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Ligand efficacy modulates conformational
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The p-opioid receptor (LOR) is animportant target for pain management* and
molecular understanding of drug action on pOR will facilitate the development of
better therapeutics. Here we show, using double electron-electron resonance and

single-molecule fluorescence resonance energy transfer, how ligand-specific
conformational changes of pOR translate into abroad range of intrinsic efficacies
atthetransducer level. We identify several conformations of the cytoplasmic face

of thereceptor thatinterconvert on different timescales, including a pre-activated
conformation thatis capable of G-protein binding, and a fully activated conformation
that markedly reduces GDP affinity within the ternary complex. Interaction of
B-arrestin-1with the pOR core binding site appears less specificand occurs with much
lower affinity than binding of G;.

HORisafamily A G-protein-coupled receptor (GPCR) and animportant
drug target for analgesia. However, activation of the pOR by opioids
suchas morphine and fentanyl may also lead to adverse effects with var-
ying severity, including constipation, tolerance and respiratory depres-
sion. The pOR activates G, family G proteins and recruits -arrestins-1
and 2 (Fig. 1a). It was previously thought that the analgesic effects of
HORssignalling were mediated by G-protein signalling?, whereas respira-
tory depression was mediated by B-arrestin recruitment®, Thus, ligands
that preferentially activate G protein, also known as G-protein-biased
agonists, were expected to exhibit attenuated side effects. To thisend,
aseries of G-protein-biased ligands were developed, including TRV130,
PZM21, mitragynine pseudoindoxyl (MP) and SR-17018* 8, However,
althoughligand bias towards G-protein signalling leads to the reduction
of B-arrestin-mediated tolerance, more recent studies have shown that
overly strong G-protein signalling (super-efficacy) is responsible for
respiratory depression®™, and that partial agonists with lower efficacy
provide a safer therapeutic profile®.

Some insight into the structural underpinnings of pOR activation
and pOR-mediated G-proteinsignalling is provided by high-resolution
structures. The C-terminal helix of G; binds to an opening within the
cytoplasmic surface of the 7-transmembrane helix bundle, which is
formed upon an approximately 10-A outward movement of the intracel-
lular end of transmembrane helix 6" (TM6) (Fig. 1b). At present, there
isstillno high-resolution structure of fOR in complex with B-arrestin,
probably owing to the lack of a stable or structurally homogenous
protein complex. Nevertheless, structures determined by X-ray crystal-
lography and cryo-electron microscopy (cryo-EM) generally represent
snapshots of the most stable and homogenous conformations out of a
large ensemble. The majority of GPCR-G-protein complex structures

have been determinedin the nucleotide-free state, a highly stable state
that may not represent the active state in the presence of the physi-
ologic concentrations of GDP and GTPin cells”. Conformations of less
stable excited states and their relative populations within the confor-
mational ensemble may not be amenable to structure determination
but representimportant modulators of downstream signalling's 2.,

Toinvestigate the molecular basis of HOR activation and signal trans-
fer, we combined double electron-electron resonance (DEER) and
single-molecule fluorescence resonance energy transfer (smFRET)? %,
DEER resolves an ensemble of conformations and their populations at
sub-angstrom resolutionand with high sensitivity to population changes,
whereas smFRET provides access toreal-time conformational dynamics.
Here we examined the effect of nine representative pOR ligands with
unique pharmacological profiles on the conformation and dynamics of
TM6, including naloxone (antagonist), TRV130, PZM21, MP (low-efficacy
G-protein-biased agonists), buprenorphine (low-efficacy agonist), mor-
phine (high-efficacy agonist), DAMGO (high-efficacy reference agonist),
BU72 and lofentanil (super-efficacy agonists) (Fig.1c,e and Supplemen-
tary Fig.1). Additionally, we investigated the synergistic effects of ligand
and transducer binding on the conformational equilibrium and trans-
ducer activation—in particular nucleotide release fromthe G protein. Our
results demonstrate how the conformational ensemble of HOR—whose
conformational states exchange onfast and slow timescales—is fine-tuned
by ligand binding, resulting in distinctive efficacies and signal bias.

Nitroxide spin probe and fluorophore labelling

To label the pOR site-specifically with fluorophores or nitroxide spin
labels, we first generated a minimal-cysteine pOR construct (HORA7),
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Fig.1|Ligand-dependentactivation ofthe pOR. a, Binding of agonist to the
HORactivates two downstream signalling pathways: the G-protein pathway and
the B-arrestin pathway. b, The hallmark conformational change of GPCR
activation isan outward tilt of TM6 of approximately 10 A. Ca atoms of Arg182
inTM4 and Arg273in TMé6 are shown asred and green spheres, respectively.
TM4 and TM6 are highlighted (inactive pOR (grey), Protein Data Bank (PDB)

inwhich sevensolvent-exposed cysteines were mutated to Ser, Thr, Ala
orLeu, dependingontheindividual local environment (Extended Data
Fig.1). The fHORA7 construct showed preserved function compared with
the wild-type pORin TRUPATH and ligand-binding assays (Extended Data
Fig. 2). Furthermore, when reconstituted in lauryl maltose neopentyl
glycol (LMNG) micelles, the purified HORA7 construct showed negligi-
ble background labelling of the remaining cysteines by the fluorophore
(maleimide ATTO 488) or the nitroxide spin label HO-1427 (Extended
DataFig. 3). Two additional cysteine residues were introduced to the
intracellular sides of TM4 and TM6 to create labelling sites for derivati-
zation with spin-label or fluorophore reagents. The cysteine mutations
did not significantly alter agonist or antagonist binding properties
of the pOR (Extended Data Fig. 4). For DEER studies, HORA7(R182C/
R276C)was derivatized with HO-1427 (creating HOR-HO-1427) (Extended
Data Fig. 3i and Supplementary Fig. 2), a novel nitroxide spin label
that combines the structures of two well-characterized spin labels,
iodoacetamide proxyl and methanethiosulfonate spin label. HO-1427
generates a spin-label side chain characterized by reduced dynamics
and a stable, non-reducible thioether bond®. For most smFRET stud-
ies, welabelled fORA7(R182C/R273C) and pORA7(T180C/R276C) with
iodoacetamide-conjugated Cy3 and Cy5 fluorophore pair (Cy3/Cy5)
and maleimide-conjugated Cy3 and Cy7 fluorophore pair (Cy3/Cy7),
respectively, creating tOR-Cy3/Cy5 and pOR-Cy3/Cy7 (Extended Data
Fig.3b-g). Cy3/CyS5 and Cy3/Cy7 dye pairs exhibit different Forster
radii (approximately 55 Aand 40 A, respectively?®), around which they
are most sensitive to distance changes and the combination of both
enables us to detect a large range of inter-dye distance changes with
high sensitivity (Extended Data Fig. 3g).

DEER reveals TM6 conformational heterogeneity

We examined TM4-TM6 distances of pOR by DEER under saturat-
ing ligand conditions and in the absence or presence of transducers

4DKL; active, G-protein-bound pOR with G-protein hidden for clarity (blue),
PDB code 6DDF). ¢,d, Intrinsic efficacy of ligands towards G, and 3-arrestin-1
determined by TRUPATH assays. Error barsrepresents.e.m. from 9-12
biologicalreplicates. e, Maximum efficacy (E,,,) and potency (half-maximal
effective concentration (EC)) values determinedinc,d.

(nucleotide-depleted) G; or B-arrestin-1. Generic multi-Gaussian global
fitting of the combined DEER data suggests amixture of 6 Gaussians as
the most parsimonious model describing the full datasets including
all 30 conditions (Methods, Extended Data Fig. 5 and 6 and Supple-
mentary Fig. 3). The resulting distance distributions and the popula-
tions (integrated areas) of the individual distance peaks are shown in
Fig.2. The two longest distances (45 A and 57 A) were excluded from
the population analysis, since their populations were not correlated
to the populations of other distance peaks (Extended Data Fig. 7) as
expected for aligand-dependent conformational equilibrium. These
two distance peaksare likely to represent oligomeric or nonfunctional
receptor populations.

