an entirely different approach and 
measured the molecular brightness of these constructs, as well 
as the corresponding C-terminally YFP-tagged constructs using 
fluorescence fluctuation spectroscopy. These data confirmed the 
largely monomeric nature of the β1AR and the µOR, while CD28 
was almost perfectly dimeric (Extended Data Fig. 4a). Analogous 
results were obtained with spatial intensity distribution analysis 
(SpIDA; Extended Data Fig. 4b). Furthermore, we conducted FRET 
measurements between the SNAP-tagged constructs labeled with 
SNAP-Surface 549 and SNAP-Surface 647 dyes by acceptor photo-
bleaching (FRET-AB) on a confocal microscope12 (Extended Data 
Fig. 4c,d). All these results confirmed that our controls are reliable 
and indicate that intensity increases at levels above 0.3 particles per 
µm2 are caused by overlapping PSFs rather than by dimerization. 
Taken together, these observations showed that the µOR exhibited a 
clearly monomeric behavior under basal conditions.

To better understand the monomeric behavior of the µOR and 
to assess the kinetics of possible dimerization/splitting events, we 
analyzed tracks of single PSFs using TIRF movies with very high 
temporal resolution at 100 frames per second (Fig. 2g–i). To catalog 
and measure transient colocalization events, we created a MATLAB 
routine, which we call ‘polytracker’, which automated track process-
ing to achieve sufficient statistical significance for these sensitive 
measurements. With this routine, we obtained lifetimes of transient 
colocalization events, among other observables. Using a biexpo-
nential decay starting at the peak of the distribution, we aimed to 
distinguish the kinetics of plain colocalization by random presence 
at the same position from true dimerization (Fig. 2h,i). To obtain 
the τ value of random colocalization events we simulated a series 
of movies comprising the same PSF size, particle density and diffu-
sion coefficients captured for the four different mobility fractions 
and their relative proportions in our TIRF movies (Supplementary 
Video 2 and Extended Data Fig. 3b). In a modification of our previ-
ous investigations5 we minimized the search radius (approximately 
to full width at half maximum of the PSFs), to diminish the percent-
age of random overlaps. We then approximated the distribution of 
random colocalization times as a monoexponential decay22. A fit of 
the simulated data (Fig. 2h) gave a τ value of 112 ms; this is shorter 
than that found earlier for monomeric controls5,6 or simulated ran-
dom collision events5. Application of a biexponential decay fit with 
a constrained τ value for the random colocalization component 
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produced a slower component of 459 ± 18 ms, which unveils very 
transient true receptor interactions with fast decay of dimers. (It 
should be noted, however, that these experiments can only detect 
those dimerization/splitting events that are complete within a sin-
gle tracking film, that is, within 5–10 s, while longer interaction 
times cannot be detected.) With a random collision-only fraction 
of 87.6 ± 3.8%, the percentage of receptors undergoing true interac-
tions under basal conditions is quite low, confirming the essentially 
monomeric nature of the µOR.

µOR dimerization follows agonist-specific activation. To under-
stand how different ligands affect µOR diffusion and dimerization, 
we recorded and analyzed single-molecule movies at different time 
intervals after application of ligands (Fig. 3). To facilitate com-
parison, we normalized all data to the oligomer distribution of the 
µOR under basal conditions. Among the four prototypical ligands 
used above, DAMGO was the only one that noticeably affected 
µOR oligomerization. It caused a time-dependent increase of up to 
79 ± 4% (Fig. 3a). Remarkably, even after longer times of DAMGO 
stimulation, the oligomer size did not exceed a value of 2, indicating 
that DAMGO predominantly induced formation of µOR dimers, 
but not of higher order oligomers. The presence of the other ligands 

did not change the largely monomeric character of the µOR. The 
distinct agonist effects on receptor dimerization were confirmed 
using SpIDA measurements (Extended Data Fig. 4b).

Ligand effects on µOR diffusion were more complex (Fig. 3e). 
While naloxone caused no noticeable alteration, the irreversible 
antagonist β-FNA progressively reduced the diffusion by ~50% after 
15 min. Among the agonists, both morphine and DAMGO caused a 
small increase in the diffusion coefficient after 1 min, but at 15 min 
DAMGO caused a reduction by ~25 %.

As an independent approach to link receptor activation to 
their diffusion and oligomerization behavior, we used constitu-
tively active (T279K) and inactive (T279D) variants of the µOR23. 
We confirmed the effects of these mutations in terms of decreased 
(T279D) versus increased (T279K) Gi protein coupling (as derived 
from high-affinity agonist binding), Gi protein activation and inhi-
bition of cAMP production (Extended Data Fig. 5a–d). Compared 
with the wild-type receptor, the inactive T279D variant showed 
neither a change in oligomerization nor in the diffusion coefficient  
(Fig. 3f,h). In contrast, the constitutively active T279K mutant 
differed in both parameters: oligomerization was notably 
increased, again to a value of 2, corresponding to dimers (Fig. 3f). 
Simultaneously, the diffusion coefficient was markedly decreased 
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(Fig. 3h). Both changes are very similar to the effects of stimula-
tion with DAMGO for 15–20 min. Increased oligomerization  
of the T279K mutant was also confirmed for higher expression  
levels by FRET-AB and molecular brightness analysis (Extended 
Data Fig. 4b,d).

A relationship between the constitutive activity of the T279K 
mutant and its ability to form dimers was confirmed by the obser-
vation that naloxone was able to antagonize dimer formation in a 
time-dependent manner, suggesting that inducing an inactive state 
of the mutant disrupted its dimers (Fig. 3g). Naloxone also blocked 
the ability of DAMGO to induce µOR dimer formation and dis-
rupted dimers that had already formed after addition of DAMGO 
(Extended Data Fig. 6). Intriguingly, a variant of the T279K mutant 

lacking sites for GRK-mediated phosphorylation24 failed to form 
dimers and was, in fact, as monomeric as the wild-type µOR  
(Fig. 3f). A very similar result was observed when the T279K mutant 
was treated with the GRK inhibitor Compound101 (Fig. 3f), which 
also led to reduced β-arrestin2 recruitment (Supplementary Fig. 3).  
To distinguish dimer formation from clustering in the process  
of µOR internalization, we showed that addition of the clathrin 
inhibitor Pitstop2 to the T279K mutant had no effect on its dimer-
ization (Fig. 3f).

A difference between µOR dimers and clusters formed before 
or during internalization was further indicated by the observa-
tion that the diffusion pattern of the dimers was similar to that of  
monomers, and clearly different from more immobile clusters 
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four independent experiments. 

