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Thethirdintracellular loop (ICL3) of the G protein-coupled receptor (GPCR) fold is
important for the signal transduction process downstream of receptor activation' >,
Despite this, the lack of a defined structure of ICL3, combined with its high sequence
divergence among GPCRs, complicates characterization of its involvementin
receptor signalling®. Previous studies focusing on the B, adrenergic receptor (,AR)
suggest that ICL3 isinvolved in the structural process of receptor activation and
signalling®”. Here we derive mechanistic insights into the role of ICL3in 3,AR
signalling, observing that ICL3 autoregulates receptor activity through a dynamic
conformational equilibrium between states that block or expose the receptor’s

G protein-binding site. We demonstrate the importance of this equilibrium for
receptor pharmacology, showing that G protein-mimetic effectors bias the exposed
states of ICL3 to allosterically activate the receptor. Our findings additionally reveal
that ICL3 tunes signalling specificity by inhibiting receptor coupling to G protein
subtypes that weakly couple to the receptor. Despite the sequence diversity of ICL3,
we demonstrate that this negative G protein-selection mechanism through ICL3
extends to GPCRs across the superfamily, expanding the range of known mechanisms
by which receptors mediate G protein subtype selective signalling. Furthermore, our

collective findings suggest ICL3 as an allosteric site for receptor- and signalling
pathway-specific ligands.

Accumulating structural data are increasingly enabling atomic-
resolution mapping of the activation mechanisms of GPCRs. This fine
detail can be used to design therapeutic agents that target specific
GPCRs implicated in diverse disease states®. Although GPCR activa-
tionisbest understood through conformational changesin the seven
transmembrane helices of the receptor, the termini and loop domains
connecting these helices are also critical for receptor function and
regulation in a cellular context’. Owing to the inaccessibility of these
regions to traditional structural methods, there is a lack of insight
into how they contribute to GPCR signalling mechanisms. Focused
characterization of the dynamics of these regions would refine our
understanding of their roles in GPCR signalling, with the potential to
identify novel therapeutic strategies*.

Here we focus onICL3, whichis the largest of the three intracellular
loopsinmany class AGPCRs, ranging from10-240 amino acids in size.
ICL3 connects transmembrane helices five and six, which are respon-
sible for structural changes between the receptor’sinactive and active
states, andisadjacent to the receptor’s signalling-effector-binding site™.
The physicallocation of ICL3 corroborates alarge body of mutagenesis
studies thatimplicate this regioninreceptoractivation and signalling
(Supplementary Table 1). However, changes in receptor pharmacol-
ogy upon mutagenesis of ICL3 vary widely between receptors, as well
as between the locations of sites mutated on individual receptors

(Extended Data Fig. 1). Given this lack of consensus, the mechanisms
by whichICL3 influences receptor activation across receptors remain
poorly understood. This is exacerbated by the sequence diversity of
ICL3, even among closely related receptors®. Additionally, the pre-
dictedintrinsic disorder and lack of structural resolution of ICL3 in most
published structures limit structure-to-function characterization.In
this study, we address this knowledge gap by advancing afundamental
conceptual framework for the role of ICL3 in GPCR signalling.

AFRET-based approach to probe ICL3 conformation

We focused our initial mechanistic study on ICL3 of 3,AR, a structural
prototype for GPCR study'. Molecular modelling of B,AR suggests that
its ICL3 can packinto the receptor’s intracellular cavity, potentially
regulating the activation of signalling effectors downstream of the
receptor’. This packed conformation of ICL3 has been proposed to
communicate allosterically with the receptor’s extracellular domain,
leading to tight coordination between the receptor’s activation state
andICL3 conformation™. In parallel, mutagenesis of ICL3 alters receptor
conformational dynamics, as measured using’F-NMR spectroscopy®.
With these insights as a foundation, we aimed to build a mechanistic
modelforICL3 functionin ,AR activation and signalling by determin-
ing its conformational ensemble.
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To track the conformational dynamics of the B,AR ICL3, we drew
inspiration from previous efforts using organic fluorophores conju-
gated to different residues of the receptor'>'®. These techniques pro-
vided key insights into conformational changes in the transmembrane
helices that have subsequently been verified in high-resolution crystal
structures”. Furthermore, the smaller footprint of these fluorophores
(similarin molecular mass to 2-3 amino acids) compared with fluores-
cent protein variants is desirable from the perspective of discerning
conformational changes within protein regions'". In translating this
technique to ICL3, we modified the method to preserve the integrity
of the receptor in a native cell membrane environment.

Our technique uses a single amino acid substitutioninresidue L258
inICL3 of the receptor. We mutagenized L258 to the unnatural amino
acid 4-azido-L-phenylalanine (Azi) using stop codon suppression?
(Extended Data Fig. 2). We conjugated fluorescent probes to this site
in crude membrane extracts using bio-orthogonal click chemistry
(Extended DataFig. 3). The modifications made to the receptor main-
tain membrane localization patterns (Extended Data Fig. 2b), second
messenger signalling (Extended Data Fig. 3b) and radioligand-binding
properties (Extended Data Fig. 3j—m) of wild-type 3,AR.

We measured the conformational changes in ICL3 via changes in
fluorescence lifetime. Proximity of afluorophore conjugated at L258Azi
to a second fluorophore at the truncated C terminus of the receptor
(A350-413) isexpected to decrease fluorescence lifetime of the donor
fluorophore by fluorescent resonance energy transfer (FRET) to the
acceptor fluorophore (Extended Data Fig. 4). Sensor optimization
revealed that conjugating AZDye488 and AZDye546 to L258Azi and
Y350Azicould resolve changesin lifetime based on the activation state
ofthereceptor (Extended Data Fig. 4p). Treatment of this sensor with
the agonist isoproterenol increases FRET efficiency (by around 4%)
relative to buffer alone (Fig.1b). FRET efficiency is quenched when the
sensor is treated with isoproterenol in combination with a nanobody
thatbinds the receptor’s cytosolic cavity in the active state” (Nb6B9).
Similar quenching is observed upon treatment with isoproterenol
and a peptide composed of the a; helix of the a-subunit of the G, pro-
tein (G,-peptide), the structural element of the G protein that inter-
acts with the cytoplasmic core of the receptor. These data suggest
a three-state model for ICL3 conformation: an inactive (low-FRET)
state, an agonist-stimulated intermediate (high-FRET) state, and an
effector-bound (low-FRET) state (Fig. 1c).

Conformational landscape of ICL3

Although our sensor reveals discrete conformations of ICL3, corre-
sponding with the activation state of the receptor, it does not resolve
their structural compositions. To map the conformational landscape of
ICL3 withenhanced molecular detail, we performed extensive (22 ps)
all-atom molecular dynamics simulations of ,AR bound to the agonist
isoproterenolin amulti-lipid membrane bilayer mimicking cell mem-
brane? (Supplementary Fig. 3). To exhaustively sample the potential
conformationallandscape of ICL3, our simulations started with various
inactive and active structural states of 3-adrenergic receptors with
ICL3 modelledin (Supplementary Fig.4). For theinactive state starting
point, we used homology modelling, fitting 3,AR to a structure of ;AR?
(PDBID:2YCX). Inthis structure, transmembrane helix 6 is pointed in
towards the cytoplasmic cavity, overlapping with the binding site of
the Ga, C terminus (Supplementary Fig. 5). For active state starting
points, we modelled ICL3 with various starting poses into an agonist-
and-effector-fused structure of B,AR?*** (PDB ID: 6E67) (Methods).
Simulation trajectories from each starting pose were aggregated and
analysed using Markov state modelling, with additional simulation tra-
jectories generated from one of the starting poses to capture transition
points between states (Supplementary Table 2, model D). The aggre-
gated simulation data reveal substates that span a continuum from
‘closed’ICL3 states that occlude the intracellular cavity, to ‘open’ states
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Fig.1|Agonist-and cytoplasmiceffector-binding proteins drive
conformational changesinICL3. a, Schematicofthe 3,ARICL3 FRET sensor.
Membrane extracts of cells expressing 3,AR(L258Azi/Y350Azi/A351-413)
werelabelled with Alkyne-AZDye488 and Alkyne-AZDye546 to generate the
sensor.b, FRET efficiency of untreated sensor (buffer), sensor treated with
isoproterenol (100 uM), sensor treated withisoproterenol and nanobody
Nb6B9 (500 nM) or sensor treated with isoproterenol and 10 M G, peptide
(10 pM). FRET efficiency is defined as 1 — Tize1/Tgonor Where Tperis the average
lifetime of the FRET sensor (Extended Data Fig. 4p, grey bars) and 4., is the
average lifetime of an AZDye488-only-labelled control sample (Extended Data
Fig.4p, white bars). Box edges delineate the 1stand 3rd quartiles of the data,
thecentrelinerepresents the median, whiskers represent the furthest points
within1.5x theinterquartile rangean and points represent five independent
experiments. One-way ANOVA followed by Tukey’s post hoc significance test;
**p<0.001(F=15.2,P=6x107%16d.f.).c,Proposed sensor readout of ICL3
conformational equilibrium. Left, in the receptor’sinactive state, the donor
and acceptor probes are further apart, resultingin low FRET. Centre, agonist
(isoproterenol) binding increases probe proximity, thereby increasing FRET
efficiency (intermediate). Right, formation of agonist-receptor-effector (with
Nb6B9 or G, peptide) complex displaces ICL3 from theintracellular cavity,
extending the distance between donor and acceptor probes and quenching the
FRET readout.

thatenable access to this cavity (Fig.2a, 0 to 3). Across the continuum
of states, the overall architecture of the simulated receptor aligned well
with structurally determined inactive and active states of 3,AR, with
thereceptor displaying hallmarks of activation asit transitioned from
closed to open states (Extended Data Fig. 5a,b). These substates span
ashallow free energy landscape (Fig. 2b) with reversible transitions
observedinthe molecular dynamics simulation trajectories (Extended
DataFig.5c). AsICL3 transitions from closed to open states, the distance
between L258 and the C terminus of the receptor correlates with our
FRET sensor readout (Fig.1), providing structural context for the three
states that we sampled with the FRET-based technique (Extended Data
Fig. 5d). We propose that agonist binding transitions ICL3 from inac-
tive closed states that block the G protein-binding site (approximately
37 A apart, low FRET) to intermediate states, where the receptor shows
structural hallmarks of activation, but the cytoplasmic cavity is still
occluded by ICL3 (approximately 29 A apart, high FRET). We infer that
Nb6B9 or G, peptide binding then biases ICL3 conformation away from
the cytoplasmic cavity of the receptor to openstates that are amenable
for signalling (approximately 43 A apart, low FRET).
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Fig.2| The conformation of ICL3 controls the accessibility of the G protein-
binding cavity. a, Representative structures of B,AR, highlighting states of
ICL3inmolecular dynamics simulations. b, Free energy landscape derived
from simulations. x-and y-axes represent the largest time-correlated
independent components (tICA1and tICA2) from simulation dihedral angles.
Freeenergylocal minimarepresented by structuresinaare highlighted. ¢, Top,
thestructure of state1, showing the proximity of ICL3 to ICL1. Bottom, the ICL3
residues 236-257, with distance-constrained residuesinbold.d, The distance
betweenindicated three-amino-acid segments of ICL3 to ICL1for simulation
trajectoriesinintermediate cluster1(n=11,648 molecular dynamics snapshots).
Linesrepresent quartiles of each dataset. X represents any amino acid.

e, Fluorescence lifetime measurements of AZDye488in the ICL3 FRET sensor,
comparingwild-type (WT) receptor withQ250-G252 mutated to AAA (QDG/AAA).
Measurement conditions: untreated (buf), treated with isoproterenol (iso)

Totest this model, we sought tointerrogate intramolecular interac-
tions that putatively stabilize distinct ICL3 substates. Consistent with
the predicted intrinsic disorder of the ICL3 region, we were unable
to determine any such persistent non-covalent interactions in our
simulation data. Nonetheless, intrinsically disordered regions maintain
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(100 pM), or treated with isoproterenol (100 uM) and G, peptide (10 pM)
(n=11independent experiments). f, Agonist-induced change (A) in FRET ratio
(isoproterenol (100 uM) - buffer) for B,AR-G, peptideinteractions (n=5
independent experiments).Ine,f,box edges delineate the 1stand 3rd quartiles
ofthedata, the centre line represents the median and whiskers represent
pointswithin1.5x theinterquartile range. g, cAMP accumulation for wild-type
B,AR and 5 alanine-scanning mutants of ICL3 at a saturating concentration
ofisoproterenol (10 pM). Dataare mean + s.d. nrepresentsindependent
biological samples (indicated on figure) from six experiments. One-way (f,g)
or two-way (e) ANOVA followed by Tukey’s post hoc test; ***P< 0.001, **P < 0.01
and*P<0.05. e, Factor1 (buffer versusisoproterenol versus isoproterenol +
G, peptide): F=10.6,P=0.0001; factor 2 (wild type versus QDG/AAA): F=8.5,
P=5x107; factor1x factor2: F=0.7,P=0.5,60d.f.f, F=5.7,P=0.02,12d.f.

g, F=13.2,P=6.9x107,21d.f.

structural and conformational constraints relative to other regions of
the protein when forming intramolecular interactions®. We observed
thatinthe closed and intermediate substates, in which ICL3 occluded
the receptor cytoplasmic cavity (0 and 1), ICL3 had a narrow distance
distribution with ICL1 located on the opposing face of the receptor



(Fig. 2c and Extended Data Fig. 5e). To further delineate critical dis-
tance constraints that could be consequential for stabilizing closed and
intermediate states, we analysed segments of two to three amino acids
previously shown to be critical for the function of allosteric modula-
torsderived from the 3,ARICL3 that were shown to enhance G protein
signalling?. We found the distance between ICL1and these C-terminal
residuesinICL3 tobeshorter thanthe distance between ICL1and more
N-terminal residues in ICL3 (Fig. 2d). To examine the functional signifi-
cance of this observation, we mutagenized a set of highly constrained
residues (QDG/AAA) in our ICL3 conformational sensor. Overall, the
QDG/AAA mutation decreased fluorescence lifetime (Fig. 2e, wild type
versus QDG/AAA). The decreasein lifetime observed upon addition of
agonist (Fig. 2e, wild type, buffer versusisoproterenol) was muted in the
QDG/AAA mutant, suggesting that the mutation destabilizes the closed
states of ICL3. Furthermore, the fluorescence lifetime of the QDG/AAA
mutant increases upon addition of agonist and G, peptide compared
with addition of agonist alone. This suggests that destabilizing the
closed states of ICL3 leads to an easier transition to open states that
areamenable for effector binding. Consistent with this interpretation,
the QDG/AAA mutationincreased the strength of G, peptide binding to
thereceptorrelativetoboththewild-typereceptorandtomutagenesisof
aless constrainedsite inICL3 (HVQ/AAA), as measured by aFRET sensor
that detects agonist-induced receptor-G peptide complex formation®
(Fig. 2f). Additionally, disruption of distance-constrained sitesin ICL3
resultedinincreased receptor activity, as measured by cAMP accumu-
lation (Fig. 2g and Extended Data Fig. 6a—c). Together, these findings
suggest that the conformational equilibrium of ICL3 controls intracel-
lular effector access, thereby autoregulating receptor activity.