Comparison with high-resolution structures suggests that the 33-A
peak represents a conformation with TMé inaninactive, inward posi-
tion, whereas the population of the 43-A peak exhibits an outward
tilted TM6, thus representing an active conformation (Extended Data
Fig. 8). Correlation analysis revealed that populations around 26 Aand
33 A, aswell asthose at 39 A and 43 A, are highly correlated (P < 0.05),
dividing each, the inactive and active states, into two conformations
(Extended DataFig. 7). Werefer to the inactive conformations centred
around 26 A and 33 A as R, and R,, and to the active conformations
centred around 39 A and 43 A as R, and R,. Previous DEER studies and
molecular dynamics simulations of the 3,-adrenergic receptor (3,AR)
suggest that R,and R, representinactive conformations with anintact
and broken TM3-TM6 hydrogen bond, respectively” 2,

Modulation of conformational heterogeneity

According to its antagonistic properties in cellular assays, naloxone
only weakly stabilized inactive R, at the cost of the active R, confor-
mation (Fig. 2d). Instead, super-efficacy agonists BU72 and lofentanil
quantitatively stabilized the active conformations R;and R, (Fig. 2a,d).
Surprisingly, inthe presence of low-efficacy G-protein-biased agonists
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Fig.2|Ligand-and transducer-dependent pnOR conformational
heterogeneity characterized by DEER. a, Distance distributions of spin-
labelled pOR under different ligand conditions. b, Distance distributionsin
the presence ofligand and G,. ¢, Distance distributions of phosphorylated
HOR (LORp) inthe presence of ligand and pre-activated B-arrestin-1(Barrl).
a-c,Shaded areas alongthelineindicate 95% confidenceinterval.d, Gaussian

(TRV130, PZM21, MP and buprenorphine) the TM4-TM6 distance
remained mostly in the inactive R, and R, conformations, suggesting
that pOR regions other than TM6 control G-protein efficacy of these
ligands (Fig. 1c). Binding of DAMGO, an analogue of the endogenous opi-
oid met-enkephalin thatiscommonly used as the reference full agonist
for the pOR, caused asmall but significant population shift towards R,
andR,, inagreementwith the higher efficacy of DAMGO compared with
low-efficacy agonists. However, the discrepancy between the amount
oftheactive conformations R;and R, (approximately 25%) and efficacy
(100%) suggests that structural changes other than TM6 outward tilt are
sufficient for permitting productive G, and 3-arrestin-1engagement.

Further evidence for R; and R, representing active conformations
came fromexperimentsinthe presence of transducers, since G, as well
as B-arrestin-1bound and stabilized both conformations (Fig. 2b-d).
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G-proteinbinding clearly revealed the class of G-protein-biased ligands
(TRV130, PZM21 and MP) for which large fractions of active R;and R,
were observed, with aslight preference for stabilizing R,. For ligand-free
and naloxone-bound pOR, the G;-induced population shifts were
much smaller. In the presence of the super-efficacious agonists BU72
and lofentanil, Ry and R, were already dominant in the absence of a
transducer, and the population shift from R, to R; confirmed prefer-
ential G; binding to R;, at least under the chosen experimental condi-
tions. The effect of B-arrestin-1 binding was much less pronounced:
for non-biased agonists morphine and DAMGO, the most significant
B-arrestin-1-induced population shifts were observed towards R,—
however, B-arrestin-1binding in the presence of G-protein-biased
ligands was promiscuous towards R; and R, (Fig. 2¢). In summary, the
transducer-induced population shifts towards R, and R, reflect the



ability of bound ligand to stabilize specific transducer-binding confor-
mations and thus their signalling bias towards G protein or -arrestin-1.

Ligand-specific conformational dynamics of fOR

To further investigate potential structural and functional differences
between individual pOR conformations, we performed smFRET experi-
ments. SmFRET hasbeen used to capture the conformational dynamics
of B,AR***, metabotropic glutamate receptor dimer® and p-arrestin®>*
inreconstituted systems or in cellmembranes. We used an experimental
design similar to that previously reported for 3,AR* and showed that
smFRET of labelled pOR, despite the lower spatial resolution compared
to DEER, provides access to protein dynamics and enables tight control
oftransducer and nucleotide conditions (Fig. 3a). Some ligand condi-
tions had to be excluded from smFRET analysis: ligand-free pOR proved
tobe unstable under smFRET conditions, and the controlled substances
buprenorphine, morphine and lofentanil were not available in China,
where the smFRET experiments were performed.

All smFRET distributions recorded for Cy3 and Cy5-labelled pOR
(LOR-Cy3/Cy5) could be described by one main Gaussian distribution
(Fig. 3b) and a broad, ligand-independent distribution that probably
represents noise. The position of the dominant fluorescence reso-
nance energy transfer (FRET) peak was clearly ligand-dependent, which
indicates that the time resolution (100 ms) was insufficient to resolve
the transitions between at least two pOR conformations with distinct
donor-acceptor distances. This resulted in time-averaged FRET effi-
ciencies scaled by the populations of the underlying conformations
(Supplementary Fig. 4a). The time-averaged FRET efficiencies were
stillable todistinguish the different ligands, as FRET efficiency progres-
sively shifted from 0.89 to 0.77 in the presence of agonists of increas-
ing efficacy, indicating an increase in the time-averaged fluorophore
distance. Even though the difference in FRET peak centres between
the antagonist naloxone and low-efficacy, G-protein-biased agonists
TRV130, PZM21 and MP was small (Fig. 3b and Extended Data Fig. 9a),
the average FRET values showed significant differences (P < 0.001;
Extended Data Fig. 9b), indicating a small shift of the conformational
equilibrium of pOR towards more open, active conformations in the
presence of G-protein-biased agonists and full activation for DAMGO
and BU72.

We also recorded smFRET data using the tOR-Cy3/Cy7 construct,
whose fluorophore pair exhibits a shorter Forster radius than the
Cy3 and Cy5 fluorophore pair (Extended Data Fig. 3g), and was
attached to slightly altered labelling sites on pOR, using different
labelling chemistry (Extended Data Fig. 10). Notably, for naloxone and
the low-efficacy ligands TRV130, PZM21 and MP, the pOR-Cy3/Cy7
construct was able to resolve two well-separated FRET distribu-
tions, revealing a conformational exchange with an exchange rate
slow enough to be captured by our smFRET setup (Fig. 3c). The
high-FRET distribution was stably centred around 0.8 (blue), and
dominant in the presence of antagonist naloxone and thus reflects
aninactive conformation. The population of the low-FRET state (red)
increased with G-protein efficacy of bound ligand, such that for the
high-efficacy agonist DAMGO and the super-efficacy agonist BU72,
only alow-FRET signal was observed. Further, the low-FRET distribu-
tion showed a ligand-dependent centre position below 0.7, indicat-
ing a time-averaged conformational equilibrium, similar to what we
observed for HOR-Cy3/Cy5 (Fig. 3b, red).

Weinterpret these smFRET results as the superposition of two con-
formational changes: receptor-activating structural changes occurring
onafasttimescale (<100 ms) lead to aligand-dependent centre position
of the associated FRET state observed with both constructs. Thisisin
accordance with reports for other GPCRs, for which activation rates
between 0.3-40 ms have been reported®®* ¥, Additionally, and only
observable using the pHOR-Cy3/Cy7 construct, we identified a slow
conformational transition (>100 ms). The underlying structural change
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Fig.3|SmFRET experiments of the pORbound to different ligands.
a,Schematic of single-molecule FRET experiment. Labelled tOR was tethered
toacoverslip viaits Flag tag, biotinylated M1Fab, streptavidin (SA) and
biotinylated PEG. TIRFM, total internal reflection fluorescence microscopy.
b,c, SmFRET distributions of tOR-Cy3/CyS5 (b) and pOR-Cy3/Cy7 (c) inthe
presence of different ligands. Gaussian peaks were fitted to FRET states (red
and blue) and background noise (black). Greenlines represent the cumulative
fitted distributions. Dashed linesin blue and red represent peak centres of
naloxone-and DAMGO-bound samples, respectively (nrepresents the number
of fluorescencetraces used to calculate the corresponding histograms). Data
aremean ts.d.fromthreerepeats.

