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The k-opioid receptor (KOR) represents a highly desirable therapeutic target for
treating not only pain but also addiction and affective disorders'. However, the
development of KOR analgesics has been hindered by the associated hallucinogenic
side effects’. The initiation of KOR signalling requires the G,,-family proteins
including the conventional (G;;, G;,, G;3, Goa and G,p) and nonconventional (G, and G,)
subtypes. How hallucinogens exert their actions through KOR and how KOR determines
G-protein subtype selectivity are not well understood. Here we determined the active-
state structures of KOR ina complex with multiple G-protein heterotrimers—G;, G,,,
G,and G,—using cryo-electron microscopy. The KOR-G-protein complexes are bound
to hallucinogenic salvinorins or highly selective KOR agonists. Comparisons of these
structures reveal molecular determinants critical for KOR-G-protein interactions as
well as key elements governing G,,,-family subtype selectivity and KOR ligand selectivity.

Furthermore, the four G-protein subtypes display anintrinsically different binding
affinity and allosteric activity on agonist binding at KOR. These results provide
insights into the actions of opioids and G-protein-coupling specificity at KOR and
establish afoundation to examine the therapeutic potential of pathway-selective

agonists of KOR.

Opioid receptors are G-protein-coupled receptors (GPCRs) that have
importantrolesin pain sensation. Almostall clinically used opioids act
through the p-opioid receptor (MOR). However, their use is associated
with severe side effects, including a high potential for abuse, addiction
and death dueto respiratory depression in overdose®. The magnitude
of these problems has led to a search for opioid alternatives for the
treatment of pain and related conditions*. The activation of opioid
receptors recruits downstream effectors, including heterotrimeric G
proteins (including Ga, G and Gy subunits) and -arrestins. Specifi-
cally, opioid receptors primarily couple to the Ga, family (G;;, G, G,
Goar Gop, G, and gustducin (G,)) (Extended Data Fig. 1a). Some of these
subtypes can mediate non-overlapping signalling pathways depend-
ing on the GPCR involved® 8. Whether signalling through individual
pathways has redundant roles or separately drives the therapeutic
efficacy and side effects of opioids remains mostly unclear.

KORis ahighly desirable therapeutic target for treating not only pain
butalsoaddiction and affective disorders. KORs have gained increasing
attention owing to their unique analgesic activity—they are predomi-
nantly expressed in pain-related neurons, and drugs that target KOR

do not lead to addiction or cause death due to overdose as observed
for MOR agonists'. The lack of rewarding/euphorigenic effects initially
encouraged the development of KOR-agonist drugs as non-addictive
analgesics’. Potent and selective KOR agonists have been developed,
andthese agonists produce effective peripheral and central analgesia.
However, mood disorders suchas dysphoria and psychotomimesis have
been frequently observed as side effects of KOR agonists, which has
limited their therapeutic application®. Here we determined the atomic
structures of KOR in complex with different G-protein transducers and
hallucinogenic ligands to help to elucidate the actions of opioids and
the molecular basis for Ga;, subtype selectivity.

Overall structures of KOR-G-protein complexes

Although many efforts have been dedicated to the structural and
molecular basis underlying the differences between G-protein and
arrestin signalling, the roles of individual G-protein subtypes and the
molecular determinants of subtype selectivity remain largely unclear.
Sequence alignment of the seven G;,, subtypes suggests that they could
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Fig.1|Cryo-EMstructures of KORin complex with G, family subtypes.
a, Cartoonrepresentations of KOR-G-protein complexes. Structures of KOR-
G;;and KOR-G,, are bound to momSalB. Structures of KOR-G,and G, are bound

be further grouped into four subclasses on the basis of sequence
identity (G, G;, and G;3; G, and Gg; and G, and G,)) (Extended Data
Fig.1b). To further understand the role of KOR-G-protein coupling and
signalling, we determined the structures of KOR incomplexes with four
representative G, subtypes (G, G5, G,and G,) at nominal resolutions
of2.71A,2.824,2.65A,and 2.61 A, respectively, using single-particle
cryo-electron microscopy (cryo-EM; Fig. 1a, Supplementary Fig.1and
Extended Data Table1). In particular, KOR-G; and KOR-G,, are bound
to a psychotropic salvinorin analogue, methoxymethyl-salvinorin B
(momSalB)'°. However, cryo-EM experiments of KOR-G, or KOR-G,
bound to momSalB yielded only low-resolution reconstructions (reso-
lution of around 4.5-5 A) that prevented the delineation of detailed
molecular interactions. Thus, we leveraged another highly potent
KOR agonist, GR89,696 (ref. 11), to obtain high-resolution structures
of KOR-G, and KOR-G,.

