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Opioid receptors (ORs) are critical for endogenous and synthetic analgesics.
OR homodimerization is considered important for their pharmacological
diversity, but whether they form homodimers remains controversial. Here, we
establish that the three classical ORs, p-, k-, and 6-ORs (MOR, KOR, and DOR,
respectively) undergo repeated transient (120-180 ms) homodimerizations
every few seconds. This is achieved by using single-molecule imaging and
developing theories for analyzing single-molecule colocalization data, which
provide key parameters, such as homodimer-monomer dissociation equili-
brium constants and rate constants. Their 9-26 amino-acid C-terminal cyto-
plasmic domains, without sequence similarities, are involved in specific
homodimerization, whereas the transmembrane domains provide less specific
affinities. Using the membrane-permeable peptides mimicking the C-terminal
homodimerization sequences which block homodimerizations, functions of
monomers and homodimers were dissected. KOR and DOR homodimers, but
not MOR homodimers, activate downstream G-proteins differently from
monomers upon agonist addition, without influencing OR internalization.
These findings guide strategies to enhance OR-based analgesia.

Three classical opioid receptors (ORs), pi-, k-, and 6-ORs (MOR, KOR, prototypical class A G-protein-coupled receptors (GPCRs), and serve as
and DOR, respectively), are distributed across the central and per- key receptors for a variety of endogenous and synthetic analgesics.
ipheral nervous systems and play important roles in regulating pain  These OR subtypes play critical roles in pain therapeutics, and at the
perception, hedonic homeostasis, mood, and well-being'?. ORs are same time, in the development of tolerance to and dependence on

"Membrane Cooperativity Unit, Okinawa Institute of Science and Technology Graduate University, Onna-son, Okinawa 904-0495, Japan. 2Division of
Advanced Bioimaging, National Cancer Center Research Institute, Tokyo 104-0045, Japan. 3Institute for Glyco-core Research (iIGCORE), Gifu University, Gifu
501-1193, Japan. *Institute for Life and Medical Sciences, Kyoto University, Kyoto 606-8507, Japan. ®Institute for Integrated Cell-Material Sciences (WPI-
iCeMS), Kyoto University, Kyoto 606-8501, Japan. ®Graduate School of Biostudies, Kyoto University, Kyoto 606-8501, Japan. ’Graduate School of Pharma-
ceutical Sciences, Kyoto University, Kyoto 606-8501, Japan. ®Biological Complexity Unit, Okinawa Institute of Science and Technology Graduate University,

Onna-son, Okinawa 904-0495, Japan.

e-mail: zp19821001@gmail.com; akihiro.kusumi@oist.jp

Nature Communications | (2025)16:9858


http://orcid.org/0000-0002-3082-1462
http://orcid.org/0000-0002-3082-1462
http://orcid.org/0000-0002-3082-1462
http://orcid.org/0000-0002-3082-1462
http://orcid.org/0000-0002-3082-1462
http://orcid.org/0000-0003-1457-7612
http://orcid.org/0000-0003-1457-7612
http://orcid.org/0000-0003-1457-7612
http://orcid.org/0000-0003-1457-7612
http://orcid.org/0000-0003-1457-7612
http://orcid.org/0000-0002-9234-3283
http://orcid.org/0000-0002-9234-3283
http://orcid.org/0000-0002-9234-3283
http://orcid.org/0000-0002-9234-3283
http://orcid.org/0000-0002-9234-3283
http://orcid.org/0000-0003-0170-3755
http://orcid.org/0000-0003-0170-3755
http://orcid.org/0000-0003-0170-3755
http://orcid.org/0000-0003-0170-3755
http://orcid.org/0000-0003-0170-3755
http://orcid.org/0000-0001-5576-759X
http://orcid.org/0000-0001-5576-759X
http://orcid.org/0000-0001-5576-759X
http://orcid.org/0000-0001-5576-759X
http://orcid.org/0000-0001-5576-759X
http://orcid.org/0000-0001-7159-9039
http://orcid.org/0000-0001-7159-9039
http://orcid.org/0000-0001-7159-9039
http://orcid.org/0000-0001-7159-9039
http://orcid.org/0000-0001-7159-9039
http://orcid.org/0000-0001-6458-113X
http://orcid.org/0000-0001-6458-113X
http://orcid.org/0000-0001-6458-113X
http://orcid.org/0000-0001-6458-113X
http://orcid.org/0000-0001-6458-113X
http://orcid.org/0009-0000-6583-1719
http://orcid.org/0009-0000-6583-1719
http://orcid.org/0009-0000-6583-1719
http://orcid.org/0009-0000-6583-1719
http://orcid.org/0009-0000-6583-1719
http://orcid.org/0000-0001-7832-0918
http://orcid.org/0000-0001-7832-0918
http://orcid.org/0000-0001-7832-0918
http://orcid.org/0000-0001-7832-0918
http://orcid.org/0000-0001-7832-0918
http://orcid.org/0000-0003-0805-4049
http://orcid.org/0000-0003-0805-4049
http://orcid.org/0000-0003-0805-4049
http://orcid.org/0000-0003-0805-4049
http://orcid.org/0000-0003-0805-4049
http://orcid.org/0000-0002-6157-6906
http://orcid.org/0000-0002-6157-6906
http://orcid.org/0000-0002-6157-6906
http://orcid.org/0000-0002-6157-6906
http://orcid.org/0000-0002-6157-6906
http://orcid.org/0000-0002-9558-6950
http://orcid.org/0000-0002-9558-6950
http://orcid.org/0000-0002-9558-6950
http://orcid.org/0000-0002-9558-6950
http://orcid.org/0000-0002-9558-6950
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64694-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64694-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64694-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64694-3&domain=pdf
mailto:zp19821001@gmail.com
mailto:akihiro.kusumi@oist.jp
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64694-3

analgesics, which are likely associated with activations of the inhibitory
G-protein and B-arrestin pathways in complex manners*™*.

The diversity of OR conformations and their interactions with
other proteins not only drives various cellular physiological responses
but also contributes to a spectrum of brain circuit responses, both
beneficial and adverse*”’. Hence, a profound understanding of the
mechanisms by which ORs’ distinct downstream responses are
induced is essential for the development of analgesic drugs with
minimized side effects. In addition, receptor dimerization and clus-
tering are often key steps for triggering the downstream signaling
cascades in other receptor signaling pathways®.

The pharmacological diversity of ORs might be enhanced by their
propensity to form homodimers®® and heterodimers ™. Agonist-
induced homodimer formation significantly influences the balance of
MOR'’s downstream G-protein and B-arrestin pathways'. Other studies
have suggested that dimerization, both homo and hetero, might
modulate or be modulated by biased agonism, highlighting its sig-
nificance in receptor signaling (see Refs. 15,16 for homodimers and
Refs. 17,18 for heterodimers). For the (32-adrenergic receptor, another
class A GPCR, homodimers are responsible for generating the basal
receptor signal in the absence of agonists, a key common character-
istic of GPCRs". Furthermore, OR heterodimerization is important for
their cooperative functions, as supported by functional and pharma-
cological studies”?°. Therefore, understanding both the homo- and
hetero-dimerizations of ORs, as well as those of other class-A GPCRs,
is fundamental to deciphering their functional regulation
mechanisms'®*%,

Despite such extensive research, the very existence of homo- and
hetero-dimers of ORs, particularly at various expression levels,
remains controversial: our knowledge of OR expression levels under
various physiological and pathological conditions and that on their
local densities in distinct plasma membrane (PM) domains is quite
limited® . Previous detection of homodimers of DOR’****, MOR"**,
and KOR"™**, and heterodimers of all OR pairs** contrasts with recent
single-molecule imaging (SMI) studies. These SMI studies, performed
at low expression levels in the PM of living cells, in contrast to the
results that relied on much higher cellular expression levels or very
high concentrations in vitro (conditions are often required for bulk
observation methods), showed that MOR”*, DOR*, and KOR* are
predominantly monomeric. Therefore, they concluded that previously
observed dimerization and its functional and pharmacological con-
sequences would be artifacts due to the employment of very high OR
concentrations. Meanwhile, other single-molecule investigations
detected the nanodomains of KOR and MOR™ as well as the transient
MOR dimerization®, which occurred only after DAMGO binding but
not with morphine™.

To address the issue of expression levels and resolve these con-
troversies, determining the dimer-monomer equilibrium constant Kp
is imperative, as it is unaffected by the expression levels. In addition,
since several GPCR homodimers are apparently metastable with life-
times on the order of 0.1-1s'"??%** estimating the dimer dissocia-
tion and association rate constants, ko and ko, respectively, is
essential for establishing the comprehensive description of the
dynamic dimer-monomer equilibrium of ORs. Such insights would
enable us to unequivocally determine whether ORs form homo- and
hetero-dimers and to what extent at various local number densities, in
different regions within the PM and in diverse cells in various brain
regions.

More generally, studies of the molecular interactions and dimer-
izations of membrane molecules, which are critically important for
understanding receptor signaling and signal transduction in the PM,
are seriously hampered by the lack of methods to evaluate three fun-
damental constants, Kp, ko, and ko,. To our knowledge, only two
publications exist in the literature that reported all three thermo-
dynamic and kinetic parameters (both happened to study GPCRs)***,

However, the method we developed to measure Kp, for the first time
ever was cumbersome, and all single-molecule methods for measuring
ko, including ours, lacked mathematical rigor.

In the present research, we propose theoretical methods to
address this issue, so that investigations of molecular interactions and
dimerization in the PM can become more quantitative, which would
greatly advance the field. We developed two theories, leading to two
methods: one to evaluate k¢ from the distribution of single-molecule
colocalization durations (instead of intuitive methods employed pre-
viously), and another to estimate Kp from pair cross-correlation
functions, which is much simpler than the previous method and more
sensitive due to the use of a correlation method (with k., calculated as
koff/KD)-

We present our findings in two back-to-back papers. This paper
focuses on the development of single-molecule methods to evaluate
three thermodynamic and kinetic constants describing molecular
interactions and dimerization, which are then applied to OR homo-
dimerization and dimer functions, while the companion paper
addresses OR heterodimers and their functions*.

In this study, we report that all three ORs engage in continual,
repeated, transient homodimerizations at 37°C, with Kps of
6.04 +0.57, 15.47 £1.54, and 16.62 + 0.53 copies/um’ for KOR, MOR,
and DOR, respectively. The homodimer lifetimes are in the range of
120—-180 ms (dimer dissociation rate constants in the range of 6.71 to
8.47 s, unequivocally demonstrating that even at expression levels as
low as <1 copy/um?, the three ORs form transient homodimers. Fur-
thermore, we identified that the =9-26 amino acid sequences in the
cytoplasmic C-terminal domains, without sequence similarities, are
involved in the distinct homodimerizations of the three ORs, in line
with the previous DOR homodimerization data’, whereas the trans-
membrane domains might promote both homo- and heterodimeriza-
tions in a less specific manner, in partial agreement with previous
results**"*, Building on these amino-acid sequences, we developed
peptides that suppress OR homodimerization within live cells. This has
allowed us to distinguish the functions of OR dimers from monomers,
which could not be done before. OR monomerization by these pep-
tides enhances and diminishes agonist-induced signals downstream
from G proteins for KOR and DOR, respectively, without influencing
agonist-induced internalization. Meanwhile, monomerization had no
discernible effect on MOR signaling or internalization. These findings
may inform novel strategies in developing more effective and safer
pain treatments.

Results

All three ORs continually interconvert between transient
homodimers and monomers: analysis by colocalization index
based on the pair cross-correlation function (PCCF)

ORs conjugated with the SNAPf tag protein at their N-termini (SNAPf-
ORs; see Supplementary Data 1) were expressed in the PM of CHO-K1
cells, which do not express ORs*’. These tagged ORs retained the same
functionality as the non-tagged receptors (Supplementary Fig. 1a-d),
were fluorescently labeled with SNAP-Surface 549 and SNAP-CF660R
with 66% and 61% efficiencies, respectively (Supplementary Fig. 1e-g).
Since these efficiencies were determined using quite different trans-
membrane proteins, we assume that they are applicable to all SNAPf-
tagged proteins used in this work. For the experiments examining OR
homodimerization, we simultaneously labeled a SNAPf-OR (for exam-
ple, SNAPf-KOR) with both SNAP-Surface 549 and SNAP-CF660R so
that the number densities of the two probes on the PM were about the
same, with spot densities of 0.5+ 0.25 spots/um? for each color (total
spot number densities of 1.0 + 0.5 spots/um?; for conciseness, we will
describe as =1 spot/um? throughout this report), and then performed
simultaneous dual-color single-molecule observations at normal video
rate (30Hz) at 37°C, using a home-built total internal reflection
fluorescence (TIRF) microscope*®*’.
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Almost all of the SNAPf-OR fluorescent spots (90-95%) exhib-
ited simple Brownian diffusion in the PM by the criteria described
previously®, but in addition, they often exhibited temporary colo-
calization and co-diffusion*, suggesting the frequent formation of
transient homodimers (Supplementary Movies 1 and 2; Fig. 1a). We
focused on simultaneous two-color experiments, due to the ease of
image analysis. For the single-color imaging data, see Supplemen-
tary Fig. 2a and b, which show an example of repeated homo-
dimerizations of a KOR molecule with different partner KOR
molecules, consistent with the observations made with other
GPCRs*™,