NATuRE CHEMICAL BIOLOGy | VOL 16 | SePTeMBeR 2020 | 946–954 | www.nature.com/naturechemicalbiology 949

http://www.nature.com/naturechemicalbiology


Articles NATURE ChEMiCAl BiOlOGy

(Extended Data Fig. 7b). In addition, DAMGO-induced internaliza-
tion occurred substantially slower (τ = 11.7 ± 0.3 min) than dimer 
formation (Extended Data Fig. 7c,d). Finally, dimers of the T279K 
mutant did not overlap with clathrin clusters, while there was a 
clear overlap after prolonged stimulation of µOR with DAMGO, 
that is, when µOR internalization was happening (Extended Data 
Fig. 7a and Supplementary Video 3). It should also be noted that 
clathrin-colocalized internalization clusters were mainly only  
visible with a deeper penetration depth of the laser.

Nanoscopic resolution of quaternary µOR organization. We next 
used a single-molecule super-resolution method, dSTORM25, and 
imaged the µOR and its T279K mutant on the same TIRF micro-
scope setup, with near-molecular resolution. We labeled receptors 

with SNAP-Alexa Fluor 647 before cell fixation and conducted 
dSTORM imaging over 20,000 frames for each sample (Fig. 4). We 
calibrated our settings using a DNA-based nanoruler, which showed 
that we were able to resolve fluorophores with a distance of 40 nm 
(Fig. 4a,b). From the analysis of the localization density per spot, 
we found that the unstimulated wild-type receptor showed a strictly 
monomeric behavior (Fig. 4c, top panels), as in the single-molecule 
experiments with live cells, whereas the T279K mutant revealed 
spots of double intensity (Fig. 4c, middle panels). These spots of 
double intensity could not be resolved, suggesting that the two pro-
tomers of the T279K mutant were much closer to each other than 
40 nm (Fig. 4c, middle panels). Very similar images were obtained 
for the wild-type µOR in the presence of DAMGO (Fig. 4c, bottom 
panels). Taken together, these results provide further evidence for 
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the existence of dimers of the µOR in the active state, induced by 
either DAMGO or the T279K mutation, where the distance between 
protomers is well below 40 nm.

To confirm these data with an independent method, we applied 
single-molecule localization microscopy to generate super-resolved 
images from single emitters that are operated as photoswitches26 
and provide direct access to molecular numbers27. The intrinsic 
kinetic information of photoswitching can be used to determine the 
number of emitters in a super-resolved spot by analyzing the dis-
tribution of blinking events28–30. To verify the single-molecule and 
dSTORM measurements and, moreover, to precisely quantify the 

stoichiometry of the µOR and its dimeric T279K mutant, we ana-
lyzed the blinking distributions in single receptor spots. Oligomeric 
spots show an increase in the number of blinking events in contrast 
to monomers, which is essentially dependent on the higher number 
of fluorophores. In line with our previous measurements, this tech-
nique confirmed the monomeric and dimeric nature of our con-
trols, β1AR and CD28 (Extended Data Fig. 8a,b). The wild-type µOR 
was again identified as strictly monomeric (100 ± 3%), whereas the 
constitutively active T279K mutant was composed of just 17% ± 2% 
monomers and 83 ± 2% dimers (Fig. 5a,b). Wild-type µORs after 
10 min of DAMGO stimulation had only 50 ± 2% monomers, and 
after 15 min of DAMGO stimulation monomers represented only 
13 ± 2% of the total receptor population (Fig. 5c,d). This confirms 
again that both DAMGO stimulation and the constitutively active 
T279K mutation induce formation of µOR dimers. Quantitative 
analysis of photokinetic data goes beyond the spatial resolution 
of super-resolution single-molecule localization microscopy and 
reports on molecule numbers in single-protein complexes27,30, sup-
porting the dimeric character of the µOR due to T279K mutation or 
after DAMGO treatment.

β-Arrestin2 recruitment correlates with µOR dimerization. To 
analyze which steps of signal transmission might correlate with our 
dimerization-related observations, we measured receptor activation 
and β-arrestin recruitment. Since activation of GPCRs can occur on 
a millisecond timescale31, we measured this step using ligand super-
fusion of single cells expressing a µOR sensor construct bearing 
circularly permuted green fluorescent protein (cpGFP) in its third 
intracellular loop32. We found that, like many other class A GPCRs33, 
µOR activation by DAMGO occurs within less than 100 ms after 
agonist activation (τ = 96 ± 18 ms) (Fig. 6a). This result correlates 
temporally with the initial increased diffusion speed of the receptor 
after agonist treatment rather than with µOR dimerization.

In contrast, recruitment of β-arrestin2 by µORs, measured 
using bioluminescence resonance energy transfer (BRET) between 
the two proteins, occurred with kinetics in the range of minutes 
(τ = 2.8 ± 0.24 min). This time course correlates with the time course 
observed for dimerization, which also occurred over several minutes 
(Fig. 6b), and with the slow decrease of diffusion over 15 min rather 
than the brief 1-min increase (Fig. 3e). Moreover, the half maxi-
mum effective concentration (EC50) values for β-arrestin2 recruit-
ment after DAMGO addition correlated quite precisely with those 
of the BRET increase measured between two C-terminally-tagged 
receptor protomers of the µOR (Fig. 6c).

Interestingly, the merge/split analysis of single-particle tracks 
showed that dimer lifetimes measured for the µOR activated by 
10 µM DAMGO (Fig. 6d) were not noticeably longer than those of 
the wild-type receptor (Fig. 2i). This suggests that the active-state 
dimer is of long lifetime (quasi-constitutive) and, therefore, we did 
not observe entire sequences of dimerization/split events of this 
interface within individual tracks (see Fig. 2g). Since a stable TM5–
TM6 interface is not compatible with the active state of the recep-
tor due to steric reasons9, we suggest that the dimer observed by us 
may be mediated by the TM1–TM2–H8 interface, which was also 
observed in the crystal structures and agrees with an active state8,9, 
and might even be stabilized by β-arrestin2 (Fig. 6e).

