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Activation of heterotrimeric G proteins by G-protein-coupled receptors

(GPCRs) requires large-scale opening of the Ga a-helical domain (AHD)

to expose the nucleotide-binding site and facilitate GDP-GTP exchange.
Although orthostericligands are known to modulate GPCR conformation,
how these effects propagate to the bound G protein remains unclear.

Using single-molecule Forster resonance energy transfer imaging, we
monitored AHD motions in G, proteins coupled to the p-opioid receptor
across differentligand- and nucleotide-bound states. We find that receptor
ligands differentially modulate these dynamics from a binding site over

70 A away, with higher-efficacy agonists accelerating transitions to an open,
low-nucleotide-affinity conformation. These data also capture transient
AHD intermediates during nucleotide exchange and suggest that allosteric
control over the G protein conformational states provides an additional
mechanism for encoding opioid efficacy and signaling outcomes.

Full and partial agonists have distinct therapeutic applications for
targeting opioid receptors, with full agonists used in pain manage-
ment and partial agonists in treatment of opioid use disorder. The
p-opioid receptors (LORs) are G-protein-coupled receptors (GPCRs)
that mediate analgesia and reward responses to common opioid
drugs by catalyzing guanine nucleotide exchange in heterotrimeric
G, proteins, composed of Ga, GB and Gy subunits'. When activated by
ligands, pOR and other class A GPCRs couple toinactive, GDP-bound G
proteinsattheirintracellular surface (Fig.1a). Thisinteractioninduces
conformational changes in the G protein that promote GDP release
and GTPbinding, activating the G protein and triggering downstream
signaling cascades that effectuate the physiological response’. Recent
biophysical evidence indicates that ligands modulate GPCR signaling
by stabilizing distinct receptor conformational states that vary intheir
G-protein-coupling efficiency® . However, the extent to which these

ligand-dependent states propagate to the coupled G protein remains
unclear and, if they do, whether these altered G protein conformational
states also affect signaling outcomes in the cell.

The most notable conformational change observed for G pro-
tein activation by a GPCR s the separation of its Ras-like and a-helical
domains (RLD and AHD) in the Ga subunit (Fig. 1a,b), as revealed by
early double electron-electronresonance (DEER) spectroscopy' and
X-ray crystallography" studies. In all inactive-state crystal structures,
the AHD—assix-a-helical bundle (dA-aF)—packs against the RLD, bury-
ing the bound GDP in the interface between the domains'. Following
receptor coupling and GDP release, this interface opens by tens of
angstroms'>*" resulting in an intrinsically dynamic AHD that has
largely eluded high-resolution structural characterization'.

Multiplelines of evidence suggest that AHD movements are criti-
cal for facilitating GDP-GTP exchange across all G protein isoforms,
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Fig.1| G protein conformational dynamics facilitate pOR-G, activation.

a, Agonist binding to a class A GPCR promotes G protein coupling and activation
through GDP-GTP exchange. The activation rate can be influenced by the rate

of initial receptor-G protein coupling (i) or through modulating the G protein
conformational changes that facilitate nucleotide exchange (ii). b, Labeling
sites R90OC (green) and E238C (magenta) shown on superimposed Go; structures
intheinactive (GDP-bound) state (PDB 1GP2) and in the receptor-coupled
(nucleotide-free) state with an open AHD (PDB 7L0Q). ¢, Ligand efficacy profiles

determined from Go;A6-90C/238C GTP turnover assay (Methods). Error bars
denote the mean + s.d. from three technical replicates. d, Schematic of smFRET
experiments. e, Example single-molecule fluorescence (top) and apparent FRET
efficiency (bottom) time traces of surface-tethered pOR-G; bound to full agonist
LFT, displaying transitions between alow-FRET, open state and a high-FRET,
closed state. f, Transition density plot displaying the mean FRET values before
(xaxis) and after (y axis) each transition for LFT-pOR-G,; (scale bar, 107
transitions per bin per second; n, total transitions).

yet their role in signaling efficacy remains poorly understood”. While
molecular dynamics (MD) simulations indicate that domain separa-
tion alone may not be sufficient for nucleotide exchange, a variety
of functional'®?°, spectroscopic®*** and computational®*** studies
demonstrate that AHD movements are tightly linked to both GDP
release and the subsequent binding of GTP'**>?°, Here, we use total
internal reflection fluorescence (TIRF) single-molecule Forster reso-
nance energy transfer (SmFRET) imaging to directly monitor AHD
motionsin G, proteinsbound to pOR activated by diverse orthosteric
ligands, inthe absence and presence of nucleotide. Our results reveal
how ligand-specific signals are allosterically encoded in the G protein
conformational ensemble, a pattern that also applied to G;bound to
neurotensin type 1 receptor (NTSR1). These data suggest a mecha-
nistic basis for opioid signaling efficacy that extends beyond simple
receptor-G protein coupling efficiency.

Results

Donor and acceptor fluorophores (LD555 (ref. 27) and JFX673
(ref.28), respectively) were labeled on the AHD (R90C) and RLD (E238C)
of a previously reported minimal cysteine Ga,; mutant'®? (Fig. 1b,
Extended Data Fig.1a and Methods). This construct, Go;A6-90C/238C,
exhibited a wild type (WT)-like rank order of ligand -dependent GTP
turnover with pORinvitro (Fig. 1cand Extended DataFig. 1b) and, con-
sistent with earlier characterizations, its activity was not impaired com-
paredtothe WT protein (Extended DataFig.1c). LD555/JFX673-labeled
G;A6-90C/238C heterotrimers efficiently coupled to agonist-bound
HOR, forming stable, nucleotide-depleted ternary complexes
(Extended Data Fig. 1d). For TIRF imaging (Methods), these HOR-G;
ternary complexes were specificallyimmobilized on quartz slides with
an M1 Fab fragment (Fig.1d and Extended DataFig. 1e), remaining func-
tionalwhen tethered to the surface as confirmed by GTPyS-induced G
proteindissociation (Extended Data Fig. 1f). Time-dependent changes
in AHD positionwere captured from smFRET trajectories of individual,

immobilized pOR-G; complexes, which displayed reversible transi-
tions (on the order of 1s™) between low-FRET and high-FRET states
(Fig.1e,f). These dynamics reflect spontaneous domain separation and
reengagement consistent with the various poses observed in previous
negative-stain and cryo-electron microscopy (cryo-EM) studies of a
receptor-G protein complex'®?,