ICL3 steers effector-mediated GPCR activation

Both the cognate G, peptide and the non-cognate G, peptide, composed
of the equivalent a5 helix of the a-subunit of the G, protein, allosteri-
cally activate 3,AR®. We proposed that this phenomenon, termed
GPCR priming, leverages allostery between the receptor cytoplasmic
cavity and the orthosteric ligand-binding site, where interactions at
the cytoplasmic face of the receptor increase the affinity of the ago-
nist at the extracellular surface®. Correspondingly, previous studies
have demonstrated that truncation of ICL3 ablates allosteric binding
between G proteinand agonist®. We hypothesized that ICL3 mediates
GPCR priming by G, and G, peptides. To test this, we fused the G, and
G, peptides to 3,AR through an ER/K linker that maintains equivalent
concentrations®, and measured the effects of these fusions on receptor
signalling. In agreement with previous reports, fusion of the G;and G,
peptides augmented cAMP accumulation for the wild-type receptor
(Extended DataFig. 6d-f). We additionally fused the G,and G, peptides
to 3,AR ICL3 mutants that shifted the conformational equilibrium of
ICL3 and increased receptor activity (Fig. 2e-g), observing increases
in cAMP accumulation with G, peptide fusion (Extended Data Fig. 6e,
no peptide versus G, peptide, all mutants). However, fusion of G;or G,
peptide to the receptor did not further augment the increased cAMP
observed upon mutagenesis of structurally constrained sites in ICL3
(Extended DataFig. 6e, wild type versus all mutants). The non-additive
effects of the G protein peptide fusions and ICL3 mutations suggest that
the peptide-inducedincreases inreceptor activation are mediated by
theinfluence of the peptides on the conformational ensemble of ICL3.
Tofurther test this, we assessed the effect of the G, peptide on the con-
formation of ICL3 using our ICL3 FRET sensor (Fig. 1)—the G, peptide
aloneincreased FRET to a similar level to the agonist alone (Extended
Data Fig. 8e). The combination of agonist and G, peptide decreased
FRET, suggesting that agonist and G, peptide together drive ICL3 to
populate open states (low FRET) that are amenable for signalling®.
To further investigate whether ICL3 is necessary for 3,AR priming,
we truncated 22 ICL3 amino acids of from 3,AR (AICL3, A236-257)
(Fig. 3a). Consistent with previous 3,AR ICL3 mutagenesis studies

(Supplementary Table 1), we observed a negligible effect of trunca-
tion on agonist binding affinity compared with the wild-type receptor
(Fig.3band Extended DataFig. 7). Although the presence of G, peptide
increased agonist binding affinity for wild-type 3,AR, this effect was lost
for B,AR(AICL3) (Fig. 3c and Extended Data Fig. 7d). This same trend
was observed inrelation to agonist signalling efficacy (log(E;,./ECso),
where £, is the maximal response and ECs, is the half-maximal agonist
concentration) (Fig. 3e,fand Extended DataFig. 7d). As an orthogonal
measure of the influence of the G, peptide on receptor activation, we
evaluated the effect of the G, peptide on 3,AR-G, peptide coupling
using a FRET sensor (Fig. 3d). Treatment with G, peptide enhanced
FRET for the wild-type 3,AR-G, peptide sensor (Fig. 3g). ICL3 trunca-
tionalonealsoincreases FRET relative to the wild type, consistent with
our alanine mutagenesis experiments (Fig. 2f). The G, peptide did not
enhance FRET for the ,AR(AICL3)-G, peptide sensor, aligning with our
results from agonist binding and signalling assays. Viewed through the
lens of our conformational equilibrium model (Fig. 1c), our datasuggest
that the G, peptideallosterically activates the receptor by biasing ICL3
conformation to open and active states (Fig. 3h).

ICL3is adeterminant of G protein selectivity

The G, peptide both unable to prime activation of B,AR(AICL3) and
appeared to decrease G, peptide coupling to this mutant (Fig. 3g). On
the basis of this result, we hypothesized that in the absence of ICL3,
the G, peptide competitively inhibits cognate G coupling, leading to
suppression of G,signalling. To test this, we first addressed the 3,AR-G
peptide interaction interfaces using Nb6B9, whose receptor-binding
interface overlaps with the G,-binding site”. As expected, Nb6B9 signifi-
cantly quenched FRET for the wild-type 3,AR-G, peptide FRET sensor
(Extended DataFig. 8a). For ,AR(AICL3), Nb6B9 quenched theinterac-
tions of both the G;and G, peptides with the receptor (Extended Data
Fig.8c,d). Areceptor-pulldown approach (Fig.4a) demonstrated that
B,AR(AICL3) enhanced thereceptorinteraction of the G, peptide rela-
tiveto the wild type (Fig. 4b). Further, $,AR(AICL3) displayed an agonist
dose-dependentincrease ininositol monophosphate (InsP;) accumu-
lation that is characteristic of G, activation (Fig. 4c, EC5, =100 nM).
These data suggest that both cognate and non-cognate G peptides
engage the cytosolic cavity of the receptor in the absence of ICL3. ,AR
coupling to G, is dependent on complete removal of ICL3, as alanine
mutations to ICL3 thatincreased receptor activity did not recapitulate
theincreased G, peptide interaction strength (Extended Data Fig. 8e)
or InsP; accumulation (Extended Data Fig. 8g). Thus, removal of ICL3
from ,AR enables a weakly associating G protein to functionally couple
to the receptor, increasing G protein signalling promiscuity.
Tobroaden ourinsights from 3,AR to other GPCRs, we removed ICL3
fromsix otherreceptors, truncating eachreceptor at similar ICL3 posi-
tions relative to the fifth and sixth transmembrane domains (Supple-
mentary Table 3). Given that these receptors signal primarily through
the G, pathway (f3;-adrenergic receptor (3;AR) and D, dopaminergic
receptor (D;R)), the G, pathway (A, adenosine receptor (A;R) and can-
nabinoid CB, receptor (CB,R)) or the G, pathway (the M; muscarinic
acetylcholine receptor (M,R) and vasopressin V,, receptor (Vi4R)), we
measured the second messenger flux at saturating agonist concentra-
tions for all three pathways. We observed anincrease innon-cognate or
secondary G protein signalling through G, (InsP,) or G, (cAMP) for all
receptors tested, except for A;R-G,, (Fig. 4d,e). However, ICL3 trunca-
tion augmented cognate pathway signalling only for 3,AR (Extended
Data Fig. 8i-m); we observed either no change (3,AR, D,R, M|R, AR
andV,,R) or decreases (CB,R) in the suppression of forskolin-stimulated
cAMP responses for all receptors tested, except for 3,AR (Extended
Data Fig. 8i). Although agonist-stimulated inhibition of the forskolin
responseis an established measure of G;activation, we speculate that
crosstalk with our observations for G.-stimulated cAMP accumulation
convolutes interpretation of G, signalling. Nonetheless, the observed
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Fig.3|Effector-mediated allosteric activation of the receptor occurs via
conformational equilibrium of ICL3. a, Schematic of B,AR. G, peptide at
saturating concentrations (30 pM) isused to allosterically activate the
receptor. The ICL3 of B,ARis truncated betweenresidues 236 and 257 (AICL3).
b, Competition binding between ['*1](+)-cyanopindolol and isoproterenol for
wild-type B,AR and B,AR(AICL3). B, is the maximal amount of specific ['*I]
(#)-cyanopindolol binding. ¢, Effect of G, peptide on competition binding
between ['*1](z)-cyanopindolol and isoproterenol for wild-type B,AR and
B,AR(AICL3).d, Schematic of ,AR-G peptide fusion. e, Isoproterenol dose-
cAMP accumulationresponse curve for wild-type ,AR and B,AR(AICL3). Eis
theresponse.f, The effect of G, peptide fusion onisoproterenol dose-cAMP
accumulation response curve for wild-type 3,AR and B,AR(AICL3). Inb-f, data
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increases in G, and G, protein signalling promiscuity at saturating
agonist concentrations for a diverse sample of GPCRs demonstrates
ageneral role for ICL3in G protein selectivity.

ICL3 screening of G protein signalling

We sought to contrast the effect of ICL3 on G protein subtype selectivity
relative toamore established determinant of G protein selectivity, the
amino acid composition of the structurally resolved receptor-G pro-
tein binding interface®. Individual interface residues of the receptor
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the fit of the mean data (Extended Data Fig. 6b,c and Methods). g, Agonist-
induced change (A) in FRET ratio (isoproterenol (100 pM) - buffer) for ,AR-G,
peptide FRET sensors, comparing the effects of ICL3 truncation (AICL3) and G,
peptide (10 pM) treatment. Box edges delineate the 1stand 3rd quartiles of the
data, the centreline represents median and whiskers represent points within
1.5x theinterquartile range. Pointsrepresentindependent biological samples
(nindicated on figure). Two-way ANOVA followed by Tukey’s post hoc test;
**P<0.01,*P<0.05:NS, P> 0.05. Factor 1 (G, peptide treatment): F=1.6,
P=0.22;factor 2 (wild type versus AICL3): F=0.2, P=0.69; factor 1 x factor 2:
F=23.4,P=5.2x10"*.h, Conformational equilibrium model of ICL3-mediated
allostericactivation, in which agonistand G, peptide bias the open states of
ICL3, without the G, peptide forming stable interactions with the receptor.
Inturn, the openstatesrelay increased receptoractivity.

can either positively and negatively select for G protein interactions,
depending on their compatibility with a given G protein subtype. To
quantify the cumulative effect of these interface residues, we grouped
G-, G,-and G-coupled receptors by their primary G protein signal-
ling pathway, with their coupling determined from evidence in the
literature, and computed the average sequence similarity of all of
their interface residues® ¢ (Fig. 5a, interface conservation). Given
the sequence divergence of ICL3 across receptor subfamilies*, we com-
paredinterface conservationwith ICL3 length (Fig. 5a). We observe two
different regimes demarcated by ICL3 length (46 amino acids, Fig. 5a).
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¢, Isoproterenol dose-InsP,;accumulation response curve for wild-type $,AR
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n=4,t=3.87,5d.f.)and G,-coupled receptors B,AR (n=4,t=2.71,6 d.f.), B,AR
(WT:n=3,AICL3:n=4,t=3.72,5d.f.)andD,R (n=4,t=4.86,6 d.f.). Dataare
mean +s.d.of nindependent biological samples. e, CAMP accumulation at
saturating agonist concentrations for G;-coupled receptors AR (n=4,t=2.47,
6d.f)andCB,R (n=5,t=2.55,8d.f.)and G,-coupledreceptorsM;R (WT:n =3,
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shaded by experimental replicate. b,d,e, Unpaired two-sided t-test comparing
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Receptors with short ICL3s (grey region) have a broad distribution of
interface conservation, whereas receptors in the longer ICL3 group
(blueregion) have narrower and—on average—lower interface conserva-
tion (Extended DataFig. 9a). Furthermore, receptorsinthe short-ICL3
group exhibitgreater overlap in G protein signalling pathways than the
long-ICL3 group, inwhichreceptors prefer asingle G protein (Fig. 5aand
Extended DataFig. 9b-d). These trends were consistent when we per-
formed the same analysis onsubsets of GPCRs, with G protein couplings
determined comparatively and quantitatively by high-throughput
assays*”*® (Extended Data Fig. 9e-j).

The trend of more selective G protein coupling in long-ICL3 recep-
tors, despite the moderate sequence conservation within the estab-
lished receptor-G proteininterface, suggests animportantrole for ICL3
in G proteinselectivity. Our experimental measurements of enhanced
signalling promiscuity upon ICL3 truncation align with this observa-
tion. Receptorswithlong (3,AR, M;R, CBR, V;,R, B;AR and D,R) but not
short (A;R) ICL3s require this region to maintain G protein selectivity
(Fig. 4d,e). To further examine whether a substantial ICL3 length can
aidindetermining the specificity of G proteinsignalling, we grafted the
B,ARICL3into the parathyroid hormonelreceptor (PTH,R), areceptor
with a short ICL3 that couples primarily to G, and secondarily to G,

(Fig. 5b). The PTH,R-B,ARICL3 chimeric receptor displays anincreased
cAMP E,,,, (Fig. 5c and Extended Data Fig. 9k) and a decreased InsP,
E..x (Fig. 5d and Extended Data Fig. 9k) relative to wild-type PTH,R.
However, the efficacy of the agonist parathyroid hormone (PTH,_,,)
(log(Emax/ECso)) proportionally decreased for the chimera relative to
wild-type PTH,R for both cAMP (G;) and InsP, (G,), albeit not statisti-
cally significantly (Extended Data Fig. 9k). Nonetheless, the opposing
effects on maximal response for each pathway suggest arole for the
B,ARICL3 in enhancing signalling specificity for G proteins that are
more compatible with the receptor’s G proteininterface at saturating
agonist concentrations.