Involvement of β-arrestin(s) in µOR dimer formation is sup-
ported by the observation that the phosphorylation-deficient vari-
ant of the constitutively active T279K mutant did not dimerize, as 
revealed by intensity analysis (Fig. 3f and Extended Data Fig. 9a) 
and bleaching kinetics (Extended Data Fig. 9b). Analogous results 
supporting β-arrestin involvement in the formation of dimers 
were obtained when we used wild-type µORs plus DAMGO, 
instead of the constitutively active T279K mutant (Extended Data 
Fig. 9c,d). Again, dimerization was essentially abolished in the 
phosphorylation-deficient variant. Likewise, the GRK inhibitor 
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c
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+10 µM DAMGO +10 µM DAMGO
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Fig. 4 | dSTORM images of µOR wild type, constitutively active T279K 
mutant and DAMGO-treated µOR. a, Scheme of the GATTA-PAINT 
40-nm Nanoruler construct used for calibration of our dSTORM 
microscope. Single ATTO 655 fluorophores are here separated by 
40 nm DNA. b, Super-resolved image of the 40-nm Nanoruler construct 
(2:1:2 stoichiometry for end:center:end) to adjust settings, allowing the 
separation of two fluorophores with a distance of 40 nm. Scale bar, 80 nm. 
c, Representative diffraction-limited images of fixed CHO cells expressing 
µOR, T279K mutant or wild-type µOR treated with 10 µM DAMGO for 
15 min, labeled with Alexa Fluor 647 (receptors in green) (top panels). 
Close-ups of the cells shown in the left panel (middle and right panels, 
receptors in Fiji color code mpl-magma) (middle panels). Close-up images 
of the middle panels showing that double-intensity (dimeric) spots of the 
T279K mutant and of wild-type µOR after DAMGO treatment could not 
be resolved as individual receptor protomers, indicating that the distance 
between them is below 40 nm (bottom panels). Scale bars: yellow, 10 µm; 
blue, 200 nm; white, 80 nm. (Images of each condition are representative 
of five independent experiments.)
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Compound101 also markedly reduced dimer formation. In con-
trast, as in the T279K mutant, the clathrin inhibitor Pitstop2 had 
no effect on dimer formation of wild-type µORs stimulated with 
DAMGO; Pitstop2 alone (that is, in the absence of DAMGO) had 
no substantial influence on dimerization within our measurement 
period (Extended Data Fig. 9c,d).

Finally, GRK-dependent β-arrestin recruitment of the constitu-
tively active T279K mutant was shown in BRET assays that revealed 
constitutive binding of β-arrestin2 to the mutant, which was mark-
edly reduced by the GRK inhibitor Compound101 (Supplementary 
Fig. 3b). Taken together, these data reveal that GRK-dependent 
phosphorylation appears to be required for µOR dimerization, and 
that this effect is distinct from µOR internalization.

Discussion
Combining single-molecule TIRF microscopy with super-resolution 
techniques (dSTORM) and molecular brightness methods  
allowed us to elucidate µOR membrane dynamics and organiza-
tion down to the nanoscopic level and revealed an unsuspected role  
of agonist-specific regulation of mobility and dimer formation by 
a GPCR.

First, in agreement with data on other GPCRs, as well as G pro-
teins4,6,34, µORs are subject to cell-surface compartmentalization, 
presumably caused by diffusion barriers created by actin fibers, and 
show different types of diffusion behavior. Activation by DAMGO 
and, to a lesser extent, morphine caused a transient increase in  
the diffusion speed of the receptors and allows them to cross 

these barriers more frequently—an effect that is in line with a 
recent observation35 and is seen for all mobile fractions. This may  
allow the µORs to interact with higher frequency with signaling 
partners, thereby controlling their spatiotemporal distribution and 
signaling34,36. Interestingly, the effect is most pronounced for recep-
tors that show directed diffusion, suggesting that this subpopula-
tion of receptors may move along ‘signaling highways’ parallel to 
cytoskeletal structures. A corresponding physiological setting 
might be that a postysnaptic neuron regulates its responsiveness to 
presynaptically released neurotransmitter via a rearrangement of its 
cell-surface µORs37,38.

Second, single-molecule analyses, as well as techniques that 
work at higher expression levels, such as brightness analyses and 
FRET-AB, showed that µORs are essentially exclusively monomeric 
GPCRs, in fact even more so than the largely monomeric β1ARs5 and 
CD86, which is usually considered as a reference for monomeric 
membrane proteins39,40. In agreement with molecular dynamics sim-
ulation data12, the few dimers that we observed in single-molecule 
tracks formed only transiently and had a short lifetime, which was 
clearly shorter than for the interactions we observed among β1ARs, 
or the interactions between β1- or α2A-adrenergic receptors (α2A-AR) 
with their cognate G proteins6. This contrasts with the apparently 
long-lived functional dimer between µOR and α2A-AR41,42.

Third, agonist stimulation led to a progressive increase in µOR 
dimer formation—an effect that was mimicked by the constitu-
tively active T279K mutant of the receptor. Interestingly, this ago-
nist effect was restricted to DAMGO, which adds to the distinct 
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effects of DAMGO versus morphine at these receptors. In par-
ticular, DAMGO, but not morphine, triggers β-arrestin2 recruit-
ment by µORs and their subsequent internalization as well as 
β-arrestin-mediated signaling43,44. Intriguingly, DAMGO-induced 
β-arrestin2 recruitment and µOR dimerization occurred with a 
similar time course and ligand concentration, raising the possibil-
ity that the two processes might be linked, perhaps by β-arrestin2 
stabilizing the receptor dimer. In line with this hypothesis, a 
phosphorylation-deficient variant of the wild-type receptor in the 
presence of DAMGO or of the T279K mutant failed to form dimers. 
Likewise, the GRK inhibitor Compound101 markedly reduced 
dimer formation both for wild-type receptors in the presence of 
DAMGO and of the T279K mutants; it also markedly impaired 

β-arrestin2 binding to the T279K mutant. All these data are com-
patible with the notion that phosphorylation-dependent binding of 
β-arrestins might be involved in µOR dimer formation. In such a 
setting, agonist bias would be intricately linked to receptor dimer-
ization, since a β-arrestin-biased agonist (DAMGO) would favor 
β-arrestin recruitment, and β-arrestin recruitment would favor 
receptor dimerization in a model where a receptor dimer binds to 
β-arrestin45–47.

Although β-arrestin2 appears to be involved in both processes 
and both are triggered by DAMGO but not morphine, several lines 
of evidence indicate that dimer formation and internalization of 
µORs are distinct processes: (1) the number of protomers does not 
exceed two per resolved spot (while internalized receptors occur in 
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groups up to 10 per spot); (2) there is no overlap with clathrin clus-
ters; (3) super-resolution microscopy indicates distances between 
protomers that are well below 40 nm (Fig. 4) and maybe even less 
(Fig. 5); (4) the diffusion pattern of the dimers is similar to mono-
mers and clearly not confined; and (5) the kinetics of dimerization 
are faster than internalization. However, our data suggest the pos-
sibility of a sequence of events where dimerization of µORs precedes 
internalization.