200
Colocalization duration (ms)

400 600

To quantitatively examine the extent of the colocalization of two
single molecules, we employed a “colocalization index”, which para-
meterizes the propensity of a pair of magenta and green molecules to
become localized within 100 nm. Namely, the colocalization index is
defined from the pair cross-correlation function (PCCF) histogram for
the SNAP-Surface 549 (green) and SNAP-CF660R (magenta) spots
(Fig. 1b)*, as the ratio of PCCF (0-100 nm) vs. PCCF (400-500 nm)
(Supplementary Fig. 2c-e). When a molecular interaction does not
exist, the colocalization index is equal to 1 within experimental
uncertainty. When it does exist, the index becomes significantly
greater than 1. As a negative control (including incidental
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Fig. 1| ORs in the PM form metastable homodimers with lifetimes of

120 ~ 150 ms, without involving the N-terminal extracellular domain. a Typical
(among 20 experiments) image sequence of simultaneous two-color single fluor-
escent molecule observations, showing transient homo-colocalization and co-
diffusion of single molecules of SNAPf-KOR tagged with SNAP-CF 660 R (magenta)
and SNAP-Surface 549 (green), with their trajectories. b PCCFs for the SNAPf-KOR
spots (mean = SEM after area normalization; 18 movies). Green and grey bars
indicate the results of the correct and 180°-rotated overlays of the simultaneously
observed magenta and green images. The colocalization index is defined as the
mean of PCCF values for 0—100 nm divided by the mean of PCCF values for
400-500 nm (see Supplementary Fig. 2c-e). ¢ Colocalization indexes showing the
homo-colocalizations of three ORs. In the box plots, horizontal bars, crosses,
boxes, and whiskers indicate median values, mean values, interquartile ranges
(25-75%), and 10-90% ranges, respectively. * and ns represent significant (p < 0.05)
and non-significant (p > 0.05) differences, respectively (Tukey’s multiple

comparison test). The data set used for multiple comparison is indicated by the
group of lines in the figure. All of the statistical parameters and analysis results
including sample size n and p values are provided in Supplementary Data 2. d His-
tograms showing the distributions of colocalization durations for correct and
rotated overlays. Control histograms for rotated overlays (grey) were fitted by
single exponential functions (black), providing the lifetime of the incidental overlap
events (Tin). Histograms for correct overlays (colors) were fitted by the sum of two
exponential functions: The faster decay time (r;) was close to Ti,;, and the slower
decay time provided the true homodimer lifetime (z,; see Supplementary Note 1 for
the theory). The homodimer lifetimes, after correction for the trackable duration
lifetimes of the two fluorescent probes, are shown in the boxes. e Method to
determine the true dissociation rate constant (k.ff), considering the multiple
binding events during an observed colocalization duration. See Supplementary
Note 1. Source data are provided as a Source Data file.

colocalization), the 180°-rotated magenta image was superimposed on
the green image (see Supplementary Fig. 2d, grey histogram in Fig. 1b),
providing a colocalization index of =1. KOR, MOR, and DOR exhibited
significantly higher colocalization indexes than the negative controls
(Fig. 1c), suggesting that they form homodimers (and possibly greater
oligomers when the expression levels are enhanced).

Homodimer dissociation rate constant kg (inverse of the dimer
lifetime) can be obtained from single-molecule colocalization
experiments

To evaluate the homodimer lifetimes, each time we found the colo-
calization event of spots with different colors within a threshold dis-
tance R=200 nm, its duration was measured*®**5*°, By measuring the
durations of >1500 events (in >17 cells; all statistical parameters are
summarized in Supplementary Data 2), we obtained the distribution of
colocalization durations (Fig. 1d). In the simultaneous two-color single
fluorescent-molecule tracking approach, which is extensively used in
this study, we also selected 200 nm as the threshold distance for
determining the colocalization of fluorescent spots with two different
colors. This is based on, in addition to the consistency with the single-
color colocalization threshold distance, the analyses of (1) sensitivity
to detect colocalization (“Evaluating colocalization durations” in
Methods), (2) avoiding incidental oligomers greater than dimers
(Supplementary Fig. 2f; simulation result), and (3) precision of deter-
mined homodimer lifetimes (experimental results shown in Supple-
mentary Table 3 related to Supplementary Note 1). Details are provided
in “(6) Experimental justification of using a threshold distance R of
200 nm” in Supplementary Note 1 and in the subsection “Evaluating
colocalization durations” in Methods.

To evaluate the homodimer dissociation rate constant Ko
(inverse of the homodimer lifetime) from the distribution of coloca-
lized durations, we developed a theory based on the diffusion equation
that predicts the distribution of colocalization durations (Supple-
mentary Note 1). The crucial result of this theory is that, from the
histogram of the colocalization durations, we can rigorously estimate
the homodimer dissociation rate constant k. and thus the homo-
dimer lifetime 7,. Specifically, although the colocalization event of two
fluorescent spots is defined by a threshold distance R, which is 200 nm
in the present study and thus generally much greater than the mole-
cular scale (such as 3-10 nm), we can evaluate the k. and 7, values of
dimers (associated molecules) by obtaining the duration distribution
of the colocalization defined by a threshold distance (such as 200 nm)
much greater than the molecular scale. The theory shows that, at a
time resolution of 33 ms and under the conditions of quite limited
signal-to-noise ratios in our experiments, the histogram of the colo-
calization durations can be fitted with the sum of two exponential
functions, where the two decay constants represent the incidental
colocalization lifetime (1/a) and the inverse of the dissociation rate
constant (1/kqf).

Previously, we**** and others®?*** depended on intuitive

methods to obtain the homodimer lifetimes from optical colocaliza-
tion data. However, due to the theory developed here, we now have a
firm basis to obtain the homodimer dissociation rate constant ko from
the distribution of single-molecule colocalization durations.

Brief outline of the theory to evaluate k¢ from the single-
molecule colocalization duration distribution

The full account of this subsection is provided in Supplementary
Note 1. In dual-color single-molecule tracking, a colocalization is
defined as an event in which two spots are located closer than a
threshold distance R. Starting from the 2D diffusion equation, we
found that the distribution of the dwell times in the threshold circle
without binding (incidental lifetime 7;,; i.e., incidental colocalization
duration, Fig. 1le) is expressed by

© 2Dep, > _bu’t
Py~ Y e ~ae M
n=1

where D is the diffusion coefficient, R is the threshold distance, ¢ is a
regularization factor, and p, is the n-th real positive O of the Bessel
function (Equation numbers in the main text are not matched with
those in Supplementary Note 1 and 2). Under our experimental
conditions, the first term is sufficient to describe the distribution,
providing a single exponential function with a decay time constant of
R?/Dpy? =1/a, which is the incidental colocalization lifetime (7;,). We
indeed found that the colocalization time distribution for incidental
colocalizations obtained for the overlay on the 180°-rotated image
(Supplementary Fig. 2d) could be fitted with a single exponential
function (using both Akaike’s and Bayesian information criteria; AIC
and BIC, respectively) (Fig. 1d).

The dwell time in the threshold circle with binding (T i.e., colo-
calization duration, Fig. 1e) is given by the sum of 7;,.;added to the sum
of multiple binding durations, t;.

n
T=Tjnt Y T; )
i=1
Here, the terms in the sum correspond to possible multiple binding
events during a dwell; i.e., to obtain the correct k¢ value, we will need
to consider the cases where the observed colocalization durations are
the results of multiple binding events.
Combining these results, we obtain the dwell time distribution in
the threshold circle.

_ kg @Q-D ran B+D)|  ra+n

where A= (a + Ky +Kop) and T'= /A — dak .
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Table 1| Summary of Ky (dimer dissociation constant = dimer-
monomer equilibrium constant), k¢ (dimer dissociation rate
constant), and k., (dimer formation rate constant) for three
ORs without agonists and dimer reference (CD28) and
monomer reference (TM'°'R) molecules at 37 °C as well as
MOR at 20 °C and FPR(D71A) and D2R dopamine receptor

at 37 °C*

ORs Ko (copies/um?) kot (s7) kon (Hm?/
copies/s)

KOR 6.04+0.57 6.71+1.17 111+0.22

MOR 15.47+1.54 8.47+0.86 0.55+0.08

DOR 16.62+0.53 8.00+0.96 0.48+0.06

CD28 0.0093+0.03 N.D. N.D.

TMUOR 132.00£21.00 N.D. N.D.

MOR (20 °C)*® 27.43+11.80 0.56+0.21 0.02+0.004

KOR (20 °C) 5.69+01.1 4.63+0.1 0.81+0.16

KOR (per- 32.00+£15.00

haps 20 °C)*

FPR(D71A) 2.77+0.55 9.26+0.17 3.61+0.72

FPR(D71A)" 3.60 +0.58 11.0+£1.90 3.06+0.72

D2R 33.00+4.61 7.5+0.23 0.23+0.03

D2R*° 14.6+1.03

These thermodynamic and kinetic constants have rarely been measured, and all of those we
found in the literature®®***' are also listed in this table for comparison.

N.D. for no data.

SEM variations are somewhat large, probably due to limited number of observed movies
(approximately 20 movies for 20 cells; the exact numbers are in Supplementary Data 2, along
with all other statistical parameters). For comparison with the Kp, kof, and ko, values for mem-
brane molecules found in the literature (only four cases were found and shown here), we also
performed the measurements for MOR at 20 °C**, D2R dopamine receptor (D2R)*°, and formyl
peptide receptor (FPR(D71A)), at 37 °C*.

Atatime resolution of 33 ms and under the conditions of the quite
limited signal-to-noise ratios in our experiments, we obtain

(A —T1)/2~ Ko, “)

A+D)2~a 5)

This result explains why the histogram of the colocalization
durations can be fitted by the sum of two exponential functions. Most
importantly, it permits to identify the two decay constants with the
incidental colocalization lifetime (I/a = 7;,;) and the inverse of the
dissociation rate constant (1/k.), as anticipated.

OR homodimer dissociation rate constant k. and true homo-
dimer lifetime
As shown in Fig. 1d, we were able to fit the three histograms for KOR,
MOR, and DOR, obtained from the correctly overlaid images, with the
sum of two exponential functions, as predicted by Eqgs. 4 and 5. The
fitting provided two time constants, 7; and 7, (1; < 7). The histogram
obtained from the rotated overlay images could be fitted with a single
exponential function, which provided the time constant 7j,¢; (=1/a)
(the numbers of significant exponential compontents were always
confirmed by both AIC and BIC in this work). We found that 7; = 7j,; for
all three ORs. The longer decay time constant obtained from the his-
togram for the correctly overlaid images (7,) provides ko (= 1/15;
Supplementary Note 1). As such, using this theory, by simply plotting
the histogram of the colocalization durations, we can obtain the cor-
rect homodimer dissociation rate constant k¢ (by taking account of
the multiple binding-dissociation cycles).

The homodimer lifetimes of KOR, MOR, and DOR were estimated
to be 178 + 5,122 + 3, and 120 + 3 ms, respectively, from the histograms

shown in Fig. 1d (after correction for the trackable duration lifetimes of
the two fluorescent probes shown in Supplementary Fig. 2g), provid-
ing kog values as summarized in Table 1. We confirmed that the life-
times of the homodimers were unaffected by the dyes or the
tagging proteins at the N- or C-terminus of the ORs (Supplemen-
tary Fig. 2h).

To test the theory, we obtained k. values for formyl peptide
receptor (FPR(D71A); non-internalization mutant of FPR) and D2R
dopamine receptor (both are GPCRs), whose ko values at 37 °C were
previously reported*>*.. The kog values obtained here exhibited rea-
sonable agreement with the previous values (Table 1). Comparisons
with the ko values for ORs obtained at 20 °C will be presented in
Discussion.

Determination of OR homodimer-monomer equilibrium con-
stant (Kp) from PCCF

In the literature, the question of whether ORs (or GPCRs or any other
membrane proteins) form homodimers has been extensively debated.
However, it is well estabilished that many membrane proteins would
form homodimers and clusters anyway at higher expression levels, and
that the OR physiological expression levels would vary greatly from
cell to cell in various nerve regions and the local OR number densities
in different regions vary greatly within the PM, including the case of
MOR assembly in the primary cilia®’. Therefore, the critical point
should be to quantitatively estimate the homodimer affinity; i.e., to
evaluate the homodimer dissociation (homodimer-monomer) equili-
brium constant Kp. Here, we developed a theory (Supplementary
Note 2) for evaluating Kp from the PCCF of the OR fluores-
cently labeled in two colors (PCCF in the form of a histogram, as shown
in Fig. 1b and Supplementary Fig. 2e), under the conditions of low
expression levels, where the presence of oligomers greater than
dimers could be neglected.

As indicated in Supplementary Note 2, this theory is applicable
only to the PCCF data obtained under the conditions of low number
densities of membrane molecules (low expression levels) where the
occurrences of incidental oligomers greater than dimers are limited
(the effect of incidental dimers is included in the theory and so the
presence of incidental dimers will not affect the evaluated Kp). Using
Monte Carlo simulations, we found that the concentration range
employed in this work (1+0.5 copies/um?®) is quite appropriate to
evaluate Kj, for values in the range of 1-15 copies/um? (Supplementary
Fig. 3a-d). This result was confirmed by experiments using MOR when
expression levels were varied in the range of 0.5-1.5 fluorescent spots/
um?, the actual concentration range employed in this work (Supple-
mentary Fig. 3e; examined by colocalization index).