Ligand-induced AHD opening

We examined theimpacts of fOR bound to ligands with varying signal-
ing efficacies (Fig. 1c), as well as the unliganded (apo) receptor, on AHD
dynamicsin coupled G, heterotrimers (Fig.2aand Extended DataFig. 2a).
These ligands included strong full agonists lofentanil (LFT) and BU72
(ref.30), theendogenous enkephalin-like full agonist DAMGO, the partial
agonist morphine (MOP) and weaker partial agonists buprenorphine
(BUP) and mitragynine pseudoindoxyl. Apparent population FRET effi-
ciencies forallligands showed two predominant states, centered at~0.27
and-~0.62, along withaminor ~-0.47 FRET population that remained con-
stantacross all samples. At pOR bound to full agonists, occupancy of the
low-FRET (0.27) state increased relative to partial agonists, whereas that
of the high-FRET (0.62) state decreased (Fig. 2a). This ligand-induced
low-FRET occupancy was strongly correlated with in vitro GTP turno-
ver activity (a direct measure of efficacy) (R?=0.97; Fig. 2b), indica-
tive of an open Ga conformation like that seenin active-state complex
structures™"* (Fig. 1b). Likewise, apo pOR was the least efficient at sta-
bilizing this low-FRET, open conformation, in line with its slow GTP
turnover under basal conditions (Fig. 2a,b). Inaddition, the apo complex
exhibited asmall population (-10%) from excursions to >0.7 FRET (fit as
afourth Gaussian state), which the AHD rarely sampled under liganded
conditions (Fig. 2a and Extended Data Fig. 2a).

To investigate the kinetics of AHD motions within pOR-G;, we
used ahidden Markov model (HMM) to idealize the traces and quantify
transitions between high-FRET and low-FRET states (Figs. 1e and 2¢c
and Methods). The occupancy of the mid-FRET (~0.47) state was not
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Fig.2| AHD openingisligand efficacy dependent. a, Apparent population FRET
efficiency histograms for HOR-G; ternary complexes fit to three-state or four-
state GMM (black curves), showing the open (red) and closed (cyan) substates
(n,number of traces). Shaded error bands represent +1s.d. of GMM fits from
1,000 bootstrap samples of the FRET traces. b, Scatter plot of ensemble average
low-FRET, open-state occupancies obtained from the GMM fits (error bars,
bootstrapped 95% CI) and mean GTP turnover activities (error bars, s.d. of n = 3)
observed for each ligand with log-linear regression (dashed line; R = 0.97; error
band, 95% Cl of the fit). ¢, Example FRET (blue) and predicted state (red) traces
for partial (top; BUP) and full (bottom; LFT) agonists. d, Mean dwell times in the
low-FRET, open and high-FRET, closed states for each ligand. Data represent the
mean +s.d. of 100 bootstrap samples of the idealized traces, plotted against GTP
turnover with log-linear fits (asinb).

ligand dependent (Fig. 2a) and was sampled transiently, with nearly
half of its occurrences lasting two frames or less (<100 ms). Hence,
the mid-FRET state may reflect an unstable conformational interme-
diate and/or result from time-averaging of rapid (>10 s™*) low-FRET to
high-FRET excursions at the current imaging speed. Because neither
mid-FRET transitions nor distributions could be cleanly distinguished
fromthe high-FRET state at the aggregate level (Extended Data Fig. 2b
andFig.2a), we analyzed the kinetics as a two-state system, where the
mid-FRET and the high-FRET states are collapsed into a single, broadly
distributed (-0.4-0.6) closed conformation.

This analysis revealed that increasing ligand efficacy at pOR
enhances the overall level of dynamics within coupled G, hetero-
trimers (Fig. 2c and Extended Data Fig. 2b,c), primarily by reducing
the duration that the AHD dwelled in the closed, high-FRET state
(Extended Data Fig. 2c¢). Mean dwell times in this high-FRET state
(Thign) depended strongly on ligand efficacy (R* = 0.97; Fig. 2d), with
the apparentrate of AHD opening being approximately 2.25-fold faster
for LFT-occupied compared to apo-occupied complexes (-0.9 s and
~0.4 s, respectively). Conversely, dwell times in the low-FRET state
weresimilar (-1.4 sonaverage) across all ligands tested (R*= 0.15; Fig. 2d
and Extended DataFig. 2c). Thus, ligand-dependent shiftsin the AHD’s
conformational equilibrium (Fig. 2a) stem from the destabilization of
itsclosed state, rather than stabilization of the open, domain-separated
conformation. Thisindicates that efficacy s, at leastin part, dependent
onthe ability of the ligand to allosterically initiate domain separation
rather than merely to promote receptor conformations that affect
initial G protein coupling.

While domain separation is key for receptor-catalyzed GDP
release, the observed high-FRET to low-FRET transition rates are slower
(approximately tenfold) than timescales expected from receptor-G
protein association measurements in living cells (<100-300 ms)**2,
However, cellular G protein activation rates inferred from Ga and By
subunit separation (~0.5-2 s)*** more closely match the smFRET
dynamics observed here, consistent with AHD opening and GDP release
occurring afterinitial formation of the receptor-transducer complex.
The absolute values of these rates may nevertheless be influenced
by experimental conditions, such as the detergent micelle, cysteine
substitutions, temperature and/or limitations in imaging speed and
fluorescent probes. In addition, we note the high-FRET dwell time
distributions appear heterogeneous (Extended Data Fig. 2¢), with a
fast component for full agonists that overlaps the reported cellular
coupling timescales.

Parallel smFRET imaging of NTSR1-G,; ternary complexes (Meth-
ods), which couple promiscuously in vitro, yielded a correlation
between agonist-induced low-FRET occupancy and GTP turnover simi-
lar to that of pOR (R*= 0.89; Extended Data Figs. 3 and 4 and Fig. 2b).
The addition of SBI-553, an allosteric modulator shown to elicit an
effector-dependent response’, further shifted the AHD toward the
open state proportionally to its positive modulation of GTP turnover
invitro (Extended Data Fig. 3b). These findings suggest that AHD dis-
placement may be a general determinant of ligand efficacy across G
protein-receptor pairs, consistent with previous bioluminescence
resonance energy transfer (BRET) studies showing distinct G protein
conformational signatures for different calcitonin and a2-adrenergic
receptor ligands®”.

AHD conformationsin the basal state

In basal (inactive)-state structures of heterotrimeric G proteins, the
Ga AHD tightly encloses the bound GDP**%, yet spontaneous domain
separation must occur to permit GDP release, as G proteins still slowly
exchange nucleotide even without GPCR catalysis*’. To investigate
these basal dynamics, we immobilized labeled G; heterotrimers
using an N-terminal histidine tag and imaged their AHD motionsina
physiological concentration of GDP (30 uM)* (Extended Data Fig. 5a
and Methods).