Thus, signaling by µORs appears to be subject to complex supra-
molecular regulatory mechanisms, which include their spatiotem-
poral organization along with receptor/receptor interactions. Our 
data show that GPCR dimerization and activation may be intri-
cately linked, revealing that dimerization can be a dynamic and 
even agonist-specific process. Finally, these complex mechanisms 
may offer new ways of interfering with µOR signaling.
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Methods
Cell culture. All TIRF imaging and β-arrestin recruitment experiments were 
performed with transiently transfected CHO-K1 cells (ATCC) cultured in 
DMEM-F12 medium (Gibco) supplemented with 10% fetal calf serum (FCS, 
Biochrome), 100 units ml−1 penicillin and 0.1 mg ml−1 streptomycin. All other 
experiments were performed with transiently transfected HEK 293 cells (Sigma). 
HEK 293 cells were cultured in DMEM (PAN Biotech) supplemented with 4.5 g l−1 
glucose, 2 mM l-glutamine, 10% FCS (Biochrome), 100 units ml−1 penicillin and 
0.1 mg ml−1 streptomycin, at 37 °C, 5% CO2. To split cells, growth medium was 
removed by aspiration and cells were washed once with 10 ml of PBS (Sigma), 
followed by trypsinization for 1–2 min in 3 ml of trypsin 0.05%/EDTA 0.02%  
(PAN Biotech) solution and resuspended in the desired amount of cell culture 
medium. Cells were routinely tested for mycoplasma infection using the  
MycoAlert Plus Mycoplasma Detection Kit (Lonza).

Transfection. For single-molecule experiments CHO cells were seeded onto 
coverslips 24 h before transfection. Transfection was performed 4–6 h before TIRF 
imaging using Lipofectamine 2000 (ThermoFisher) as previously described17. 
For FRET-AB experiments, cells seeded on coverslips were transfected with 
SNAP-tagged receptor constructs using Effectene Transfection Reagent (Qiagen) 
according to manufacturer’s protocol, for 24–48 h. To perform the G protein 
FRET assays 10-cm cell culture dishes with HEK 293 cells at 60% confluency 
were cotransfected with the desired receptor construct and the Gαi2 sensor48 using 
Effectene Transfection Reagent (Qiagen) according to the manufacturer’s protocol 
for 24 h. Cells were then washed once with PBS, trypsinized, resuspended in 
DMEM cell culture medium and seeded homogeneously in 96-well plates with a 
density of 40,000 cells per well. For BRET-based β-arrestin2 recruitment, as well as 
receptor/receptor BRET experiments, CHO cells were transfected in 10-cm dishes 
using Lipofectamine 2000 (ThermoFisher), Opti-MEM (Gibco) and DMEM-F12 
medium (Gibco).The transfection mixture was exchanged 5 h after transfection 
with DMEM-F12 medium (Gibco). At 24 h after transfection, cells were washed 
once with PBS, trypsinized, resuspended in medium and seeded homogeneously 
in white 96-well plates (Brand) with a density of 40,000 cells per well. Transfection 
for preparation of cell membranes was done in 15-cm cell culture dishes with a 
confluency of 50%. Before transfection the medium was exchanged and 20 ml of 
fresh DMEM was added. Transfections were set up using 10 µg of empty vector 
(pcDNA 3.0) mixed with 10 µg pcDNA 3.0 encoding for the desired murine 
µ-opioid receptor construct in 450 µl MilliQ water. Afterwards, 50 µl of 2.5 M 
CaCl2 solution was added and mixed well. To this mixture 500 µl of 2× BBS buffer 
(pH 6.95) was added, vortexed and incubated for 20 min at 25 °C. The mixture was 
added dropwise onto the dishes with fresh medium. Cells were kept for 48 h in cell 
culture before collection. If cells were treated with PTX (Sigma), it was added 24 h 
before collection at a concentration of 100 ng ml−1.

TIRF microscopy. Transfected cells were labeled with 1 µM SNAP-Surface 549 
dye (New England Biolabs) for 20 min followed by washing three times with 
fresh medium for 5 min as previously described17. For dual-color imaging of 
adapter protein2 (AP2), the receptor constructs were cotransfected with a plasmid 
expressing the sigma2 subunit of adapter protein2 tagged with mNeonGreen. 
For dSTORM imaging experiments, the samples were cotransfected with a 
Lifeact-HaloTag construct (Genscript) and labeled with Halo-JF-646 under the 
same conditions as the SNAP dye. JF-646 dye was a generous gift from L. Lavis 
(Janelia). After labeling, cells were subsequently taken for imaging to an Attofluor 
Cell Chamber (Fisher Scientific, GmbH) in sterile filtered HBSS (Sigma). For 
single-molecule imaging, a TIRF illuminated Eclipse Ti2 microscope (Nikon), 
equipped with a ×100, 1.49 numerical aperture (NA) automated correction collar 
objective and 405-, 488-, 561-, 647-nm laser diodes coupled via an automated 
N-Storm module and four iXon Ultra 897 EMCCD cameras (Andor), was used. 
Objective and sample were kept at 20 °C during imaging. The automated objective 
collar was on, and hardware autofocus was activated. For simultaneous and fast 
image acquisition (below 30 ms) of all detected channels the cameras were used 
in crop mode. For dSTORM imaging of actin fibers the image acquisition in 
the 647-nm channel was performed after single-molecule imaging and addition 
of GLOX buffer continued for 6,000 frames. dSTORM movies were afterwards 
processed and analyzed with the ImageJ plugin Thunderstorm49. For more precise 
dSTORM imaging of individual receptors as in Fig. 4, cells were labeled with Alexa 
Fluor 647 (New England Biolabs) 4 h after transfection and fixed with methanol.