The high-resolution maps of the four structures enabled unam-
biguous modelling of the agonist-bound heterotrimeric complexes
(Supplementary Fig. 2). The overall differences between the four struc-
tures are subtle (root mean square deviations (r.m.s.d.) of 0.5 A), with
the exception of the Ga subunit in each complex (Fig. 1b). G-protein
interactions with the receptor are canonically driven by the a5 and the
N-terminal (aN) helices of the Ga subunit. The overlay of the four differ-
ent G-protein subtypes showed that they adopt similar conformations
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to GR89,696.b, Structural alignment of the four Ga subunits. Distances of
movement fromthe N terminus arelabelled.

in the a5 helix but differ in the extent of movement in the aN helix
(Fig. 1b). In particular, relative to G, both G,, and G, exhibit a 6 A dis-
placementin the aN helix, whereas G, has asmaller 2 A displacement.
Notably, alignments of the MOR-G;; structure’® with KOR-G indicate
that the aN helix of G; in MOR displays a position that is distinct from
that of KOR-G;;, whereas the o5 helix shows an orientation and interac-
tion pattern similar to those in KOR (Extended Data Fig. 1c).

Theoverall structures of KOR in the Gy,,,,-bound states are similar
to the previously reported nanobody-stabilized active conformation
(KOR-Nb39)" (r.m.s.d., 0.8 A) (Extended DataFig.1d). Notably, acom-
parison of these two structures reveals that the intracellular end of
transmembrane helix 6 (TM6) in the KOR-G;, protein complex moves
2 A closer to TM7. Nb39 stabilizing a different receptor conformation
is further supported by its positive allosteric ability to enhance ago-
nist binding affinity (Extended Data Fig. 1e). Another feature unique
to G-protein-bound KOR is the presence of a well-defined intracel-
lular loop 3 (ICL3) conformation that is absent in the Nb39-stabilized
KOR, presumably duetoitsinherent flexibility (Extended Data Fig.1d).
Similar differences have also been captured between MOR-G;,*? or
B,AR-G/* and their corresponding nanobody-stabilized active
states™"®, which further corroborate that a nanobody can stabilize a
conformational state that mimics butis not identical to the G-protein-
coupled state.
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Fig.2|Ligand-specificinteractions with KOR. a, The binding poses of
momSalB and GR89,696 in their respective complex structures. The saltbridge
orH-bondinteractionsin G,-and G,-coupled structures are shown as black
dashed lines. This salt bridge or H-bond interactionis absentin momSalB-
bound KOR.b, The highly conserved anchoring residue Asp138**?has a
different rolein momSalB, GR89,696 or U50,488-mediated KOR activation.
Dataarenormalized to the percentage of the reference agonist U50,488. Data
aregrouped data +s.e.m.of n=3biological replicates. The full quantification
parameters for this experiment are provided in Supplementary Table 1.

¢, Specificresiduesinthe orthosteric pockets thatinteract with momSalB or
GR89,696. Note that the 1135>*L mutation wasincluded in KOR structure
constructstoincrease the expressionlevel. d, Mutagenesis screening of

Interactions of KOR with hallucinogenic salvinorins

KORs have a prominent role in the modulation of human perception.
Salvinorins, such as salvinorin A (SalA)'"8, are a group of naturally
occurring hallucinogens with dissociative effects elicited by activat-
ing the central KORs. momSalB is a semi-synthetic analogue of SalA
and displays similar in vivo pharmacology compared to SalA%.
GR89,696 is a potent and long-lasting KOR agonist that produces
antinociception and dysphoria but with unknown hallucinogenic
properties?. Different binding poses of momSalB and GR89,696 were
observed in the KOR orthosteric pocket. This is consistent with their
divergent chemical structures—GR89,696 is an alkaloid (containing
basic nitrogen atoms) and momSalBis a terpenoid (lacking basic nitro-
gen atoms) (Fig. 1a). The pyrrolidine nitrogen atom in GR89,696, as
well as many other ligands including KOR’s endogenous dynorphin