Compared toreceptor-bound G protein, basal G;showed greater
conformational heterogeneity (>3-4 distinct states) and reduced
average interdomain separation, primarily because of the AHD
populating an additional (inactive, high-FRET) state centered at
~0.77 (Extended Data Fig. 5b-d). This inactive state corresponds to
an interdye distance consistent with full domain closure (Aopen-
closed = 28 A) and likely resembles the GDP-bound conformation seen
in the inactive-state G, crystal structure® (Fig. 1b). These data predict
that even inits ‘closed’ (0.62) high-FRET state, the receptor-coupled
G, AHD remains partially displaced (-5-8 A). Elimination of the fully
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Fig.3|Nucleotide binding promotes AHD closure through anintermediate.
a, GTPyYS, but not GMP added together with PPi, dissociates G protein from
surface-tethered pOR. Error bars denote the mean + s.d. (n =3 videos from

the same sample) of the percentage change in FRET particles remaining after
delivery of 10 pM nucleotide; P= 0.4 (not significant, NS) according to a two-
sided, unpaired Welch'’s t-test on the unnormalized counts. b, Schematic of
single-molecule GMP-PPi titration experiments. ¢, Population FRET efficiency
histograms (symbols) with B-spline fits (lines) for DAMGO-bound pOR-G;in
the presence of increasing concentrations of GMP-PPi. d, Apparent EC;, values

measured from GMP-PPi-induced ensemble average low-FRET occupancy for
DAMGO (blue) and MOP (gray); error bars denote the s.d. of 1,000 bootstrap
samples of the FRET traces (3,323 molecules total across all conditions). Lines
arethe s.d.-weighted fits to three-parameter dose-response functions (Hill
slope =1). e,f, Transition density plot (e) for DAMGO with 10 pM GMP-PPi (scale
bar, 107 transitions per bin per second; n, total transitions) and contour plot of
synchronized high-to-low transitions (f) showing a short-lived dwell in a mid-
FRET state (yellow box, width = one frame; 100 transition events) (Extended Data
Fig. 6e).Synced data are unidealized FRET.

closed (0.77 FRET) conformation upon agonist-stimulated receptor-G
protein complex assembly (Fig.2a and Extended Data Fig. 3a) is, there-
fore, consistent with destabilization of the AHD-RLD interactions that
most tightly enclose GDP.

Under basal conditions, individual G; AHDs exhibited fewer
transitions at this temporal resolution but still sampled the
open state at low frequency (Extended Data Fig. 5¢,d), as seen in
prior MD simulations®. These transitions predominantly trave-
led through an apparent mid-FRET (-0.4-0.5) intermediate state
(Extended Data Fig. 5d), suggesting that a partially open AHD could
mediate transitions between the GDP-bound and fully open confor-
mations. Introducing an alanine substitution at residue R144 inthe a
subunit (Extended Data Fig. Se), previously shown to destabilize the
RLD-AHD interaction and enhance basal nucleotide exchange***,
depleted the very-high-FRET, GDP-bound conformation and shifted
the AHD toward more open states while preserving some transition
paths similar to those observed for the receptor-bound G protein
(Extended Data Fig. 5f-h). G,immobilized without receptor and
depleted of GDP (Methods) yielded a broad distribution centered
around this same mid-FRET range (Extended Data Fig. 5i), further
supporting assignment of this intermediate as a lower-GDP-affinity
conformation that dominates the nucleotide-free ensemble in the
absence of receptor engagement.

Nucleotide effects onintact HOR-G; complexes

Asdescribed above, the AHD canadoptat least four distinct FRET states:
(1) alow-FRET, open state (-0.27) that correlates with ligand efficacy;
(2) ashort-lived, intermediate state (-0.47); (3) a high-FRET, closed
state (~0.62) while the G proteinis receptor bound; and (4) aninactive,

GDP-bound closed state (-0.77) seen basally in uncoupled G,. The FRET
states observed in receptor-coupled G proteins (0.27, 0.47 and 0.62)
could not be directly linked to stable nucleotide binding, as GTP or
GDP delivery caused rapid dissociation from the receptor, precluding
equilibrium observation of bound states (Fig. 3a). However, GMP and
pyrophosphate (PPi) (Extended Data Fig. 6a), which together mimic
GTP binding in the nucleotide pocket of small G proteins*, did not
significantly dissociate the complex (Fig. 3a,b).

Using thisapproachwith surface-tethered pOR-G;complexes acti-
vated by DAMGO (Fig. 3c-fand Extended Data Fig. 6b—e), we observed
a concentration-dependent shift from open to closed states induced
by 0.1-100 uM GMP-PPi (Fig. 3c and Extended Data Fig. 6b). This is
consistent with previous reports that domain closure is required for
triphosphate nucleotide binding>** and reflects GMP-PPi binding
through stabilization of the high-FRET closed conformation rather
than an acceleration of domain closure (Extended Data Fig. 6c). The
GMP-PPi-induced transitions also exhibited ligand-specific differ-
ences; complexes with the lower-efficacy ligand MOP (Fig. 3d and
Extended Data Fig. 6f-h) showed heightened sensitivity to GMP-PPi
(half-maximal effective concentration (ECsy) = 0.34 uM; 95% con-
fidence interval (ClI): 0.19-0.61) compared to those with DAMGO
(EC5o =1.53 uM; 95% CI: 0.44-5.3 pM) (Fig. 3d). This difference aligns
with the ligand-dependent energetic biases for AHD closure, as evi-
dent from their conformational equilibria before nucleotide binding
(Fig. 2a). Importantly, even at the highest GMP-PPi concentrations
tested (=10 pM), transitions to the basal (-0.77 FRET) state remained
rare (Extended Data Figs. 6b,f and 7a,b), suggesting that receptor
coupling restricts access to the fully closed conformation of the AHD
regardless of nucleotide.
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main FRET states and proposed connection to a5 insertion and nucleotide (NT)
binding. Full agonists bias the conformational equilibrium toward an open state
(right) with reduced nucleotide affinity, while partial agonists shift the G protein
toward a state with greater AHD closure (left). This shift increases the energy
required for nucleotide release, thus reducing the likelihood of progressing to
the nucleotide-free complex.

Further analysis of individual smFRET traces (Extended Data
Fig. 6d,g and Extended Data Fig. 7a,b) revealed stepwise transi-
tions through a partially open, mid-FRET state (-0.4-0.5) within
both DAMGO-bound and MOP-bound complexes (Fig. 3e and
Extended Data Fig. 6h). GMP-PPi-induced stabilization of this inter-
mediate was weaker in DAMGO-bound complexes, which, at this
temporal resolution, maintained more apparent direct transitions
between low-FRET and high-FRET states even at saturating nucle-
otide concentrations (Fig. 3e). However, synchronization analysis
revealed a brief (1-2 frames) mid-FRET dwell during many of these
domain separation events (Fig. 3f and Extended Data Fig. 6e). We also
observed stepwise transitions in heterotrimeric G, with GDP present
(Extended DataFig. 5d), aligning with a prior smFRET study that linked
the partial domain separation in an intermediate-FRET state to an
intermediate level of nucleotide affinity?.