We propose that this property extends to the ICL3s of other recep-
tors, where longer ICL3s ‘buffer’ interactions that are less compatible
with the receptor toreinforce selectivity for cognate G proteins. To test
thisidea, we developed aluciferase complementation reporter assay to
compare G,and G, peptide interactions with agonist-stimulated PTH,
R containinginsertions of different receptor derived ICL3s (Fig. 5e). The
luciferase signal for the wild-type PTH,R-G, peptide interactionin this
assay format s stronger than for the wild-type PTH,R-G, peptide inter-
action, recapitulating the established G protein signalling preferences
of PTH,R¥ (Extended DataFig. 90). We used a panel of ICL3 sequences
spanning arange of ICL3 lengths and host receptor-G protein coupling
preferences (Fig. 5fand Supplementary Table 4). As expected, insertion
ofashortICL3 (sixamino acids) into PTH,R results in minimal changes
in Gyand G, peptide interactions relative to wild-type PTH,R (Fig. 5g,
green1; cannabinoid CB,receptor (CB,R)). By contrast, alongerinser-
tion (17 amino acids) from a receptor in the same subfamily (Fig. 5g,
green 2; CB,R) has a larger effect on the interactions with both G, and
G,. In general, most insertions (72%) decreased the interactions with
both G,and G, (Fig. 5g and Supplementary Table 4), consistent with
our model of ICL3 gating access to the cytosolic cavity of the recep-
tor (Fig. 1e). Of note, all insertions apart from M;R disproportionately
decrease G, peptideinteractionsrelative to G, peptide interactions with
thereceptor, rendering these chimericreceptors more G,-selective than
the wild-type PTH,R. Despite the sequence and structural diversity of
thelCL3 regionacross the GPCR superfamily, these findings reinforce
acommon role for ICL3 in tuning the specificity of GPCR-G protein
interactions.

Discussion

In the current model of GPCR signalling, the sequence, structure
and dynamics of structural elements in the cytosolic pocket of the
receptor work in concert to determine the strength of coupling to
different G protein subtypes*’. However, this model does not incor-
porate potential roles for unstructured regions at the receptor-effec-
tor interface in G protein selectivity. Computational, structural and
pharmacological approaches across a range of GPCRs suggest that
ICL3 provides a positive selection mechanism by facilitating cognate
G protein coupling**? (Supplementary Table 5). Here we demonstrate
a complementary negative selection mechanism for ICL3 in tuning
G protein coupling selectivity. Specifically, ICL3 buffers weakly coupled
receptor-G protein interactions, which are poorly compatible with
the cytosolic G protein-binding interface of the receptor, to reinforce
cognate G protein coupling. Despite the extensive sequence diversity of
ICL3s, our experimental and bioinformatic analyses reinforce alength
threshold of approximately 45 amino acids as a simple determinant for
gating G protein selectivity.

Using B,AR asamodel receptor system for mechanistic insights, we
propose thatICL3 tunes G protein coupling throughits autoregulatory
conformational ensemble. We provide experimental and computa-
tional evidence for a dynamic equilibrium between closed states of
ICL3 that occlude the G protein-binding site and inactivate the recep-
tor, and open states of ICL3 that enable receptor-effector interac-
tions and facilitate receptor activation (Fig. 5h). We demonstrate that
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modaulation of this dynamic equilibrium can tune receptor activity
and consequently downstream signalling. Specifically, we show that
anative peptide derived from the C terminus of the Ga,, subunit biases
ICL3in B,AR to open states, priming and thereby enhancing receptor
activationand subsequent cAMP accumulation. It should be noted that
interpretation of the conformational equilibrium of ICL3 can be influ-
enced by technical limitations of our experimental design. Specifically,
effectors binding near labelled sites in the receptor could influence
sensor lifetime measurements (Fig. 1). Additionally, truncation of the
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peptides.See Methods and Extended DataFig. 9n, o for details on data analysis.
f, Left, plot of ICL3 lengths from the ‘gated by ICL3’ group, with interrogated
ICL3 sequences highlighted (n = 62). Right, name and numbering scheme
fortheinterrogated ICL3s. aAR, a-adrenergic receptor; SHT, serotonin
receptor; CCKR, cholecystokinin receptor; GPR, probable G protein-coupled
receptor; HR, histamine receptor; NTSR, neurotensin receptor. g, Specific G,
peptide versus G, peptide interaction foreach PTH,R-ICL3 chimera. Dataare
mean +s.e.m. of biological replicates. See Supplementary Table 4 for exact
samplesize of eachindividual point. Theline indicates proportional effects of
ICL3insertionon G,and G, peptide interactionsrelative towild-type PTH,R.

h, ICL3-mediated G protein selectivity.ICL3 isequilibrated between closed
and openstates. This equilibrium coordinates productive cognate G protein
coupling andinhibits coupling to secondary G proteins that are incompatible
withthereceptor’s G proteininterface.

Cterminusof thereceptorinthe sensorignores potential roles for this
unstructured elementin receptor activity*. Despite these limitations,
our dataprovide proof of concept for allosteric modulation of receptor
activity through ICL3. Corroborating these insights, cell-permeable
native peptides derived from receptor ICL sequences, termed pep-
ducins, have been proposed to allosterically modulate target receptors
by displacing autoregulatory interactions in the cytoplasmic domain*.
Given the sequence divergence of ICL3s among even closely related
GPCRs and the combined evidence for allosteric modulation through



ICL3, our findings provide a conceptual framework for using ICL3 as a
receptor-selective allosteric site.
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Methods

Reagents

Human AR, human 3,AR, HA-tagged human 3,AR, murine CB,R, human
D;R, humanM,R, humanPTH,R,and humanV,,R constructs were cloned
into a pcDNAS5/FRT backbone following standard cloning procedures.
SPASM sensor constructs were assembled as previously described with
Gly-Ser-Gly repeats between domains (Receptor-4xGSG-mCitrine-
4xGSG-10 nm ER/K linker-4xGSG-mCerulean-4xGSG-G peptide)?.
Receptor-fluorescent protein fusion constructs wereseparated by a2xGSG
linker. PTH;R luciferase complementation reporter constructs had the
same basic topology as SPASM sensor constructs with IgBiT/smBiT lucif-
erasefragments (PromegaN2014)in place of the FRET acceptor/donorand
withaninserted fluorescent protein to track expression level (PTH,R-IgBiT-
4xGSG-10 nm ER/K linker-4xGSG-TagRFP-3xGSG-smBiT-4xGSG-G pep-
tide). Point mutations to various receptor constructs were made to various
constructs using a modified site-directed mutagenesis procedure*.
Large ICL3 deletions were introduced into receptor constructs using
the Q5site-directed mutagenesis method (New England Biolabs E0554).
PTH,Rinsertions were introduced usinga BsmBI-v2based vector assem-
bly method (New England Biolabs E1602). Nb6B9 (Nb6B9-2xGSG-SNAP
tag-Flag-2xGSG-6xHis) was cloned into a pBiex1 backbone following
standard cloning procedures. tRNA/Synthetase plasmid (pIRE4-Azi) was a
gift fromIrene Coin (Addgene plasmid #105829, RRID:Addgene_105829).
Carbamoylcholine chloride (14486) was purchased from Cayman
Chemical. Synthetic Arginine 8 Vasopressin (CYFQNCPRG-NH,), Spep
(DTENIRRVFNDCRDIIQRMHLRQYELL), Qpep (DTENIRFVFAAVKDTILQLN-
LKEYNLV), Bio-Qpep (N-Biotin-DTENIRFVFAAVKDTILQLNLKEYNLYV),
Bio-Spep (N-Biotin-DTENIRRVFNDCRDIIQRMHLRQYELL) and PTH,_;,
(SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF) were purchased from
Genscript. 3-Isobutyl-1-methylxanthine (IBMX), alprenolol, ascorbic
acid, bovine serum albumin, copper Il sulfate, forskolin, isoproterenol
(+)-bitartrate salt, lysozyme from chicken egg white, metoprolol tar-
tarate, sodium ascorbate, and X-tremeGENE HP transfection reagent
were purchased from Sigma-Aldrich. ['*11(+)-cyanopindolol (NEX174)
was purchased from PerkinElmer. 4-azido-L-phenylalanine (1406),
AZDye488-Alkyne (1277), AZDye546-Alkyne (1285), 2-(4-((bis((1-(tert-but
yD)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic
acid (BTTAA; 1236), Cy3-Alkyne (TA117), and OG 488-Alkyne (1397) were
purchased from Click Chemistry Tools. ATTO488-Alkyne (AD 488-141)
was purchased from ATTO-TEC. Polyethyleneimine (PEI) 25 kDa linear
polymerwas purchased from Polysciences (23966). A1 mg ml ™ solution
of PEl was prepared by reconstituting the polymer in endotoxin-free
water at 80 °C and passing the solution through a 0.2 uM syringe filter;
sterile PEIsolution was stored at —20 °C. Ni-NTA agarose (QIA30210) was
purchased from Qiagen. PNGase F (P0704) SNAP-Surface 488 (BG-488,
$9124S), and Streptavidin-coated magnetic beads (S1420S) were pur-
chased from New England Biolabs. DNAse I (04716728001), fibronectin
(F1141) and normal goat serum (G9023) were purchased from Millipore
Sigma. anti-HA-Alexa488 (A-21287), formaldehyde (cat# PI28908), and
ProLong Diamond Anti-fade Mountant (P36970) were purchased from
ThermoFisher. 2-Arachidonylglycerol (1298), dopamine hydrochloride
(3548),and N*-cyclopentyladenosine (1702) were purchased from Tocris.
All reagents were reconstituted and stored according to the manufac-
turer’s specifications.

Cell culture

HEK 293T Flp-In T-Rex Cells (ThermoFisher, R78007) were cultured
in Dulbecco’s modified eagle medium supplemented with 10% (v/v)
fetal bovine serum, 20 mM HEPES pH 7.4, and GlutaMAX at 37 °C with
5% CO,. Cells were not authenticated, nor were they tested for myco-
plasma contamination.

Transfection procedures. For membrane preparations, cells were pas-
saged onto15 cmdishesat~50% confluence. Foreach 15 cmdish, 18 ug

of DNA, 63 pl of PEl, and 900 pl Opti-MEM were combined, incubated
for15-30 min, and combined with resuspended cells. 4 hafter transfec-
tionand passaging, the medium wasreplaced. Receptor transfections
(B,AR-mCerulean) were incubated for 20 h, G, peptide sensor trans-
fections were incubated for 23 h, and G, peptide sensor transfections
were incubated for 26 h.

For second messenger assays, cells were seeded the day prior to trans-
fectionat30-40% confluence. For each well of a 6-well plate, 1 ug DNA,
3 plX-tremeGENE HP, and 100 pl Opti-MEM were combined, incubated
for15-20 min, and added to seeded wells. As optimal expression time
varied for each construct and with cell passage number, transfections
were performed at multiple time points between 16-28 h for each sec-
ond messenger assay.

For PTH,R luciferase complementation reporter assays, cells were
seeded the day prior to transfection at 25-30% confluence on 12-well
plates. For each transfection, 0.5 pg DNA, 1.5 pl X-tremeGENE HP, and
100 pl Opti-MEM were combined, incubated for15-20 min, and added
to seeded wells. For each mutant, PTH,R-G, peptide, PTH,R-Gq pep-
tide and PTH,R-(no peptide) constructs were transfected in parallel.
Spep and Qpep constructs were transfected 24 h prior to collection,
and no-peptide constructs were transfected 18 h before collection.

Stop codon replacement. 3,AR- nonsense mutants were created by re-
placing single amino acids with amber (TAG) stop codons. To minimize
theinfluence of conformational changes in the unstructured ,AR C-tail
on FRET measurements, all B,AR constructs used atruncated receptor
C terminus (A350-413). Stop codon replacement transfections were
performed following previously described procedures®. Inbrief, 0.5 M
Aziwas prepared as afresh stockin 0.5 MNaOH and filtered through a
0.2 pM syringe filter. The fresh Azi stock was added to ~-50% confluent
15 cmdishes and incubated for1-2 h at afinal concentration of 0.5 mM.
Dishes were co-transfected with 3,AR nonsense mutant plasmid and
pIRE4-Azi at al:2 ratio, following the same transfection procedure as
membrane preparations. 0.5 mM Azi was added to the changed culture
medium. Transfections were incubated 40-44 h prior to collection.
Wild-type controls (Extended Data Figs. 2 and 3a-d) were performed
in absence of Azi and pIRE4-Azi. Labelling controls (Extended Data
Fig.3e-g) were performed in presence of Azi and pIRE4-Azi.

Cellimaging

Fibronectin-coated coverslips were prepared by incubating coverslips
in 0.01 mg ml*fibronectindilutedin PBS ona parafilmsurface for1hat
room temperature. After incubation, coverslips were transferredtoa
cell culture dish. HEK293 cells were seeded at 30% confluency and incu-
bated for 24 h. Cells were transfected following the procedure in‘Stop
codonreplacement’, scaled downto a 6-well dish (1 ug DNA, 3.5 pl PEI,
and 100 pl Opti-MEM). Following 24 h of expression, culture medium
was aspirated from the culture dish, and coverslips were washed 3 times
with PBS. Cells were fixed using a solution of 4% formaldehyde diluted
in PBS for 10 min at room temperature. Coverslips were washed three
times with PBS to remove remaining formaldehyde.

Coverslips mounted using ProLong Diamond Anti-fade Mountant
and leftatroom temperature overnight to cure. Forimaging, coverslips
were sealed with vaseline/lanolin/paraffin. Images were acquired ona
Nikon AlRsilaser scanning confocal microscope using a 60x oilimmer-
sion objective (Nikon).