Single-molecule localization microscopy for quantitative dSTORM. 
Single-molecule localization microscopy to quantify receptor organization as 
conducted in Fig. 5 was performed in dSTORM mode25 using TIRF illumination 
and a home-built microscope25. Alexa Fluor 647 was excited using an LBX-638-180 
Oxxius laser (Lannion) (0.56 kW cm−2), photoswitching was induced by UV light 
ranging from 0 to 1.4 W cm−2 (LBX-405-50CSB-PP Oxxius, Lannion). Both laser 
lines were directed into a ×100 oil immersion objective (PL APO ×100 TIRFM, 
NA ≥ 1.45, Olympus), mounted on an inverted microscope (IX71, Olympus). 
Emission light passed a filter (ET 700/75, AHF) and was detected by an EMCCD 
camera (iXon Ultra (X-10971), Andor). Imaging was performed with an exposure 
time of 30 ms, a preamplifier gain of 1 and an electron multiplying gain of 200. 

Image stacks between 25,000 and 50,000 frames were recorded until no more 
fluorescence signal was detected.

Super-resolved images were generated using rapidSTORM50 and LAMA29. 
Localizations of the same fluorophore that were detected in consecutive frames 
were linked to one localization. Quantitative analysis was performed by generating 
histograms of fluorescence emission events that were analyzed with theory-derived 
model functions as described previously51 for fluorescent proteins and organic 
fluorophores28. Super-resolved spots that showed a brightness lower than 278 
photons, an asymmetrical shape or were at too close a distance to other fluorescent 
clusters (less than 150 nm) were excluded from analysis.

Image analysis and single-particle tracking. Image analysis of the obtained TIRF 
movies was done by first cropping the image to the desired size, region and frame 
number using Fiji52. Thereafter, the movie was loaded in the MATLAB environment 
(Mathworks) using u-Track18 and requested parameters (for example, wavelength 
of used dye, pixel size, bit depth of the camera) were adjusted according to imaging 
parameters. Spot-Detection, Tracking and Motion-Analysis modules were then 
applied and executed. The resultant files and variables were then analyzed as 
previously described5,6 and by application of the self-programmed code ‘Polytracker’.

Diffusion analysis and classification. The diffusion analysis was conducted as 
previously described5,6 on the basis of mean square displacement (MSD) = 4Dtα, 
where D is the diffusion coefficient, t is time and α is the anomalous diffusion 
exponent. The diffusion classes were defined on the basis of previous results5,6.  
In brief, particles with D < 0.01 µm2 s−1 were assigned to the immobile fraction. For 
D ≥ 0.01 µm2 s−1 and α < 0.75 tracks were defined as confined. Brownian motion 
was applied for D ≥ 0.01 µm2 s−1 and 0.75 ≤ α ≤ 1.25. Categorization as directed 
diffusion was defined by D ≥ 0.01 µm2 s−1 and α ≥ 1.25.

Quantification of actin-crossing events. To measure the amount of tracks crossing  
actin fibers, the Thunderstorm-processed image of the actin channel was multiplied  
with the Thunderstorm-processed image of the receptor channel using ImageJ. 
With this procedure only cases in which localizations were found in both channels 
at the same position lead to a major signal amplification53. The maxima of the 
resulting product images were quantified using ImageJ and divided by the number 
of detected receptor tracks found in u-Track.

Coding of the polytracker. The polytracker software package streamlines the 
processing of u-Track data and is publicly available at https://github.com/Blosberg/
polytracker/. In addition to rendering position versus time data to be more easily 
accessible for individual tracks, the software also determines additional metrics 
for the track state, such as densities and luminescence spectra. In the case of 
oligomerization bonding, lifetimes are inferred without any assumption as to the 
state of the track (that is, monomer, dimer, and so on). Rather, for any merger event 
that is followed by a splitting event (ignoring concurrent events of other tracks), we 
record the intervening time. Ignoring potential higher order biases (for example, a 
trimer formation, and breaking apart through different bonds, or the undetected 
splitting of photobleached particles), the resulting histogram shows the distribution 
of bond lifetimes.

In silico simulations for measuring random collision events. The diffusion 
trajectories were generated using the reaction diffusion dynamics software 
package ReaDDy54. In ReaDDy, a square region was generated and the prescribed 
number of particles was distributed uniformly over it. Then, for a given diffusion 
rate, these particles were forward simulated undergoing pure diffusion and their 
positions were recorded at 10-ms intervals for a duration of 10 s. The positions of 
the particles at each time point were then rendered using OpenCV (Python). The 
particle locations were projected onto an image that was 200 pixels by 200 pixels. 
For each time point, the corresponding particles were rendered as circles with a 
radius of 2 pixels. To simulate observational noise, white noise with a standard 
deviation of 15% of the intensity of the particles was added to the image. Then, to 
blend the particle signals with the background noise, a Gaussian smoothing filter 
of 3 × 3 pixels was run over the image to imitate individual PSFs. In Fig. 2h  
and Extended Data Fig. 3b the particles undergoing confined and directed 
diffusion were modeled using different potential fields. Confined particles were 
modeled with a potential well. The depth of the well was calibrated to produce 
mean diffusion speeds matching the observed range (Fig. 1c,d). Directed particles 
were modeled with a concave potential field, with the gradient of the field giving 
the particles their directed characteristic. As in the confined case, the height of 
the potential field of the directed particles was calibrated to produce matching 
diffusion speeds. The immobile particles were modeled with a very small diffusion 
coefficient (D < 0.01 µm2 s−1). For each simulation, the Brownian and immobile 
particles were positioned using a uniform random variable over the domain. 
The confined particles were initialized inside the potential well with uniform 
random perturbation. The directed particles were initialized near the peak of 
the potential field with uniform random perturbation. The diffusion coefficients 
and distribution of different diffusion classes were adapted to the ones obtained 
from real TIRF movies (Fig. 1) and particle populations of 25, 50, 75, 100, 125 
and 150 were generated. The simulations were repeated 20 times. The code 
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and the simulated images are available at https://github.com/vikramsunkara/
Receptor-PSF-Diffusion-Simulator.

FRET-AB in confocal microscopy. Dual-color samples with SNAP-Surface 549 and 
SNAP-Surface Alexa Fluor 647 (New England Biolabs) were labeled as described 
above and placed into an Attofluor Cell Chamber (Fisher Scientific). Samples were 
washed once with HBSS and the chamber was filled with 400 µl HBSS. The chamber 
was mounted onto an SP8 confocal laser-scanning microscope (Leica). Cells were 
imaged using the Leica FRET-AB wizard with a HC PL APO CS2 ×40/1.3 NA oil 
immersion objective. A 1.5-mW white light laser was set to 85% and a 560-nm 
laser line was used at 5% power for donor imaging. For acceptor imaging, a 652-nm 
laser line at 2% power was used and for the bleaching step increased to 50% over 
10 frames. Images of 512 × 512 pixels of the bottom cell membrane expressing 
SNAP-tagged receptor constructs were acquired with a hybrid detector in standard 
mode. Emission of the donor channel was recorded between 575 and 640 nm and 
the acceptor channel was acquired between 658 and 776 nm. The zoom factor was 
set to 5.5×, resulting in a pixel size of 0.103 µm, and the laser-scanning speed was 
set to 400 Hz. A maximum of two cells were taken for analysis per image. FRET 
efficiencies were calculated in the wizard tool. Potential vesicles close to the cell 
surface were excluded from analysis by the drawing of the region of interest.