Together, these findings suggest amechanism where nucleotide
contacts are broken or formed progressively rather than all at once,
providing a free-energy-efficient pathway for nucleotide exchange
through a transient intermediate step*>*°. One possible model is
that this intermediate represents a conformation where the AHD has
opened but the flexible switch Il loop (containing the RLD probe at
residue 238) remains transiently ordered by conserved ‘triad’ interac-
tions" coordinating the GMP-PPi terminal phosphate before its full
release. The similar accessibility of this transitional conformation in
the nucleotide-free state across ligands (Fig. 2a) may allow for selective
modulation of GDP release (that is, by tuning high-FRET state stability)
without as drastically affecting GTP binding.

Discussion
We showed that opioid ligand efficacy extends beyond initial receptor-
G protein coupling to include the modulation of G protein confor-
mational equilibria within the fully formed signaling complex. These
results demonstrate that the G protein conformation can be dynami-
cally tuned by the GPCR, sampling a continuum of states rather than
discrete ‘off” or ‘on’ conformations (Fig. 2b). While these insights may
be relevant to efforts to develop safer opioid analgesics**™, they also
suggest abroader framework for how the interplay between receptor
and effector conformational states can influence signaling response,
which isimportant across GPCR targets™,

Our findings reveal that ligand-dependent conformational
changes propagate from the receptor to the engaged G protein,

modulating its AHD across open, closed and transient intermediate
states. Consistent with the loss of contacts upon separation of the Go
domains, our measurements showed that the high-FRET (closed) state
corresponds to higher nucleotide affinity, while the low-FRET (open)
state possesses reduced affinity (Fig. 3c,d). This aligns with recent com-
plementary cryo-EM structures of fOR-G;revealing ligand-dependent
GDP-bound intermediates with distinct AHD conformations®*, as well
as prior findings that mutations of the interdomain interface or hinge
regions accelerate basal nucleotide exchange**°*>*® and increased
interdomain motion correlates with G protein activation” . The ener-
geticbias toward AHD opening we observe in full agonist-bound com-
plexes (Fig.2aand Extended DataFig. 3a) should reduce their nucleotide
affinity, driven by the shift in the G protein conformational equilibria.

To test this, we measured GTPyS binding to nucleotide-free fOR-
G;complexes by fluorescence dequenching (Methods). BUP-occupied
complexes exhibited 1.5-fold faster GTPyS binding than those bound to
the full agonist LFT (Fig. 4a), consistent with extensive earlier evidence
that higher-efficacy ligands reduce the nucleotide affinity of coupled
G proteins**°™*, Although this initially appears to contradict in vivo
signaling patterns, measurements under more physiological condi-
tions (thatis, where both GDP and GTP are present) showed a reversal
in binding kinetics (Fig. 4a), with GDP competition asymmetrically
slowing GTPyS binding to BUP-bound complexes®.

Inthe cytoplasm, where GTPis approximately tenfold more abun-
dantthan GDP, G proteinactivationis primarily limited by GDP release,
as GTP loading occurs rapidly afterward. Full agonists promote AHD
opening, facilitating GDP release and, therefore, efficient GTP binding.
Incontrast, partial agonists restrict open-state occupancy, favoring GDP
retention or rebinding, which prolongsits residence timein theinterdo-
main pocket. This competitively inhibits GTP binding and delays G pro-
teinactivation, ultimately explaining why partial agonists exhibit lower
signaling efficacy despite faster intrinsic GTPyS binding rates (Fig. 4a).
Therelative difference between ligandsis also greater for GDP than for
GTPbinding, further suggesting that G protein dynamics are primarily
selected toregulate the GDP release step, although opioid-dependent
regulation of GTP exchange has also been recently reported.

At a structural level, these ligand-induced G protein conforma-
tional changes require allosteric communication spanning over 70 A
from the receptor’s orthosteric site to the G protein AHD. Differences
in G protein dynamics observed with different orthosteric ligands can
be understood as alterations in the complementarity between the
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binding surfaces where the RLD and AHD meet. While GPCR-mediated
G protein activation is known to involve remodeling of the a5 helix in
the Ga subunit® 7, studies also link this helix to AHD opening'**7,
minimally through the a1 helix in the RLD’>”® (Fig. 4b). The a1 helix
directly connectsto the AHD through the oA helix and helps to stabilize
the inactive G protein conformation through conserved interdomain
contacts with oF and the hinge region”. During GPCR engagement, a5
moves away from the nucleotide-binding pocket toward the intracel-
lular vestibule of the receptor, causing rotation and partial disorder of
al. These rearrangements sterically disrupt the interdomaininterface,
opening the AHD and priming the ternary complex for GDP release™">”°
(Fig. 4b).In addition, the fact that the AHD is partially displaced from
the RLD in the receptor-bound high-FRET state suggests that some
stericdisruption has already occurred. This ‘preactivated’ conforma-
tion may lower the barrier for GDP release during the early stages of
ternary complex assembly, with the extent of this priming potentially
varying across different G;-coupled receptors.

smFRET and DEER studies of 32-adrenergic and LOR receptors
have shown that full agonists promote greater outward movement
of transmembrane helix 6 (TM6)>¢, which expands the intracellular
vestibule where the a5 helix binds. This TM6 displacement, along with
otherligand-dependent changes tothereceptor’s cytosolic surface, may
facilitate AHD opening by making it more energetically favorable for
the G protein a5 to fully engage™>””’. In contrast, partial agonists have
beenshown toinduce less efficient a5 insertion®, which could weaken
al-mediated disruption of the Ga interdomain interface and prolong
the dwelltime inthe high-FRET, high-nucleotide-affinity state preceding
GDPrelease (Fig.4c). Thismechanism helps explainanearlier observa-
tion that partial agonists at 32-G, act to stabilize transient GDP-bound
GPCR-G proteinintermediates’, which could function as kinetic traps
retarding productive complex assembly and activation. As for the
low-affinity open state, the similar low-FRET dwell times observed
across opioid agonists (Fig. 2d) suggest that, once the AHD is fully open,
ligandidentity has minimalinfluence onits dynamics, possibly because
the AHD is affixed against G, as seen in arecent cryo-EM structure'.