Crude cell membrane extracts

Procedure. Cells were collected by scraping and pipetting with media
and washed twice in phosphate buffered saline (PBS; 10 ml per 15 cm
dish) by centrifugation (300g, 5 min, room temperature). Cell pellets
were resuspended in chilled hypotonic buffer (10 mM HEPES pH 7.4,
1mM EGTA, 1mM DTT, 1.5 pg ml™ aprotinin, 1.5 pg ml™ leupeptin,
5 pg mI™ PMSF; 5 ml per confluent 15 cm dish) and incubated for 30 min
onice. Solutions were lysed gently in a chilled Dounce homogenizer



(40 strokes). Nuclei and intact cells were separated from the lysate
by centrifugation (1,000g, 2 min, 4 °C). Lysates were centrifuged
(135,000g, 25 min, 4 °C). Spun-down lysate was resuspended in assay
buffer (20 mM HEPES, 150 mM NacCl, 10 mM KCI, 5 mM MgCl,; 1 ml per
15 cm dish of cells). Pellets were then homogenized, first by passing
through almlmicropipette10 times, then passing through a 26-gauge
needle10 times. Lysate was centrifuged again at135,000g following the
same procedure and resuspended in assay buffer supplemented with
12% sucrose (w/v; 0.5 ml per 15 cm dish). Pellet homogenization was
repeated as before. One-hundred microlitres ofa1:20 dilution of sample
inassay buffer was used for analytical fluorescence spectra (Fluoromax
4, Horiba Scientific). Spectra were used to confirm expression level
(mCerulean peak emission (excitation 430 nm, 475 nm):optical density
emission (excitation 430 nm, emission 450 nm) ratio of 1.0 + 0.2) and
sensor integrity (mCitrine peak emission (excitation 490 nm, emis-
sion 525 nm):mCerulean peak emission (excitation 430 nm, emission
475 nm) ratio of 2.0 + 0.2). Resuspended lysates were aliquoted, flash
frozeninliquid nitrogen, and stored at —80 °C.

Fluorescent dye labelling

Click chemistry for radioligand-binding assays. Cell membranes
(Extended Data Fig. 3j—-m) were prepared following the above pro-
cedure, but at a higher cell concentration (1.5 ml hypotonic buffer
per 15 cm dish), and without EGTA or DTT in the hypotonic buffer to
prevent decreased efficiency of the click reaction. After Dounce homo-
genization, the following reagents were added to the membrane
mixture (final concentrations in parentheses): Cell membranes were
prepared following the above procedure, but at a higher cell concen-
tration (1.5 ml hypotonic buffer per 15 cm dish), and without EGTA or
DTTinthe hypotonicbuffer to prevent decreased efficiency of the click
reaction. After Dounce homogenization, the following reagents were
added to the membrane mixture (final concentrations in parentheses):
NaCl (250 mM), KCI (10 mM), MgCl, (5 mM), bovine serum albumin
(1mg ml™) (2 mlfinal). The dye and labelling reagents were pre-mixed
andincubated onice for1 minbefore being added to the lysate mixture
atthe following final concentrations: 20 uM AZDye488-Alkyne, 250 pM
BTTAA, 50 pM copper (11) sulfate, and 2.5 mM sodium ascorbate. Reac-
tionswere incubated with mild shaking (500 rpm) for 30 minat 25 °C.

Fluorescence lifetime assays and labelling controls. Cell mem-
branes were prepared following the procedure in ‘Crude cell mem-
brane extracts’ through the first ultracentrifugation step (135,000g,
25 min, 4 °C). Pellets were rinsed 3 times with 1 ml assay buffer, and
then resuspended in (final concentrations in parentheses): HEPES
(20 mM), NaCl (250 mM), KCI (10 mM), MgCl, (5 mM), bovine serum
albumin (1 mg ml™), dye (ATTO488-Alkyne, AZDye488-Alkyne,
AZDye546-Alkyne, Cy3-Alkyne, and/or OG 488-Alkyne) (5 uM), BTTAA
(5 mM), and copper (11) sulfate (50 mM). Solution was homogenized,
first by passing through a1 ml micropipette 10 times, then passing
through a 20-gauge needle 10 times. To initiate the reaction, sodium
ascorbate (50 mM) was added to the mixture and mixed by pipet-
ting (2 ml final volume). Reactions were incubated with mild shaking
(500 rpm) for 30 minat 25 °C.

Azi incorporation controls. Membranes (Extended Data Fig. 3e,
SNAP-Tag labelling) were prepared following the procedure in ‘Fluo-
rescence lifetime assay and labelling controls’, with amodified labelling
buffer recipe (final concentrations in parentheses): BG-488 (10 pM),
DTT (1 mM).No BTTAA or copper (11) sulfate were added to the mixture.
Solution was homogenized, first by passing through a1 ml micropipette
10times, then passing through a 20-gauge needle 10 times (500 pl final
volume). Membranes were incubated for 30 min at 37 °C.

Sample processing. For the three labelling procedures above, aggre-
gated lysate was removed using centrifugation (1,000g, 2 min).

Lysates were ultracentrifuged as described above for crude cell
extracts. Afterthefirstultracentrifugationstep, lysate pelletswererinsed
10 times with 1 ml assay buffer. After rinsing, pellets were processed
asdescribed above.

Toassess expression and labelling efficiency, lysates were diluted 1:10
in optical quartz cuvettes (3-3.30-SOG-3, Starna Cells), and assessed
by fluorescence spectroscopy Horiba Fluoromax 4 Fluorometer using
the following parameters for the indicated fluorophores: AZDye488/
ATTO488/0Oregon Green: excitation at 470 nm, emission scan from
500 nm-650 nm; mNeonGreen: samples in optical quartz cuvettes,
excitation at470 nm, emission scan from495 nm-600 nm; AZDye546:
samples in optical quartz cuvettes, excitation at 540 nm, emission
scan from 555 nm-620 nm; Cy3: samples in optical quartz cuvettes,
excitation at 535 nm, emission scan from 550 nm-620 nmand TagRFP:
excitation at 540 nm, emission scan from 565-600 nm. A1:10 dilution
of lysate was also used as an analytical lifetime measurement. Lysates
were aliquoted, flash frozen, and stored at -80 °C.

Radioligand-binding assays

Protein content estimation. Membranes were diluted 1:5 in assay
buffer. 15 pl of sample was assayed for protein content against a BSA
standard (0, 0.4, 0.8,1.2 mg ml™) in technical triplicates using a DC
assay, following the manufacturer’s protocol (BioRad 5000111). DC as-
say was detected using absorbance (Tecan Spark Plate reader, 750 nm,
9 nm bandwidth, 25 flashes). This protein content estimate was used
to calculate membrane B,,,,, values in fmol mg™.

Radiolabelled antagonist-binding assay. Membranes containing
expressed 3,AR constructs were diluted (equivalent of 10,000 mCeru-
lean counts (excitation 430 nm/emission 350 nm) per 200 plreaction,
or ~0.7 ng) in assay buffer supplemented with 30 uM of either Qpep
or Spep (depending on condition), 1 mg ml™ Bovine Serum Albumin,
10 mM GTPyS, and1 mM ascorbic acid and sonicated briefly. Increasing
concentrations of ['*I](+)-cyanopindolol were added to the membrane
samples. Non-specific [**1](x)-cyanopindolol binding was assessed
by repeating the same assay conditions listed above in the presence
of 1 mM alprenolol. Reactions were equilibrated on ice for 90 minin
96-well deep well plates. Reactions were transferred to Multiscreen
plates (Millipore Sigma MAFCNOBS50). Equilibrated reactions were
passed through GF/Cfilters using avacuum manifold (Millipore Sigma
MSVMHTSO00) and washed 5 times with 200 plice-cold tris-buffered
saline (50 mM Tris pH 7.4,150 mM NaCl). Filters were air dried, removed
from plates, and transferred to 75 mm glass tubes. Filter-bound >’
was measured by automatic gamma counting (PerkinElmer Wizard?).
Due to the high concentration of receptor used in the assays, bound
[*®I1(+)-cyanopindolol and non-specific ['*I](+)-cyanopindolol sig-
nal for each reaction condition were fit to a saturation-binding curve
to obtain the equilibrium dissociation constant (K) values for [*’I]
(+)-cyanopindolol®. Binding assays were performed in technical du-
plicates. Three biological replicates were collected, with different
membrane preparations for each replicate.

Competition binding assay. Membrane containing expressed
B,AR sensors were resuspended following the same procedure as
the radiolabelled antagonist-binding assay. Sub-saturating ['*I]
(+)-cyanopindolol (50 pM final) and increasing concentrations of
isoproterenol were added to the resuspended membrane samples.
Non-specific [*I](+)-cyanopindolol binding was assessed by measur-
ing 50 pM [*1](+)-cyanopindolol in the presence of 1 mM alprenolol.
Maximum [®I](z)-cyanopindolol signal was assessed using 50 pM [%’]]
(+)-cyanopindolol without competing unlabelled ligand. Reactions
were equilibrated, washed, and measured following the same proce-
durelisted above for the radioligand antagonist-binding assay. Using
the mean dissociation constant (K;) values for ['*I](x)-cyanopindolol
obtained in the radioligand antagonist-binding assay, bound ['*I]
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(+)-cyanopindolol and non-specific [**11(+)-cyanopindolol signal for
each reaction condition were fit to a displacement curve to obtain
the equilibrium dissociation constant (IC,,) values for isoproterenol:

Y= (Bpax — Bmin)/(1+10%71080C50)) 4 g

Where Yis the percentage of [**1]()-cyanopindolol bound to the recep-
tor, B, is the maximum percentage ['*1](+)-cyanopindolol bound
to the receptor, B, is the minimum [**I](+)-cyanopindolol bound to
thereceptor,and Ais the concentration of isoproterenol. For two-site
binding, (WT + Qpep condition), the following model was used:

Y= (F)(Bnax = Bmin)/ (1 + IOA_log(ICSOrl))
+ (1 - Fl)(Bmax - Bmin)/(l + IOA_IOg(]CSO'Z)) + Bmin

Where Fis the fraction of sites for affinity site 1, ICyy, is the ICy, of affin-
ity site 1, and ICs, is the ICy, of site 2. Weighted averages of these ICy,
values were used for comparison purposes and inhibition constant (K;)
calculations. ICs, values were converted to K; values using the Cheng-
Prusoff correction*® as follows:

K;=1Cso/(1+L/Kp)

Where L is the concentration of ['*I](+)-cyanopindolol, and K, is the
equilibrium dissociation constant for [**I](+)-cyanopindolol deter-
mined in the antagonist-binding assays. Binding assays were performed
intechnical duplicates. Three biological replicates were collected with
different membrane preparations for each replicate.

Nanobody expression and purification

Five-hundred millilitres of terrific broth with 100 pg ml™ carbenicillin
was inoculated with Escherichia coli (JM109 strain) transformed with
the Nb6B9 vector at A, = 0.05. The culture was grown to A, = 0.8 at
37 °Cwithshaking (180 rpm). The culture was theninduced with 0.4 mM
IPTGandincubated for 16 hat16 °C with shaking (180 rpm). The culture
was pelleted at 3,000g for 15 min. The pellet was then resuspended in
30 mllysis buffer 20 mMHEPES pH7.4,150 mMNacCl,10 mMimidazole,
10 mM MgCl,, 5mM CaCl,,1 mg mllysozyme, 1 ug mI” DNAsel,1 mM
DTT,1pg ml™aprotinin/leupeptin, 0.1 pg mI™ PMSF, 1% v/v Triton X-100)
and incubated for 30 min at 4 °C on an orbital shaker (100 rpm). The
lysate was then sonicated for 10 min (10 s on, 10 s off) and clarified by
centrifugation (18,000g, 20 min, 4 °C).

A column containing 3 mINi-NTA agarose was equilibrated with 15 ml
wash buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 10 mM imidazole).
Clarified lysate was flowed over the column. Column was washed with
15 ml wash buffer, 15 ml high-salt wash buffer (20 mM HEPES pH 7.4,
500 mMNacCl,10 mMimidazole), and 15 ml wash buffer. Four total 3 ml
elution fractions were collected in wash buffer containing 60 mM imi-
dazole, 120 mMimidazole, 180 mMimidazole, and 240 mMimidazole.
Allfractions except the 60 mM Imidazole fraction were pooled, concen-
trated using a 10,000 kDA molecular weight cut-off centrifugal filter
(Amicon Ultra-15), and further purified over a Superdex 200 Increase
10/300 GL gelffiltration column (GE Healthcare) in size exclusion buffer
(20 mM HEPES pH 7.4, 400 mM NaCl). Purity of size exclusion eluate
was confirmed via SDS-PAGE. Eluate was concentrated and rebuff-
ered into assay buffer containing 10% w/v Glycerol. Concentration
was determined by 280 nm absorbance (Thermo Scientific Nanodrop
One). Aliquots were flash frozen and stored at =80 °C.

Fluorescence measurement assays

Fluorescence gel scanning. Tenmicrograms (Extended Data Fig. 3e)
or 20 pg (Extended Data Fig. 4n) (concentration determined using
the procedure in ‘Radioligand-binding assays’, ‘Protein content esti-
mation’) of membranes prepared as described in ‘Crude membrane
extracts’ were denatured and deglycosylated with PNGase F. Samples

were prepared following the manufacturer’s recommended proto-
col for denaturing conditions, with the denaturation step scaled to
25 pl and the deglycosylation step scaled to 35 pl. 50 mM DTT and 1x
LDS sample buffer were added to the reaction mixture at the end of
the procedure. Samples were then separated using 7.5% (Extended
DataFig.3e) or10% (Extended Data Fig. 4n) polyacrylamide gels. Gels
were scanned for fluorescence (GE Healthcare Typhoon FLA 9500)
of AZDye488/ATT0488/Snap Surface Block 488 (excitation 473 nm,
long-pass emission filter 510 nm, gain1,000 V) or AZDye546 (excitation
532 nm, long-pass emission filter 570 nm, gain1,000V).

Time-correlated single photon counting FRET assay. Dye-only con-
trols or membranes containing ICL3 FRET sensors were resuspendedin
assay buffer containing1 mMascorbic acid to an equivalent of -1.5% of
excitation counts/second (0.12 MHz for emission pulses foran 8 MHz
excitationpulse) (afinal concentration of -3-4 nM green fluorophore).
Ligand (100 uM isoproterenol), G peptide (10 uM), and/or Nb6B9
(0.5 uM) were added for afinal reaction volume of 110 pl. For condi-
tions without drug, peptide or nanobody, an equivalent volume of assay
buffer was added. Reactions were equilibrated for 5 min prior to read-
ing. One-hundred and five microlitres of each reaction wasloaded into
anoptical quartz cuvette. Measurements were taken by time-correlated
single photon counting (DeltaPro, Horiba Scientific) using a 479 nm
pulse diodelaser and a515 nm long-pass emission filter. Time-resolved
fluorescence decay data were fit to the equation:

—t/r1 —t/z'2 —t/t3

Decay=ae"'" +me +me

The three-exponential fit was optimized empirically (y* = 1.25,
where two-exponential fit y*=1.4) (Extended Data Fig. 4a-h).
Amplitude-weighted average lifetimes (z,,,) were calculated from the

three-exponential decay equation:

Tovg = (AT + T, + 05T)/ (0 + 0y + )

Each condition was performed in technical duplicate or triplicate,
depending on sensor yield.