reflects a prerequisite of G-protein binding or activation, as it clearly
distinguishes pOR bound to naloxone from G-protein-biased ligands.
We tentatively assign this slow conformational change to a structural
transition in intracellular loop 2 (ICL2), which represents a critical
receptor segment for G-protein binding and activation®**° and for
which different conformations have been observed in high-resolution
structures*. pOR-Cy3/Cy7 includes a labelling site at the C-terminal
end of ICL2 (Extended Data Fig.10c) and localized structural changes
atequivalent site have been detected in a DEER study investigating
ligand binding to the type 1angiotensin Il receptor*® (ATIR). However,
another possible interpretation for the slow conformational change
includes arotation of TM6, which represents a structural prerequisite
of TM6 outward movement***?. In any case, our smFRET findings com-
plement our DEER results monitoring TM4-TMé6 distances, in which
DAMGO and G-protein-biased agonists had only asmall or no significant
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effect onthe populations of active receptor species. Cy3/Cy5- and Cy3/
Cy7-labelled nHORA7(R182C/R276C), the same construct used in our
DEER measurements (Extended Data Fig. 9c-h), displayed the similar
trend of FRET changesin the presence of a series of ligands. However,
HORA7(R182C/R276C)-Cy3/Cy7 is unable to resolve two FRET states
shownin pORA7(R180/R276)-Cy3/Cy7 in the presence of low-efficacy
ligands (Fig. 3c). This finding supports our assignment that these two
FRET states reflect aslow conformational change of ICL2. Moving one
labelling site from T180 to R182, thus away from ICL2, depletes the
sensitivity towards local motions of ICL2. We attribute the discrepancy
between smFRET and DEER to the long-linker fluorophores that may
amplify the rotational conformation change and/or local conforma-
tional change toalinear distance change compared with the short spin
labels (Extended Data Fig. 10).

Conformational dynamics of fOR with G protein

Toinvestigate therole of HOR conformational changes for transducer
binding and nucleotide exchange, we examined pOR-Cy3/Cy5 in the
presence of ligands and transducer. We chose pOR-Cy3/Cy5 over pOR-
Cy3/Cy7because of the higher signal-to-noise ratio of single-molecule
fluorescence trajectories during these experiments to unambitiously
characterize dynamic transitions between G-protein-bound and
G-protein-unbound pOR. Compared with the active conformation
stabilized by ligands alone (FRET efficiency of around 0.77; Fig. 3b),
G-protein binding, upon depletion of nucleotide GDP using apyrase,
led to areduction in FRET efficiency to around 0.5 (Fig. 4a, blue and
Supplementary Fig. 4b). This marked decrease may be owing to a
directinteraction of G protein and fluorophore. The population of
the low-FRET peak showed the same MP > TRV130 > PZM21 > DAMGO
and BU72 progression as observed for ligand efficacy (Fig. 1) and is
thusinterpreted as nucleotide-free HOR-G, complex. The high-FRET
peak (Fig. 4a, red) showed the same peak positions observed in the
absence of G protein (Fig. 3b), and is thusinterpreted as time-averaged
equilibrium of active and inactive pOR conformations not bound to
G protein. A third, ligand-independent and broad FRET distribution
(Fig.4a, black), is assumed to represent noise. Of note, the observation
oftwowell-separated FRET peaks (centred around 0.5and 0.8), repre-
senting G-protein-bound and G-protein-unbound pOR, respectively,
provides the opportunity to apply a two-state hidden Markov Model**
and to describe pOR complex formation and signal transfer in more
detail. Tothis end, only traces that had at least one transition between
high-FRET and low-FRET states during the course of the experiment
were selected, thus enabling us to selectively analyse those pOR mol-
ecules involved in G-protein binding.

To characterize conformational dynamics of GDP-bound and
nucleotide-free forms of HOR-G, complex, werecorded smFRET time
traces at different concentrations of GDP (Fig. 4b and Supplementary
Fig. 5). We found that for high- and super-efficacy agonists DAMGO
and BU72 the low-FRET peak population was reduced with increasing
GDP concentrations (Fig. 4c and Extended Data Fig. 11), indicating
dissociation of the pOR-G;*GDP complex and reestablishment of the
time-averaged, ligand-bound pOR state (Fig. 3b). For these twoligands,
wealso observedashift ofthe low-FRET peak from around 0.5t0 0.6 with
increasing GDP concentration (Fig.4d), and we assign the 0.6 low-FRET
state to the complex of active LOR with GDP-bound G; as opposed to
the nucleotide-free complex at around 0.5 (Fig. 4e). Similar smFRET
changeswere described to occur transiently for GDP-bound G, interact-
ingwith B,AR.In contrast to the high-efficacy and super-efficacy ago-
nists, the 0.6 FRET state was dominant for low-efficacy G-protein-biased
agonists at all GDP concentrations, indicating increased stability of the
GDP-bound pOR-G; complex for these ligands (Fig. 4d and Extended
DataFig.11).

Onthebasis of previous studies®**, we used asimplified, three-state
model of G-protein binding to active pOR (Fig. 4e) for the evaluation
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of the dwell-time distributions of high- and low-FRET states (Supple-
mentary Figs. 6 and 7). The dwell-time distributions of the high-FRET
state were adequately described by mono-exponentials indicating a
single rate-limiting step of G-protein binding (Supplementary Fig. 6).
The resulting high-FRET dwell times are shown in Fig. 4f and indicate
thattherate of G-proteinbindingislargely independent of GDP for all
ligands. However, for DAMGO and BU72, both of which quantitatively
stabilized the pOR-G; complex in the absence of nucleotide (Fig. 4a),
overall shorter high-FRET dwell times indicate faster binding of G; to
HOR compared with low-efficacy G-protein-biased agonists (Fig. 4f).
The rates of G-protein binding scaled with the amount of active pOR,
asidentified by smFRET in the absence of G protein (Fig. 3b,c).

The dwell-time distributions of the low-FRET state are associated with
two low-FRET states at 0.6 and 0.5 FRET, reflecting the GDP-bound and
nucleotide-free pOR-G; complex, respectively (Fig. 4e). Correspond-
ingly, for all ligands, the low-FRET dwell-time distributions were best
described using biexponential decay curves (Supplementary Fig. 7),
and for simplicity, we calculated aweighted average of low-FRET dwell
times for each condition to represent the overall stability of the HOR-G;
complex (Fig. 4g). At a physiological GDP concentration of 30 puM,
low-FRET dwell times for all ligands were very similar. At low GDP con-
centrationand only in the presence of high-efficacy agonists DAMGO
and BU72, longer low-FRET dwell times indicated a higher stability of
the nucleotide-free HOR-G;complex. Together, these results show that
G-protein-biased agonists do not lower GDP affinity to G; as much as
high-efficacy and super-efficacy agonists, which, in combination with
slower G; binding (Fig. 4f), manifests in their lower efficacy.

Similar to the results of our DEER experiments, which showed only
subtle population shifts due to -arrestin-1binding to pORp (Fig. 2¢),
the smFRET distributions of fORp—-Cy3/Cy5 show very little effect in
response to 3-arrestin-1binding (Extended Data Fig. 12). These data
support the current understanding of a promiscuous, low-affinity
interaction of the arrestin finger loop with active GPCR conformations
and suggests the necessity of this ‘core engagement’ for stabilization
of an active, low-FRET conformation*®.

Conclusion

The present study reveals differences in the structure and dynamics
of HOR bound to functionally diverse ligands and the effects of these
differences on receptor catalytic activity and stability of the recep-
tor-transducer complex. Our findings characterize the molecular
underpinnings of G,activation and 3-arrestin-1recruitment and provide
insightinto the mechanism of super-efficacy agonism, which cannot be
understood on the basis of static X-ray and cryo-electron microscopy
structures alone. Previous studies using NMR spectroscopy, molecular
dynamics simulations, and DEER indicate that the conformational
dynamics of GPCRs, especially in the TMS5, TM6, TM7, ICL1, ICL2 and
H8 domains*®**’, have important roles in functional selectivity of
GPCRs. Our results reveal the conformational heterogeneity of TM6
and thatboth fast and slow conformational dynamics of TM6 and ICL2
are differentially modulated by distinct ligands.