Unlike real-time insights from smFRET, resolution of the AHD
in cryo-EM studies of GPCR-G protein complexes is limited by the
conformational heterogeneity captured upon freezing'®*. As such,
it may be unsurprising that structures with ligands of varying effica-
cies often show minimal differences in Ga®"**°, capturing primarily
the lowest-energy conformations while even subtle changes at the
interdomain interface can greatly alter domain separation dynamics™.
Lipid bilayers have also been shown to promote AHD opening in Ga
independent of receptor engagement® and certain small molecules
that target G proteins have been demonstrated to select for a specific
state of the AHD, such as the G, inhibitor YM-254890 (ref. 82). Interplay
betweensuchdirect perturbations of G protein conformationand the
ligand-dependent bias observed here may ultimately help to explain
previously unappreciated signaling outcomes. Together, these find-
ings point to the G proteinitself as an additional locus through which
ligand-specific signaling behavior can emerge, providing amechanistic
rationale for how certain opioid ligands could produce partial agonism
with potentially fewer adverse effects.
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Methods

Minimal cysteine Go; expression, purification and labeling
The R90C and E238C substitutions were introduced into a previously
published minimal cysteine background (C3S;C66A;C214S;C350S;C
325A;C3511) of human Gay; containing an N-terminal 6xHis tag before
arhinovirus 3C protease site. This construct (Ga;A6-90C/238C)"
was expressed in BL21(DE3) cells (Sigma-Aldrich, CMC0014) using
pET28a and purified as previously described®. Briefly, cells grown in
Terrific Broth were induced with 0.5 mM IPTG at an OD, of 0.6 and
harvested after 15-20 h at room temperature. The harvested cells
were resuspended in lysis buffer (50 mM HEPES pH 7.4,100 mM NaCl,
1 mM MgCl,, 50 uM GDP, 5 mM [3-mercaptoethanol, 5 mM imidazole,
lysozyme and protease inhibitors) and disrupted by sonication.
Intact cells and cell debris were removed by centrifugation and Ga;
was purified from the supernatant using Ni-NTA resin. The protein
was eluted using 200 mM imidazole in lysis buffer and dialyzed with
1:1,000 w/w 3C protease at 4 °C overnight to cleave the histidine tag.
The 3C protease, cleaved histidine tag and unreacted protein were
removed using fresh Ni-NTA and the flowthrough containing puri-
fied Ga was concentrated and polished using size-exclusion chro-
matography (SEC) on a Superdex 200 10/300 GL column (Cytiva) in
G protein buffer (20 mM HEPES pH 7.4, 100 mM NacCl, 1 mM MgCl,,
20 1M GDP and 100 uM TCEP). For preparation of His-tagged Ga;, the
Ni-NTA eluate was concentrated and further purified using SEC without
an intervening 3C cleavage step. The R144A substitution was intro-
ducedinto Ga;A6-90C/238C through quickchange-style mutagenesis
using primeSTAR Max premix (Takara Bio, 4045A) and forward primer
5-CCTGTTTCAACAGATCCGCGGAGTACCAGCTTAATGATTCTGC-3’
withits complementary reverse primer. The resulting protein was puri-
fied with an intact His tag. Aliquots of purified Ga; were flash-frozen
inliquid nitrogen at a concentration of approximately 200 uMin 20%
glycerol as a cryoprotectant. WT Gq, for control experiments was
expressed and purified like the minimal cysteine constructs.

For site-specific labeling, fluorophores were attached to C90
and C238 in Ga;A6-90C/238C under conditions designed to mini-
mize off-site conjugation (Extended Data Fig. 1a). Aliquots of fro-
zen, purified Ga were brought to room temperature and diluted
to a concentration of 30 pM in G protein buffer containing 50 uM
GDP. Maleimide-conjugated LD555 (Lumidyne Technologies) and
JFX673-peg, (JaneliaFluor) were added simultaneously, each at atwo-
fold molar excess, and incubated at room temperature for 0.5 h. The
reactionwas quenched by 5 mM L-cysteine (Sigma) and labeled protein
was purified from the unreacted dyes using a Superdex 200 column
inbuffer containing20 mM HEPES pH 7.4,100 mM NaCl, 1 mM MgCl,,
20 pM GDP and 100 pM TCEP. SEC-pure, dye-labeled Ga; was concen-
trated and flash-frozen at approximately 60 puM for future use.

Purification of Gy

GPy heterodimer was expressed in Trichoplusia ni (Hi-5) cells (Expres-
sion Systems, 94011S) using a baculovirus generated by the BestBac
(Expression Systems) method and purified as described previously®.
Briefly, we used asingle virus containing the genes for both the human
Gp,and Gy, subunits. An N-terminal 6 xHis tag followed by a3C protease
site was contained in the sequence of Gf to be used for Ni affinity
purification. Hi-5 cells were infected at a density of 3 x 10 cells per
ml and incubated at 27 °C for 48 h. Cell pellets were lysed in 10 mM
TrispH7.5,5 mM B-mercaptoethanol and protease inhibitors and Gy
heterodimer was extracted from the membrane fraction usingadounce
homogenizer insolubilization buffer containing20 mMHEPES pH 7.4,
100 mM NaCl, 1.0% sodium cholate, 0.05% dodecylmaltoside (DDM;
Anatrace), 5 mM B-mercaptoethanol and protease inhibitors. After
removing insoluble debris, the protein was washed with a solubiliza-
tion buffer in batch and gradually exchanged from sodium cholate to
0.1% DDM on Ni-NTA resin. The eluate was dialyzed with 3C protease
to cleave the histidine tag as described above for Ga,. Cleaved Gfy

was dephosphorylated and diluted to 50 mM NaCl before further
purification on a MonoQ 10/100 GL column (GE Healthcare) using a
linear gradient of NaCl (50-250 mM in 20 mM HEPES pH 7.4, 0.02%
DDMand 100 pM TCEP). The main peak containing prenylated Gy was
dialyzed into 20 mM HEPES pH 7.4,100 mM NaCl and 0.02% DDM and
flash-frozen in liquid nitrogen at a concentration of 150 uM with 20%
glycerol as a cryoprotectant. WT G; heterotrimer (Ga;3,y,) from Hi-5
cells was prepared similarly through coinfection with the GBy virusand
asecond virus containing the human Gg;, sequence. Expression and
purification then proceeded in the same manner but with the addi-
tionof 30 uM GDP and 100 pM MgCl, to lysis and purification buffers.
The main peak from MonoQ containing G, heterotrimer was dialyzed
into a final buffer of 20 mM HEPES pH 7.4, 100 mM Nacl, 0.05% DDM,
100 uM TCEP, 20 tM GDP and 1 mM MgCl, and flash-frozen at ~200 pM
with 20% glycerol.

Formation of dye-labeled G; heterotrimer

Purified GBy heterodimer was exchanged into buffer containing 20 mM
HEPES pH 7.4,100 mM NaCl, 1 mM MgCl,, 50 pM GDP and 100 uM TCEP
using a centrifugal protein concentrator (30-kDa molecular weight
cutoff (MWCO); Thermo Scientific) and mixed with approximately
0.25molar equivalents of dye-labeled Ga;A6-90C/238C-6xHis (2.5 pM
Ga; final concentration). Buffer exchange was performed until the
final concentration of DDM during heterotrimer formation was much
lower than the critical micellar concentration. After incubation at room
temperature for 0.5 h, unbound GBy heterodimers were removed
coincident with surface immobilization for smFRET imaging by pull-
ing down the heterotrimer on microscope slides coated in anti-His
epitope tag antibodies.