Temporal molecular brightness measurements. For temporal brightness imaging 
an SP5 confocal laser-scanning microscope (Leica) was used. The imaging mode 
was XYT and 50 frames were taken with a scanning speed of 400 Hz using the 
following parameters: pinhole size, 67.93 µm; zoom factor, 30.3×; resolution, 
256×256 pixels. YFP-tagged constructs were imaged using a 514-nm laser at a 
power of 2.5%. Data were analyzed using a custom written Igor Pro routine, as 
described previously55,56. The brightness values were calculated on the basis of the 
average of the brightness values from each pixel within the region of interest.

Spatial intensity distribution analysis. For spatial brightness imaging an SP8 
confocal laser-scanning microscope (Leica) was used. Samples were SNAP-labeled 
with SNAP-Surface 549 dye as described above. Cells were imaged with a 40×/1.25 
NA oil immersion objective, using excitation with the 560-nm line of a white light 
laser, and a photon counting hybrid detector within the 570–700-nm emission 
band. Image size was the 512 × 512 pixels format with a 50-nm pixel size and pixel 
dwell time of 4.88 µs. Image analysis was performed applying the SpIDA function 
(one-population mode) using a MATLAB routine, as described previously55,57. The 
regions of interest for image analysis using SpIDA were drawn carefully in free-area 
selection mode and implemented to the original SpIDA routine, to avoid vesicles 
and inhomogeneously distributed membrane areas more effectively.

Membrane preparation for radioligand binding. Transfected HEK 293 cells 
from 15-cm dishes were grown until 90% confluency and collected in buffer 
solution (5 mM Tris, 2 mM EDTA, pH 7.4) using a cell scratcher. Cells were spun 
down by 10 min centrifugation at 800g. The resulting pellet was resuspended in 
15 ml PBS containing 20 mM HEPES and 10 mM EDTA at pH 7.4. The following 
steps were all carried out at 4 °C. Cells were resuspended and homogenized 
with two 15-s bursts of an Ultra-Turrax Homogenizer TP 18–10 (IKA). After 
10 min centrifugation at 3,200 r.p.m. and 4 °C (JA-17 rotor, Beckman Coulter) 
the supernatant was transferred to ultracentrifuge tubes. Ultracentrifugation was 
performed at 37,000 r.p.m. and 4 °C for 40 min (70 Ti rotor, Beckman Coulter). The 
pellet was resuspended in buffer (50 mM Tris, 100 mM NaCl, 3 mM MgCl2, pH 7.4) 
and the ultracentrifugation was repeated once. The resulting suspension was 
homogenized with a Dounce tissue grinder to ensure homogeneous dispersion. 
The product was transferred in aliquots and frozen using liquid nitrogen. Aliquots 
were stored at −80°C. Protein concentration was determined using a Pierce BCA 
Protein Assay kit (Life Technologies).

Radioligand binding. A mixture of cell membranes (10 µg protein) and 0.3 nM 
15,16-[3H]-diprenorphine (PerkinElmer) was incubated with increasing 
concentrations of DAMGO (Sigma), in a binding buffer (50 mM Tris, 100 mM 
NaCl, 3 mM MgCl2, pH 7.4) on 96-well round-bottomed plates. Unspecific binding 
was determined with 10 µM naloxone (Tocris Bioscience). Binding reactions 
were incubated for 4 h at 25 °C ensuring constant agitation. Free radioligand 
was separated from the bound fraction by fast filtration and 3× washing with 
4 °C binding buffer on a 96-well filter mat (GF/C–Filtermat A, PerkinElmer) 
using a 96-well MachIII-Harvester (Tomtec). Radioligand activity was measured 
by scintillation counting with a melt-on MeltiLex scintillator (PerkinElmer). 
Competition binding data were fitted using the comparison of fit function of 
GraphPad Prism v.7.0. The selected comparison method was Akike’s information 
criteria and selected fits were ‘One site- Fit Ki’ and ‘Two sites- Fit Ki’.

G protein FRET measurements. Cells transfected as described above were seeded 
in black 96-well plates (Brand). At 24 h later cells were washed once with 90 µl 
of PBS per well and 90 µl of HBSS per well was added. After 5 min incubation at 
37 °C, baseline measurement was conducted in a Neo2 plate reader (Biotek) using 
CFP/YFP filter settings. Afterwards, the desired dilution series with increasing 
concentrations of DAMGO was added (10 µl per well of a 10× concentration in 

HBSS) and the plate was measured again. The percentage change in acceptor/
donor ratio was plotted against logarithmic concentrations of DAMGO using 
Prism v.7.0 and the ‘Dose–response Inhibition Fit’ was applied.

BRET measurements. Cells transfected as described above were seeded into white 
96-well plates (Brand). After 24 h cells were labeled overnight (at least 16 h) with 
HaloTag 618 Ligand (Promega), a labeling dye that does not require a washout 
protocol. Before measurement cells were washed once with 90 µl of PBS per well, 
and 90 µl of HBSS per well was added containing a 1:1,000 dilution of Nano-Glo 
substrate (Promega). After 5 min incubation at 37 °C baseline measurement was 
conducted in a Neo2 plate reader (Biotek) using a nanoBRET filter set (Biotek). 
Afterwards the desired dilution series with increasing concentrations of ligand was 
added (10 µl per well of a 10× concentration) and the plate was measured again. 
For BRET measurements between receptors the µOR was tagged at the C terminus 
with nanoLuc (Promega) and the corresponding protomer was tagged at the C 
terminus with HaloTag (Promega). For β-arrestin2 recruitment measurements, 
the nanoLuc-tagged µOR was cotransfected with Halo-tagged β-arrestin2. For the 
internalization measurements, two HaloTags, separated by a repetitive rigid linker 
sequence of approximately 60 nm, were targeted to the N terminus of the plasma 
membrane using a Lyn-derived sequence (GCIKSKRKDK) and to the C terminus 
using a farnesylation sequence (KKKSKTKCVIM). Also, here, the µOR was tagged at 
the C terminus with nanoLuc (Promega). After measurement, the percentage change 
in acceptor/donor ratio was plotted against the logarithm of the concentrations of 
applied ligand using Prism v.7.0 and the ‘Dose–response Stimulation Fit’ was applied.