AFRET assay. Membranes containing 3,AR-SPASM sensors were re-
suspended in assay buffer based on mCerulean fluorescence (1 x 10°
mCerulean counts at 475 nm) and sonicated briefly. For conditions
containing Qpep, a final concentration of 10 uM Qpep was added to
the membrane mixture following sonication. A final concentration of
100 pMisoproterenol or an equivalent amount of assay buffer was add-
edtoeachreaction (100 plfinal). Reactions were equilibrated for 5 min
at 25 °Cwithshaking (500 rpm).110 pl of each reaction was loaded into
anoptical quartz cuvette. Fluorescence spectra (Horiba Fluoromax 4)
formCerulean were acquired for each sample (excitation 430 nm, emis-
sion scan 450 nm-600 nm, bandpass 4 nm). The mCitrine (emission
525 nm): mCerulean (emission 475 nm) ratio (FRET ratio) was calcu-
lated from each acquired spectra. Each drug-peptide condition was
performed in quintuplicate. For each experiment, the AFRET metric
was calculated by subtracting the average FRET ratio of the buffer only
conditions from the average FRET ratio of the isoproterenol-treated
conditions.

BioSp, BioQp pulldown assay. Membranes containing [3,AR-
mCeruleanor 3,AR-TagRFP (1:10 dilution of frozen membrane aliquots)
were resuspended in assay buffer containing 10 mg ml™ Bovine Serum
Albumin,1 mMascorbicacid and100 pMisoproterenol and sonicated
briefly. Bio-Spep/Bio-Qpep (10 uM final) was added to the reaction
mixture (300 plfinal) and equilibrated onice for 30 min.100 pl of the
reaction mixture was removed; an analytical fluorescence spectra of
this sample was acquired (mCerulean: Horiba Fluoromax 4, excita-
tion430 nm, emission scan 450 nm-600 nm, bandpass 4 nm; TagRFP:



Tecan Spark Plate Reader, 96-well clear bottom plate, bottom read,
excitation at 521 nm, emission scan from 560 nm-650 nm, gain 232)
as ameasure of the total ,AR for a given condition. To the remaining
200 pl, 20 plof 0.4 mg ml™ streptavidin-coated magnetic beads were
addedto thereaction mixture, equilibrated for 5 min atambient tem-
perature, and precipitated using aneodymium disc magnet N52 (20 x
40 mm). Fluorescence spectra was taken of the remaining supernatant
induplicate. Percent mCerulean bound was calculated as the average
peak fluorescence count (mCerulean:emission 475 nm, TagRFP: emis-
sion 584 nm) of the remaining supernatant samples subtracted from
the peak fluorescence counts of the total receptor sample, divided by
the peak fluorescence count of the total receptor sample.

Second messenger assays

General procedure. One millilitre of medium was removed fromeach
well containing transfected cells. The remaining volume was used to
gently shear and resuspend the cells by pipetting. The cell mixture was
centrifuged (3 min, 300g) and media was removed using a vacuum
manifold. The cell pellet was resuspended in1 ml of either cAMP assay
buffer (PBS with 0.5 mM ascorbic acid, 0.2% (w/v) glucose) or InsP;
assay buffer (10 mM HEPES pH 7.4,1 mM CacCl,, 4.2 mM KCl, 145 mM
Nacl, 5.5 mM glucose, 50 mM LiCl). The cells were washed once by
repeating this procedure.

For Extended Data Fig. 2b, cells were diluted to 2 x 10° + 5 x 10° cells
per ml. Expression level was estimated through TagRFP fluorescence
(HoribaFluoromax4): excitation 540 nm, emission scan 565-600 nm,
bandpass 4 nm.

For all other second messenger assays, expression level and cell den-
sity of each condition was estimated through fluorescence. Fluores-
cence spectrafor mCerulean (Horiba Fluoromax 4, excitation 430 nm,
emission scan 450-600 nm, bandpass 4 nm) and mCitrine (Horiba
Fluoromax 4, excitation 490 nm, emission scan 500-600 nm, bandpass
4 nm) were acquired for each condition. Cells were resuspended at
350,000 + 30,000 fluorescence counts at a wavelength representing
optical density of the sample (excitation 430 nm/emission 450 nm),
corresponding with2 x 10° + 5 x 10° cells per m'. This was confirmed by
counting the cells on ahaemocytometer (Countess II). The following
metrics were assessed for optimal expression: mCerulean peak emis-
sion (excitation 430 nm/475 nm):optical density emission (excitation
430 nm/emission 450 nm) of 2.0 + 0.3 and mCitrine peak emission
(excitation 490 nm/emission 525 nm):mCerulean peak emission (exci-
tation 430 nm/emission 475 nm) of 2.0 £ 0.2.

cAMP accumulation. Resuspended cells were added 1:1 with a 2x
concentration of ligand (10 pl final) into an opaque 384-well flat
bottom plate (Greiner Bio-One). For single-concentration experi-
ments, a saturating amount of agonist (10 uM PTH,_,, (PTH,R), 10 pM
2-arachidonoylglycerol (CB,R), 10 M carbachol (M,R), 10 uM dopa-
mine (D,R), 10 uM Né-adenosine (A;,R), 100 nM arginine-vasopressin
(V;R)) was used. For cAMP accumulation experiments with 3-ARs,
10 uM isoproterenol was used; for FSK inhibition assays with 3-ARs,
100 pM metoprolol was used. For dose-response curves, asaturating
concentration of forskolin (10 pM) was included as a control to meas-
ure cAMP stimulation independent of the transfected receptor. For
experiments comparing multiple receptors measuring non-cognate
or secondary G, signalling (Fig. 4e, Extended Data Fig. 8i-k), 500 uM
3-isobutyl-1-methylxanthine (IBMX) was used to inhibit phosphodies-
terase activity. For all other experiments, no IBMX was used to mini-
mize cAMP accumulation from endogenous receptors (Extended Data
Fig. 6a).Forexperimentsin Fig.2g and Extended DataFig. 6b,e, plates
wereincubated at 37 °C for 10 min to stimulate cAMP production. For
all other experiments, plates were incubated at room temperature for
10 min. We found that the room temperature incubation maintained
cAMP accumulationlevelsto equivalent levels as 37 °Cincubation and
decreased well-to-well variability in the experiments. Reactions were

quenched and processed for the cAMP-Glo Assay (Promega) following
the manufacturer’s instructions. Luminescence was measured on a
Tecan Spark plate reader (500 ms integration, one measurement per
well). Data were either normalized to 3,AR-WT (Figs. 2g and 4e and
Extended DataFigs. 6 and 8j), B,AR-WT-Nopep (Extended DataFig.7d),
or to maximum forskolin stimulation (Figs. 3e,f and 5c and Extended
DataFigs. 6 and 9k). Dose-response curves were fit to the equation:

E= (Empax = Eqyind/ (1 +10"080C50" >Ny 1

Where Eis the response, L is the concentration of isoproterenol, £,,,,
is the response at saturating concentrations of isoproterenol, E;, is
theresponseinthe absence of isoproterenol, ECy, is theisoproterenol
concentration that gives 50% of the E.,,, and Ny, is the Hill coefficient
of the curve.

Forskolin inhibition. Experiments were set up as described above.
A1puM forskolin treatment for each receptor was compared to1 uM
forskolin with saturating concentrations of agonist. All conditions
were supplemented with 500 uM IBMX, and a 10 min room tempera-
ture stimulation condition was used. Reactions were quenched and
processed for the cAMP-Glo Assay (Promega) following the manufac-
turer’sinstructions.

InsP,. Resuspended cells were added 1:1 with a 2x concentration of
ligand (70 pl final) into an opaque 96-well U-bottom plate (Greiner
Bio-One). For single-concentration experiments, a saturating amount
of ligand (10 uM isoproterenol, 10 pM PTH,_;,) was used. Plates were
incubated at 37 °Cfor 2 h to stimulate InsP, production. Reactions were
quenched and processed for the InsP, HTRF Assay (CisBio), following a
protocol modified to achieve a higher signal to noise ratio. Fifteen mi-
crolitres of D2-conjugated InsP; resuspended inlysis buffer (Cisbio) and
15 plof terbium cryptate conjugated anti-InsP, antibody resuspended
inlysis buffer (Cisbio) were added to the stimulated cell mixture. Cell
lysate was equilibrated for 1 h at ambient temperature with shaking
(500 rpm). Reactions were transferred (4 x 20 pl) to a384-well plate for
technical replicates. Fluorescence readings (Flexstation3, Molecular
Devices) of acceptor D2 (excitation 340 nm, emission 665 nm, cut-off
630 nm) and donor terbium cryptate (excitation 343 nm, emission
620 nm, cut-off 570 nm) were acquired with a delay of 50 ps and an
integrationtime of 300 ps. FRET ratio for each reading was calculated as
theratio of acceptor emission to donor emission. InsP; signal foradrug
and transfection combination was calculated as the average FRET ratio
of agiven transfection condition without drug treatment subtracted
fromthe average FRET ratio of aof agiven transfection condition with
drug treatment. Dose-response curves were fit to the same equation
as CAMP dose-response curves.

Outlier handling. Biological samples with poorly matched cell density
or receptor expression levels (desired parameters for collection are
indicatedin ‘General procedure’) were flagged as potential failed sam-
ple replicates. Flagged samples that were outliers (absolute Z-score
greater than 3) in comparisonto other biological replicates were omitted.

PTH,R-luciferase complementation reporter assay

Expressed PTH,R-luciferase complementation constructs were vesicu-
lated as previously described, with modifications for smaller sample
volume?®. Media in each well was used to gently shear and resuspend
the cells by pipetting. The cell mixture was centrifuged (3 min, 300g)
and the media was aspirated. Cell pellet was resuspended in 1 ml PBS
and centrifuged again as above. Cells were resuspended againin 0.6 ml
vesiculation buffer (10 mM HEPES pH 7.4,150 mM NaCl, 20 mM CacCl,,
2 ug ml™ aprotinin, 2 pg ml™ leupeptin, 2 mM N-ethylmaleimide) and
incubated at 30 °C with shaking at 180 rpm for 2 h. Cellular debris was
removed by centrifugation (1,000g for 1 min). To collect additional
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vesicles, debris was resuspended in 0.3 ml PBS, briefly vortexed, and
centrifuged again (1,000gfor 1 min). The ~0.9 ml of combined decanted
supernatant was centrifuged one additional time (1,000g for 2 min)
to better remove cellular debris. Vesicles were collected by centrifu-
gation (3,200g for 40 min at 4 °C) and washed in 0.5 ml assay buffer.
Centrifugation step was repeated, and vesicles were resuspended in
0.1 mlassay buffer.

Vesicle samples were collected in a 96-well clear bottom plate and
assayed for TagRFP fluorescence (Tecan Spark, excitation 521 nm,
emission 585 nm, gain150). For each set of constructs for agiven ICL3
insertion (Spep, Qpep, and control), samples were diluted to the low-
est TagRFP counts.

FourICL3insertion constructs were assayed at agiventime (12 total).
45 plof each sample was transferred to an opaque 96-well flat bottom
plate. 45 pl of Nano-Glo Substrate (Promega N1110) diluted 1:50 in assay
buffer was added to each well in the new plate. After tapping the plate to
collectliquid at the bottom of the well, akinetic luminescence read was
started (500 msintegration, continuous for 40 min) and luminescence
signal was tracked. When luminescence signal equilibrated (plateau
between300-350 s), the kinetic read was paused and 10 pM of PTH,_5,
was added toeachwell. The plate was tapped 2-3 times to mix, and the
kinetic read was resumed. Moving averages were computed for each
kinetic trace (3-point averages for 5 min equilibration, 8-point moving
averages post-drug treatment). Each kinetic trace was normalized to the
last point of the pre-drug equilibration. The maximum luminescence
value that appeared stable over time was used for further analysis. Spe-
cificSpep and Qpep signals were calculated by subtracting the control
value from the Spep value and the Qpep value for agiven experiment.

Molecular dynamics simulations

For maximum sampling of the conformational heterogeneity exhibited
by thethirdintracellular loop of $,AR, we used multiple runs of all-atom
molecular dynamics simulations using the agonist isoproterenol, as
detailed below.

Initial state structural models of B,AR. 3,AR with a truncated
Nterminus (A1-34) and truncated C terminus (A341-413) was used for
allsimulations. We built the ICL3 sequence (228-RQLQKIDKSEGRFHVQ
NLSQVEQDGRTGHGLRRSSK-263) as anunstructured loop into distinct
models of the receptor derived from known structures of 3;AR and
B,AR, with the following rationale (Supplementary Table 2, Supple-
mentary Fig.4):

(1) Model A. Published inactive state crystal structures of 3,AR lack
atomic coordinates in the ICL3 region. However, the inactive state
crystal structure of thermostabilized wild turkey 3,AR (PDB ID:
2YCX)* has a truncated, but structurally resolved ICL3 that folds
into the receptor’sintracellular cavity. Alignment of this structure
with the with the agonist- and G protein bound structure of ,AR
(PDB ID: 3SN6)" showed that a C-terminal portion of 3;AR’s ICL3
aligns with the CaS5 helix of the G protein bound ,AR (Supplemen-
tary Fig. 5). We posited that this is a possible ‘autoregulated’ state
of GPCR activity, wherein the ICL3 competitively inhibits G protein
binding. Thus, we used the 3,AR inactive state structure (2YCX) asa
template to derive ahomology model of 3,ARin the autoregulated
inactive state using SWISS-MODEL software*S.

(2) Model B. Complementing the agonist- and G protein bound struc-
ture of B,AR is a structure of 3,AR in complex with a14-amino acid
peptide derived from the Cas helix of the G protein (PDBID: 6E67)*.
The orientation of the 14-amino-acid peptide is distinct from that of
the CaS helix of the G proteinin the 3SN6 structure, and as posited
by Kobilka and colleagues, represents an intermediate state in the
G protein activation mechanism.