Purification of fOR

Mouse pOR was expressed in Sf9insect cells (Expression Systems, 940-
001S) using the baculovirus method (BestBac, Expression Systems)
in the presence of the opioid antagonist naloxone (Sigma-Aldrich).
We used amodified Mus musculus sequence containing an N-terminal
Flag tag and an 8xHis tag in front of arhinovirus 3C protease site on the
C terminus. pHOR was expressed and purified in the presence of 10 pM
naloxone as previously described®. Briefly, Sf9 cellswere infected ata
density of 4 x 10® cells per ml and incubated for 48 hat 27 °C. Cellmem-
braneswere solubilized in DDM and CHAPS (Anatrace) and purified by
immobilized metal affinity chromatography using Ni-NTA resin. The
eluate was loaded onto M1 anti-Flag immunoaffinity resin and gradu-
ally exchanged into abuffer containing naloxone, 0.01% lauryl maltose
neopentyl glycol (L-MNG; Anatrace) and 0.001% cholesterol hemisuc-
cinate (CHS; Steraloids). The receptor was further purifiedonSECina
buffer containing no ligand, 25 mMHEPES pH 7.4,100 mM NacCl, 0.02%
L-MNG and 0.002% CHS. The peak containing the now unliganded pOR
(Extended DataFig.1d, dashed line) was concentrated to~100 pM, sup-
plemented with 20% glycerol and flash-frozen for later use.

Assembly of HOR-G;

To prepare pOR-G; ternary complexes for smFRET, pLOR was equili-
brated in a 5-10 molar excess of opioid agonist for 10 min at room
temperature. After preincubation of untagged Goa; and Gy onice
for 30 min, they were mixed with liganded receptor at a 1:1.2:1
(Ga;:GPy:HOR) molar ratio. The final concentration of receptor dur-
ing complexing was -2.5 uM and the buffer was adjusted to contain
20 mMHEPES pH7.4,100 mMNacl, 0.01% L-MNG, 0.001% CHS,100 pM
TCEP, 50 pM GDP and 1 mM MgCl,. Complex assembly progressed for
1hatroom temperature to reach steady state, after which 25 mU per
mlapyrase (New England Biolabs) was added before incubation over-
nightat4 °C. The apyrase-stabilized complex was supplemented with
2 mM CaCl,and loaded onto an M1 anti-Flagimmunoaffinity columnat
roomtemperature. The column was washed with 20 column volumes
of complex buffer 20 mM HEPES pH 7.4,100 mM NaCl, 0.01% L-MNG,
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0.001% CHS and 1-10 pM ligand) containing 2 mM CacCl, before the pro-
teinwas eluted using 200 pg ml™ Flag peptide (DYKDDDDK) and 2 mM
EDTA. The eluate was further purified using aroom temperature Super-
dex 200 10/300 SEC column in complex buffer containing 0.1-1 uM
ligand. Peak fractions corresponding to monodispersed pOR-G; were
concentrated to -3 pM and supplemented with 20% glycerol before
flash-freezing in liquid nitrogen. Single-use aliquots were stored at
-80 °Cuntilimaging. Nearly identical apparent FRET efficiency distri-
butions were obtained using complexes that were not frozen (data not
shown). Given that the unliganded pOR-G, complex showed reduced
stability at roomtemperature, all chromatography and sample prepara-
tion steps for the apo complex were performed at 4 °C.

Purification and assembly of labeled NTSR1-G;
Full-length human NTSR1 was expressed and purified as previously
described®. In brief, an NTSR1 sequence modified with an N-terminal
Flag tag followed by an 8<His tag was expressed in Sf9 cells (Expression
Systems, 94-001S) using abaculovirus. Solubilized cells were purified
using sequential Ni-NTA, anti-Flag and SEC chromatography into afinal
buffer containing20 mMHEPES, pH7.4,100 mMNacCl, 0.0025% L-MNG,
0.00025% CHS and 0.1 uM NTSg_;; (acetate salt; Sigma). Peak fractions
were concentrated to 200 uM, flash-frozen and stored at —80 °C.
Ternary complexes of NTSR1-G; were assembled and purified as
described for pOR above with a few modifications. Purified NTSR1in
0.1 pM NTS;_;; was loaded onto an anti-Flag column and exchanged
into different orthosteric ligands (NTR1-17 or CGX-1160) by wash-
ing for 0.5 h (15 column volumes) at room temperature with buffer
containing 1 uM of the new ligand and 20 mM HEPES pH 7.4,100 mM
NaCl, 0.0025% L-MNG and 0.00025% CHS. Flag peptide and EDTA were
removed from the eluate using a desalting spin column (7-kDaMWCO;
Thermo Scientific) before the NTSR1 was concentrated and used for
complexing. To couple tothereceptor, labeled Ga;A6-90/238C and GBy
were first assembled into a heterotrimer as described above and were
mixed with NTSR1 in an ~1:1 ratio following incubation. Complexing
and SEC purification then progressed as for liganded pOR-G; using
buffers containing NTSR1ligands.

GTP turnover assays

Analysis of GTP turnover was performed using amodified GTPase-Glo
assay (Promega) as described previously’. We started the reaction by
mixing 0.25 uM purified, unliganded or ligand-bound pOR or NTSR1
and G, protein in an assay buffer containing 20 mM HEPES pH 7.5,
100 mMNacl, 0.01% L-MNG, 0.001% CHS, 100 uM TCEP, 10 mM MgCl,,
20 pM GDP, 10 pM GTP and saturating concentrations of receptor
ligands (200 uM unless otherwise noted; LFT,20 pM). After incubation
for 7.5 min for pnOR and 30 min for NTSR1, reconstituted GTPase-Glo
reagent was added to the reaction and incubated for 30 min at room
temperature with 5 uM ADP. Luminescence was measured after the
addition of detection reagent and incubation for 10 min at room tem-
perature using a Revvity Perk and ElImer MicroBeta2 plate reader.
Measurements were performed in triplicate on the same plate and
reported as the mean relative light units normalized to DAMGO or
NTS;_;; (Fig. 1b and Extended Data Fig. 3b). Ligand efficacy profiles
were determined from the GTP turnover activity stimulated by pOR or
NTSR1using A6-90C/238C and WT Ga; constructs, respectively. Basal
G;-dependent GTP turnover was measured using 0.5 tM heterotrimer
in buffer without any receptor and a 45-min incubation period. Data
distributions were assumed to be normal but this was not tested.

smFRET measurements

Data were acquired using a lab-built prism-based TIRF microscope.
Ga;-A6-90/238Clabeled with LD555 (donor) and JFX673-peg, (acceptor)
was excited using a 532-nm solid-state laser (Coherent OBIS LS laser)
set to 40 mW. Photons emitted from LD555 and JFX673 were collected
through a x60 (numerical aperture: 1.27) water-immersion objective

(Nikon) and split onto two cooled electron-multiplying charge-coupled
device cameras (AndoriXon Ultra 888) connected by a 640-nm dichroic
mirror (ZT640rdc, Chroma) housed ina TwinCam (Cairn). Allimaging
was performed at 19 °C and videos were recorded with Andor Solis
(i) software (Andor) at a 50-ms time resolution (20 fps). Microfluidic
chambers for smFRET imaging were constructed from passivated
quartzslides and coverslips using a modified protocol from Ha et al.*®.
Briefly, aminated glass surfaces passivated with mPEG-SVA (MW 5,000;
Laysan Bio) doped with 0.6% w/w biotin-PEG-SVA (MW 5,000; Laysan
Bio) were exposed to two additional rounds of passivation reactions
using only mPEG-SVA.