We performed DEER experiments, which highlight the conforma-
tional heterogeneity of HOR and how the ensemble of conformations
is modulated by ligands with distinct functions. For low-efficacy
G-protein-biased agonists we did not observe significant populations
of receptorinthe canonical ‘active’ conformation, whichincludes the
outward tilt of TM6. However, the addition of the transducers G, and
B-arrestin-1clearly revealed that these ligands ‘pre-activate’ the recep-
tor, thereby facilitating transducer binding. Additionally, DEER was
able toresolve two active conformations of TM6, for which our results
suggest distinct G-protein affinities. Inaccordance with existing stud-
ies, binding of B-arrestin-1to theintrahelical transducer binding site of
HORp (core interaction) is more promiscuous and occurs with lower
affinity.
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Fig. 4 |Structural dynamics ofthe pORin the presence of G;and GDP.
a,smFRET distributions of ftOR-Cy3/CyS5 in the presence of different ligands
and G, followed by treatment of apyrase to remove GDP. Red, blue and black
linesrepresent Gaussians fitted to high-FRET, low-FRET and nonfunctional
states, respectively. Greenlines represent the cumulative fitted distributions.
Dashed linesindicate high-FRET peak centre of naloxone sample (red) and
low-FRET peak centre of the BU72 sample (blue), respectively. nrepresents the
number of fluorescence traces used to calculate the corresponding histograms.
Dataaremean ts.e.m.fromthreerepeats. b, Exemplary smFRET traces of
HOR-Cy3/Cy5and analysis via atwo-state hidden Markov model. a.u., arbitrary

Thediscrepancy between the canonical active receptor population
observedin DEER and ligand efficacy, whichis especially apparent for
DAMGO, suggests that TM6 movement alone does not define receptor
activity. We used smFRET as a complementary method as it provides
access to rates of conformational interconversion, which have been
implicated as ‘kinetic controls’ of G-protein binding or activation in
other GPCRs**°. The specific properties of the chosen fluorophores and
receptor-labelling sites prove vital for capturing activating conforma-
tional changes at theintracellular receptor surface that correlate with
theefficacy of boundligand. Our datarevealed a slow conformational
change with an exchange dwell time of more than 100 ms connected
toreceptor pre-activation, astructural change that distinguishes pOR
bound to the antagonist naloxone and low-efficacy G-protein-biased
agonists, which is a potentially rate-limiting step for G-protein and
B-arrestin binding and signalling. Experiments conducted in the pres-
ence of G protein and various concentrations of nucleotide GDP enabled
theidentification of the GDP-bound and nucleotide-free ternary com-
plexes and how their formation is modulated by the nature of bound
ligand. Even though ‘pre-activated’ HOR may bind G protein efficiently
enough to cause signalling, fully activated pOR, as presentin high-and
super-efficacy bound pOR, couples to G; at twice the rate. Moreover,
oncetheternary complexis formed, high-efficacy and super-efficacy

units. ¢, Areaof the low-FRET peakaatincreasing GDP concentrations. Dataare
mean +s.d.fromtwo biologicalrepeats.d, Low-FRET peak position with
increasing GDP concentrations. Frames of low-FRET state identified by a
two-state hidden Markov Model were extracted and binned to plot histograms.
FRET histograms were further fitted to Gaussians and the peak centres are
plotted. Error bars represent the standard error of fitting. e, Schematic ofa
simplified reaction model of G-protein coupling. f, Dwell time of the high-FRET
state. g, Dwell time of the low-FRET state. f,g, Dataare mean + s.d. from two
biological repeats.

agonists lower the affinity towards GDP substantially, thereby driving
GDPrelease and G-protein activation. Low-efficacy, G-protein-biased
agonists lead to aslower release of GDP and large fractions of the com-
plex remain GDP-bound. Thus, the rate of G-protein binding and GDP
release are both ligand-controlled via modulation of the conforma-
tional ensemble involving inactive, pre-activated and fully activated
species. Instead, binding of B-arrestin-1to the receptor core relies on
formation of the canonical, fully activated receptor conformation as
binding of low-efficacy, G-protein-biased agonists promotes formation
of the pOR-B-arrestin-1 complex only weakly, whereas we observed
greater changes for the more efficacious morphine and DAMGO. Of
interest, when bound to lofentanil and BU72, nOR exists mostly inthe
active conformations, in agreement with their high efficacy for recruit-
ment of B-arrestin-1; however, since no significant changein the DEER
distributions was observed upon the addition of B-arrestin-1, we cannot
conclude thatit actually bound.

In sum, this study provides insights into pOR functional selectivity
and super-efficacy, based on the coexistence and differential popula-
tion of inactive and active conformations exchanging on fast or slow
timescales. Moreover, itemphasizes theimportance of solution-state,
biophysical studies for the characterization of GPCR-ligand-trans-
ducer signalling, as we report experimental evidence for important
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intermediate conformations that are responsible for G-protein func-
tional selectivity. These findings suggest potential approaches for the
design of therapeutic agents with fewer adverse effects, that target
sparsely populated conformational states that have evaded detec-
tionby high-resolution structural biology methods. The need for such
therapiesisimminent for the opioid receptor subfamily, butinterme-
diate conformations with functional selectivity properties have been
reported for other GPCRs*’, and thus this approach may be generaliz-
able for other targets.
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Methods

HOR expression and purification

The wild-type Mus musculus pOR (6-398) with an N-terminal HA signal
sequence followed by aFlag tag and a C-terminal 8xHis tag was cloned
inthe pFastBaclvector. The minimal-cysteine construct (W{ORA7) was
created by introducing the mutations® C13S, C22S, C43S, C57S, C170T,
C346A and C351L into the wild-type LOR. Double-cysteine mutation
constructs (LORA7(R182C/R276C) for DEER, pORA7(T180C/R276C)
and pORA7(R182C/R273C) for smFRET experiments) were generated
based on the pORA7 construct. The pOR was expressed and purified
following a previous protocol® with some modifications. The pOR
was expressed in Sf9 insect cells (Expression Systems, authenticated
by supplier, not tested for mycoplasma) using Bac-to-Bac baculovirus
systems with 10 pM naloxone. Cells were collected 48 h post infection
and werelysed in abuffer of 10 mM Tris pH 7.5,1 mM EDTA, 100 pM TCEP,
10 uM naloxone, 160 pg ml™ benzamidine and 2.5 pg ml™ leupeptin.
The receptor was extracted from the Sf9 membrane using buffer of
20 mM HEPES pH 7.5, 500 mM NaCl, 0.7% N-dodecyl-B-D-maltoside
(DDM), 0.3% CHAPS, 0.03% cholesteryl hemisuccinate (CHS), 30%
(v/v) glycerol, 5 mMimidazole, 2 mM MgCl,, 160 pg ml™ benzamidine,
2.5 ug ml?leupeptin, 10 pM naloxone, 100 pM TCEP and 2 pl benzonase
inthe cold room for1h. After centrifugation, Ni-NTA resin was added
to the supernatant in a 500-ml centrifuge tube (Corning) and rotated
for2 hat4 °C.Ni-NTAresin was washed in batch with washing buffer of
20 mM HEPES pH 7.5, 500 mM NacCl, 0.1% DDM, 0.03% CHAPS, 0.03%
CHS, 5 mM imidazole and 10 pM naloxone and protein was eluted in
washing buffer supplemented with 250 mM imidazole. Ni-NTA elu-
ate was supplemented with 2 mM CaCl, and loaded onto anti-Flag M1
resin (Millipore-Sigma) for further purification. The detergent was
exchanged to LMNG onaFlag column by gradually increasing the pro-
portion of the exchange buffer 20 mMHEPES pH7.5,100 mM Nacl, 0.5
LMNG, 0.05% CHS, 2 mM CacCl, and 10 pM naloxone) over the Ni-NTA
washing buffer supplemented with 2 mM CaCl, at room temperature
for1h. The pOR was finally eluted with buffer of 20 MM HEPES pH 7.5,
100 mM NacCl, 0.01% LMNG, 0.001% CHS, 5 mMEDTA, 0.2 mg ml Flag
peptide and 10 pM naloxone. After concentrating with a4-mI100-kDa
cutoff concentrator (Amicon Ultra), the pOR was further purified by
size-exclusion chromatography (SEC) using an SD200 increase 10/300
column (GE Healthcare) equilibrated with SEC buffer of 20 mM HEPES
pH 7.5,100 mM NaCl, 0.01% LMNG, 0.001% CHS and 10 uM naloxone.
Fractions containingmonomeric HOR were collected and concentrated
witha500-pl100-kDa cutoff concentrator (Amicon Ultra). The pOR was
supplemented with15% (v/v) glycerol and flash frozeninliquid nitrogen.