To estimate the Kp range in which the developed method is
applicable, we examined the extreme cases of constitutive monomer
and dimer reference molecules: the transmembrane domain of the
non-raftophilic monomeric molecule LDL receptor (TM'°'®)* and the
constitutive disulfide-linked dimer molecule CD28%, respectively. The
evaluated Kp values were 132+21 and 0.0093+0.03 copies/um?,
respectively (Table 1), providing the basic dynamic range (4400x) as
well as the limitations of this method to evaluate K, values.

To further test this method, we evaluated K for FPR(D71A) and
compared it with the value previously obtained by our more time-
intensive method*. These Kp values revealed excellent agreement,
indicating that our method is reliable (Table 1).

The Kp values obtained for KOR, MOR, and DOR at 37 °C were
6.04+0.57, 15.47+1.54, and 16.62+0.53 copies/um?, respectively
(Fig. 2a and Table 1; statistical parameters in Supplementary Data 2).
These Kp values mean that KOR is more likely to exist as homodimers
than MOR and DOR, and thus partially explain previous data showing
that KOR, but not DOR or MOR, forms homodimers at low membrane
densities®. Our estimated values of Kp for the MOR and KOR homo-
dimers exhibited much smaller errors than previous estimates (for
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Fig. 2 | Dynamic OR homodimer-monomer equilibrium constants (Kps) and
homodimer formation and dissociation rate constants (k,,, and ko, respec-
tively), providing the %protomers existing as dimers as a function of the
expression level. a Experimental PCCFs for KOR, MOR, DOR, CD28, and TM"®
(mean + SEM, n = 20 cells; the PCCF for KOR is the same as that shown in Fig. 1c) and
simulated PCCFs for given Kps based on the theory described in Supplementary
Note 2 (the total numbers of fluorescent spots, sN1, and sNqg, labeling efficiency,
and o were determined from experiments; mean + SEM, n =20 independent
simulations). CD28 and TM'°'® were dimer and monomer references, respectively.
The black lines indicate the best-fit functions, and their Ky, values are shown. The
PCCFs with Kp, values of 3 and 30 obtained by simulation (magenta and cyan open
bars, respectively) are also shown for comparison. b Simulated data showing the
relationship between the colocalization index and Kp. Colocalization index
decreases monotonically with an increase of Kp, if the labeling efficiency, the pre-
cision of single-molecule localization plus image overlaying, and the number

OR number densities in the PM (copies/um?)

density of fluorescent molecules in each movie were the same (0.7,140 nm, and 0.5,
1, or 1.5 fluorescent spots/um?, respectively). K, can be roughly estimated from the
colocalization index using these curves. (mean + SEM; n =20 independent simula-
tions) ¢ Predicted percentages of OR protomers existing as dimers, plotted as a
function of expression levels (without agonist; see Eq. 79 in Supplementary Note 2).
The curves indicate the mathematical functions calculated from the K, values. Tick
marks between the exact digits represent ~3.16x (10°°x) of the smaller digit. In this
study, since labeling efficiencies were 66% and 61% for SNAP-Surface 549 and SNAP-
CF660, respectively, and the dimer spots generally represents only 5-10% of the
spots (because 10-20% of ORs exist as homodimers), the OR expression levels in the
observed cells are expected to be approximately 1.8 molecules/um?. OR expression
levels would greatly vary depending on particular PM domains, nerve circuits, and
various pathological and pharmacological conditions*~, Source data are provided
as a Source Data file.

MOR?, 27.43 £11.75 copies/um? and for KOR®, 3215 copies/um?),
and their mean values are smaller by factors of approximately 1.7 and
4.9, respectively. The reason for these differences is unknown, but
note that our SEMs relative to the means are much smaller than pre-
vious estimates of the Kp values.

In the following part of this report and in the companion paper*?,
we use the colocalization index when showing the direct experimental
data is preferable, whereas the K, values are presented when providing

the fundamental constants is desirable. Under our standard experi-
mental conditions, the colocalization index is simply related to Kp as
shown in Fig. 2b (justifying the use of the colocalization index in
Supplementary Fig. 3e), and Kp can be roughly evaluated using the
graphs shown there, although we performed actual fitting for the PCCF
for each cell to obtain the Kp, value for each cell (the final K value and
its SEM were obtained as the arithmetic mean of the Kps for all the
observed cells).
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Using kot and Kp, kon can be calculated as koi/Kp (Eq. 1 in Sup-
plementary Note 2). Direct determination of k., from single-molecule
movies is only possible when the labeling efficiency is 100%. This is
because the fluorescent spots that appear to be monomers (proto-
mers) of A and B molecules might be dimers of labeled and non-labeled
molecules (Supplementary Table 4 related to Supplementary Note 2).
For the correction to evaluate the actual numbers of protomers, one

would need to know Kp, and thus k., cannot be determined inde-
pendently from Kp. The percentages (in copy numbers) of molecules
(protomers) that exist as dimers at various expression levels (number
density of molecules) were calculated from the obtained Kp values
(Fig. 2¢). Their overall variations are in the range of 3.4-58% of pro-
tomers in homodimers at number densities of 0.3-10 copies/um?, the
experimental expression range often employed®*%,
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Fig. 3 | C-terminal cytoplasmic domains are predominantly responsible for OR
homodimerization. a Schematic figure showing the amino-acid sequences of the
C-terminal cytoplasmic domains of the three ORs. The sequences surrounded by
rectangles were extensively examined for their involvement in OR homo-
dimerization. b Colocalization indexes for WT and various N/C-terminal deletion
mutants, showing that KOR aa 365-380, MOR aa 358-382, and DOR aa 357-372, with
very low amino-acid homologies, are critical for homodimerization. ¢ Histograms
showing the distributions of colocalization durations for the C-terminal cyto-
plasmic deletion mutants, KOR(A365-380), MOR(A358-382), and DOR(A357-372)
(only the results of correct overlays). WT-OR data are reproduced for comparison
(for both correct and rotated overlays; Fig. 1d). Deletion mutants exhibited dis-
tributions that could be fitted by single exponential functions, and their decay time

constants ts (after correction for the trackable duration lifetimes of the two
fluorescent probes) are indicated in the boxes. d The colocalization indexes of
various C-terminal point mutants, indicating that the charged groups and prolines
in the C-terminal cytoplasmic domains play important roles in OR homo-
dimerization. In the box plots (b, d), horizontal bars, crosses, boxes, and whiskers
indicate median values, mean values, interquartile ranges (25-75%), and 10-90%
ranges, respectively. * and ns represent significant (p < 0.05) and non-significant
(p = 0.05) differences, respectively (Tukey’s multiple comparison test). The data set
used for multiple comparison is indicated by the group of lines in each figure. All of
the statistical parameters and analysis results including sample size n and p values
are provided in Supplementary Data 2. Source data are provided as a Source
Data file.

Therefore, substantial amounts of homodimers would exist in
various nerve tissues at any time. The expected average protomer copy
numbers existing as monomers and homodimers per cell at various
expression levels are calculated and shown in Fig. 2c and Table 1.
However, all of these homodimers are forming and dispersing all the
time, with lifetimes shorter than 0.2 s (Fig. 1d). Once dissociated into
monomers, they will again form homodimers, often with different
partner molecules (Supplementary Fig. 2a, b), which will occur more
readily at higher expression levels. Therefore, although at any
moment, 10-20% of ORs might exist as homodimers at the expression
levels we employed (=1 spot/um? (Fig. 2c), the actual molecules
existing as dimers are turning over all the time, and within a few sec-
onds (even at an expression level of 1 copy/um?; calculated as 1/kqg +1/
[kon x 11), virtually all of the molecules experience the periods of
homodimers and monomers. In addition, from these values, our
experimental condition of =1 fluorescent spot/um? can be converted to
molecular expression levels of 1.8 OR molecular copies/um? (caption
to Fig. 2c).

The 9-26 amino-acid sequences in the C-terminal cytoplasmic
domains play critical roles in OR homodimerization

To advance our understanding of OR homodimerization mechanism,
we determined the OR domains and amino acid sequences responsible
for homodimerization (Fig. 3a; Supplementary Fig. 4a). First, we
examined the involvement of the extracellular N-terminal domains in
homodimerization, using the N-terminal deletion mutants (KOR(AI-
53), MOR(A1-51), and DOR(A1-35)) (Fig. 3b). Given that the amino-acid
homologies in the N-terminal domains among the three ORs are quite
low, we considered a possibility that they might be used to distinguish
particular homo- and hetero-dimers. These amino-acid sequence ran-
ges were selected partly because the removal of the entire N-terminal
extracellular domains blocked the OR expression in the PM, probably
due to the deletion of the signal sequences. In addition, these deletion
mutants were previously used in X-ray crystallography studies to
determine the structures of the remaining parts of ORs**.

The N-terminal deletion mutants of the three ORs all exhibited
diffusion behavior similar to those of the wild types (without immo-
bilization or clustering) and virtually the same colocalization indexes
as those of the wild types (Fig. 1c). These results clearly indicate that
the N-terminal extracellular domains are not responsible for
homodimerization.

We next examined the involvement of the C-terminal cytoplasmic
domains. Their amino-acid homologies are also low, and in addition, a
previous biochemical analysis indicated that the 15-amino acid stretch
in the C-terminal domain is responsible for DOR homodimerization’.
We examined systematically varied C-terminal deletion mutants
(Fig. 3a, b). They hardly exhibited immobility or clustering, and their
colocalization indexes showed that KOR’s aa 365-380, MOR’s aa 358-
382, and DOR’s aa 357-372 are critical for homodimerization (Fig. 3b
and Supplementary Data 2). For DOR, this amino-acid sequence agrees
with the previous biochemical data’. Meanwhile, the mean

colocalization index values never decreased to the index values com-
parable to those for rotated overlays (=1) (Fig. 3b) or a monomer
control molecule TM'°'® (=1.1) (Fig. 2a), suggesting the possible pre-
sence of other weaker homodimerization site(s), which we will dis-
cuss later.

The distribution (histogram) of the colocalization durations for
each representative deletion mutant, KOR(A365-380), MOR(A358-
382), or DOR(A357-372), could be fitted by a single exponential func-
tion (1), rather than the sum of two exponential functions (based on
both AIC and BIC). The decay time constants (t's) were slightly longer
than the incidental colocalization lifetimes (ti,;, Fig. 3c). We speculate
that these slightly longer decay time constants for these deletion
mutants (T's) compared to Ti,;'s are due to the existence of weak
homodimerizations whose lifetimes are quite close to Ti,;'s and/or to
the presence of very small fractions of homodimers. The lifetimes of
such components could not be separated from the 1, component,
but they would make the decay time constants (t’s) longer than Ti,¢’s.

By introducing point mutations in these critical regions for
homodimerization and their surrounding regions (Fig. 3a), we found
that a few to several basic/acidic residues, as well as proline residues,
are involved in the OR homodimerization (for particular amino acids,
see the colocalization indexes shown in Fig. 3d), suggesting that the
electrostatic interactions and the overall structure of the cytoplasmic
C-terminal domain could be important for homodimerization. The
importance of electrostatic interactions in the cytoplasmic domains of
GPCRs has been previously stressed®. For the overall structure of the
cytoplasmic C-terminal domain, the IUPred2 scores (energy-estima-
tion-based predictions for ordered and disordered residues; http://
iupred2a.elte.hu)***® indicated that the C-terminal region could be
weakly intrinsically disordered (Supplementary Fig. 4b), and the scores
decreased (more ordered) with the point mutations examined here
(Supplementary Fig. 4c). Accordingly, in addition to the specific,
relatively strong amino-acid interactions, multiple specific but weak
interactions, made possible by the flexible intrinsically disordered
regions (IDRs) of the ORs’ C-terminal regions, might facilitate the OR
homodimerization. Such a mechanism resembling liquid-liquid phase
separation was previously found for the dimerization of the tran-
scription factor PU.1%". Furthermore, the IDRs in the C-terminal regions
might be necessary to bring the specific binding sites closer so that the
actual binding can occur®. Al-based structure prediction of the
homodimers of ORs’ C-terminal cytoplasmic domains could only be
performed for DOR using Chai Discovery software, and its highest-
ranking average structure exhibited 180° rotational symmetry (Sup-
plementary Fig. 5), although the IDRs are likely to undergo rapid and
large conformational fluctuations.

Peptides mimicking the homodimerization sites block homo-
dimer formation

We then examined whether peptides with the same amino-acid
sequences as those of the deleted parts of the mutants could block
homodimerization. The use of these peptides was critical for
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Fig. 4 | Specific C-terminal-domain peptides suppress OR homodimerization.
a Schematic figure showing the experimental design to examine the effects of
mGFP-Xpeps expressed in the cell on OR homodimerization. b Representative
(among 20 replicates) confocal image of CHO-KI cells transfected with cDNAs
encoding SNAPf-KOR (not visible here; only visible by single-molecule imaging
conditions) and mGFP-Kpep (green), co-stained with the Live 650 Nuclear Stain
(magenta; white nuclei indicate the entrance of mGFP-Kpep into the nuclei,
whereas a magenta nucleus indicates the cell without mGFP-Kpep expression).