For experiments with receptor-G;ternary complexes, passivated
imaging chambers were incubated for 5 min with 0.2 mg ml™ NeutrA-
vidin (Thermo Scientific), followed by 5 min with 25 nM biotinylated
anti-Flag M1 Fab fragment. Unbound M1 Fab and NeutrAvidin were
washed out using imaging buffer (20 mM HEPES pH 7.5,100 mM NaCl,
0.01% L-MNG, 0.001% CHS and 2 mM CacCl,). Fluorophore-labeled
HOR-G; and NTSR1-G; complexes were filtered using a 0.22-um PVDF
membrane (Millipore Sigma) and loaded onto the microscope slide
at 200 pM by pulling down the N-terminal Flag tag on the receptor.
Unbound complexes were washed out at an immobilization density
of ~0.1 molecules per pm? All experiments were performed in imag-
ing buffer containing saturating concentrations of tested ligands and
without enzymatic oxygen scavenging. Measurements of each condi-
tion collected on different days using independent chambers were
aggregated, with total molecule counts for each condition reported
inthe figures or legends.

For smFRET of basal G; heterotrimer, NeutrAvidin-coated
chambers were incubated for 5 min with 0.02 mg ml™ biotinylated
anti-mouse IgGlantibody (BioLegend, 406603;1:25 dilution) followed
by 5 min with 0.02 mg mI™ mouse anti-His epitope tag antibody (Qia-
gen, 34660; 1:50 dilution). Purified, LD555/JFX673-peg,-labeled G;
with an uncleaved N-terminal 6xHis tag on the « subunit was loaded
ontothemicroscopeslide at-200 pM and measured inimaging buffer
containing 30 pM GDP,1 mM MgCl, and 100 uM TCEP. The procedure
for anti-His tag immobilization was reported previously®”*® and is
specific. Nucleotide-free measurements were obtained by exchanging
the heterotrimer into buffer without GDP on the surface for 30 min
before imaging.

smFRET data analysis
Fluorescence time trajectories of single molecules were extracted
from the videos and processed using a custom software suite imple-
mented in MATLAB that is available on GitHub. Donor traces were
scaled by a constant factor (y) to account for the apparent unequal
fluorophore brightnesses, calculated as y = Al,/Al,, where Al, and
Al are the changes in donor and acceptor intensity after acceptor
photobleaching, respectively®’. FRET trajectories were calculated as
1+ (yly/1,))", wherel,and I, are the background-corrected donor and
acceptor fluorescenceintensities at each frame. Traces lasting at least
0.5 s and exhibiting single-step donor and acceptor photobleaching
and overall anticorrelated donor and acceptor intensities were manu-
ally selected for further analysis. Stable low-FRET traces with FRET close
tothe donor-leakage background were excluded. The selected datasets
had a mean signal-to-noise ratio (mean/s.d. of the total fluorescence
intensity before photobleaching) of -11across all samples. Population
histograms summed over thefirst 3 s of the selected FRET traces were
fit to a mixture of 3-4 Gaussian functions in Python using sci-kit learn
(version1.3.2) to derive the state mean FRET values and occupancies.
Initial component centers were estimated from the observed distribu-
tions, informed by k-means-initialized fits of the full agonists. Errors
for the Gaussian mixtures and state occupancies were calculated from
1,000 bootstrap samples of the FRET traces.

FRET traces were idealized using a two-state or three-state HMM
using VbFRET®® (2012-12-09 release; default settings). The idealized

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-026-01893-6

FRET traces (viterbi) were clustered using a Gaussian mixture model
(GMM) toremove overfitting of fluctuations within the same FRET state
andtheresulting corrected state sequences were used to calculate tran-
sitiondensity plots from transitions corresponding to AFRET 4, > 0.1.
The number of states k for each condition was determined on the
basis of the lowest value for which ak +1state HMM fit did not change
the clustersin a transition density plot of the uncorrected traces. For
three-state fits, vbFRET camera-blur correction was enabled. Toexplore
the exchange kinetics between the fully open and closed FRET states
within pOR-G;, the state sequences resulting from a two-state HMM
and Gaussian mixture fit were concatenated (‘stitched’) and the dwell
timesin each state were extracted fromthe change points. Population
dwelltime distributions were calculated using akernel density estimate
(Gaussian kernel; bandwidth determined by Scott’s rule), which was
normalized to reflect the frequency of dwells in time bins along the x
axis”. The mean lifetime in each state was estimated as the integral of
the normalized Kaplan-Meier estimate of the dwell time survival curves
restricted to <25 sfor allligands. Dwell times and their distributions are
reported asthemean * s.d. from100 bootstrap samples of theidealized
FRET traces, where the resampling probability of each traceis weighted
by its relative duration®. Because each bootstrapped sample has a
different randomly selected order of traces, this source of variability
isaveraged over andreflected in the reported errors.
Synchronization plots of the high-to-low transitions in DAMGO-
HOR-G;were calculated from clustering the viterbi paths to two-states
and selecting transitions from above to below the intermediate state
center (-0.45). While kinetics were analyzed with only y correction,
conversions of FRET efficiency to relative interdye distances used
additional corrections for channel crosstalk and direct acceptor excita-
tion, as outlined by Hellenkamp et al.”. Visualizations of the smFRET
datawere performed using custom scriptsin Python (version 3.12).

BODIPY (BDP)-GTPyS binding assay

Binding of GTPyS-BDP-FL (Jena Bioscience) to nucleotide-free HOR-G;
complexes was measured as previously described’*. Briefly, complexes
of ligand-bound pOR, unlabeled Ga;-A6-90/238C and Gy were puri-
fied by anti-Flag and added at a final concentration of 500 nM to a
500-pl quartz cuvette containing 1 uM GTPyS-BDP-FL. Fluorescence
was recorded at 512 nm (495 nm excitation) for 600 s at room tem-
peratureusingaFluorolog spectrophotometer (HORIBA) and Horiba
FluorEssence with magnetic stirring. All experiments were performed
in a buffer containing saturating ligands and 20 mM HEPES pH 7.4,
100 mM NacCl, 0.01% L-MNG, 0.001% CHS, 2 mM MgCl, and 100 pM
TCEP. Mean association times for GTPyS-BDP-FL binding were cal-
culated from resulting kinetic spectra by fitting a pseudo-first-order
association function using nonlinear least squares in Python. Data
were background-corrected using the mean of the first ten time points.
We note that the C325A substitution contained in the A6 cysteine
construct reportedly affects the rate of spontaneous GDP release but
not GTP binding®.