G, heterotrimer expression and purification
DNA for the human Ga; was cloned into the pFastBacl vector. DNA of
human Gf3, with an N-terminal 6xHis tag and HRV 3C protease cleav-
age site (LEVLFQGP) and Gy, were cloned into the vector of pFastBac
Dual under the promoter of ph and p10, respectively. P2 viruses of
Ga; and Gf3,y, were generated following the same protocol for the
HOR. G; heterotrimer was expressed in Hi5 cells (Expression Systems,
authenticated by supplier, not tested for mycoplasma) with4 ml P2 of
Ga; and 10 ml P2 of GB,y, per liter cells when cells reached a density
of 3 million per ml. Cells were collected 48 h post infection and kept
in -80 °C freezer until use.

Cell pelletswere thawed in lysis buffer (10 mM Tris pH7.5,1 mM MgCl,,
5 mM B-mercaptoethanol (3-ME), 10 pM GDP, 160 pg ml” benzamidine,
2.5 ug mileupeptin). After centrifugation, pellets were solubilized in
solubilization buffer (20 mM HEPES pH 7.5,100 mM NaCl, 1% sodium
cholate, 0.05% LMNG, 5 mM MgCl,,20 mMimidazole, 5 mM 3-ME, 10 pM
GDP, 160 pg ml™ benzamidine, 2.5 pg ml” leupeptin) and were stirred
ina cold room for1h. After centrifugation at 14,000 rpm for 20 min,
the supernatant was mixed with Ni-NTA resin and rotated at4 °Cfor1h.
Ni-NTA resin was then washed four times in batch with solubilization

buffer. Detergent was exchanged to LMNG on the Ni-NTA column by
gradually increasing LMNG concentration at room temperature. Protein
was eluted with elution buffer 20 mM HEPES pH 7.5,50 mMNacCl, 0.01%
LMNG, 2 mM MgCl,,5 mM 3-ME, 10 uM GDP, 180 mMimidazole). The His
tag was cleaved by 1:50 (w/w) HRC 3 C protease. G, was treated with 5 pl
of A protein phosphatase and was dialysed against dialysis buffer 20 mM
HEPES pH7.5,50 mM NacCl, 0.01% LMNG, 2 mM MgCl,,2 mMMnCl,,5mM
B-ME, 10 uM GDP) overnight at 4 °C to remove imidazole. The His tag
and contaminates were removed by loading G;; onto 2-mINi-NTAresin.
Flow-through of Ni-NTA resin was loaded ontoaMonoQ columnand G;
was further purified by anion exchange. The G, heterotrimer peak was
collected and concentrated. After being supplemented with 15% glyc-
erol, G;, was flash froze and kept in =80 °C freezer. For DEER samples,
ion-exchange purified G;, was further injected onto anSD200 increase
10/300 column (GE Healthcare) equilibrated with SEC buffer (20 mM
HEPES pH7.5,100 mM NacCl, 0.01% LMNG, 2 mM MgCl,and 10 pM GDP).
SEC fractions were pooled, concentrated to 336 uM and flash frozen.

GRKS expression and purification

Human GRKS5 DNA with a C-terminal 6xHis tag was cloned into pFast-
Baclvector. P2 virus was generated following the same protocol of the
HOR. GRK5 was expressed in Sf9 insect cells with 25 ml of P2 virus and
was collected 48 hafter infection. Purification of GRK5 was performed
oniceorat4°C. Cellswerelysed in lysis buffer 20 mM HEPES pH 7.5,
150 mM NaCl, 20 mMimidazole, 5 mM B-ME, 160 pg ml™ benzamidine,
2.5 ug mlleupeptin) by sonication onice. Cell debris was removed by
centrifuge at 14,000 rpm for 20 min. GRKS in supernatant was puri-
fied by Ni-NTA resin using wash buffer 20 mM HEPES pH 7.5,150 mM
NaCl, 20 mMimidazole, 5 mM 3-ME). Protein was eluted in wash buffer
supplemented with 160 mM imidazole. GRKS5 was concentrated and
injected in an SD200 increase 10/300 column equilibrated with cold
SEC buffer (20 mM HEPES pH 7.5,300 mM NaCl) in cold room. SEC
fractions of GRKS5 were pooled, concentrated and flash frozen.

B-Arrestin-1expression and purification

To investigate the conformational changes of the pOR in the pres-
ence of B-arrestin-1, a C-terminal truncated [3-arrestin-1 was used for
smFRET and DEER measurements. The long splice variant of human,
cysteine-free (C59V/C125S/C140L/C150V/C242V/C251V/C269S), trun-
cated B-arrestin-1 (1-382) (Barr1(ACT))> with an N-terminal 6 xHis
and HRV 3 C site was in vector of pET15b and was transformed into
BL21 (DE3) competent cells. Escherichia coli cells were cultured in TB
medium with 100 pg ml™ ampicillin until ODy,, reached 1.2 at 37 °C
in a shaker at 220 rpm. The temperature was decreased to 18 °C and
protein expression was induced with 200 uM IPTG for 16 h. Purifica-
tionof Barr1(ACT) was performed onice orat4 °C. Cells were collected
andsonicated inbuffer1(20 mM Tris 8.0 (25 °C), 300 mM NaCl,20 mM
imidazole) supplemented with 160 pg ml™ benzamidineand 2.5 pug ml™
leupeptin. After centrifugation, protein in the supernatant was incu-
bated with Ni-NTA resin at 4 °C for 1 h. The Ni-NTA resin was exten-
sively washed with buffer 1, then was further washed with 3 column
volumes of buffer 2 (20 mM Tris 8.0 (25 °C), 50 mM NaCl and 20 mM
imidazole). Barr1(ACT) was eluted with buffer 2 supplemented with
160 mMimidazole. arr1(ACT) was loaded onto a Source 15Q 4.6/100
PE anion-exchange column (GE Healthcare). The column was washed
with 2 column volumes of buffer A (20 mM Tris 8.0 (25 °C), 50 mM NaCl),
and Barr1(ACT) was eluted with 15 column volumes of alinear gradient
from O to 30% buffer B (20 mM Tris 8.0 (25 °C), 1 M NaCl). The peak
fractions were pooled and supplemented with NaCl to a final concen-
tration of 300 mM, which prevented the protein from precipitating
when concentrated to high concentration in the following step. The
protein was concentrated and injected in an SD200 increase 10/300
column equilibrated with SEC buffer of 20 mM HEPES pH7.5,300 mM
NaCl. For DEER samples, SEC buffer was made in D,0, and Barr1(ACT)
was concentrated to 986 uM and flash frozen.
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Phosphorylation of fOR

The pOR was purified following the standard pOR purification pro-
tocol except that the naloxone was replaced with 10 uM DAMGO
on the anti-Flag M1 resin and SEC purification procedures. 4 pM of
HORA7(R182C/R276C) purified in the presence of DAMGO was incu-
bated in phosphorylation buffer of 20 mM HEPES pH 7.5, 35 mM NaCl,
5mMMgCl,,100 uMTCEP, 20 puM 1,2-dioctanoyl-sn-glycero-3-phospho-
(I’-myo-inositol-4’,5’-bisphosphate) (C8-PIP2), 0.01% LMNG, 0.001%
CHS and 100 puM DAMGO at room temperature for 1 h. ATP and GRKS
were then added to the reaction to a final concentration of 1 mM and
0.8 uM, respectively, and incubated for 1 h before more GRK5 was
added. GRK5 was added every 1 h four times in total and the reaction
was kept at room temperature.