Inhibitor treatments. In experiments with inhibitors, the cells were pretreated 
with Pitstop2 (25 µM) for 30 min and with Compound101 (30 µM) for 90 min 
before the experiments were conducted at 37 °C.

Molecular cloning. Plasmids were either created by molecular restriction  
cloning or gene synthesis. For creation of the AP2-mNeonGreen plasmid a 
psigma2-EGFP plasmid was used as the backbone. psigma2-EGFP was a gift from 
T. Kirchhausen (Addgene, plasmid 53610). The expression vector in all other 
plasmids was always pcDNA3(+). All plasmids and sequences are available from 
the authors upon request.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that all the data supporting the findings of this study are 
available within the paper and its supplementary information files or from the 
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this paper.

Code availability
All custom codes used in this study are available through the Github depository 
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Fitting of individual PSFs, single molecule tracking and extended diffusion analyses. a, Diffraction limited single molecule image 
(left) of SNAP-tagged receptor labeled with SNAP-Surface 549® Dye. Fitting of individual PSFs (right) allows a localization with sub-pixel precision 
of approx. 25 nm. Camera pixels are depicted as cyan grid (pixel-size 107 nm). b, Tracks of single molecule movies classified by u-Track based on 
their confinement radius and diffusion coefficient. c, Fraction of tracks undergoing actin-crossing events at corresponding time-points after receptor 
activation with 10 µM DAMGO. Shown are mean ± SeM (n = 5 cells for basal and 1 min, n = 4 for 5 min, n = 3 for 10 min, and n = 2 for 15 min). P values 
were determined by one-way ANOVA and Tukey’s multiple comparison test. d, Fractions of the diffusion classes shown in Fig. 1 over time. [(a, b) are 
representative images. experiments in (c) are from n = 19 cells and 3 independent experimental days. (d) statistics are based on the experiments  
shown in Fig. 1]. 
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Extended Data Fig. 2 | µOR compartmentalization and diffusion classes. a, Diffraction limited image of representative live-cell with dual-color acquisition 
of µORs (magenta) and actin (green)-(See also Supplementary Video 1). Note that the receptor spots in the bottom right corner belong to another cell 
that does not express LifeAct. b, Super-resolved image of the cell in (a) showing that the µOR is compartmentalized by actin fibers. The track-color 
corresponds with the type of diffusion (magenta = directed diffusion, blue= confined diffusion, cyan= Brownian motion and brown= immobile) (See also 
Supplementary Video 2) [Shown images are representative of five independent experiments].