Statistics and reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analyses; the experiments were not rand-
omized; theinvestigators were not blinded to allocation during experi-
ments and outcome assessment. Reproducibility of the single-molecule
data was assessed across at least two independent experiments on
different days with differentimaging chambers. Biological replication
(separate protein preparations starting from expression) was con-
firmed for the LFT complex. Sample sizes are reported in the figures
or legends as the pooled number of molecules (n) observed for each
condition. For bootstrap analysis, individual molecules were treated
asthe observational unitand resampled with replacement, preserving
all FRET observations associated with each selected molecule. This
procedure estimates uncertainty in the molecular state distributions

arising from the finite number of molecules sampled and variation
among molecules. Parametric curve fits and linear regression were
performed in Python using SciPy (version1.11.4).

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

Data availability

Raw single-molecule traces and idealized trajectories needed to
evaluate the conclusions are available through Zenodo (https://doi.
org/10.5281/zenodo.22018761)°°. Source data are provided with
this paper.

Code availability
The custom MATLAB code used to process the smFRET datais available
on Github (https://github.com/JonathanDeutsch/Freton).
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Extended Data Fig. 1| smFRET experimental controls. a, Site-specific
labeling: SDS-PAGE analysis of purified Go;A6 ‘cys-less’ background with and
without engineered cysteines (R90C/E238C) labeled with either LD555 (left) or
JFX673 (right) visualized using fluorescence imaging (top; 532 nmor 633 nm
illumination), with Coomassie staining (bottom) as a gel-loading control.
This experiment was independently repeated twice with similar results. b,
Ligand efficacy profiles determined from mean WT Ga; GTP turnover assay
(Methods). Error bars, s.d. from three technical replicates. ¢, GTP turnover
of minimal-cysteine (‘min cys’) and WT Gati constructs. Dataaremean+s.d.
(n =3 measurements of the same sample) of the log-transformed RLU (lower
signal corresponds to higher activity). d, Representative room-temperature
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alone (dashed line) and as a ternary complex with dye-labeled G; heterotrimer
(absorptioningray; LD555 fluorescence in green). e, Specificity of M1 fab-
mediated immobilization: Uptake of 200 pM labeled pOR-G; onto passivated
quartzslides coated with M1 fab fragment (blue; specific) and without M1 fab
(gray; non-specific) recorded using 100 ms TIRF imaging at low laser power

(I mW at the source) to prevent photobleaching. f, Histogram of immobilized
FRET particles (mean +s.d., n =3 movies of the same sample) remaining after
injection of buffer (vehicle) or 10 uM GTPYyS into the imaging chamber shows
GTPyS binding and functional dissociation of HOR-G; on the surface.
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Extended DataFig. 3 | Ligand-induced AHD separationin NTSR1-G;.

a, Apparent population FRET efficiency histograms for NTSRI1-G, ternary
complexes bound to the indicated ligands fit to three-state GMMs (black curve),
showing the closed (cyan) and open (green and red) states (n, number of traces).
Error bands, +1s.d. of GMM fits from 1000 bootstrap samples of the FRET traces.
b, Correlation scatter plot of ensemble low-FRET, open-state occupancy (error

GTP turnover (% NTS)

bars, 95% c.i.) versus log GTP turnover activity (error bars, mean +s.d. of three
technical repeats) with R*= 0.89. Error band is bootstrapped 95% c.i. of the
regression estimate. Ligands include the full agonist NTSg 5, the active fragment
of the neurotensin peptide; contulakin-G (CGX-1160), aglycopeptide derivative
of NTS found in cone snail toxin; TC-NTR1-17 (NTR1-17), a synthetic partial
agonist; SBI-553, an allosteric modulator.
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Extended Data Fig. 5| AHD dynamics in the basal state. a, Labeled Go;A6-

90 C/238 C heterotrimers were tethered to quartz slides via an N-terminal His

tag on the Ga subunit and a biotin-mouse antibody bridge. TIRF imaging of the
surface-tethered G, AHD, without and with an alanine substitution at R144, was
performed in physiologic 30 pM GDP. b-d, Population apparent FRET efficiency
histogram (squares; n, number of traces) with spline and four-state GMM fits
(black and colored lines, respectively) (b), example FRET and predicted state
traces from two different molecules (c), and transition density plot for the parent
(‘WT’) construct in the presence of 30 uM GDP (d). e, Structure of GDP-bound Go;;
(PDB:1GP2) showing R144 contacts stabilizing the inactive, closed state at the

distal interdomain interface. f, Population FRET histogram (circles) from imaging
R144A shows alow-FRET shift relative to WT (red lines are highest-FRET gaussians
with percent occupancy from four-state fits). g,h, Example smFRET trace (g) and
transition density plot (h) showing the effects of R144A on AHD dynamics. Pink
lines are overlays of major transition density contours generated by a receptor-G
protein (‘R-G’) complex (BU72-uOR-G;). Scale bar, 107 transitions per bin per
second (cf. Extended Data Fig. 2b). i, Apparent FRET efficiency histogram (bars)
of surface-tethered Giin the nucleotide-depleted (apo) state. Shaded error
bands, kernel density estimate (red line) +1s.d. from 1000 bootstrap resamples
ofthe FRET traces.
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Extended Data Fig. 6 | Supporting data for pOR-G; with GMP-PPi. Surface-
tethered pOR-G; was imaged in a buffer containing various concentrations of
equimolar GMP and PP, with either DAMGO- or morphine-occupied receptors.
a, Structure of PPiand GMP. b-d, Population FRET histograms (b), dwell time
distributions (two-state model; error bars, mean +s.d. of 100 bootstrap samples
ofthe traces) (c), and example dynamic fluorescence and smFRET traces

(d; 10 pM GMP-PPi) from experiments imaging DAMGO-HOR-G;.

e, Synchronization plot of high-to-low transitions in the nucleotide-free state

for DAMGO-occupied complex (738 transitions events) (cf. Fig. 3f). f, Population
FRET histograms from titration experiments with morphine (MOP). g,h, smFRET
trace (g) and transition density plot (h) in saturating (10 pM) GMP-PPi from
experiments with morphine-bound pOR. Errors bands, +1s.d.1000 bootstrap
samples of the traces.
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Extended Data Fig. 7| Example smFRET traces with GMP-PPi. a,b, Sample trace recordings of the fluorescence (LD555 in green and JFX673 in magenta; units,
10* counts) and apparent FRET efficiency from experiments imaging surface-tethered pOR-G;bound DAMGO (a) and MOP (b) in buffer containing the indicated

concentrations of equimolar GMP and PPi.
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