To evaluate the phosphorylation level and make sure it reaches
completion using ion-exchange chromatography, 12 pl of the phos-
phorylationreaction containing about 50 picomoles of pOR at differ-
ent time points was removed and diluted to 200 pl using the buffer of
20 mM Tris pH 8.0 (25 °C), 50 mM NacCl, 0.01% LMNG, 5 mM EDTA and
10 pM naloxone. The samples were theninjected onto aMonoQ (5/50)
anion-exchange column (GE Healthcare) equilibrated with buffer A of
20 mMTris 8.0 (25 °C), 50 mM NaCl, 0.01% LMNG and 10 pM naloxone.
The column was washed with 1 column volumes of buffer A, and then
with 40 columnvolumes of alinear gradient from 0 to 40% buffer B of
20 mM Tris 8.0 (25°C), 1M NaCl, 0.01% LMNG and 10 pM naloxone at
room temperature. Protein elution was monitored by a fluorescence
detector (Shimadzu) with excitation at 280 nm and emissionat 340 nm
(Extended DataFig.12a).

After the 4-h incubation with GRKS, the reaction was diluted by
tenfold with the wash buffer of 20 mM HEPES pH 7.5,100 mM Nacl,
0.01% LMNG, 0.001% CHS, 2 mM CacCl, and 10 pM naloxone before
loading onto 3 ml M1 resin. The M1 resin was washed with 30 ml of
the wash buffer at room temperature for 30 min. The pOR was finally
eluted using elution buffer of 20 mM HEPES pH 7.5, 100 mM NacCl,
10 uM naloxone, 5 mM EDTA and 0.2 mg ml™ Flag peptide. After con-
centration, the pOR was further injected onto an SD200 increase
10/300 column equilibrated with SEC buffer of 20 mM HEPES pH 7.5,
100 mMNacl, 0.01% LMNG, 0.001% CHS and 10 uM naloxone. Fractions
containing monomeric pOR were collected and concentrated with a
500-pl100-kDa cutoff concentrator (Amicon Ultra). The pOR was sup-
plemented with 15% (v/v) glycerol and flash frozen in liquid nitrogen.

Fluorophore synthesis

lodoacetamide-conjugated Cy3 and CyS fluorophores were synthe-
sized following a previous protocol’°. Inbrief, 1 umol of sulfo-Cyanine3
NHS ester or sulfo-Cyanine5 NHS ester (Lumiprobe) was dissolved in
500 pl dry dimethyl sulfoxide (DMSO). It was then added dropwise
to a solution of 50 pl cadaverine in 500 pl of dry DMSO at room tem-
perature. The reaction solution was stirred at room temperature for
5min, then poured into 15 ml of 5% formic acid in ethyl acetate. The
precipitate was collected and purified by high-performance liquid
chromatography using 10 mM triethylammonium acetate pH 7.0 aque-
ous buffer (solvent A) with100% acetonitrile (solvent B) as the mobile
phase. The product fraction was dried using a rotary evaporator. The
resulting pure fluorophore-cadaverine compound was then dissolved
in1 ml dry DMSO. N,N-diisopropylethylamine (100 pl) was added to
this solution, followed by 1 mgiodoaceticacid NHS ester. The reaction
solution was stirred at room temperature for 15 min and then poured
into 15 mlethyl acetate. The precipitate was collected and purified by
high-performance liquid chromatography.

Synthesis of HO-1427

The bromo derivative®® (261 mg, 1.0 mmol) (HO-559) was dissolved in
acetone (20 ml) and Nal (300 mg, 2 mmol) was added. The reaction
mixture was refluxed for1 hthenevaporated. The residue was dissolved

in ethyl acetate/diethyl ether (50:50, 20 ml) and washed with brine
(2 x10 ml). The organic phase was dried (MgSO,), filtered, evaporated
and purified with flash chormatography (hexane:diethyl ether) yielding
yellow crystals 230 mg (74%); melting point: 132-134 °C; retention fac-
tor (R;) = 0.4 (hexane:ethyl acetate 2:1); Elemental analysis calculated
for C,oH;sINO, (Mw:308.1) C:38.98; H: 4.91; N: 4.55%; measured: C:39.02;
H:4.78; N:4.61%; IR (cm™):1665,1615; MS (EI, m/z,%): 308 (8), 294 (6),
278 (6),151(100),136 (8),109 (52), 43 (61).

The melting point was measured with a Boetius micro melting point
apparatus. The infrared (IR) spectrum was obtained using a Bruker
Alpha FT-IR instrument with an attenuated total reflectance support
onadiamond plate. The mass spectrum was recorded on a Shimadzu
GCMS-2020 spectrometer in electron ionization (EI) mode (70 eV).
The elemental analysis was performed on a Fisons EA 1110 CHNS
instrument. Flash column chromatography was performed on Merck
Kieselgel 60 (0.040-0.063 mm) column. Qualitative thin layer chro-
matography (TLC) was carried out on commercially available plates
(20 cm x 20 cm x 0.02 cm) coated with Merck Kieselgel.

pORIabelling with fluorophores

Minimal-cysteine pOR with cysteine mutations on TM4 and TM6,
namely pORA7(T180C/R276C) and HORA7(R182C/R273C), was labelled
by commercial maleimide-conjugated sulfo-Cy3 and sulfo-Cy7 (Lumi-
probe) or by home-made iodoacetamide-conjugated Cy3 and Cy5,
respectively. SEC purified pORwas diluted to 10 pM in 20 pl of labelling
buffer (50 mMHEPES pH7.5,100 mM NacCl, 0.01% LMNG, 0.001% CHS,
10 puM naloxone). 30 uM of donor fluorophore and 60 uM of acceptor
fluorophore were added into the reaction. Afterincubation at 20 °C for
30 min, free dyes were quenched with 10 mM L-cysteine. The reaction
was then loaded onto a home-packed desalt column filled with 2-ml
G50 resin (Sigma) equilibrated with the desalt buffer (20 mM HEPES
pH 7.5,100 mM Nacl, 0.01% LMNG, 0.001% CHS, 15% glycerol). Frac-
tions containing pHOR were pooled, aliquoted and flash frozen. The
concentration of pOR was approximately 500 nM.

HOR labelling with nitroxide spin label

Tomake samples of the fOR alone orin complex with G protein for DEER
studies, SEC purified fORA7(R182C/R276C) without phosphorylation
wasdiluted to20 pMinlabelling buffer 20 mMHEPES pH7.5,100 mM
NaCl, 0.01% LMNG, 0.001% CHS, 10 pM naloxone). Nitroxide spin label
reagent HO-1427 was added to a final concentration of 400 puM. After
incubation at roomtemperature for 3 h, the reaction was quenched with
5mM L-cysteine and was injected into an SD200 increase 10/300 col-
umn equilibrated with SEC buffer (20 mM HEPES pH 7.5,100 mM NaCl,
0.01% LMNG, 0.001% CHS, 2 mM CaCl, in D,0). Fractions of the mono-
disperse peak were pooled and equally divided into ten 1.5-ml tubes.
The protein was diluted fourfold with SEC buffer. Ligands were added to
each tubeatafinal concentration of 1 mM for naloxone, TRV130, PZM21,
MP, buprenorphine, and morphine, 400 pM for DAMGO, 200 pM for
lofentanil, and 500 uM for BU72. One tube of protein was kept without
ligand. The pOR and ligand were incubated at room temperature for
2 h.Proteinineachindividual tube was concentrated and splitinto two
parts, one of which was mixed with 20% (v/v) D8-glycerol, transferred
toacapillary, andflash frozen. The other part was mixed with athreefold
molar excess of G;, which was purified in D,O buffer, and incubated for
30 minatroomtemperature.1:100 apyrase (v/v, NEB) was added to the
G-protein samples to remove free GDP and incubated for 1 h at room
temperature. The G-protein samples were then mixed with 20% (v/v)
D8-glycerol, transferred to capillaries and flash frozen.