¢ The OR homo-colocalization index in each cell tends to decrease with an increase
of the mGFP-Xpep concentration in the cytoplasm. The + keys at x=0 and 6 pM
mGFP-Xpep indicate the mean value of the colocalization indexes without mGFP-
Xpep expression and that averaged over all the data points in the range of
3.8-7.8 uM mGFP-Xpep, respectively. d Histograms showing the duration dis-
tributions of transient homodimers of SNAPf-ORs in cells co-expressing 3.8-7.8 uM
mGFP-Xpeps, compared with those without co-expression (for both correct and
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rotated overlays). e Schematic figure showing the experimental design to examine
the effect of the FAM-Xpep-TATs incorporated in the cell on OR homodimerization.
f Representative confocal image of CHO-K1 cells containing an average of 3.4 pM
FAM-Kpep-TAT in the cytoplasm. Representative of three independent experi-
ments with similar results. g, h Agonist addition (0.2 pM) suppressed KOR homo-
dimerization, but enhanced the homodimerization of MOR and DOR
(colocalization indexes in g and durations of colocalization events in h). The pre-
sence of =3 pM FAM-Xpep-TAT in the cytoplasm suppressed homodimerization
both before and 2-5 min after the agonist addition. In the box plots, horizontal
bars, crosses, boxes, and whiskers indicate median values, mean values, inter-
quartile ranges (25-75%), and 10-90% ranges, respectively. * and ns represent sig-
nificant (p <0.05) and non-significant (p = 0.05) differences, respectively (Tukey’s
multiple comparison test). All of the statistical parameters and analysis results
including sample size n and p values are provided in Supplementary Data 2. Source
data are provided as a Source Data file.

unequivocally demonstrating that the specific amino-acid sequences
in the C-terminal regions of KOR, MOR, and DOR are responsible for
homodimerizations, because the deletion and point mutations might
have induced conformational changes of the true homodimer inter-
action sites, thus inhibiting homodimerization. Furthermore, if we
could develop such homodimerization blockers, they could become
useful tools to dissect the functions of OR monomers and homo-
dimers, and might inform future developments of more effective
analgesic treatments with fewer side effects and less tolerance
development>®1132063,

We employed two approaches. The first one involved the
expression of peptides with the same amino-acid sequences as those
of the deleted parts of the mutants (named Kpep, Mpep, and Dpep),
conjugated to the C-terminus of mGFP (named mGFP-Kpep, -Mpep,
and -Dpep, respectively, collectively called mGFP-Xpeps; numbers in
parentheses following mGFP-Xpeps indicate the amino-acid residue

ranges in the wild-type ORs) (Fig. 4a) in CHO-KI1 cells stably expressing
SNAPf-KOR, -MOR, or -DOR, respectively. The concentration of the
cytoplasmic mGFP-Xpep was measured by confocal fluorescence
microscopy (representative image shown in Fig. 4b), based on cali-
bration with various concentrations of purified mGFP protein dis-
solved in Ham’s F12 observation medium in the glass-base dish
(Supplementary Fig. 6a; see Methods).

The OR homo-colocalization index in the cells expressing various
concentrations of mGFP-Xpep in the cytoplasm (homogeneously dis-
tributed throughout the cytoplasm; Fig. 4b) exhibited a clear tendency
to decrease with an increase of the specific mGFP-Xpep concentration
in the cytoplasm from O to 7.8 uM for all three ORs, whereas the control
mGFP-peptides (mGFP-Dpep for KOR and MOR and mGFP-Kpep for
DOR) had no effect (Fig. 4c). Consistently, the distributions of the
colocalization durations in cells expressing 3.8-7.8 uM mGFP-Xpeps
could be fitted by a single exponential function, rather than the sum of
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Table 2 | Summary of the colocalization indexes, homodimer lifetimes, fractions and PM residency times of molecules with
internalizations detectable by the 35 min observations, and Ca?* mobilization parameter, (Fmax-Fu)/Fb. in the presence and
absence of various modulators (0.2 uM agonists, = 3 uM FAM-Xpep-TATs in the cytoplasm, and = 6 yM mGFP-Xpeps in the

cytoplasm)
ORs Additions Colocalization Index Homodimer Lifetime (ms)  Fraction of internalized PM residency time of inter- Ca? (Fmax-Fo)/Fo
(Mean + SEM) (Mean + SEM) molecules (%) nalized molecules (min)

KOR Control 2.30+0.2 1785 8.4+4.1 32.1+23.8 0.04+0.01
+FAM- 1.530.1°Ne 621N 6.9+2.4 Nob 26.2 £15.4N°b 0.05+0.01NP
pep-TAT
+ mGFP-pep 1.41+0.1%Na 61+12MNa - -

+ Agonist 1.48+0.1° 59+2% 51.4+2.7° M.9+1.7¢ 1.96 +0.32°
+ Agonist 1.23+0.1°° 58+ 12N 60.5+2.5°° 9.6+1.2%Ne 2.46 +0.21°°
+FAM-

pep-TAT

+ Agonist 117+ 0.1°P 54+ 2N = 3.1120.17°P
+ mGFP-pep

MOR  Control 1.82+0.1 122+3 6.4+1.9 25.8+12.6 0.03+0.01
+ FAM- 1.38 +0.1°° 59 +12P 6.3+1.0NP 22.1+4.1NP 0.04+0.01%
pep-TAT
+ mGFP-pep 1.32+0.12° 58 + 220 - -

+ Agonist 2.18+0.2° 137+3° 28.1+£1.7° 11.3+£1.9° 2.80+0.21°

+ Agonist 1.38 +0.1%° 68+ 120 28.9+2.0%Ne 10.7 +2.12Ne 2.78+0.22*Na
+FAM-

pep-TAT

+ Agonist 1.34+0.1%° 67+3%° - 2.80 +0.24%Na
+ mGFP-pep

DOR  Control 1.89+0.1 1203 45+35 29.8+37.4 0.05+0.01
+ FAM- 1.36 +0.1*° 67+1° 4.9 +2 5Nob 26.2+22.6"° 0.05+0.01N
pep-TAT
+ mGFP-pep 1.29+0.1°° 64 +2°P = =
+ Agonist 3.00+0.3° 229+5° 61.6+1.7° 10.8+0.9% 3.85+0.23°
+ Agonist 2.08+0.2*° 1714520 55.0 £1.0%° 10.1£0.5%N 2.84+0.20%°
+FAM-
pep-TAT
+ Agonist 2.00+0.2°*0 168 + 5N°P - 2.65+0.22°P
+ mGFP-pep

The agonists employed here were U-50488 for KOR, DAMGO for MOR, and SNC-80 for DOR.
2(No); Significant (insignificant) difference from the value for “Control”.

bMa), Significant (insignificant) difference from the value for “+ Agonist”.

Significant and insignificant differences were determined by p <0.05 and p > 0.05, respectively. P values and statistical parameters for all results throughout this report are included in Supple-
mentary Data 2. The p values were obtained by Tukey’s multiple comparison test, except the Brunner-Munzel test used for colocalization lifetimes. All data shown in this paper are the results of at least

three independent replicates.

two exponential functions (based on both AIC and BIC; Fig. 4d), and
the decay time constants became similar to those for the C-terminal
deletion mutants (compare Fig. 4d with Fig. 3c; Table 2).

As the second approach, Kpep, Mpep, and Dpep were conjugated
with the fluorescent dye 5-FAM at their N-termini for visualization, and
with the TAT sequence (YGRKKRRQRRR) (using a G10 linker sequence)
at their C-termini for membrane permeabilization (FAM-Xpep-TAT).
These FAM-Xpep-TATs were added to the cells preincubated with
150 uM pyrenebutyrate for 5 min to enhance the efficiency of peptide
translocation across the membrane (Fig. 4e, f; see Methods)®*. The
FAM-peptide-TATs exhibited diffuse spatial distributions throughout
the cytosol (Fig. 4f). The cells containing 2.9-3.4 uM FAM-Xpep-TAT
(see Supplementary Fig. 6b for the concentration calibration; in the
following, we describe this concentration range as =3 uM for concise-
ness) were selected and the effects of these cytoplasmic peptides on
the OR homodimerization were examined. The results indicated that
=3 uM FAM-peptide-TAT significantly blocked the homo-dimerization
(Fig. 4g; Table 2), consistent with the data obtained using mGFP-Xpeps
(Fig. 4¢). The efficiency of blocking homodimerization by FAM-Xpep-
TAT is greater than that by mGFP-Xpep (at =3 uM), probably due to the
steric hindrance of mGFP (Fig. 4c, g). The control FAM-Xpep-TATs

(FAM-Dpep-TAT for KOR and MOR and FAM-Kpep-TAT for DOR) did
not affect the colocalization indexes. The effects on colocalization
durations (Fig. 4h) were consistent with the colocalization index data
and with those obtained by expressing mGFP-Xpeps (Fig. 4h; compare
with Fig. 4d; Table 2).

The Xpep concentrations required for blocking homodimer for-
mation might appear quite high (=3 uM), compared with the =30-nM-
level dissociation constants of various agonists and antagonists for
ORs. However, note that the latter is the value for simple binding of the
ligand to the receptor, whereas the former addresses the efficient
dimerization propensities of membrane molecules in the two-
dimensional (2D) PM. The efficiency of dimerization in 2D space was
previously found to be higher by a factor of 10° than that in 3D space®.

The effects of the presence of =3uM FAM-Xpep-TATs in the
cytoplasm on the homodimer Kp, ko, and ko, values are summarized
in Table 3. In addition to Kp and k,,,, FAM-Xpep-TATs increased ko
(enhanced dimer dissociation), indicating that the OR homo-
dimerization cannot be described by simple first-order kinetics (simple
binding reaction at the C-terminal domains), perhaps due to the con-
formational changes of the C-terminal domains induced by the peptide
binding and/or to the presence of weaker secondary binding sites,
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Table 3 | Summary of Kp, ko¢, and k., for three ORs in the presence and absence of =3 yM FAM-Xpep-TAT in the cytoplasm,

both before and 2-5 min after the addition of agonists

ORs Agonist Xpep Kp (copies/um?) Kot (s™) Kon (um?/copies/s) Predicted %OR protomers existing as dimers at
five expression levels: 0.3, 1, 3, 10, and 30
(copies/pm?)
0.3 1 3 10 30
KOR - - 6.04+0.57 6.71+1.17 111+£0.22 8.3 20 38 58 73
= + 58.45+6.73 16.13+0.26 0.28+0.03 1.0 3.2 8.6 21 39
+ - 16.01£1.36 17.86+0.32 112+0.10 35 10 23 42 60
+ + 65.47+16.0 17.24 +£0.30 0.26+0.06 0.9 29 7.8 20 37
MOR - - 15.47 £1.54 8.47+0.86 0.55+0.08 3.6 10 23 43 61
- + 46.06+7.99 16.95+0.29 0.37+0.06 1.3 4.0 10 25 43
+ - 8.54+0.58 5.35+1.69 0.63+0.20 6.2 16 32 53 69
T T 57.00+8.20 14.71+0.22 0.26+0.04 1.0 3.3 8.8 22 39
DOR - - 16.62+0.53 8.00+0.96 0.48+0.06 3.4 9.8 22 4 59
= + 41.72+£3.29 14.93+0.22 0.36+0.03 1.4 4.4 n 26 44
+ - 7.89+0.36 3.62+0.25 0.46+0.04 6.6 17 34 54 70
+ + 19.90 £1.82 5.88+0.17 0.30+0.03 2.8 8.4 20 38 57

Predicted percentages of OR protomers existing as dimers at various expression levels calculated from the Kps are also shown.

which will be discussed later. Nevertheless, we consider the present
simplified approach is useful as the starting point for quantitative
understanding of the dynamic equilibrium between OR homodimers
and monomers.

Agonists modulate monomer-dimer interconversions, and FAM-
Xpep-TAT peptides reduce their effects

The addition of representative agonists, U-50488 for KOR, [D-Ala?, N-
Me-Phe*, Gly*-ol]-enkephalin acetate salt (DAMGO) for MOR, and SNC-
80 for DOR, at 0.2 uM (a concentration sufficient to ligate virtually all
OR molecules) differently affected the homodimerization of the three
ORs (observed during 2-5 min after agonist addition rather than after
longer incubation, because these agonists induce OR internalizations,
which become evident after 5 min; discussed later in this report). The
agonist-bound KOR exhibited less homodimerization (lower colocali-
zation index), whereas the agonist-bound MOR and DOR exhibited
more homodimerization (Fig. 4g and Table 2), although these results
might vary depending on the particular agonist®'*. The colocalization
indexes of the agonist-bound ORs were reduced by the addition of
FAM-Xpep-TAT for all ORs, but in different ways depending on the OR
type (Fig. 4g). The colocalization index of the agonist-bound KOR,
which exhibited a smaller index as compared with that of non-ligated
KOR, was further reduced by the presence of FAM-Kpep-TAT
(although with no statistical significance). The colocalization index
of the agonist-bound MOR was reduced in the presence of FAM-Mpep-
TAT to a level near that for MOR with the FAM-Mpep-TAT without the
agonist. The colocalization index of the agonist-bound DOR was
reduced in the presence of FAM-Dpep-TAT, but was still greater than
that of wild-type DOR in the absence of the agonist, which will be
described in the next subsection. The effects of the agonists and
homodimer blocker peptides on the colocalization durations were
consistent with the colocalization index data (Fig. 4h), and the ago-
nists’ effects on the homodimer Kp, kof, and ko, as well as the per-
centages of OR protomers existing as homodimers are summarized in
Table 3. The actual copy numbers of OR protomers existing as
monomers and homodimers at various total numbers of OR molecules
in the entire PM in a cell are summarized in Supplementary Table 1.