(3) Model C.Inour previous work®, we performed molecular dynamics
simulations of B,AR using the atomic coordinates of PDB 6E67 as an
initial state. In these simulations, we observed that the C-terminal

cap of transmembrane helix 5 transitioning into the ICL3 region
unravels. This is distinct from the helical conformation of this re-
gion observed in models A and B. Since this could be a part of the
transition from the intermediate to the active state, we used this
structural model as a starting point.

(4) Model D.In our previous work?, we also observed that upon remov-
ingboth afused T4 lysozyme and an engineered disulfide bond be-
tweenthereceptor and the14-amino-acid G peptide fromthe 6E67
structure, the peptide unravelled in our simulations, leaving just
oneturnofthe Gs peptide capping the receptor’s G protein-binding
site. As this could represent the movement of ICL3 out of the au-
toregulated state, we built the C-terminal portion of ICL3 mimicking
this structure, with the rest of the loop modelled in an extended
conformation.

Cell membrane mimicking multi-lipid bilayer. To study the effect of
multiplelipids onthe GPCR conformation ensemble, we used a mixed
lipid bilayer to mimic the cell membrane (Supplementary Fig. 3). The
outer leaflet of the membrane bilayer consists of POPC, DOPC, POPE,
DOPE, sphingomyelin (Sph), ganglioside (GM3) and cholesterolin the
ratio 0f20:20:5:5:15:10:25, while the inner leaflet contains POPC, DOPC,
POPE, DOPE, POPS, DOPS, phosphatidylinositol 4,5-bisphosphate,
and cholesterol in the ratio of 5:5:20:20:8:7:10:2%. To further mimick
the cell membrane conditions, we neutralized the composite lipid
bilayer with150 mM of CaCl,. To obtainarandom distribution of lipids
in coarse grain simulations, the lipid bilayer was built three times in
the same composition given above. After equilibration of each of the
three simulation boxes, we performed 10 ps of coarse grain molecular
dynamics (CGMD) simulations with Martini2.2 forcefield*. The coarse
grain lipid bilayer models were converted to all-atom models using
the script backward.py from the Martini website*®. We extracted five
different cell membrane lipid configurations, described in detail in
our previous work?. We then inserted our four initial state models of
B,ARinto these lipid configurations. After elimination of steric clash
between the receptor and lipids, we found with one GPCR-lipid bilayer
complex foreachmodel Ato C and five GPCR-lipid bilayer complexes
for model D.

All-atom molecular dynamics simulation protocol. Each GPCR-
lipid bilayer complex was solvated with water and neutralized with
150 mM of CaCl,. The disulfide bonds were built according to the
disulfide bonds listed in the 6E67 structure’s template PDB file. The
minimization-heating—equilibration-production was carried out
as previously described®>*. Each GPCR-lipid bilayer complex was
minimized and equilibrated using a 50 ns NPT equilibration simula-
tion protocol (constant number of particles, pressure and tempera-
ture). Equilibration was performed starting with position restraints
placed on the receptor, heavy atoms (C, N, O, Sand P) in the ligand,
andinthe head group of thelipids. The force constant on the position
restraints were reduced from 5to 0 kcal mol™ by a1 kcal mol?interval
per10 nssimulation window. Thelast 10 ns of equilibration simulations
were performed with no constraints. Starting from the last frame of
the equilibration protocol, we performed 400 ns all-atom molecular
dynamics simulation runs with NPT ensemble at 310 K with 2 fs time
step using GROMACS with CHARMM36mFF*, We stored molecular
dynamics snapshots during the molecular dynamics simulations at
20 psintervals. The non-bond interactions in each simulation were
calculated with a cut-off of 12 A. The particle mesh Ewald method was
applied to calculate van der Waals interactions®®. The temperature was
maintained at 310 K using Nose-Hoover thermostat® and pressure at 1
atmosphere using Parrinello-Rahman method®,

Inone of the simulation runs starting frommodel D, we observed that
the cap of the helix that was blocking the G protein site (Supplementary
Fig. 4) left the G protein-binding pocket and transitioned to the fully
openstate of ICL3. However, when we generated a free energy surface



of our combined simulations (see ‘Free energy landscape’), there was
no connection between these two states. To enrich the sampling of
this rare event, we generated a swarm of simulation trajectories. We
extracted three snapshots from the original simulation with transition
event at 50 ns, 100 ns and 150 ns (Supplementary Table 2). We then
performed a production run for 2 ps from each of these snapshots.
Thus, we generated a total of 22 ps of molecular dynamics simulations
to analyse the heterogenous conformation ensemble of ICL3.

Free energy landscape. In order to describe the global motion of ICL3
inour simulations, we mapped our simulation trajectories onto afree
energy landscape using the Markov state model in the software MSM-
Builder2 (Version 3.8.0)*. The backbone dihedral angles (phi and psi)
of the whole GPCR were chosen as order parameters to describe
the motion of ICL3. The phi and psi angle matrix was projected into
two-dimensional space using time-correlated independent compo-
nent analysis (tICA) with a lag time of 2 ns, and free energy landscape
constructed based on the inverse of the population density. Four
major free energy basins were observed on the free energy surface,
which were mostly distinguished by the conformation of ICL3. The
MinibatchKMean clustering method was applied on all sampling points
todistinguish theminto distinct clusters®. 5 total clusters were gener-
ated:oneforeach free energy basin, and two subclusters for one of the
intermediate free energy basins (Fig. 2a,b).

Centre of mass distance measurement. To quantify putative struc-
tural constraints between ICL3 and other intracellular regions of the
receptor, we calculated the distance between the centre of mass of ICL3
(S236-G257) and the centre of mass of either ICL2 (T136-T146) or ICL1
(F61-T66). Distance calculations were performed for each of the five
conformation clusters extracted fromthe free energy landscape. Based
onthetight distance distribution observedincluster1, we performed
additional distance calculations comparing the centre of mass of five
individual ICL3 sequence segments (241-HVQ/NLS/QVE/QDG/RT-254)
and the centre of mass of either ICL2 or ICL1 for cluster 1.

Bioinformatics analyses

Meta-analysis of ICL3 mutation data. As ICL3 is highly variable in
sequence length, we opted to use an N- and C- terminal numbering
schemeto keep track of the locations of mutagenized sites, where the
N-terminal half of anICL3 sequence is N1-Nn, and the C-terminal halfis
Cn-Cl1,wherenisone-halfthe length ofareceptor’sICL3 sequence. We
used TM5.56 as astarting point for the N-terminal sequence numbering
to demarcate cytoplasmic exposure of TMS5. The same logic applied to
TM6.37 for the C-terminal sequence numbering (Extended Data Fig.1
and Supplementary Tables 1-4).

Weincluded all mutational data (pKj, pECs,, and E,,,,) that we could
find with a wild-type reference point. For pK; plots, we only included
agonist binding data. To plot the effect of location of mutation versus
functional effect, we normalized each ICL3 length to the shortest ICL3
in the dataset (22 amino acids). Each position mutated was assigned
the effect of the mutation.

ICL3 length versus G protein interface conservation. G protein
interface conservation (Fig. 5a and Extended Data Fig. 9a-j) was cal-
culated as the sequence similarity of all amino acids composing the
GPCR’s G protein-binding interface. The residues composing this
interface were inferred from previous structural alignmentand inter-
face mapping®***. Sequence similarity was calculated from four sepa-
rate GPCR interface alignments, in which receptors were separated
based ontheir primary G protein signalling transduction pathway in
the IUPHAR/BPS Guide to Pharmacology database*',

Interface composition was compared to ICL3 sequence length.
The starting position and ending position of ICL3 for each GPCR was
determined based onthe genericresidue numbers of the first and last

cytosol-exposed residue in the ICL3 region of B2AR, as determined
from crystal structures (PDB ID: 3SN6).

We repeated the analysis for two other datasets assessing GPCR G
protein subtype specificity using parallelized high-throughput screen-
ing techniques®?®, These datasets allow for quantitative comparison
different G proteins coupling to a given receptor. To assess if there
were high-level differences in G protein selectivity for the short-ICL3
and long-ICL3 groups in these datasets, we compared the highest
log(E...x/ECso) value (considered cognate) with the second-highest
value (considered secondary) for each receptor. For this analysis, we
did notinclude the receptorsthat only had alog(E,,,./ECs,) for asingle
receptor (Extended Data Fig. 9g,j).

Statistics

Statistical analyses were performed in RStudio (version 2022.12.0).
For experiments comparing two conditions, an unpaired two-sided
t-test was used. For experiments comparing more thantwo conditions,
analysis of variance was used. One-way ANOVA was used for single level
comparisons (for example, effects of mutations), and two-way ANOVA
was used for two-level comparisons (for example, effects of mutations
and effects of G peptides). To compare between conditions, Tukey’s post
hoctest was used. For two-way ANOVA comparisons where the interac-
tion effect was not significant (P> 0.05), we did not make individual post
hoc comparisonsbetween levels (for example, we would still compare
mutation A to mutation B, peptide A to peptide B, but not mutation
A compared to peptide B). Statistics were not used to pre-determine
sample size for any experiments. Conditions for biological samples
(membranes, cells, vesicles) were plated and/or assayedinrandomorder
betweenexperimental replicates for all datasets. Investigators were not
blinded to group allocation during data collection or analysis, as all data
presented are quantitative and no subjective metrics were assessed.

Software

Fluorescence lifetime data were fit in DAS6 (Horiba). Curve fits were
performedin Excel using the Solver add-in. Figures were generated in
RStudio (version 2022.12.0) using the ggplot2 package®. Image pro-
cessing was performed in Fiji®*¢*. Molecular structure representations
were created using VMD (version 1.9.3)%° and Pymol (version 2.0.6)%°.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Simulation data are stored on the molecular dynamics database for
GPCRs (http://GPCRmd.org) under dynamics ID 1247. Receptor struc-
ture files 3SN6, 2YCX, 6E67, 5)QH, AND 4LDL were obtained from the
Protein Data Bank (https://www.rcsb.org/). G protein coupling data
was obtained from the G protein database (https://gproteindb.org/
signprot/couplings). Source data are provided with this paper.
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a B,AR-mNeonGreen b B,AR-L258Azi-mNeonGreen

Extended DataFig.2|Representative confocal scanningimages of mNeonGreen fluorescence for (a) B,AR wild-type (WT) (A350-413)-mNeonGreen and
(b) B,ARL258Azi (A350-413)-mNeonGreen. Scalebar indicates 10 um. Experiments for which images were collected were performed three times.
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Extended DataFig. 3 | Pharmacological and biochemical characterization
ofL258Aziincorporation and bio-orthogonal click chemistry. a. Schematic
of stop codon suppression.L258 inthe ICL3 of C-terminally truncated f2AR
(A350-413)-TagRFPis mutagenized to an amber stop codon (TAG). 4-azido-L-
phenylalanine (Azi) isincorporated by charging amber suppressor tRNA
with Azi using an engineered synthetase specific for Azi*. b. Isoproterenol
dose-cAMP accumulation response for overexpressed f2AR-(A350-413)-
TagRFP constructs. Points are mean +standard error of mean of three biological
replicates. Curves are the fit of the mean data (Methods). c. Expression levels of
constructsin (b) as measured by TagRFP fluorescence at equivalent cell
counts. Barsindicate mean + standard deviation, points represent three
independent experiments. d. Table of fit parameters from (b). Valuesindicate
mean +standard error of mean of three independent experiments. Statistical
comparisons shownare fromunpaired two-sided t-tests comparing WT and
L258 Azi (pECsy:t =-0.09,4 degrees of freedom; E,,,: t = -1.33,4 degrees of
freedom). e. Fluorescence gel scanning (ex473 nm, 510- long pass emission
scan; complete gel scanisincludedinSupplementaryFig.1) Lanes1-4
(numbered left toright; left half of gel) -incorporation of Aziinto B2ARL258x
(A350-413) SNAP (B,AR-L258X-SNAP), measured by detection with SNAP
Surface Block 488 (BG-488) (Expected molecular weight 60 kDa). Deviations
inexpected vs apparent molecular weight have been previously reportedin
helical membrane proteins®”. Membrane extracts from cells transfected
without (-) and with (+) the vector containing the receptor mutant (Lane1vs 4);
transfected +/-the vector containing theamber suppressor tRNA, and Azi
tRNA Synthetase (pAzi) (Lane 3 vs 4); and incubated +/- 0.5 mM of the unnatural
amino acid Azi (Azi) (Lane 2 vs 4). Highest band intensity is seen when all
components are present. Aband of lighter intensity isseenin the absence of
Azi(lane 2), whicharelikely attributable to charging of tRNA, by the Azi tRNA
synthetase with other amino acids under our transfection conditions. Lanes
5-8 (right half of gel), click-chemistry labeling of B2AR L258Azi (A350-413)
SNAP with ATTO488-Alkyne (equivalent fluorophore to BG-488) using the
same controls as lanes 1-4. Highest band intensity is seen when all components
arepresent.Non-specificbandsareseenintheabsence of receptor mutant,
whichisattributable to labeling of Azi-suppressed amber stop codons of
endogenous proteins (23% of open reading frames in the Human genome have
TAG stop codons®®) with ATTO488-Alkyne. Lighter intensity of lane 8 band
comparedtolane4bandislikely due toincomplete labeling with ATTO488-
Alkyne, which could reduce apparent basal FRET. Experiment for which scan
was collected was performedin parallel three times. f. Schematic of ,AR

L258Azi (A350-413) mNeonGreen, with L258Azilabeled with Cy3-Alkyne.
g.Labeling specificity of construct depicted in (f). Grey bars, mNeonGreen
fluorescence (ex470/em515). White bars, Cy3 fluorescence (ex535/em565).
Barsrepresent mean + standard deviation of threeindependent experiments.
Dotted lineon Cy3 barsrepresents mNeonGreen cross-excitation ($,AR
L258Azi (A350-413) mNeonGreen without Cy3). With this considered, the
labeling conditions yield a-3:1signal (B,ARL258Azi (A350-413) mNeonGreen
with Cy3-Alkyne) to noise ($,ARwild-type (WT) (A350-413) mNeonGreen with
Cy3) ratio, which could also diminish apparent basal FRET h. Representative
mNeonGreen fluorescence decay curves of the labeling conditions in (g). Only
thespecificlabeling condition resultsinan observable left-shiftin fluorescence
decay.i.Receptor-G, peptide complex formation. Left, schematic of G,-peptide
pulldown assay used to assess complex formation. Membrane extracts of cells
containing 32AR (A350-413)-TagRFP are pulled down onto streptavidin-coated
magnetic beads via30 pM of N-terminally Biotinylated G,-peptide. Right, Biotin-
G,-peptide pulldown measurements comparing ,AR A350-413 TagRFP (WT)
and 3,ARL258Azi A350-413 TagRFP labeled with AZDye488 (Sensor). Bars
represent mean +standard deviation of 3independent experiments. Points
represent experimental replicates. Statistical comparison shownis from
anunpaired two-sided t-test (t=2.28, 4 degrees of freedom). j.'»*I-(+/-)-
Cyanopindolol bindingto membrane extracts of WT, sensor, and endogenous
adrenergicreceptors (Untransfected). k.'?I-(+/-)-Cyanopindolol binding to
membrane extracts of WT and Sensorin the presence of 30 uM G,-peptide.