To make samples in complex with Barr1(ACT) for DEER studies,
HORpA7(R182C/R276C) was labelled with HO-1427 following a similar
protocol above. SEC fractions were pooled and equally divided into
10x 1.5-ml tubes. The protein was diluted fourfold with D,O dilution
buffer of 20 mM HEPES pH 7.5,100 mM Nacl, 0.01% LMNG, 0.001%
CHS, 5 uM C8-PIP2, and respective ligand at a final concentration as



indicated above. The pOR was incubated with ligand for 2 h at room
temperature. Protein was then concentrated, mixed with a fourfold
molar excess of parr1(ACT) that was in D,0 buffer, and incubated at
roomtemperature for1h. The samples were then mixed with20% (v/v)
D8-glycerol, transferred to capillaries and flash frozen.

Single-molecule FRET experiments and analysis

AllsmFRET experiments were performed at 25 °C following previous
protocol with some modifications®. In brief, single-molecule FRET
studies were performed on ahome-built objective-type TIRFM micro-
scope, based on a Nikon Eclipse Ti-E with an EMCCD camera (Andor
iXon Ultra 897), and solid-state 532 nm excitation lasers (Coherent
Inc. OBIS Smart Lasers). Fluorescence emission from the probes was
collected by the microscope and spectrally separated by interfer-
ence dichroic (T635Ipxr, Chroma) and bandpass filters, ET585/65 m
(Chroma, Cy3) and ET700/75 m (Chroma, Cy5), in a Dual-View spectral
splitter (Photometrics). No bandpass filter was used for Cy7 in the
Dual-View spectral splitter. The hardware was controlled and smFRET
movies were collected using Cell Vision software (Beijing Coolight
Technology).

The pOR was immobilized on the cover slip via biotinylated M1 Fab
and streptavidin. Inbrief, the assembled glass chamber, whichhad been
cleaned and passivated with biotin-polyethylene glycol, wasincubated
with 0.05 mg ml™ streptavidinin 20 mMHEPES 7.5,100 mM NaCl. One
minute later, the unbound streptavidin was washed out by 25 nM bioti-
nylated M1 Fab in incubation buffer (50 mM HEPES pH 7.5,100 mM
NaCl, 0.01% LMNG, 0.001% CHS, 2 mM CaCl,, 5 mM MgCl,and 100 pM
ligand). The biotinylated M1 Fab was incubated in the channel for one
minute and the unbound M1Fab was washed out by incubation buffer.
The N-terminal Flag-tagged, fluorophore-labelled pOR was diluted to
around 20 nMinincubation buffer and incubated onice for1 hbefore
measurement. The fORwas diluted toabout 1 nM and injected into the
chamber. The unbound pOR was removed by imaging buffer (incuba-
tion buffer + 50 nM protocatechuate-3,4-dioxygenase (PCD), 2.5 mM
protocatechuic acid (PCA), 1.5 mM aged Trolox, 1 mM 4-nitrobenzyl
alcohol (NBA), 1 mM cyclooctatetraene (COT)). Movies were taken at
aframerate of 10 s™ using the Cell Vision software. For measurement
in complex with GDP-free G;;, 20 nM pOR in the presence of 100 uM
ligand was incubated with 20 pM G;, for 30 min followed by addition
of1:100 (v/v, NEB) apyrase. After incubation onice for 1 h, the complex
was diluted and injected into the chamber and measured following
the same protocol above. For measurement in the presence of G, and
GDP, the surface-immobilized pOR was incubated withimaging buffer,
then 20 pM G;; and various concentrations of GDP in imaging buffer
were injected into the chamber and imaged. For measurement in the
presence of Barr1(ACT), the phosphorylated, Cy3/Cy5-labelled pOR
was diluted to about 20 nM in arrestin buffer (50 mM HEPES pH 7.5,
100 mM Nacl, 0.01% LMNG, 0.001% CHS, 2 mM CacCl,, 5 mM MgCl, and
100 pMligand, 20 uM C8-PIP2),and 90 pM Barr1(ACT) was added. After
incubationonicefor1h,the pORwasdiluted to1nMin arrestin buffer
withBarr1(ACT) atafinal concentration of 90 pM. Afterimmobilization,
unbound pOR was washed out withimaging buffer supplemented with
90 pM Barr1(ACT) and movies were taken.

To extract the time trajectories of single-molecule fluorescence,
collected movies were analysed by a custom-made software program
developed as an Image]J plugin (http://rsb.info.nih.gov/ij). Fluores-
cence spotswere fitted by a 2D Gaussian function within a nine-pixel by
nine-pixel area, matching the donor and acceptor spots using a variant
of the Hough transform*. The background subtracted total volume of
the 2D Gaussian peak was used as raw fluorescence intensity /. 4

Actual FRET efficiency was calculated viaequation F = (1 A f[;lDy) ,
where I, is raw fluorescence intensity of donor, /, is raw fluorescence
intensity of acceptor, and yis the cross-talk of the donor emissioninto
the acceptor channel. yaccounts for the differences in quantumyield
and detection efficiency between the donor and the acceptor and is

calculated astheratio of change in the acceptor intensity (A/,) to change
in the donor intensity (A/,) upon acceptor photobleaching® (y = Al,/
Alp). The ywas 0.05, and the ywas 1and 0.2 for Cy3/Cy5 and Cy3/Cy7
dye pairs, respectively. FRET traces were picked by a custom-made
Matlab scriptbased on three criteria™: (1) signal-to-nose ratio of trances,
whichis defined as the mean of total intensity before photobleaching
divided by its standard deviation, was higher than 4 and 3 for Cy3/Cy5
and Cy3/Cy7 dye pairs, respectively; (2) donor traces have single-step
photobleaching; (3) traces last for at least 2 s. To calculate the transition
rate in the presence of G protein and GDP, only traces that showed at
least one high/low-FRET transition were selected and analysed by a
Hidden Markov model-based software (HaMMy)**. Two FRET states
were identified by HaMMy. The cumulative frequency count of
high-FRET dwell times for each condition was fitted in Origin software
to single exponential decay curves, generating high-FRET dwell time.
The cumulative frequency count of low-FRET dwell times for each con-
ditionwasfitted in Origin software to double exponential decay curves
and the low-FRET dwell time was calculated as a weighted average
accordingly.

DEER experiments and analysis

Setup. Four pulse, Q-band DEER data were collected at 50 KonaBruker
e580 equipped with a QT-llresonator and a150 W TWT amplifier us-
ing the pulse sequence: Tt/2(v,) — T, — Ti(v,) — (T, + 1) — (V) - (T, - t) -
1(v,) - T, - echo, with 7,=300 ns, 7, = 3.5 ps, At =16 ns, 16-step phase
cycling and a repetition time of 510 ps. The observer pulses (v,) were
set to 18 ns and 36 ns for /2 and Tt pulses, respectively, and applied
70 MHz below resonance. The 100 ns pump pulse (vg) was applied on
resonance and consisted of a 50 MHz linear chirp pulse generated
by an arbitrary waveform generator. We furthermore used an 8-step
ESEEM suppression protocol. All experiments were implemented
using Xepr v2.6b.163.

Analysis. DEER data were processed via Gaussian mixture models
(GMM) implemented in Matlab (v.2019b) using the DEERIab toolbox
(v.0.9.2)%8. In brief, all 30 datasets (10x ligand only, 10% ligand + G,
10x ligand + -arr) were analysed simultaneously assuming a vari-
able number of two to seven Gaussians whose mean positions and
widths (global fitting parameters) were constrained in the range of
20-100 A, and 2-20 A, respectively. For each individual condition
the sum of populations (local fitting parameters) was normalized to
1.Each of the thirty datasets was allowed a unique modulation depth
(range 0.3-0.7) and each transducer condition allowed for a unique
receptor concentration in the range of 25-150 pM. Model-based dis-
tance distributions and background corrected dipolar kernels were
calculated using DEERIab functions and fit simultaneously to all 30
datasets using the fitparamodel.m routine (Multistart = 10). Post
hoc model selection was performed using the Akaike information
criterion corrected (AICc) and the more restrictive Bayesianinforma-
tion criterion (BIC) which were both evaluated globally for all DEER
datasets and bothyielded 6 Gaussians as most parsimonious model.
Error analysis using 1,000 bootstrap iterations was performed for
all fitting parameters, the dipolar fits and the parametric distance
distributions, and evaluated at the 95% confidence level. Significant
population changes between different transducer conditions were
determined by disjunct 95% confidence intervals and are marked
with * (star).