MOR’s transmembrane domain 1 (TMI®) is involved in MOR
homodimerization with less specificity

Specific C-terminal cytoplasmic domain deletions/mutations and the
addition of peptides with the same amino acid sequences as the

deleted sequences greatly reduced the OR homodimers’ colocalization
indexes, but never to be compatible with 1 found for rotated overlays
or 11 found for the monomer control molecule TM'™®'® (Fig. 2a).
Therefore, we considered the existence of secondary sites for homo-
dimer formation. Since the involvement of transmembrane domains in
the homo- and hetero-dimerization of ORs?*?***%>%¢¢%¢7 gnd in homo-
dimerization of other class A GPCRs**>*>%¢ has been proposed, and
the first OR transmembrane domain (TM1) is often mentioned in the
literature?**>*, we examined the involvement of MOR’s TM1 domain
(TMI"®) in MOR homodimerization (Fig. 5a).

Colocalization indexes indicated that TMIM® interacts with
another TMIM°® and MOR, as well as, importantly, with DOR (Fig. 5b;
the fluorescent spot number densities of the two molecules in the PM
were always adjusted to =1 spot/um?, and thus the number ratio was
approximately 1:1). The control TM peptide (TM**®) showed no
interaction with either receptor.

These results suggest that TMIM? is involved in MOR homo-
dimerization by the TMIM®®-TM1M® interaction, as well as, surprisingly,
in MOR-DOR heterodimerization. These results are supported by the
observation of the colocalization durations (Fig. 5¢).

In contrast, in the homodimer blocking experiments where
TMIMR js expressed =10-fold more than MOR, DOR, or KOR (Fig. 5d, €),
TMIM® moderately suppressed both MOR and DOR homodimers, but
not KOR homodimers (compare with the results after the addition of
positive control molecules, Mpep, Dpep, or Kpep, respectively, and the
results observed in the presence of negative control molecules, TM"**®
and Xpeps specific for different OR homodimers) (Fig. 5e). More spe-
cifically, while TMI® reduced both MOR and DOR homodimers,
Mpep selectively reduced MOR homodimers without affecting DOR
homodimers, and Dpep selectively reduced DOR homodimers without
affecting MOR or KOR homodimers. The absence of a TMI"? effect on
KOR homodimerization is consistent with the lack of MOR-KOR
heterodimerization*’. Taken together, we conclude that the interac-
tion specificity of TMIM® is limited as shown from its ability to interact
with both MOR and DOR (Fig. 5b, e). The results showing that TMIM®
suppresses both MOR-MOR and DOR-DOR homodimerization indicate
that TM1M*®is involved in both MOR homodimerization and MOR-DOR
heterodimerization. These results further indicate that TMIM® might
not be useful as a specific blocker for MOR homodimerization or MOR-
DOR heterodimerization.

Cholesterol and the lipid microenvironment might affect OR
homodimerization?*’, Cholesterol depletion and cholesterol repletion
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Fig. 5| TMIV® suppresses both MOR and DOR homodimerization. a Schematic
figure showing the experimental design for examining the interaction (binding) of
TMIM® with itself, MOR, and DOR. Colocalization indexes (b) and distributions of
colocalization durations (c) showing that TMIM® forms metastable dimers with
both MOR and DOR, while the control TM peptide (TM""*®) shows no interaction
with either receptor, suggesting that TMI® might be involved in MOR-MOR
homodimerization as well as MOR-DOR heterodimerization*’. d Schematic figure
showing the experimental design for examining whether TMIMR can suppress
homodimerizations of MOR and DOR. e TMIM*® suppresses homodimerization of

both MOR and DOR, but not KOR. In contrast, Mpep, Dpep, and Kpep selectively
inhibit the homodimerization of MOR, DOR, and KOR, respectively. TM""'® hardly
affects any OR homodimerization. In the box plots (b, e), horizontal bars, crosses,
boxes, and whiskers indicate median values, mean values, interquartile ranges
(25-75%), and 10-90% ranges, respectively. * and ns represent significant (p < 0.05)
and non-significant (p > 0.05) differences, respectively (Tukey’s multiple compar-
ison test). All of the statistical parameters and analysis results including sample size
nand p values are provided in Supplementary Data 2. Source data are provided as a
Source Data file.

followed by depletion did not affect the MOR homodimer lifetime. The
MOR homodimer lifetime remained virtually the same in GM3-null
cells (produced from the CHO-K1 cells, which are used in other
experiments in this investigation; Supplementary Fig. 7)7°.

No major effects of Xpeps on the agonist-induced OR
internalization

We next examined whether OR monomers and homodimers are
engaged in different signaling functions and internalization

behaviors before and after the agonist addition. The relative
amounts of ORs undergoing Gi-coupled signaling vs. those
becoming internalized would be related to OR’s biased signaling,
which is pharmacologically crucial as they are linked to opioid
efficacy vs. side effects and tolerance development. The biased
responses upon agonist addition might be quite different between
OR monomers and dimers, and therefore, we examined the agonist-
induced signaling and internalization of OR monomers and
homodimers.
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Fig. 6 | Xpeps hardly affect OR internalization in both the presence and absence
of the agonist, whereas they enhanced, did not affect, or reduced the Ca*
mobilization induced by the KOR, MOR, and DOR agonists, respectively.

a Schematic figure showing the experimental design for observing the inter-
nalization of OR (with possible recycling). Also see Supplementary Fig. 8a. b Time-
dependent decreases of SNAPf-ORs on the PM due to their internalizations in CHO-
K1 cells (top) and T24 cells (bottom) (mean + SEM; 10 cells for each data point),
before and after the addition of 0.2 pM agonist in the presence and absence of
=3 pM FAM-Xpep-TATs and =6 uM mGFP-Xpeps in the cytoplasm. Photobleaching
of the fluorescent probe is negligible because only one frame was recorded every
5 min. The time courses could be operationally fitted by single exponential func-
tions, y = C.exp(-t/1o) + (1-C), providing the fractions of OR molecules with
detectable (C) and non-detectable (1 - C) internalizations for the observations up to
35 min, as well as the residency times (7o) for the internalized component.

Rhod3 (F,,,-F,)/F,

¢ Schematic figure showing the experimental design for observing the Ca* mobi-
lization after the agonist stimulation. The Ca* mobilization was monitored by the
Rhod-3 fluorescence intensity (see Methods). d, e Typical (among 20 cells) fluor-
escence images of Rhod-3 in cells (d; orange rectangles = ROI) and the time-
dependent changes of the Rhod-3 signal intensity in the ROI (e), showing the
changes in the cytosolic Ca?* concentration after the agonist stimulation. Cells with
similar expression levels of ORs (=1 fluorescent spot/um?) were selected. f Ca*
mobilization at 75 s after the agonist addition, parametrized by using [Fyax-Fol/Fo
(see e). In the box plots, horizontal bars, crosses, boxes, and whiskers indicate
median values, mean values, interquartile ranges (25-75%), and 10-90% ranges,
respectively. * and ns represent significant (p < 0.05) and non-significant (p > 0.05)
differences, respectively (Tukey’s multiple comparison test). All of the statistical
parameters and analysis results including sample size n and p values are provided in
Supplementary Data 2. Source data are provided as a Source Data file.

For this purpose, we employed FAM-Xpep-TATs for preparing
homodimer-depleted specimens. Since all experiments were per-
formed at expression levels of =1 OR spot/um?, the percentages of the
OR protomers existing as homodimers are 10-20% without any addi-
tion, 3.2-4.4% after the addition of FAM-Xpep-TATs, and 10-17% after
the agonist addition, which is decreased to 2.9-8.4% after the further
addition of FAM-Xpep-TATs (see the column of 1 copy/um? in Table 3).

First, we examined OR internalization, which was monitored by
using the membrane-impermeable fluorescence quencher, Mn(lll)
meso-tetra(4-sulfonatophenyl)porphine (Mn**-TSP). This quencher
only suppresses fluorescence emission from the SNAP-Surface 549 dye
on the SNAPf-OR on the cell surface, but not that in the cytoplasm’.
Accordingly, by subtracting the signal intensity after the quencher
addition from that before the addition, we evaluated the percentages
of OR molecules remaining in the PM (Fig. 6a and Supplemen-
tary Fig. 8a).

The time courses of the decrease in the numbers of ORs remaining
in the PM during 35 min (due to their internalization) were examined in
both the presence and absence of 0.2 uM agonists and =3 uM Xpeps in
the cytoplasm (Fig. 6a, b; Table 2 and Supplementary Data 2). All the

time-course data obtained under various conditions could be fitted
with a single exponential function plus a constant. The constant pro-
vides the OR fraction whose internalization is undetectable by the 35-
min observations, and the exponential decay constant provides the
residency lifetime in the PM for the OR component whose inter-
nalization was detectable by this observation scheme (Table 2 and
Supplementary Data 2). Such high-levels of quantification were
made possible by our observations of ORs with single-molecule
sensitivities.

Without agonist, the three ORs all exhibited non-internalized
fractions in the range of 91-95% (for an observation period of 35 min).
The internalized molecules found during the 35min observations
showed characteristic dwell lifetimes (inverse of internalization rates).
The homodimer-blocking peptides, FAM-Xpep-TATs, significantly
reduced homodimers, but did not significantly affect the OR inter-
nalization (Fig. 6b and Table 2).

The addition of agonists employed in this investigation greatly
increased the fractions of detectable internalizations and the inter-
nalization rates for all three engaged ORs (Fig. 6b and Table 2),
whereas their effects on dimerization are complex (after agonist
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additions, the percentage of KOR protomers existing as homodimers
decreases from 20 to 10%, while those for MOR and DOR increase from
10 to 16% and 10 to 17%, respectively; Table 3). FAM-Xpep-TATs added
together with agonists reduced the homodimer percentages to the
levels close to those after the addition of FAM-Xpep-TATs in the
absence of agonists (Table 3), but had only slight (for engaged KOR) or
no (for engaged MOR and DOR) additional effects on internalization
(Fig. 6b and Table 2).

The lack of effect (or only the slight effect) of FAM-Xpep-TATs on
the agonist-induced OR internalization (counted by protomer num-
bers) might be induced because the internalization rate of homo-
dimers as an internalization unit (two protomers together as a
homodimer) might become about half of that of monomers or the
processes involving GRK and B-arrestin 2777* might remove the ORs
bound by these proteins from the monomer-dimer equilibrium in the
bulk PM. However, due caution in the interpretation of these data is
required because the Xpep-bound C-terminal domain might inhibit or
enhance the interaction with GRK and f-arrestin 2 (for the Gqi5 bind-
ing, see the next subsection).

In addition to CHO-K1 cells, T24 cells were employed for these
experiments because the expression level of 32-arrestin in T24 cells is
higher than that in CHO-K1 cells””®, and thus T24 cells might undergo
more active internalization. However, T24 cells exhibited internaliza-
tion behaviors quite similar to those of CHO-K1 cells (Fig. 6b; Supple-
mentary Table 2 and Supplementary Data 2).

Xpeps modulate KOR and DOR signals

To further elucidate the biased responses of OR monomers and
homodimers, we examined the downstream signaling via the G pro-
tein. Since the direct estimation of Gi-mediated signals for Gi-coupled
GPCRs has been difficult under the OR expression level of =1 copy/um?
employed for single-molecule imaging, we observed the Ca** mobili-
zation mediated by the artificial G protein Gqi5 (Fig. 6¢c-e), which has
been quite well established””®'. We showed that this method provides
similar agonist dose dependences for suppressing forskolin-induced
cAMP accumulation for DAMGO (for MOR) and SNC80 (for DOR) in
cells expressing far higher levels of ORs (Supplementary Fig. 1a-c and
Methods)”*5%%,

The addition of the homodimer-blocking FAM-Xpep-TATs alone,
which induces monomerization of ORs, did not induce any detectable
Ca* mobilization (Fig. 6f and Table 2). In contrast, the respective
agonists readily triggered Ca** mobilization. The effects of the
homodimer-blocking peptides on the agonist-induced Ca** mobiliza-
tion were complex (both FAM-Xpep-TATs and mGFP-Xpeps produced
similar effects for all three ORs). In cells expressing KOR, MOR, or DOR,
the homodimer-blocking peptides (OR monomerization) enhanced,
did not affect, and reduced the agonist-induced Ca® mobilization,
respectively (Fig. 6f and Table 2). These results indicate that KOR and
DOR monomers trigger higher and lower signals than their respective
homodimers, whereas MOR monomers and homodimers induce the
downstream signals at similar levels (without influencing the agonist-
induced internalization of all ORs; Fig. 6b). In short, homodimerization
suppresses the ligand-induced signaling in KOR but enhances it in
DOR. The DOR results were confirmed by a cAMP assay using cells
with high DOR expression (5-10 fluorescent spots/um?), which
demonstrated that 2 uM Dpep-TAT suppressed the SNC80-induced Gi-
mediated lowering of the cAMP level in cells (Supplementary
Fig. 8b-d).

As shown in the previous subsection, the internalization counted
by the protomer number is very similar for OR monomers and
homodimers (Fig. 6a, b). Therefore, we conclude that the biased
response capability of DOR homodimers is stronger than DOR
monomers, that of KOR homodimers is weaker than KOR monomers,
and the biased response capability is the same for MOR homodimers
and monomers.