1. Competition binding between '*I-(+/-)-Cyanopindolol and Isoproterenol for
WTand m. Sensor. Binding assaysin I were performed in the presence and
absence of 30 pM G,-peptide. For (j—m), opaque points represent the mean +
standard error of mean of 3independent experiments. Curvesrepresent the fit
ofthe mean datatoabinding model (see Methods). For (j) and (k), transparent
pointsrepresent experimental replicates. n. Table of fit parameters from
125]-(+/-)-Cyanopindolol binding assays in (j) and (k) and 0. competition
binding assaysin (I) and (m) (mean + standard error of mean of three
independent experiments). p. Table of p-values from post-hoc statistical
comparisons. Comparisons shown are from two-way ANOVA followed by
Tukey’s post-hoc significance test where **indicates p < 0.01and *indicates
p<0.05(plCsy: Factor 1(WT vs Sensor): F=11.1, p=0.01, Factor 2 (G,-peptide
treatment): F =44.5,p = 2e-4,Factor 1*Factor2: F=1.2,p = 0.3; pK;: Factor 1:
F=2.5,p=0.2,Factor2:F=25.3, p=1e-3, Factor 1*Factor2: F=0.3,p = 0.6).
Greyindicatesaninsignificantinteraction from ANOVA (p >0.05).
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Extended DataFig. 4 | Analysis and optimization of ,ARICL3 FRET sensor.
Time-correlated single photon counting data used to derive fluorescence
lifetime values. a. Representative decay curves of B,ARICL3 FRET sensor
untreated (Buffer) or treated with Isoproterenol (100 pM). Transparent traces
represent collected data, and opaque lines represent fits of datatoa
3-exponential decay model (Methods). b. Table of lifetimes (z, ns) and
amplitudes (@, arbitrary units), for single exponential (1), double exponential
(2), and three exponential (3) fits. Comparison of goodness-of-fit for the

(c—e) buffer condition and for the (f—h) Iso condition. Traces are the residuals
between the dataand al-exponential decay, 2-exponential decay, and
3-exponential decay. The systematic overestimation (0-5ns,10-30 ns) or
underestimation (5-10 ns) of residuals for the 1-and 2-exponential fits suggests
use of a3-exponential fit to estimate the average lifetime (x2) more accurately.
(i—p) Sensor designs (illustrated in i, j, m) based on 3,AR L258Azi (A350-413).
Donor/Acceptor pairs are formed between fluorophoreslocated at $,ARL258
and the truncated C-terminus. Summary - B,AR with dual AZDyes (488 and 546)
shows robust changesindonor fluorophore lifetimes in response to agonist
and G protein site effector.i. Membrane extracts of cells expressing 3,AR
L258Azi (A350-413) mNeonGreen labeled with Cy3-Alkyne (n =4 independent
experiments) or (j) B,AR L258Azi (A350-413) TagRFP labeled with AZDye488-
Alkyne (n=3independentexperiments).For (i) and (j): Left, schematic of
sensor. Right, Average fluorescence lifetime (i-mNeonGreen or j-AzDye488)
ofuntreated sensors (Buffer), sensors treated with the agonist Isoproterenol
(100 uM), or sensors treated with Iso and nanobody Nb6B9 (500 nM). White
bars designate donor only controls (i- B,ARL258Azi (A350-413) mNeonGreen
without Cy3-Alkyne label, j- B,ARL258Azi (A350-413) SNAP labeled with
Alkyne-AZDye488). Grey bars designate FRET sensor with both donorand
acceptor fluorophores present. Statistical comparisons shown froma two-
way ANOVA followed by Tukey’s post-hoc significance test where NSindicates
p=0.05 (i-Factor1(Donor vs FRET): F =49.5, p =1.5e-6, Factor 2 (Buffer vsIso vs
Iso+Nb):F=0.2,p =0.84, Factor 1*Factor 2: F = 0.014, p =.986, 18 degrees of
freedom;j-Factor1(Donorvs FRET):F=0.1,p = 0.76, Factor 2 (Buffer vsIso vs
Iso+Nb):F=1.9,p =0.20, Factor 1*Factor 2: F=0.15, p =.86,12 degrees of
freedom). k. Fluorescence lifetime of Alkyne-AZDye488 added free in solution

to B,AR (A350-413) wild-type TagRFP membranes (n = 3independent
experiments). Statistical comparisons shown froma one-way ANOVA followed
by Tukey’s post-hoc significance test where NSindicates p > 0.05 (F = 0.03,
p=.97, 6 degrees of freedom) . Fluorescence lifetime of OG 488-Alkyne and
ATTO488-Alkyne (n=3independent experiments). White bars represent
measurements of dye freeinsolution, and grey bars represent dyes conjugated
tomembrane extracts from cells expressing B2ARL258Azi (A350-413) SNAP.
Conjugation of any of the three donor dyesto 3,ARL258Azi decreases
fluorescence lifetime eventhe absence of FRET acceptor. Statistical
comparisons shownare from two-sided unpaired t-tests (0G488:t=7.7,4
degrees of freedom; ATTO488:t=14.3,4 degrees of freedom) m. Schematic of
B2ARL258Azi Y350Azi (A351-413) labeled with Alkyne-AZDye488 and Alkyne-
AZDye546.Membrane extracts of cells expressing the B2AR double mutant
were labeled with both dyes to generate the FRET sensor. Right, chemical
structure of both dyes. n. Gel scanning of dyesincorporatedinto L258Aziand
Y350Azi (complete gelscanisincluded in Supplementary Fig. 2). Membrane
extracts of cells expressing ,AR (A350-413), with either asingle Azi
incorporationsite or bothincorporationsites (indicated as L258Azi (+/-) or
Y350Azi (+/-)), were conjugated to AZDye488-Alkyne, AZDye546-Alkyne, or
both dyes (expected molecular weight 40 kDa)®". Left, 488 fluor scan (ex473 nm,
510-long pass emission scan). Right, 546 fluor scan (ex 532 nm, 570- long pass
emissionscan) of thesame gel. Bandsinlane2 ontheleftandlanelontheright
canbeattributed to cross-excitation (10-15% cross-excitationis expected
ontheexcitation wavelengths and the long-pass filters available on the
instrument). 0. Concentration of each dye in membrane extracts containing
sensor depictedin (m) (n =3 independent experiments). Dye concentrations
were assessed from sample emissionsin afluorometer (at emission maximum)
and concentration standards. p. Average fluorescence lifetime of sensors (n=5
independent experiments) under Buffer, [soproterenol (100 pM), Isoproterenol
withNb6B9 (500 nM), or Isoproterenol with G-peptide (10 pM) treatment.
White bars designate donor only controls (3,ARL258Azi (A350-413) SNAP
labeled with AZDye488-Alkyne). Grey bars designate FRET sensor. For all bar
graphs (i—1,0,p), barsrepresent mean + standard deviation. Points represent
individual experiments.
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Extended DataFig. 5| Conformational states of ICL3 are coordinated with
theactivationstates of B,AR. a. Inactive and active state alignment of MD
simulation trajectories. (Left) comparison of representative snapshot of
conformation O, with theinactive state structure of ;AR used asastarting
point for simulations (PDBID 2ycx)? and the inactive state structure of 3,AR
bound to carazololand Nb60 (PDBID 5jqh)®’ (residues 217—275shownin
opacity, TM6 labeled). Note that the structure of TM5and TM6 of conformation
0moreclosely align with 5jgh than 2ycx. (Middle and Right) comparison of
therepresentative snap shot of conformations 2b and 3 with the active

state structure of ,AR fused to the Gs peptide used as astarting point for
simulations (PDBID 6e67)* and the active state structure of B,AR bound to
hydroxybenzylisoproterenoland Nb6B9 (PDB ID 41dI)* (residues 217275
shownin opacity, TM6 labeled). Note that the intermediate structure 2b more
closely aligns with the TM5 of 6e67 than 41dl. In contrast, the structure of TM6
of conformation 3 and conformation 2b more closely align with 4ldl than 6e67.
b. Alignment oftherepresentative structures from each clusterin Fig.2 and the
crystalstructure of the 3,AR-G,complex (PDB ID: 3sné6)" (grey). (Top panel)
ICL3 (residues 236—257) and TM6 (residues 262—299) shown in opacity.
(Bottom panel) ICL2 (residues133—-150) shownin opacity. c. Representative
snapshots from molecular dynamics simulations of $,AR depicting the
conformational landscape of ICL3. (Center) - free energy landscape of
simulation trajectories from Fig.2b. tICAland 2 coordinates of representative
snapshotsare highlighted. Points 0,1, 2a, 2b, 3 are taken from local free energy
minima of their corresponding free energy basins. Points A, B, C, E, Gare taken
fromthe sampling point which haslongest distance fromits starting point and
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shortestdistance to anearby state onthe freeenergy landscape. Structural
snapshots derived from each of these points (grey) are aligned to both
aninactive structure of B,ARbound to the drug carazololand Nb60

(PDBID 5jgh, cerulean)®® and an active structure of $,AR bound to the agonist
hydroxybenzylisoproterenoland Nb6B9 (PDB ID 41dl, pink)*.. Residues
TMS5.56-TM6.37 are shown with opacity. tICA1appears to correspond with how
open (negative values) or closed (positive values) ICL3 is over the receptor. tICA
2appearsto correspond with how structured/helical ICL3 is atits N-and C-
termini-whereitbridges TMS5 and TMé6 respectively - with higher (positive)
values reflecting higher disorder ateach end. d. Simulation trajectories
correlate with FRET sensor readout. Center free energy landscape and states
(0-3; A-E) taken from (c). Structural snapshots derived from each point are also
derived from (c), but are shown from the point of view of the cytoplasmic face
ofthereceptor.Residue 258 (green) and 340 (magenta; the last residue
simulated inthe receptor) areshownasspheres, with the distance (A) between
theseresiduesin eachstructurelabeled. Structures were grouped based on
these distances (closed, intermediate and open). Average distance for each of
the groupsisindicated onthe circle diagram. e. Distance between ICL3 and
ICL1for simulation trajectoriesineach highlighted cluster. f. Distance between
segments of ICL3 (residues 241-254 analyzed in segments of 2-3 residues) and
ICL1for simulation trajectoriesin cluster O (n = 8424 MD snapshots for each
violin) or g.intermediate cluster 1(n =11648 MD snapshots for each violin;
reproduction of Fig. 2c for comparative purposes). h—jDistance distributions
betweenICL3 and ICL2. Linesrepresent quartiles of each dataset.
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Extended DataFig. 6 | Receptor priming by G peptideinvolves modulation
of ICL3’s conformational ensemble. a. cAMP accumulation from endogenous
adrenergicreceptorsin HEK293T cells. Graph shows cAMP levelsinuntransfected
cellsrelative tocells transfected with B,ARWT (Fig. 2g, Black, 1.60e5
luminescence counts, Fig. 4e, Red, 1.61e5 luminescence counts). Points are
mean tstandard deviation of threeindependent experiments, and curveis the
fit of the mean data (Methods). At the concentration of Isoproterenol used for
single-concentration assays (10 M), cAMP generated from endogenous
receptorswasonly detectedinthe presence of 500 pMIBMX.b-c.3,ARWT

and mutant receptor expression levels for all biological replicatesin Fig. 2g.
b.Figure 2greproduced with different symbols for eachsample (n =biologically
independent samples from 6 experiments). c. Expression levels of 3,AR
mutants for biological replicates in Ashown with matched symbols. Receptors
have afused C-terminal mCerulean tag, whichis used to assess the amount of
B,AR expressed on cells for cAMP experiments. Expression level (Y-axis)
represents the mCerulean fluorescence (ex430/em475) divided by cell-
concentration dependent cell scattering (ex430/em450). Bars indicate mean +
standard deviation. d. Schematic of fusion constructs. Receptorand G- or G-
peptide are fused througha10 nm ER/K a-helical linker, which fixes the local
concentration of the peptide at the receptor to ~-10 pM. e. cAMP accumulation
downstream of B2AR-peptide fusion constructs at saturating concentrations
oflsoproterenol (10 pM). The three B2ARICL3 alanine mutants assessed (QVE-
AAA,QDG-AAA, RT-AA) have the highest ICL1distance constraints in molecular
dynamics simulations (Fig. 2d), as well as the greatest release of closed state
mediated auto-inhibition, as assessed by cAMP accumulation (Fig. 2g).

nindicatesindependentbiological samples from 6 experiments. Box edges
represent the 1stand 3rd quartiles of the data, centerline represents median,
whiskers represent outlying points within1.5x theinterquartile range of the
data. Pointsrepresentindependent experiments, with point geometry
indicating biological replicates. f. Expression levels of B2AR mutants.