Comparison of model-based and model-free analysis. As acontrol,
we also analysed all DEER data using Tikhonov regularization (TR)
and model-free based analysis in DEERIab and LongDistances (v.946;
http://www.biochemistry.ucla.edu/Faculty/Hubbell/software.html).
Regularization or smoothness parameters were determined via AICc
and L-curve criterion, respectively. The results from both analyses were
superimposable. For comparison, the distance distributions derived
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from the model-based (6 Gaussian) best fit and model-free DEERIab fits
areshownin Extended DataFig. 5. Both methods yield almostidentical
distance distributions and reveal all ligand or transducer-dependent
distance changes supporting the validity of the model-based fit. Most
apparent differences appear in the 35-45-A distance range, where
model-based analysis was able to differentiate two peaks, namely at
39 Aand 43 A, of different width, namely 3.8 A and 2 A. This finding
exemplifies one of theinherent advantages of the global, GMM-based
fitting approach over Tikhonov regularization or model-free analysis.
While Tikhonov regularization or model-free based analyses apply a
single regularization or smoothness parameter to the full distance
range, the chosen GMM allows different widths for individual distance
peaks, as they may exist for different conformational states. Other
advantages of the model-based approach include straightforward
quantification of each population (Gaussian area) and arigorous error
analysis for each fitting parameter using covariance matrix or boot-
strapping based approaches.

We conducted biological repeats for naloxone and lofentanil with
and without G protein. These conditions represent the most distinct
ligand/transducer conditionsinvestigated and we observe good repro-
ducibility. In particular, for both ligands, the smaller G-induced shifts
are accurately reproduced (Extended Data Fig. 8d).

Radioligand binding

Membranes of Sf9 cells expressing pOR were used for saturation
binding and competition binding. Saturation binding was performed
by incubating Sf9 membrane with increasing concentrations of the
antagonist [*H]diprenorphine (*H-DPN, Perkin Elmer) for 2 h at room
temperature in 0.5 ml of binding buffer containing 50 mM Tris-HCI
pH 7.5,100 mM NacCl, 0.1% BSA. Nonspecific binding of *H-DPN was
measured by adding 10 pM naloxone in the binding reaction. To sepa-
rate unbound *H-DPN, binding reactions were rapidly filtered over
GF/BBrandelfilters. The filters were then washed three times with 5 ml
ice-cold binding buffer. Radioactivity was assayed by liquid scintilla-
tion counting.

For competition binding with *H-DPN, Sf9 cellmembrane was incu-
bated with 2.9 nM *H-DPN and increasing concentrations of DAMGO
in 0.5 ml of binding buffer. Binding reactions wereincubated for2 hat
room temperature. The free ligand was separated by rapid filtration
onto a GF/B Brandel filter with the aid of a48-well harvester (Brandel).
Radioactivity was assayed by liquid scintillation counting.

The resulting data were analysed using Prism 9.0 (GraphPad Soft-
ware). The dissociation constant (K;) of >H-DPN was calculated by fitting
the saturationdatainaone-site (total and nonspecific binding) model.
The K; of DAMGO was calculated by fitting the competition binding
datainaone-site (fit K;) model.

For competition binding with [*H]naloxone, mouse pOR-containing
insect cell membranes prepared above were diluted to normalize
expression levels between wild-type (1:1,000) and minimal-cysteine
mouse pOR (1:100) in 20 mM HEPES pH 7.4,100 mM NacCl, and 0.05%
BSA. Membranes were then incubated with 3 nM [*H]naloxone and
serially-diluted orthosteric ligands at their respective final concen-
trations. Tested ligands were diluted into the buffer above to a final
concentration of 100 uM with a fourfold serial dilution series for 10
total concentrations. The only exceptionis BU72, which was diluted to
1.3 uM final concentration before the same serial dilution. All ligands
include independent ‘no ligand’ controls (100% binding) and excess
cold naloxone (200 pM) controls (0% binding) to which points were
normalized. The mixtures were shaken for 1 h at room temperature
before collection onto Filtermat B (Perkin EImer) and washed with cold
binding buffer (20 mM HEPES pH 7.4,100 mM NaCl). The filters were
thendried at 60 °Cbefore adding asheet of MultiLex B/HS melt-onscin-
tillator sheets (Perkin ElImer) and counts read on aMicroBeta Counter
(Perkin Elmer). Quadruplicate data values were plotted and normalized
asdescribed above.

BRET-based assays with TRUPATH and arrestin signalling

The BRET-based assays were based on TRUPATH>® and arrestin signal-
ling*®. Tomeasure pOR’s coupling with G;;, HEK 293 T cells (ATCC CRL-
3216, authenticated by the supplier, routinely tested for mycoplasma)
were plated in10 cm dishes at 3-4 million cells per dish in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% FBS.
The next day, cell medium was replaced with fresh DMEM +10% FBS
medium. Cells were transfected 2 h later, using a 1:1:1:1 DNA ratio of
receptor:Ga-RLuc8:GB1:Gy2-GFP2 (500 ng per construct). Transit
2020 (Mirus Biosciences) was used to complex the DNA at a ratio of
3 pl Transit per pg DNA, in OptiMEM (Gibco-ThermoFisher) at a con-
centration of 10 ng DNA per pl OptiMEM. The next day, cells were
collected from the plate using Versene (0.1 M PBS + 0.5 mM EDTA,
pH 7.4) and plated in poly-D-lysine-coated white, clear-bottom 96-well
assay plates (Greiner Bio-One) at a density of 50,000 cells in 200 pl
culture medium (DMEM + 1% dialysed FBS) per well. The next day,
white backings (Perkin ElImer) were applied to the plate bottoms, and
growth medium was carefully aspirated and replaced immediately
with 60 pl of assay buffer (1x Hank’s balanced salt solution (1x HBSS,
Gibco), 20 mM HEPES, pH 7.4), supplemented with 5 puM (final con-
centration) coelenterazine 400a (Nanolight Technologies). After a
5 min equilibration period, cells were treated with 30 pl of drug (3x)
prepared in assay buffer for an additional 5 min. Plates were then
read in an LB940 Mithras plate reader (Berthold Technologies) with
395 nm (RLuc8-coelenterazine 400a) and 510 nm (GFP2) emission
filters, atintegration times of 1 s per well. Plates were read serially four
times, and measurements from the fourth read were used in all analy-
ses. BRET ratios were computed as the ratio of the GFP2 emission to
RLuc8 emission.

To measure coupling of pOR coupling with B-arrestin-1, the pro-
cedures are mostly similar to those in BRET-G-protein assays except:
HEK 293 T cells were co-transfected in a 1:5 ratio with pOR-Rluc8 and
Venus-f-arrestin-1. Before the addition of tested drugs, white backings
(Perkin EImer) were applied to the plate bottoms, and growth medium
was carefully aspirated and replaced immediately with 60 pl of assay
buffer (1x HBSS, 20 mM HEPES, pH 7.4), supplemented with 5 uM (final
concentrationin assay buffer) coelenterazine h (Nanolight Technolo-
gies). After a5 minequilibration period, cells were treated with 30 pl of
drug (3x) prepared in assay buffer for an additional 5 min. Plates were
thenread in an LB940 Mithras plate reader (Berthold Technologies)
with 485 nm (RLuc8-coelenterazine h) and 530 nm (Venus) emission
filters, atintegration times of 1 s per well. Plates were read serially four
times, and measurements from the fourth read were used in allanalyses.
BRET ratios were computed as the ratio of the Venus emission to RLuc8
emission. The BRET ratio from G-protein or arrestin assays was plotted
using nonlinear regression and Dose-response stimulation equation
inPrism 9 (Graphpad).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Antibodies used Monoclonal (clone M1) ANTI-FLAG antibody produced in mouse (Sigma, Cat. No. F3040). The antibody was not directly used, but was
processed to generate Fab, which was then biotinylated.

Validation Antibody was validated by the commercial supplier. The statement can be found on the website:
https://www.sigmaaldrich.com/US/en/product/sigma/f3040
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Cell line source(s) Sf9 and Hi5 cell lines were from Expression Systems, LLC (USA). Source for HEK 293T cell line is ATCC.
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