Discussion

In this work, we developed new, simple single-molecule imaging
methods to quantitatively evaluate the dimer dissociation rate con-
stant (kor), the dimer-monomer dissociation equilibrium constant
(Kp), and the dimer formation rate constant (k,,,) for any membrane
molecules in the two-dimensional membrane of live cells. This was
achieved by developing theories for analyzing single-molecule colo-
calization duration data, which enabled rigorous extraction of ko
(Supplementary Note 1), and by applying the PCCFs of two-color
fluorescent spots in single-molecule images, which provide methods
to measure Kp with enhanced sensitivity and ease (Supplementary
Note 2). ko, can be evaluated as k/Kp.

In previous investigations of membrane molecule interactions
and dimerizations, the results tended to be qualitative and often
dominated by the employed expression levels. To enhance the quali-
ties of studies on molecular dimerizations and interactions in the PM,
which are particularly important for understanding receptor function
regulations, measurements of these three parameters for membrane-
impregnated molecules (Kp, kon, and ko) are indispensable. However,
this has been technically challenging, and to date only two reports
have provided the values for these critical constants, as listed in
Table 1.

Our newly developed methods allow these constants for mem-
brane molecules to be determined more readily, paving the way for a
broad range of researchers to quantitatively examine membrane-mo-
lecule interactions and dimerizations in the PM. When combined with
the knowledge of molecular expression levels (number densities in the
PM), Kp, yields the equilibrium distribution of dimers versus monomers
(Fig. 2c), and ko, and ko Will reveal how quickly the dimers form and
disassemble. Together, these advances represent a major step forward
for studies of molecular interactions in the PM.

These three critical parameters describing the homodimer-
monomer dynamic equilibrium have been determined for the OR.
This was done for the three classical ORs before and after the addition
of a representative agonist for each OR (Table 3). The results unequi-
vocally demonstrated that the three classical ORs all form transient
metastable homodimers and OR homodimers represent substantial
proportions of functional entities at local number densities over 0.3
copies/um? at 37 °C, both before and after the agonist binding (Table 3
and Fig. 2¢). Itis very possible that local number densities are higher in
the PM areas with more signaling significance, which would imply an
even higher functional significance of KOR and DOR homodimers and
oligomers.

A previous single-molecule imaging study of neurotensin receptor
1, a GPCR, in reconstituted membranes containing only this receptor
and a phospholipid revealed that it forms homodimers. This result
demonstrated that neurotensin receptor 1 homodimerization occurs
without the involvement of any other proteins® and suggested that
ORs might also form homodimers without the involvement of other
molecules. Meanwhile, another study showed that a specific agonist is
required to induce MOR dimerization™*.

Importantly, all of these homodimers are forming and dispersing
continually, with lifetimes shorter than 0.2 s at 37 °C (Fig. 1d). When the
homodimers dissociate into monomers, they will again form homo-
dimers with the same and other partner molecules. How the limited
dimer fractions and lifetimes modulate the downstream signaling and
internalization is extensively discussed in the companion paper (Fig.
8c and related main text)*.

A previous biochemical study detected DOR homodimers and
identified the aa sequence responsible for DOR dimerization’. Our
DOR results agree with these previous findings, and further clarified
that all three ORs, including DOR, undergo rapid interconversions
between monomers and homodimers within a few seconds even at
expression levels of about 1 copy/um? and virtually all of the OR
molecules experience existences as homodimers and monomers
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during this period. Our results provide a dynamic view of OR homo-
dimerization with a clear quantitative basis.

Meanwhile, at apparent variance with our results, previous single-
molecule examinations demonstrated that MOR and KOR tend to exist
as monomers even at 20 °C, when expressed at levels between 0.1 and
0.3 copies/um*>'**%, Since we employed somewhat higher number
densities of =1 OR spot/um?, corresponding to =1.8 OR molecular
copies/um? (caption to Fig. 2¢), the dimerization event number per unit
time in our study could be greater by a factor of 30-300. Therefore,
the discrepancy might simply be due to the use of OR number den-
sities lower than the sensitivity limit (very few homodimers exist in an
image). This underscores the critical importance of evaluating the
homodimer-monomer dissociation equilibrium constant Kp, rather
than simply trying to detect homodimers*.

Approximately two to five times greater Kp values (weaker
molecular binding) compared to those found here have been reported
for KOR* and MOR?® at RT and 20 °C, respectively, while almost all
measurements in this report have been performed at 37 °C. For com-
parison, we performed measurements for KOR at 20 °C and found that,
as expected, the Kp increased with a concomitant increase in ko and
decrease in k. However, the extents of the changes are quite limited,
and our KOR Kp, value and the previously reported value differed by a
factor of about six. The reason for this difference is unclear. The SEM/
mean ratio in our case is 20%, whereas it is 47% in the previous report,
which suggests that our estimate might be more accurate.

The agonist-bound KOR exhibited a greater Kp value (fewer
dimers), whereas the agonist-bound MOR and DOR exhibited smaller
Kp values (more dimers) (Table 3), although these results might vary
depending on the particular agonist®'*. For example, the DOR agonists
DADLE, DSLET, and DPDPE were previously found to induce fewer
homodimers’, but in the present research, another DOR agonist, SNC-
80, increased the homodimer fraction, suggesting that the dimeriza-
tion propensity depends on each agonist. We only examined one
agonist for each OR subtype, because an extensive examination of the
agonist effects on OR homodimerization is beyond the scope of the
present work.

Specific 9-26 residue amino-acid sequences in the near-C-terminal
cytoplasmic domains, which lack sequence similarities among the
three ORs, are involved in the distinct homodimerizations of all three
classical ORs (Figs. 3b, ¢, and 4), and do not participate in hetero-
dimerization (Figs. 2a and 3a in the companion paper)*”. Three
experimental approaches supported this conclusion about OR
homodimerization: (1) deletion mutants (Fig. 3b, c), (2) point mutants
(Fig. 3d), and (3) two ways of adding the peptides with sequences
found by approaches (1) and (2) (Fig. 4). Together, our conclusions
have been strengthened, as each approach has its own shortcomings.

In the homo-interactions of C-terminal domains, in addition to
localized interactions such as electrostatic, Ti-r, and 1-S interactions,
intrinsically disordered structures of the C-terminal regions, might be
important for homodimerization (Supplementary Figs. 4 and 5)°". The
enhancement of homodimerization by the intrinsically disordered
region might not be due to liquid-liquid phase separation, but rather to
its ability to flexibly adopt various structures, bringing several specific
but weak binding sites into positions and orientations for optimal
interactions.

In the literature on homo- and hetero-dimerization of GPCRs,
including ORs, the TM domains have been proposed or found to be
responsible for homodimerization?*°>°¢¢¢7_In the present study, we
found that TMIM®*® indeed binds to MOR and blocks MOR homo-
dimerization (Fig. 5b, ¢, and e), suggesting the involvement of TM1M®
in MOR homodimerization. However, we further found that it also
binds to DOR, blocking DOR homodimerization (Fig. 5b, c, and e),
which suggests that TMIM® is involved in MOR-DOR heterodimeriza-
tion (see the companion paper for details)*>. These results suggest that
TMIM*® interaction with ORs is likely to be quite non-specific, although

it will not be involved in MOR-KOR heterodimerization (Fig. 5e). Fur-
thermore, we found that Xpeps failed to reduce the OR homo-
colocalization indexes to the level of a monomer control molecule
TM'® Therefore, we propose that TM1M*® would enhance both MOR-
MOR and MOR-DOR dimers in less specific manners, whereas the
cytoplasmic C-terminal domain interactions provide the specificities
for OR homodimerization.

Other TM domains and extracellular domains that were not tested
here might further facilitate OR dimerization. For example, in MOR
homodimerization, TM5/TM6°*%, as well as TM1,2,H8/TM5,6 and
TM1,2,H8/TM5, have been identified as key interfaces and were pro-
posed to form asymmetric dimers*. In DOR homodimerization, TM4/4
and TM4/TMS5 were proposed as key interfaces forming symmetric
dimers®”**, Notably, symmetric and asymmetric binding modes might
be interchangeable®.

Under the expression levels employed in this study (=1 copy/
um?), we rarely found homo-oligomers greater than dimers. However,
due to the presence of secondary binding between TM domains,
homo-oligomers might form at the much higher concentrations in the
PM. Meanwhile, hetero-oligomers greater than dimers would occur at
higher number densities (see Fig. 8 in the companion paper)*, like the
case of heterotetramer formation from the MOR homodimer and
galanin Gall receptor homodimer®.

Using FAM-Xpep-TATs for preparing homodimer-depleted spe-
cimens, we examined the biased responses of OR monomers and
homodimers by evaluating their signaling and internalization. Inter-
estingly, the internalization counted by the protomer number is very
similar for monomers and homodimers in the cases of all three ORs
(Fig. 6a, b). This result suggests that the internalization rate of
homodimers as a unit might become about half of that of monomers.
The signaling function of DOR homodimers is greater than that of
monomers, but KOR homodimers exhibited less signaling ability than
monomers, while MOR-induced signals are unaffected by homo-
dimerization (in short, homodimerization suppresses the ligand-
induced signaling of KOR, enhances that of DOR, and does not affect
that of MOR). Since internalization does not depend on homo-
dimerization state, the signaling functions of OR homodimers and
monomers found here directly represent the signal’s biased level of OR
homodimers and monomers.

Due caution is required for the interpretation of these results,
because the ORs’ monomerization totally depended on FAM-Xpep-
TATs in this study (we did not use point or deletion mutants, which
would be interesting future study targets). It is possible that these
results might be induced by the interfering effect of the bound peptide
on the binding of Gqi5 to ORs (Gqi5’s binding site to ORs is the same as
the original Gai) because the Gi binding to class A GPCRs involves
various intracellular domains”’*%¢%°_ However, since the Halo-tag
protein bound to the C-termini of ORs does not affect OR-induced Ca*'
responses*” and since the peptide binding induces distinct effects on
the three ORs, we think it is likely that the effects of homodimer
blocking peptides on the agonist-induced Ca®* signals can be inter-
preted based on their effects on OR monomerization.

Furthermore, these results suggest that the homodimer-blocking
peptide-TATs could be used as reagents (drugs) to enhance or sup-
press the agonist-induced G-protein-biased cellular responses for KOR
and DOR, respectively, without affecting their internalization (Fig. 6b).
However, note that these results are correct only for the employed
agonists, and the results would be agonist-dependent.

These homodimer blocking peptides could serve as the basis for
designing modulators and potentiators in opioid therapy to enhance
the efficacy and suppress side effects such as tolerance development,
particularly for the opioids targeting KOR and DOR. The development
of agonists for favorable biased signaling is important® 3, but the
modulation of the OR homodimerization would provide another
means to produce biased signaling. Since the Xpep-TATs are soluble
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and yet membrane-permeable (Fig. 4e-h) and thus they are likely to
pass the blood-brain barrier, they could be readily delivered via
intravenous injections or nasal sprays. In addition, Xpep-TATs would
not compete with agonist binding because they bind to the cyto-
plasmic C-terminal domains. Taken together, our findings reported
here have greatly extended our knowledge of ORs metastable
homodimers and their formation mechanisms and functions, which
can inform novel GPCR drug development strategies of modulating
homodimerization.

Methods

cDNA construction

All of the newly generated cDNA constructs and other constructs
obtained from outside sources, including gifts and constructs from
commercial sources, were sequenced to examine their exact DNA
sequences. The cDNA encoding rat MOR tagged with GFP was a gift
from Dr. R. Schiilz of the University of Miinich, Germany®*. The cDNA
encoding rat KOR and DOR was a gift from Dr. Hiroshi Takeshima of
the Kyoto University”. The mCherry was a gift from Prof. R. Y. Tsien of
the University of California San Diego’®. The cDNA encoding CD47 was
a gift from Eric C. Brown of Genentech”. The cDNA encoding CD28 was
a gift from Simon J. Davis of University of Oxford®. The cDNAs
encoding SNAPf and mGFP (A206K) were obtained from New England
Biolabs and Clontech, respectively. To generate plasmids for expres-
sing SNAPf-ORs in CHO-K1 cells, the tag protein SNAPf was attached to
the N-terminus of the ORs, an additional signal sequence of interleukin
6 was attached to the N-terminus of the tag protein, and a 21 amino-
acid linker (SGGGSGG x 3) was inserted between the ORs and the tag
protein. The deletion and point mutants of ORs were generated using a
Q5" Site-Directed Mutagenesis Kit (NEB, Cat #E0554). The detailed
¢DNA information is included in Supplementary Data 1.

Cell culture, transfection, and microscope observations
CHO-K1 cells (Dainippon Pharma), GM3-null CHO-K1 cells (gift from
Prof. K. Furukawa of Chubu University)’®, T24 cells’ and HEK293 cells
(Thermo Fisher Scientific) were confirmed free of mycoplasma con-
tamination by MycoAlert (Lonza). CHO-K1 cells, GM3-null CHO-
K1 cells, and T24 cells were routinely cultured in Ham’s Nutrient Mix-
ture F12 (Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine
serum (FBS, Life Technologies), 100 units/mL penicillin (Sigma-
Aldrich), and 0.1 mg/mL streptomycin at 37 °C under a 5% CO, atmo-
sphere. For cDNA transfections for single-molecule tracking studies of
ORs (exhibiting 0.5 -1 fluorescent spots/um?), approximately 5 x10°
cells were mixed with 200 ng OR cDNA plasmids in 100 pL transfection
buffer, and electroporation was performed according to the manu-
facturer’s instructions (4D-Nucleofector, Lonza; SF Cell Line solution
and program for CHO-K1 and T24 cells). For cDNA transfections for
Ca” mobilization and cAMP assays with Gqi5 and cAMPInGl,
approximately 2x10° cells were mixed with 1ug cDNA plasmids
encoding Gqi5 and cAMPInGl1 in 100 uL transfection buffer. The
transfected cells were seeded in glass-base dishes (35 mm in diameter
with a 12mm diameter glass window, 0.15 mm-thick glass; Iwaki,
Tokyo; 2 x 10° cells/dish) and cultured for 24-48 h before fluorescence
microscopy observations. All microscope observations were per-
formed at 37 °C by placing the entire microscope, except for the far
ends of the excitation arms and the detection arms, in a home-built
microscope environment chamber made with thermo- and electric-
field-insulating plastic sheets and equipped with four heating circula-
tors (SKHO-112-OT, Kokensya, Tokyo, Japan). The Ham’s F12 medium
used for microscope observations was free of sodium bicarbonate and
phenol red, and buffered with 2 mM N-[tris(hydroxymethyl)methyl]-2-
aminoethanesulfonic acid (TES, Sigma-Aldrich) at pH 7.4 (called Ham’s
F12 observation medium).