Y-axis refers to mCerulean fluorescence (ex430/em475) divided by cell-
concentration dependent cell scattering (ex430/em450). Bars indicate mean
standard deviation. Pointsindicate independent biological samples, with
symbols corresponding with (e). g. Schematic of ,ARICL3 FRET sensor (Fig.1)
treated in presence (+) or absence (-) of agonist Isoproterenol and/or G,-pep.
h. FRET Efficiency for sensor shownin (g). Box edges represent the 1stand 3rd
quartiles of the data, centerlinerepresents median, whiskers represent
outlying points within1.5x the interquartile range of the data. Points represent
4independent experiments, withshadeindicating replicates. i. Source data for
FRET Efficiency shownin (h). FRET Efficiency is defined as 1-Tqz¢1/Tponor» Where
Trrer iS the average lifetime of the FRET sensor (FRET, grey bars) and 7, is the
average lifetime of a488-only labeled control sample (Donor, white bars).
Barsindicate mean + standard deviation from 4 independent experiments.
Statistical comparisons shown are from a two-way ANOVA ((e): Factor 1

(G peptide treatment): F =51.7, p =1.4e-12, Factor 2 (ICL3 Mutation): F=7.2,

p =4e-4,Factor1*Factor2:F=2.1,p=0.07,47 degrees of freedom; (h): Factor
1(Ggpeptreatment):F=0.2,p=0.66, Factor 2 (Iso treatment): F=0.1,p=0.75,
Factor1*Factor2:F =22.9, p = 4e-4) followed by Tukey’s post-hoc significance
test where****indicates p < 0.0001, ***indicates p < 0.001, **indicates p < 0.01,
*indicates p < 0.05,and NSindicates p > 0.05.
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Extended DataFig.7|Supporting data for Fig. 3. a.'*I-Cyanopindolol
binding to membranes expressing 3,AR wild-ype (WT) and 3,ARAICL3

(AICL3 -Fig.3a). Pointsrepresent mean + standard error of mean from3
independent experiments. Curveindicates the fit of the mean data (Methods).
Binding experiments were done in the presence or absence of G,-peptide to
assessK; values for the agonistisoproterenol. b. Table of fit parameters from
binding curvesin (a) (mean +standard error of mean). c. Expression levels of
B,AR mutantsin cAMP dose response curves (Fig.3cand e). Y-axis refers to
fluorescence of mCerulean fused to receptor C-terminus (ex430/em475)
divided by cell-concentration dependent cell scattering (ex430/em450). Bars
indicate mean + standard deviation from 3 independent experiments. Points
indicate individual experiments with symbols denotingindividual biological
replicates. d. Table of fit parameters from Isoproterenol competition binding
curves (Fig.3b,c) and cAMP dose response curves (Fig. 3e,f). Theagonismindex

10g(E ,ax/ECso) is derived from individual E,,,,, and EC,, values’™. Values indicate
mean = standard error of mean for 3independent biological experiments. e.
Table of statistical comparisons of fit parameters. Comparisons shown are
from two-way ANOVA (pICs,: Factor 1(WT vs AICL3): F=5.05,p = 0.05, Factor 2
(G, peptide treatment): F=2.0, p=0.20, Factor 1*Factor 2: F=5.06, p= 0.05);
pK;:Factor1:F=5.6,p=0.046,Factor2:F=4.3,p=0.07, Factor 1*Factor 2:
F=13.7,p=6e-3; pEC;sy: Factor1:F=0.1, p=0.72,Factor2: F=19.8, p = 2e-3,
Factor1*Factor2:F=3.5,p=0.10; E,,,: Factor1: F=0.1,p=0.79, Factor 2:
F=0.9,p=0.77,Factor1*Factor 2: F =26.3, p = 9e-4; log(E,,..,/ECs,): Factor 1:
F=0.2,p=0.70,Factor2:F=19.8,p=0.002, Factor 1*Factor2: F=8.5,p=0.02;
8degrees of freedom for all tests) followed by Tukey’s post-hoc significance
testwhere**indicates p <0.01and *indicates p < 0.05. Greyindicates an
insignificant comparison of factors (p > 0.05).
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8| Non-cognate and secondary GPCR-G protein
couplingisregulated by ICL3. (a—d) Cognate and non-cognate G-peptides
bind the receptor at the cytoplasmic cavity. The active state nanobody Nb6B9,
which binds B,AR tightly at the cytoplasmic cavity, was used to quench agonist-
induced changesin FRET (Isoproterenol (100 uM)-Buffer) for sensors linking
B,ARtoeither the cognate G, peptide (aand ¢) or non-cognate G, peptide
(bandd). AICL3 refers to truncation of ICL3 sequence as depicting in Fig. 3a.
Barsrepresent mean + standard deviation for 3independent experiments, and
symbols representindependentbiological replicates. Statistical comparisons
shownare from unpaired two-sided t-tests comparing WT and AICL3, where
**indicates p<0.0l1and*indicatesp<0.05(a:t=3.26,b:t=1.04,c:t=3.06,
d:t=3.10,4 degrees of freedom for each). (e-h) Site-directed mutationsinICL3
alonearenotsufficient to alter 3,AR signaling specificity. e. Agonistinduced
changein FRET ratio (Isoproterenol (100 pM)-Buffer) for 3,AR-G,-peptide FRET
sensors. Sensors for the wild-type 3,AR (WT) (n=5biologicallyindependent
samples), HVQ-AAA (n=4),and QDG-AAA (n =5) mutationsin ICL3 showed no
significant differencesinsensorresponses (F=0.5,p=0.6,11degrees of
freedom).f.Expressionlevels of B,AR mutants in IP1dose response curves from
4independent experiments (Fig. 4c).g.IP1accumulation downstream of B,AR
mutants (HVQ-AAA, QDG-AAA and ICL3 truncation (AICL3 - Fig. 3a)) under
saturating Isoproterenol (10 uM) (n =4 independent experiments). Foreand g,
Box edges represent the 1 and 3 quartiles of the data, centerline represents
median, whiskers represent outlying points within 1.5x the interquartile range
ofthe data. Symbolsrepresentindependent biological replicates. Statistical
comparisonsshown are from aone-way ANOVA (F =26.02, p =1.5e-5,12 degrees
of freedom) followed by Tukey’s post-hoc significance test where ***indicates
p<0.001. h.Expression levels of B,AR mutantsin (C). For fand h, Y-axis refers to
mCerulean fluorescence (ex430/em475) divided by cell-concentration
dependent cell scattering (ex430/em450). Bars indicate mean + standard

deviation. Symbols denoteindependent experiments (n =4). (i—-m) ICL3
truncation enhances non-cognate or secondary G protein signaling. Assays
were performed at saturating agonist concentrations (Supplementary Table 3).
Receptor names are colored by cognate/primary G protein (red - G; blue - G;
green -G, i.Forskolininhibition downstream of receptor activation (G, signaling)
for G,-coupledreceptors 3,AR (n=3,t=6.57,4 degrees of freedom), ;AR (n = 3):
t=0.026,4 degrees of freedom),and D,R(WT:n=3,t=0.64,5degrees of
freedom); G,-coupled receptorsM;R (WT:n=3,AICL3:n=4t=-1.83,5degrees
offreedom)andV,R(WT:n=3,AICL3:n=4,t=-0.3,5degrees of freedom);
and G;-coupledreceptors AR (n=4,t=-0.83,6 degrees of freedom) and CB,R
(n=4,t=-7.54,8degrees of freedom) j.cAMP accumulation following receptor
activation (G, signaling) for G;-coupled receptors B,AR (n=3,t=3.24,4 degrees
of freedom), B,AR(WT:n=3,AICI3:n=4,t=-1.07,5degrees of freedom),
D,R(n=3,t=-0.55,4 degrees of freedom); G;-coupled receptors AR (n =3)

and CB,R (n=5);and G,-coupledreceptors M,R (WT:n =3, AICL3:n=4)) and
Vi,R(WT:n=3,AICL3:n=4).k.Corresponding expression level of wild-type
receptors (WT, grey bars) and receptor ICL3 truncation mutants (AICL3, white
bars) for (i) Forskolininhibition and (j) cAMP accumulation. I. IP,accumulation
following receptor activation (G, signaling) for G,-coupled receptors 3,AR
(n=4),B,AR(WT:n=3,AICL3:n=4),and D,R (n=4); G,-coupled receptors M;R
(WT:n=3,AICL3:n=4,t=-1.26,5degrees of freedom) and V;,,R (n=4,t=-0.35,
6 degrees of freedom); and G;-coupled receptors AR (n=3) and CB,R (WT:n=3,
AICL3:n=4).m. Corresponding expression level of wild-type receptors (WT,
grey bars) and receptor ICL3 truncation mutants (AICL3, white bars) for (I) IP,
accumulation. Statistical comparisons shownin (I,jand 1) are from unpaired
t-testscomparing WT and AICL3, where ***indicates p < 0.001, **indicates
p<0.0land*indicates p <0.05.Barsrepresent mean +standard deviation ofn
biological samples (i) and (j). Shaded circles represent independent
experiments.
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Extended DataFig.9|ICL3lengthas aG proteinselectivity determinant.
a.Violin plot of interface conservation for receptorsineach group shownin
Fig.4a (Specificity through G protein interface:n =183 receptors, Gated by ICL3:
n=60receptors, t =4.41,247 degrees of freedom). b. Venn diagram of
experimental G, G,, and G; protein couplings derived from the IUPHAR/BPS
Guideto Pharmacology database for receptorsin the grey region (Specificity
through G protein interface,n=187) or c.theblueregion (Gated by ICL3,n = 62)
inFig.4a.Number of receptorsin each overlapping or non-overlapping region
isindicated d. Cumulative distribution function of ICL3 lengths of receptors
withmultiple experimentally determined G protein couplings (G, G;, G,, and/or
Gy,13,n=132receptors), or asingle experimentally determined G protein
coupling (n=111receptors). Alarger proportion oflong ICL3 receptors couple
toasingle G protein (rightward shift of single G protein coupling plot). e.ICL3
length versus conservation of the G protein binding cavity (sequence similarity)
for GPCRs with experimentally determined G protein couplingin a high-
throughputscreening assay (Specificity through G protein interface:n= 66
receptors, Gated by ICL3: n =33 receptors)®*’'.f. Violin plots comparing
interface conservation (t=2.21,97 degrees of freedom) and g. G protein
selectivity (Specificity through G protein interface: n = 56 receptors, Gated by
ICL3:n=29receptorst=-2.11,83 degrees of freedom) for receptorsinE. G
proteinselectivity is determined by the largest G protein subtype log(E,,,./ECs)
value (primary) and subtracting the second-largest value (secondary).
h—j.Repeat of ICL3 length versusinterface conservationusing datafroma

second screening assay® (Specificity through G protein interface:n =99
receptors, Gated by ICL3:n=51receptors, I:t =1.35,148 degrees of freedom; J:
Specificity through G proteininterface:n = 88 receptors, Gated by ICL3:n = 44
receptors, t =-1.74,130 degrees of freedom). k. Table of fit parameters from
dose-response curvesin Fig. 5b,c. Values reflect mean + standard error of mean
ofbiological samples from 4 independent experiments (n =3 for PTH,R-3,AR
ICL3 Chimera cAMP, n =4 for all others; CAMP pECs,: t =1.96, 5degrees of
freedom;cAMPE,,,:t=4.91,5 degrees of freedom; cAMP log(E,,../ECs):
t=-1.53,5degrees of freedom; IP1pEC,: t = 0.94, 6 degrees of freedom, IP1
Emax: t=-2.95, 6 degrees of freedom; IP110g(E,,,.,/ECs,): t = -1.55, 6 degrees of
freedom). Statistical comparisons shownin (a,f-g,i—k) are from unpaired two-
sided t-tests, where *indicates p < 0.05, **indicates p < 0.01,and ****indicates
p<le-4.1.Expression level of receptor mutants from Fig, 5b and m. Figure 5c.
Barsrepresent mean + standard deviation of biological replicates. Symbols
representindependentbiological replicates (n =3 for PTH,R-B,ARICL3
Chimera cAMP, n =4 for all others).n.Schematic of luciferase complementation
reporterassay to compare the effects of ICL3 insertion on PTH,R-G,-or G-
peptide coupling (see Methods). 0. Representative time courses of PTH,R wild-
type.ForeachdatapointinFig.5g,atime courseis collected foraPTH,R-G,-
peptide sensor, PTH,R-G,-peptide sensor,and a PTHIR No peptide control
sensor simultaneously. The plateau of the luminescence valueis subtracted
fromthe plateau of the control sensor to represent the specific PTH,R-G,-and
PTH,R-G,-peptides.
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Data analysis Free energy landscape in Figure 2B was created using MSMBuilder2 (Version 3.8.0). Fluorescence lifetime data were fit in DAS6 (Horiba).
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using VMD (version 1.9.3) and Pymol (version 2.0.6).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

120 Y210

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All source data are included in the manuscript, including a "Source Data" spreadsheet. Simulation data is stored on the MD database for GPCRs (GPCRmd.org) under




dynamics ID 1247. Receptor structure files 3sn6, 2ycx, 6e67, 5jgh, and 4ldl were obtained from the Protein Data Bank (rcsb.org). G protein coupling data was
obtained from the G protein database (https://gproteindb.org/signprot/couplings).
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Population characteristics N/A
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size Sample sizes for individual experiments were maximized based on physical constraints (amount of sample or timing). Number of individual

experiments performed was based on the reproducibility of each result (i.e. smaller, variable effects were attempted 3+ times to ensure
reproducibility, while larger effects with less variability were performed 3-4 times).

Data exclusions | When controllable parameters (e.g. receptor expression and cell count) failed to match desired conditions in second messenger assays, as
indicated in the Methods, data were excluded from analysis. Excluded data are highlighted in the source data file.

Replication Experiments were replicated independently at least three times to ensure reproducibility. With the exception of the data exclusions indicated
above, all experiments were reproduced successfully.

Randomization  Conditions for biological samples [membranes, cells, vesicles] were plated and/or assayed in random order between experimental replicates
for all datasets.

Blinding Investigators were not blinded to group allocation during data collection or analysis, as all data presented are quantitative and no subjective
metrics were assessed.
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Antibodies

Antibodies used Nanobody 6B9 (lama glama)- expressed in Escherichia coli and purified using affinity and size exclusion chromatography in house.
Terbium cryptate labeled anti-IP1 antibody - reagent in IP1 assay kit (CisBio catalog #62IPAPEB).

Validation Nanobody 6B9 binding to the active state beta 2 adrenergic receptor was validated through a competition binding experiment

(Supplementary Figure 20A).
Terbium cryptate labeled anti-IP1 antibody was validated according to the manufacturer's protocol.
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Cell line source(s) HEK 293T Flp-In T-Rex- Thermo Fisher cat#R78007
Authentication Cell line was not authenticated.
Mycoplasma contamination Cell line was not tested for Mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used in this study.
(See ICLAC register)
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