NATuRE CHEMICAL BIOLOGy | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


ArticlesNATURE ChEMiCAl BiOlOGy

Extended Data Fig. 3 | Density limitation of single molecule tracking and simulation of random co-localization events. a, Amount of dimerization events 
occurring for the basal wild-type µOR. The linear fit (magenta) shows the expression range up to which strict single molecule analysis can be conducted 
without bias due to overlapping of PSFs. b, Representative image of simulated movies comprising the same distribution of diffusion classes and diffusion- 
coefficients as real movies. Particles undergoing confined and directed diffusion were modelled using different potential fields as described in the methods 
section. [Data in (a) is fitted from n = 20 cells imaged in three independent experiments. Numbers and statistics on the simulations are provided in 
methods section.].
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Extended Data Fig. 4 | Validation of receptor dimerization with brightness analyses and FRET at higher expression levels. a, Temporal molecular 
brightness measurements, normalized to oligomeric state, for corresponding C-terminally tagged YFP constructs confirm that the β1-AR (normalized 
brightness= 0.965 ± 0.054, n = 47) and µOR (normalized brightness= 1.087 ± 0.051, n = 55) are largely monomeric. In contrast, CD28 results in an 
almost perfectly doubled brightness (brightness = 1.929 ± 0.111, n = 19). These experiments show that dimerization is not influenced by the N-terminal 
SNAP-tag used for single molecule studies. b, SpIDA brightness measurements with SNAP-tagged receptor constructs show that results also agree when 
SNAP-constructs are used in brightness measurements (normalized brightness values: SNAP-β1AR = 0.949 ± 0.118, n = 10; SNAP-µOR = 0.975 ± 0.081, 
n = 19; SNAP-µOR + 10 µM morphine = 0.987 ± 0.067, n = 16; SNAP-µOR + 10 µM DAMGO = 1.843 ± 0.121, n = 12; µOR (T279K) mutant 1.755 ± 0.076, 
n = 20; SNAP-CD28 = 2.1 ± 0.109, n = 19). Receptor expression levels used in these experiments are ≈ 40 receptors per µm2. Brightness values in are mean 
± SeM and n = number of cells. The box shows IQR and whiskers are SD. P values were determined by one-way ANOVA and Tukey’s multiple comparison 
test. c, Acceptor photobleaching experiments on a confocal microscope with dual-color labeled SNAP-constructs also confirm the monomeric nature of 
β1AR and the µOR by linearly increasing FReT-efficiencies at high expression levels. In contrast, the dimer control SNAP-CD28 shows a steep increase and 
quick saturation of the measured FReT-efficiencies. d, The inactive T279D mutant of the µOR does not increase significantly the FReT- efficiency between 
receptor protomers. In contrast the T279K mutant shows significantly higher FReT-efficiencies over increasing expression. Due to the constitutive activity 
of this mutant, expression levels higher than depicted could not be achieved. Curves for SNAP-β1AR (blue) and SNAP-µOR-wt (black) are taken from panel 
c. Graphs show pooled experiments repeated independently n = 3 times on 3 different experimental days. each datapoint represents a value from one 
individual cell. 
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Extended Data Fig. 5 | Characterization of µOR-mutants shows high basal activity of the T279K mutant and impaired activation of the T279D mutant. 
a, 24-hour pre-treatment with 100 ng/mL PTX abolishes high-affinity binding (≤ 1 %) due to Gαi inactivation. Wt- data from Supplementary Fig. 1 (n = 3 
independent experiments). The PTX curve is a representative one of 3 independent experiments with similar results, datapoints of the curve are mean 
± SD. b, Fraction of high- affinity binding is dramatically increased for the constitutively active T279K mutant (64.4 ± 1.6 %). High- affinity binding is 
abolished in the T279D mutant (≤ 1 %), comparable to PTX treated wild-type receptor. Data are mean ± SeM from n = 3 independent experiments 
of each condition. P values were determined by one-way ANOVA and Tukey’s multiple comparison test. c, For the T279K mutant G protein activation 
occurs already without DAMGO stimulation, leading to a full response of the Gi- FReT sensor in the basal state. The response of the T279D mutant is 
right-shifted to the wild-type (peC50-wt= 9.2 ± 0.1 vs. peC50-T279D = 6.6 ± 0.1). Data are mean ± SeM from n = 4 independent experiments of each 
variant. d, Measurement of basal receptor activity and its mutants, based on Gi-mediated cAMP decrease, after receptor activation with DAMGO. Cells 
were pre-stimulated with 1 µM forskolin to slightly elevate cAMP levels. The peC50 of the constitutively active mutant (10.1 ± 0.1) does not significantly 
differ from µOR-wild-type (9.9 ± 0.4). Due to the high basal activity of the T279K mutant the amplitude of additional Gi activation via DAMGO is 
dramatically reduced (20.8 ± 1.7 %), compared to the wild-type receptor (100 %). The inactive T279D mutant shows a peC50 right-shifted by 2–3 log-units 
(7.4 ± 0.1) while the amplitude is slightly but not significantly higher than the one of the wild-type receptor (103 ± 2 %). Data from n = 4 independent 
experiments. Numbers are means and errors are given as SeM. 
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Extended Data Fig. 6 | Effects of naloxone/DAMGO competition on µOR dimerization measured via intensity distribution. a,b, Representative intensity 
distribution analyses based on TIRF images of wild-type µOR at different time points, with naloxone and DAMGO (10 µM each) added as indicated: 
naloxone first (a) or DAMGO first (b). When naloxone is applied first, the µOR intensity distribution remains monomeric even after subsequent addition 
of DAMGO, indicating that naloxone prevents activation-dependent dimerization. When DAMGO is given first, the µOR intensity distribution indicates 
dimerization after 15 min, and addition of naloxone results in disruption of dimers as indicated by a progressive return to a rather monomeric distribution 
over the next 15 min. [Data were generated as in Fig. 2 and are from 314 (a) or 470 (b) detected PSFs from 7 (a) or 6 (b) cells. experiments were repeated 
independently 3 times with similar results]. 
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | µOR internalization after receptor activation is spatially and temporally separated from receptor dimerization. a, Dual- color 
single molecule TIRF images illustrate that the unstimulated wild-type receptor as well as the T279K mutant show negligible co-localization with clathrin. 
Using a steeper TIRF- angle and thereby increasing the penetration depth of the laser shows receptor co-localizations of higher order intensities (up to  
ten fluorophores per spot) and co-localization with clathrin underneath the plasma- membrane after 20 min, and more strongly after 45 min, of 
stimulation by 10 µM DAMGO, illustrating µOR internalization. b, Comparative images of µOR-wild type and T279K mutant show that the diffusion  
pattern of the T279K mutant is also receptor-typical (in contrast to pits or endosomes). c, Concentration-response curve of a BReT-based internalization 
assay showing that DAMGO is leading to receptor internalization with a pIC50 of 6.3 ± 0.1. In contrast, morphine is not leading to receptor internalization  
at any concentration. d, Internalization kinetics after stimulation with 10 µM DAMGO using the assay shown in (c) reveals a τ- value of 11.7 ± 0.3 min. 
[Images (a, b) are each representatives of five independent experiments. Datapoints in (c) and (d) are means and errors are given as SeM. Data shown in 
(c) are n = 3 independent experiments and (d) are n = 4 individual kinetic measurements]. 
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Extended Data Fig. 8 | Quantitative dSTORM microscopy of monomeric and dimeric controls. Super-resolved and brightfield (inset) images as well as 
histograms of the number of blinking events for Alexa Fluor 647® conjugated to the SNAP-tag of the respective protein are shown. The blinking histogram 
was fitted with theoretical model functions reporting on monomer and dimer populations (shown in pie charts). SNAP-β1AR (a) and SNAP-CD28 (b) serve 
as calibration standards for monomeric and dimeric proteins, which allows robust extraction of analysis parameters. Analysis reveals 100 ± 3 % monomers 
for SNAP-β1AR and SNAP-µOR, 100 ± 3 % dimers for SNAP-CD28. [Data are mean ± SD. In total 714 spots for SNAP-β1AR and 661 spots for SNAP-CD28 
were analyzed. For both controls, n = 12 cells from three independent experiments were analyzed]. 
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Extended Data Fig. 9 | Oligomeric state characterization of the phosphorylation deficient constitutively active T279K mutant and verification 
of effectors on the wild-type µOR. a, Intensity histograms of the dimeric T279K mutant and its phosphorylation-deficient modification. The 
phosphorylation-deficient modified mutant shows a monomeric distribution of intensities. b, Bleaching experiments over 400 frames (each 40 ms) 
and high laser-power reveal an almost exactly doubled half-life time for the T279K mutant (8.9 ± 0.3 s) in contrast to its phosphorylation-deficient 
modification (4.5 ± 0.2 s). c, Oligomerization states of wild-type µOR, its phosphorylation-deficient modification (pd) as well as wild-type µOR treated 
with Pitstop2 (Ps2) before and after activation with 10 µM DAMGO. The phosphorylation-deficient modification results in a monomeric distribution of 
intensities. Pitstop2 had within our measurement time window no significant effect on the basal monomeric state of the µOR, nor on the DAMGO-induced 
formation of dimers. d, Individual datapoints and significance of the measurements shown in (c). Whiskers show SD, the box represents IQR of the data 
and the line indicates the median. [Data in (a) were generated from 347 (T279K-pd) and 287 (T279K) detected PSFs from 5 different cells tested on 3 
experimental days. (b) shows a representative bleaching trace over 400 frames extracted from datasets acquired in (a). Data in c and d are from n = 8, 5, 
5, 5, 4, and 6 different cells for “wt”, “wt+DAMGO”, “wt-pd”, “wt-pd+DAMGO”, “wt+Ps2” and “wt+Ps2+DAMGO”, respectively. Cells of each variant are 
from three independent experiments. One Datapoint in (d) corresponds to one PSF- intensity. P values were determined by one-way ANOVA and Tukey’s 
multiple comparison test]. 
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