HEK293A cells (Thermo Fisher Scientific) used for the GloSensor
cAMP assay were maintained in Dulbecco’s Modified Eagle Medium

(DMEM; Nissui Pharmaceutical), supplemented with 5% FBS (Gibco,
Thermo Fisher Scientific), 100 units/mL penicillin (Sigma-Aldrich),
100 pg/mL streptomycin (Gibco) and 2 mM L-glutamine (Gibco). Cells
were cultured at 37 °C under a 5% CO, atmosphere. Transfection was
performed with a polyethylenimine (PEI) solution (Polyethylenimine
“Max”, Polysciences). Typically, HEK293A cells were seeded in a 6-well
culture plate at a density of 2-3 x 10° cells/mL in 2 mL of medium and
cultured for one day. A transfection solution was prepared by com-
bining a plasmid solution diluted in 100 pL of Opti-MEM (Gibco,
Thermo Fisher Scientific) with 100 pL of Opti-MEM containing 5 pL of
1 mg/mL PEI (Opti-MEM-PEI). The transfected cells were further incu-
bated for 24 hours before use in assays.

Cell treatments with agonists and FAM-Xpep-TATs

U-50488, DAMGO, and SNC-80 (Sigma-Aldrich), agonists for KOR,
MOR and DOR, respectively, were applied to the cells in the same way.
The agonists were dissolved in DMSO (2 mM), and then diluted with
Hanks’ balanced salt solution (HBSS, Nissui) buffered with 2 mM TES at
pH 7.4 (T-HBSS), at a final concentration of 200 uM. The agonist
solution (1pl) was added to the cells in 1ml Ham’s F12 observation
medium (a final concentration of 200 nM) at 37 °C.

For the cellular incorporation of FAM-Xpep-TATs (custom-syn-
thesized by Cosmo-Bio), the cells were first incubated with 150 uM
pyrenebutyrate (Sigma-Aldrich) in T-HBSS at 37 °C for 5 min, and then
2mM FAM-Xpep-TAT in T-HBSS was added at a final peptide con-
centration of 20 uM®*. After an incubation at 37 °C for 10 min, the cells
were washed three times with T-HBSS, and then fresh Ham’s F12
observation medium was added to the cells. The presence of FAM-
Xpep-TAT in the cytoplasm was confirmed by the addition of the

membrane-impermeable quencher, trypan blue'®.

Cholesterol depletion and replenishment

Partial depletion of cholesterol was achieved by incubating the cells in
4 mM methyl-B-cyclodextrin (MBCD, Sigma Aldrich: 332615) at 37 °C
for 30 min. Replenishment of cholesterol was performed by incubating
the cholesterol-depleted cells in 10 mM MBCD-cholesterol complex
(1:1 mol/mol; Sigma Aldrich: C3045) at 37 °C for 10 min'®’,

Fluorescence labeling of ORs

The SNAPf-tagged wild-type and mutant ORs expressed in the PM
(SNAPf tag located at the extracellular N-terminus) were covalently
conjugated by simultaneously incubating the cells with two fluor-
escent SNAP ligands, SNAP-Surface 549 (New England Biolabs) and
SNAP-CF660R (Shinsei Kagaku), both at 300 nM, in the growth med-
ium at 37 °C in the CO, incubator for 30 min. The cells were washed
three times with fresh medium (5 min incubation each time), and then
the Ham’s F12 observation medium was added.

The labeling efficiency (the percentage of the SNAPf-tag pro-
tein labeled with the fluorescent SNAP ligand) was determined in
the following way, by employing five proteins: monomeric TM
proteins (CD47, TM'"'®, and MOR’s aa 1-70 sequence linked to the
N-terminus of TM'"'Y®) expressed at a spot number density of
=1 spot/um? and MOR and MOR’s A358-382 mutant (monomeric
mutant developed in this study) expressed at a spot number density
of <0.1 spot/um? Each protein was tagged with a SNAPf-tag protein
at the N-terminus and with mGFP (for CD47) or monomeric Stay-
Gold (mSG) at the C-terminus (for the other four proteins)'°’. The
details of the determination are described in Supplementary
Fig. 1d-f.

After labeling, in general, the populations of cells exhibiting
expression levels of 1.0+ 0.5 fluorescent spots/um? and those with
greater or lower expression than this level were each about one-third
of the cells found in the dish (lower expression here includes the cells
that do not show any fluorescence labeling even under single-molecule
imaging conditions).
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Single molecule fluorescence imaging

Fluorescently labeled ORs expressed in the bottom PM (the PM facing
the coverslip) at fluorescent-spot number densities of 0.5 + 0.25 spots/
pm? for each color (SNAP-Surface 549 and SNAP-CF660R; total spot
number densities of 1.0 = 0.5 spots/um? for conciseness, we describe
the number densities as =1 spot/um? throughout this report) were
observed at the level of single molecules at 37 °C, using a home-built
objective lens-type TIRF microscope constructed on an inverted
microscope (Olympus 1X-83), with a 100x, 1.49 numerical aperture
(NA) objective lens, optimized for the present research based on the
instrument used previously*®'>. ORs tagged with fluorescent probes
were excited with TIR illumination using the following power densities:
SNAP-Surface 549 at 561 nm (Coherent OBIS 561-100 LS) at 0.35uW/
um? and SNAP-CF660R at 642 nm (Omicron LuxXPlus 640-140) at
0.52uW/um? The dual-color images were separated by a dichroic
mirror ZT640rdc-UF3 (Chroma) and projected into two detection
arms with band-pass filters of 575-625 nm (ET600/50 m; Chroma) for
the SNAP-Surface 549 dye and 662.5-737.5 nm (ET700/75 m; Chroma)
for the SNAP-CF660R dye. In some experiments using mGFP-Xpeps
and FAM-Xpep-TATs, an additional detection arm equipped with a
dichroic mirror ZT561rdc-UF3 (Chroma) and a band-pass filter of
500.0-550.0 nm (ET525/50 m; Chroma) was employed. The fluores-
cence signal in each channel was first detected and amplified by a two-
stage microchannel-plate image intensifier (C9016-02MLP24; Hama-
matsu Photonics), and the intensified image was projected onto the
scientific CMOS camera (C11440-22CU; Hamamatsu Photonics), oper-
ated at 30 Hz, which was synchronized with the same intensifier-
camera set(s) placed on another detection arm. The image sequences
in each channel were superimposed after correction for spatial dis-
tortions, as described previously*®. The positions (x and y coordinates)
of all of the observed single fluorescent-molecules were determined by
an in-house computer program, as described previously'*.

Evaluating colocalization durations and dimer dissociation rate
constant

The colocalization of two fluorescent molecules was defined as the
event where two fluorescent spots, representing these molecules,
become localized within 200nm of each other, as described
previously**S, Briefly, in single-color experiments using SNAP-Surface
549 (Supplementary Fig. 2a and b), a spatial cross-correlation analysis
was employed*. Using this method, we found that when two fluor-
escent spots, each representing a single molecule of SNAP-Surface 549,
are located close together, the threshold distance for discriminating
one or two spots occurred at 200 nm in the present experimental set
up. Using this definition, colocalized trajectories were obtained and
colocalization durations were estimated.

In the simultaneous two-color single fluorescent-molecule track-
ing approach, which is extensively used in this study, we also selected
200 nm as the threshold distance for determining colocalization of
fluorescent spots in two different colors. This is based on the analyses
of (1) sensitivity to detect colocalization (next paragraph), (2) avoiding
incidental oligomers greater than dimers (Supplementary Fig. 2f), and
(3) precisions of the determined homodimer lifetimes (Supplementary
Table 3 related to Supplementary Note 1).

In simultaneous two-color single fluorescent-molecule tracking
experiments, using the dye pairs of SNAP-Surface 549 and SNAP-
CF660R, the distance between the two molecules was directly mea-
sured from the locations (x, y-positions) of each molecule (with dif-
ferent colors). Even when examining pairs of different-colored
molecules that are known to be truly associated, the probability of
scoring the two molecules as associated is limited by the sum of the
localization accuracies of each molecule and the accuracies of super-
imposing the two images (o). Based on the method developed
previously*® and the accuracies determined here, we found that, for
truly associated molecules, the probability of scoring the two

molecules as associated increases to 86.6% - 98.8% (1.5x - 2.5x of o)
when using the criterion that the molecules lie within 200 nm of each
other. Therefore, we used this criterion as the definition of colocali-
zation in simultaneous two-color single-molecule observations. This
distance of 200 nm coincided with the definition of colocalization in
single-color experiments. Due to this coincidence, in the present
research, we defined the colocalization of two fluorescent molecules as
the event where the two fluorescent spots representing these mole-
cules become localized within 200 nm from each other.

Each time we found a green-magenta pair located within 200 nm
(colocalization), we measured the duration in which their distances
remained within 200 nm (colocalized duration) (for the results
obtained by using two dye molecular species with different excitation/
emission wavelengths, we call them green and magenta probes/movies
for convenience in this report). After obtaining the colocalization
durations for all of the colocalization events, we generated a histogram
(distribution) of colocalization durations. The distribution of inci-
dental colocalization durations was obtained by superimposing the
magenta image sequences with the 180-degree rotated (doubly flip-
ped) green image sequences (Supplementary Fig. 2d). For the precise
analysis of these histograms, we first produced cumulative histograms
and fitted them with a single exponential function (Co — Cexp[-t/71]) or
the sum of two exponential functions (Cy — C;exp[-t/7] - Coexpl-t/15]).
The choice of the number of exponentials (including the cases of the
sum of three exponential functions) was made based on Akaike’s and
Bayesian information criteria (they always agreed). Based on these
functions, the functions describing the original histograms were
derived and overlaid on the histograms.

First, we found that the distribution of incidental colocalization
durations could be fitted by a single exponential function, with a time
constant representing the incidental colocalization lifetime 7. Sec-
ond, the distribution of colocalization durations was obtained for
correctly superimposed magenta and green image sequences. This
distribution could be fitted by the sum of two exponential decay
functions (1; and 15; 7;<T1,,). These results are consistent with the
theory developed here that predicts the distribution of colocalization
durations based on the diffusion equation (Supplementary Note 1).
Since 7; was almost the same as 7;,; (Fig. le), following the theory
developed in Supplementary Note 1, 7, provided the homodimer life-
time (this value has to be corrected for the trackable duration lifetimes
of the two fluorescent probes, to obtain k).

The trackable duration lifetime is obtained from the distribution
of trajectory lengths of SNAPf-MOR expressed in CHO-K1 cells labeled
with SNAP-Surface 549 or SNAP-CF660R, which would represent how
long single molecules can be continuously tracked under the influ-
ences of photobleaching and loss of signals due to blinking and the
entrance of the molecules into the PM areas located farther from the
PM. The distributions could be fitted as single exponential functions
providing trackable duration lifetimes (7yac’s) 0f 16.3 +1.2's (n=500)
for SNAP-Surface 549 and 7.8+0.6s (n=400) for SNAP-CF660R
bound to SNAPf-MOR expressed in CHO-K1 cells observed at 30 Hz
(Supplementary Fig. 2g). The correction was made by using the
equation:

1(corrected) = [r(observed) ™! — T, (dye) ! — Ty (dye2) ™11

kg is calculated as1/z(corrected).

Evaluating the colocalization index

For the quantitative evaluation of the extent of colocalization (repre-
senting both the frequency and lifetime of colocalization events) in
simultaneous two-color single-molecule imaging movies, we defined a
parameter called the colocalization index. This analysis method is
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essentially based on a pair cross-correlation analysis®, and the detailed
method used in this research is explained in Supplementary Fig. 2c-e
and 3.

Evaluating dimer-monomer dissociation equilibrium con-
stant, Kp

Kp was determined by fitting the experimental PCCF using the number
density of fluorescent spots obtained from the movie and the fluor-
escence labeling efficiencies of 0.66 for SNAP-Surface 549 and 0.61 for
SNAP-CF660R, as well as the fitting parameters, Kp and the precision of
overlaying two-color movies plus single-molecule localizations for two
fluorescent probes, as described in Supplementary Note 2. The num-
bers of movies are provided in Supplementary Data 2, along with other
statistical parameters.

Monte-Carlo simulations

For the detailed method for Monte-Carlo simulations to examine the
theory to obtain Kp from the pair cross-correlation function (PCCF)
(Supplementary Note 2), see the Supplementary Methods to Supple-
mentary Fig. 3.

The colocalization index depends on the number density of
fluorescent spots in the PM. In the present experimental observations,
we selected the cells exhibiting fluorescent spot number densities in
the PM of 0.5 + 0.25 spots/um? for each color (SNAP-Surface 549 and
SNAP-CF660R; total spot number densities of 1.0 + 0.5 spots/um?; for
conciseness, we describe the number densities as =1 spot/um?
throughout this report). These densities were found to be reasonable
by the Monte-Carlo simulation results, which indicated that, for the Kp
greater than 6.5 copies/um?, the colocalization index does not vary
sharply in the number density range of 0.5-1.5 spots/um? (refer to
Supplementary Fig. 3¢). At the same time, we developed the theory to
evaluate the dimer-monomer dissociation equilibrium constant Kp
from the PCCF and the total number of spots in the image (refer to
Supplementary Note 2).

Prediction of the homodimer structure of DOR’s C-terminal
cytoplasmic domain

We used the Chai Discovery web https://lab.chaidiscovery.com/
interface to predict the homodimer structures for the C-terminal
cytoplasmic domains'®. Such prediction software is difficult to use for
dimers of transmembrane proteins, because in the absence of the
membrane, their highly ranked predicted structures are all dominated
by the transmembrane domains. However, when we tested the
homodimerization of three full length ORs without constraints, the
highly ranked predicted homodimer structures of all three ORs
exhibited short membrane proximal a helices with high confidence,
corresponding to the well-conserved amino acid sequence of
DENFKRCFRXXC. This region appears to be stabilized by m-sulphur
and m-m interactions.

Therefore, in the second prediction round, we only examined the
homodimerization of the C-terminal cytoplasmic domains and intro-
duced three contact type constraints to align the alpha helices of both
chains (A and B), by fixing the distances between the residues pheny-
lalanine F4 (chain A) with F4 (chain B) as 5 A, F8 (chain A) and cysteine
C12 (chain B) as 4 A, and finally C12 (chain A) and F8 (chain B) as 4 A
(see the conserved sequence shown in the previous paragraph). The
predicted structures for the C-terminal cytoplasmic domains of MOR
and KOR, but not that of DOR, exhibited extensive « helices, which is
inconsistent with the predicted disorder scores shown in Supple-
mentary Fig. 4b, and therefore, we decided to only focus on the pre-
diction for DOR’s C-terminal cytoplasmic domain homodimer
structure. The resulting highest-ranked model was visualized as car-
toons highlighted with the stick-models, using PyMol 3.1 by
Schrodinger.

Confocal imaging to study the effects of mGFP-Xpeps and FAM-
Xpep-TATs on cells stably expressing ORs

CHO-K1 cells stably expressing ORs were transfected with mGFP-
Xpeps. The cells were identified by the incubation with NucSpot
Live 650 Nuclear Stain (Biotium), according to the protocol
recommended by the manufacturer. After three washes with the
complete medium, it was replaced with the Ham'’s F12 observation
medium. The incorporation of the FAM-Xpep-TATs in the cells was
performed as described in a previous subsection “Cell treatments
with agonists and FAM-Xpep-TATs”. Confocal fluorescence images
were acquired on the same microscope station used for single-
molecule imaging at 37 °C, which is equipped with a spinning-disc
confocal unit (Yokogawa, CSU-W1).

GFP and FAM were excited at 488 nm and detected through a
525-550 nm band pass filter. The NucSpot Live 650 was excited at
642 nm and detected through a 662.5-737.5 nm long pass filter. The
concentrations of cytoplasmic mGFP-Xpep and FAM-Xpep-TAT were
evaluated using calibration curves, obtained by observing the purified
EGFP protein (BioVision) and FAM-Xpep-TATs dissolved in Ham’s F12
observation medium at various concentrations, with a focus at 5um
above the cover-glass surface (Supplementary Fig. 6b).

Ca’" mobilization assay

Since the OR expression level varies from cell to cell, the signaling
process must be observed at the level of individual cells. The ORs are
coupled to the inhibitory trimeric G protein Gi, which induces the
decrease of the cytoplasmic cAMP concentration by inhibiting ade-
nylyl cyclase. However, using the cells with low OR expression levels
employed for single-molecule observations ( = 1 fluorescent spot/um?),
the decrease of the cytoplasmic cAMP levels in individual cells from
those in non-stimulated state was impossibly difficult to measure.
Meanwhile, the increase of the cytoplasmic Ca?* concentrations by the
PLCP activated by the Gq signaling pathway could be measured in
individual cells”**°#2, Therefore, in this assay, Gaq was modified so that
OR could be coupled to Gaq. Namely, the C-terminal five amino-acid
sequence of Gaq, ECGLY, was replaced with that of Gai2, DCGLF (this
chimeric protein is called Gqi5), because the Ga protein binds to the
specific GPCR by way of its short C-terminal sequence®.. Therefore, we
generated the CHO-K1 cell line stably expressing Gqi5, had it express
the OR, and then observed the cytoplasmic Ca?* mobilization upon
agonist addition, using the Ca**-sensitive dyes (Fig. 6¢—f and Supple-
mentary Fig. 1b). This method of using Gqi5 has been widely employed
in the research of ORs* and other Gi-coupled GPCRs®’. Briefly, CHO-K1
cells stably expressing Gqi5 were generated and transfected with the
cDNAs encoding the non-tagged and SNAPf-linked ORs. The Ca*-
sensitive dyes Fluo-4 AM (Dojindo) and Rhod-3 AM (Thermo Fisher
Scientific) were employed. Rhod-3 was used for the experiments with
mGFP-Xpeps and FAM-Xpep-TATs, and Fluo-4 was used for the
experiments that did not employ these homodimer-blocking reagents.
These AM dyes were incorporated in the cell, according to the manu-
facturers’ recommendations, using the following solutions: for Fluo-4,
4.6 uM Fluo-4 AM in T-HBSS containing 1.25 mM Probenecid (Dojindo)
and 0.04 % (w/v) Pluronic F127 (Dojindo), and for Rhod-3, 10 uM Rhod-
3 AM in T-HBSS containing 2.5 mM Probenecid and 1x PowerLoad™
(Thermo Fisher Scientific). These loading solutions (2 ml) were added
to the cells and incubated in the dark at 37 °C for 30 min, and then the
cells were washed three times with T-HBSS.

For the observations of the Ca®" mobilization downstream of
the SNAPf-tagged ORs, we selected cells expressing SNAPf-tagged
ORs bound by SNAP-Surface 549 (or SNAP-CF660R for experiments
using Rhod-3) at number densities of =1 fluorescent spot/um?in the
basal PM, using single-molecule detection (TIRF illumination) in the
561 nm channel (642 nm channel when we employed Rhod-3). These
cells were then observed by epifluorescence illumination using the
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488-nm channel to monitor the Fluo-4 signal (561-nm channel to
observe the Rhod-3 signal and 488-nm channel for mGFP-Xpeps and
FAM-Xpep-TATs). Agonist stimulation was performed by adding the
DMSO solutions of agonists at a final concentration of 200 nM. The
Ca® mobilization was parametrized by using [Fyax-Fol/Fo, Where
Fymax is the maximal Fluo-4 or Rhod-3 signal intensity within 75s
after the addition of the stimulants and Fy, is the baseline intensity
(Fig. 6e). To determine the saturation levels of the fluorescence
signal intensity at higher concentrations of Ca*, 1uM (final con-
centration) ionomycin (Wako) was added (which would increase the
intracellular Ca** concentration to that outside the cells [1.3 mM]).
The Fluo-4 and Rhod-3 image sequences were analyzed using the
Image) software.

For the comparison of the functions of the SNAPf-ORs with those
of the non-tagged ORs, we hoped to compare the cells expressing the
SNAPf-ORs at the levels of =1 spot/um? in the basal PM with the cells
expressing the non-tagged ORs at levels comparable to or higher than
those of SNAPf-ORs, because the cells expressing the non-tagged ORs
should serve as the positive controls. For this purpose, the expression
levels of non-tagged ORs were monitored by using cells transfected
with the cDNA linking the non-tagged OR sequence to the mCherry
sequence via the self-cleavable 2 A linker sequence (mCherry-2A-OR).
This way, mCherry is released from the OR into the cytoplasm at the
ER, and the non-tagged OR is then transported to the PM. The
expression of non-tagged OR was detected by the presence of
mCherry in the cytoplasm using the epi-illumination at 561 nm (sen-
sitivities much lower than single-molecule imaging, showing the pre-
sence of rather high concentrations of mCherry). Therefore, the
expression of the non-tagged OR used in this study is considered
higher than that of SNAPf-ORs.

GloSensor cAMP assay

Goj-mediated inhibition of cAMP production was measured using an
in-house-modified  GloSensor cAMP assay, as described
previously'®*'””. HEK293 cells were transfected with a mixture of
200 ng of opioid receptor-encoding plasmid and 500 ng of Glo-22F
cAMP biosensor-encoding plasmid. After 24 h of incubation, the
transfected cells were harvested with 0.53 mM EDTA-containing PBS,
centrifuged at 190 x g for 5min, and suspended in 1 mL HBSS con-
taining 0.01% BSA (fatty-acid-free grade; SERVA) and 5 mM HEPES (pH
7.4) (assay buffer). The cell suspension was dispensed in a white 96-
well plate at a volume of 40 pL per well and then loaded with 10 uL of
10 mM D-luciferin potassium solution (FujiFilm Wako Pure Chemical)
diluted in the assay buffer. After a 2 h incubation in the dark at room
temperature, baseline luminescence was measured using a Spec-
traMax L plate reader (Molecular Devices). Subsequently, 10 uL of 6 x
ligand diluted in the assay buffer, or the assay buffer alone (vehicle)
was manually added. Cells were treated with 10 uM forskolin (FujiFilm
Wako Pure Chemical), an adenylyl cyclase activator, together with a
titrated concentration of DAMGO or SNC80. Luminescence was
recorded at 60 s intervals for 20 min at room temperature. The lumi-
nescence counts from 16 to 20 min after ligand addition were averaged
and normalized to the initial counts. Concentration-response curves
were generated by dividing the luminescence change at each agonist
concentration by that of the vehicle condition.

The agonist-induced signals determined by the GloSensor cAMP
assay were fitted to a four-parameter sigmoidal concentration-
response curve, using the GraphPad Prism 10 software (GraphPad
Software). The fitted concentration-response curve was used to obtain
the pECso (-log;o ECso) values.

cAMPiInG1 cAMP assay

For establishing CHO-K1 cells used for cAMPinG1 cAMP assay, which
stably expressed tagged OR at levels 5-10 times higher than those used
for single-molecule imaging, we transfected 2 x 10° CHO-K1 cells with

1pg DOR cDNAs, and cloned the transfected cells. CHO-K1 cells stably
expressing SNAPf-DOR were transfected with the cDNAs encoding
cAMPInG1'°, Approximately 2x10° cells were mixed with =1pg
cAMPInGl plasmids in 100 plL transfection buffer, and electroporation
was carried out with a 4D-Nucleofector electroporation apparatus,
according to the manufacturer’s instructions (4D-Nucleofector, Lonza;
SF Cell Line solution and program for CHO-K1 cells). The transfected
cells were seeded in glass-base dishes and cultured for 24-48 h before
fluorescence microscopy observations. All microscope observations
were performed at 37 °C.

For the cAMP inhibition assay, cells expressing SNAPf-DOR
labeled with SNAP-Surface 549 on the basal PM were selected using
TIRF microscopy with 561nm excitation. Time-lapse imaging of
cAMPinG1 was performed every 30 s with 100 ms 405 nm and 488 nm
laser illuminations (sequential 100 ms x 2). After 5min of baseline
imaging, forskolin (Sigma-Aldrich) was added to a final concentration
of 7 uM. Following 10 min of further imaging, SNC-80 was added to a
final concentration of 50 nM, and imaging continued for an additional
10 min. Image sequences were analyzed as previously described'®.

Software and statistical analysis

The microscope station that combined a single-molecule imaging
system and a super-resolution confocal microscope was controlled
by in-house LabVIEW2018-based software, and the single-molecule
movie acquisitions were performed using the MCR software (Hama-
matsu Photonics) for Windows. All statistical analyses for in vitro
experiments were performed with Tukey’s multiple comparison test
except for the analysis of the colocalization lifetime data, which was
performed with the Brunner-Munzel test, using RStudio 1.2.1335 for
Windows. P values less than 0.05 were considered statistically sig-
nificant. The confocal images were processed and analyzed using
Image]J for Windows. Curve fitting was performed by OriginPro 2019b
for Windows. The simulation study was performed using the in-house
software based on MATLAB 2019a for Windows. Statistical para-
meters, including the numbers of movies, cells, and independent
replicates as well as p values, are provided in Supplementary Data 2.
We used the Chai Discovery web https://lab.chaidiscovery.com/
interface to predict the homodimer structures for the C-terminal
cytoplasmic domains. The resulting highest-ranked model was
visualized as cartoons highlighted with the stick-models, using PyMol
3.1 by Schrodinger. Figures and videos were edited using Photoshop
CC 2021, Illustrator CC 2021 (Adobe).

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

Data availability

Source data are provided with this paper. All data necessary to support
the conclusions of this study are provided in the main text, main fig-
ures, Supplementary Information, and Source data file. Raw movies
and images used for quantification are available from the corre-
sponding authors upon request. Source data are provided with
this paper.

Code availability
Custom-written computer codes for data collection and analysis are
available at Zenodo with entry number 17160485'%°.
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