binding-pocket residues using G-protein-mediated cAMP inhibition assays.
Theeffect onthe potency of momSalB or GR89,696 was quantified on the basis
ofthelog[EC,] values. Dataarelog[ECs,] + s.e.m. of n=3biological replicates.
Statistical significance for each mutant was calculated using one-way analysis
of'variance (ANOVA) with Dunnett’s multiple-comparison test compared with
thewild type (WT); *P< 0.05,**P< 0.01, ***P < 0.001, ****P < 0.0001; NS, not
significant. GR89,696:P=0.016 (V230A), P=0.0008 (H291A), P= 0.1758
(V134A), P=0.9814 (Q115N), P=0.006 (V108A), P= 0.1165 (1316A); momSalB:
P=0.344 (D138N), P=0.0009 (W124A), P=0.0064 (V134A), P=0.0068 (Q115N),
P=0.0002 (I135A). The full quantification parameters for this experiment are
providedinSupplementary Table 2.

ligands®, is essential for the binding to KOR and enables the ligand to
actas ahydrogen-bond (H-bond) donor and forms a salt bridge with
the carboxylate side chain of Asp138**?in the binding pocket (where
the superscript values indicate Ballesteros-Weinstein numbering
for GPCRs?) (Fig. 2a). As salvinorin ligands (such as momSalB) lack
the basic nitrogen atom, there are no attractive electrostatic interac-
tions observed between the salvinorins and Asp138**. Indeed, neither
D138***A nor D138**N (the mutation in KOR DREADD*) showed det-
rimental effects in the binding affinity or agonistic potency of SalA,
whereas both mutants abolished the interaction with endogenous
dynorphinligands*2¢. The mutation D138***N resulted inasignificant
loss of potency in U50,488 and GR89,696, but had minimal effects on
momSalB (Fig. 2b). The side chain of Asp138**? pointing to the meth-
oxymethyl group of momSalB also explains aninteresting observation
that D138>*?N could further enhance the binding affinity and potency
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of SalA and salvinorin B (SalB)*, probably due to the switch from the
unfavourable acceptor-acceptor interaction to attraction resulting
from the new H-bond interactions between the side chain of mutated
asparagine and methoxy oxygen of the ligand.

Both momSalB and GR89,696 are highly selective and potent ago-
nistsat KOR (Fig.2band Extended DataFig.2a), makingthemideal tem-
plates toinvestigate the molecular determinants for ligand selectivity
and efficacy. Although the two agonists overlap in the orthosteric
binding pocket of KOR, the core rings occupy different planes that
are perpendicular to each other (Extended DataFig.2b). Asaresult,
the subgroups of the two ligands form different interactions with
residuesinthe corresponding subpockets (Fig. 2c). Mutations of the
majority of residuesin these subpockets reduced the agonist activity
of momSalB or GR89,696, but with different amplitudes (for example,
Val108%%, GIn115%°, Met1423%¢, Val2303** or His291%*?) (Fig. 2d and
Extended Data Fig. 2c-e). The observation that the binding-pocket
mutations have greater effects on momSalB-mediated cAMP inhibi-
tion than GR89,696 (for example, for H291%?A, Alog[median effective
concentration (EC50)ycanc-wrl = 2.23 + 0.25 (momSalB) and 0.78 + 0.27
(GR89,696)) is probably due to the lack of the anchoring interactions
with Asp138%32, which makes salvinorins more sensitive to other resi-
due contacts. The double mutationin KOR (for example, D138**N and
H291%%?A, pEC,, = 9.95 + 0.06) displays a less deleterious effect on the
potency of momSalB than H291%%?A does (pECs, = 9.08 + 0.06) alone
(Extended Data Fig. 3a). A 2-fold to 2.5-fold improvement in potency
was also observed from other mutations (Q115*°°N or V230°*?A) in
combination with D138>*N when compared with the single muta-
tion without D138**?N (Extended Data Fig. 3a). This effect might be
specific to momsSalB or salvinorin ligands as the double mutations
(V230°**A/D138>*N or H291°?A/D138**'N) led to aninactive U50,488
orafurtherloss of potency for GR89,696-mediated cAMP inhibition
in V230°>4A/D138>*N (9,120-fold) or H291%%2A/D138%*N (1,288-fold)
compared with the respective single mutation (Extended Data
Fig.3a). Another major difference between momsSalB and GR89,696
is that momSalB mainly forms hydrophobic interactions with resi-
dues that specifically contribute to the high potency of momSalB,
such as Val108>%, val134>?8, val230°*? and 11e316”*. In particular,
Val108>**has also beenindicated as a determinant of ligand selectivity
between KOR and MOR or DOR, as the latter two opioid receptors
have an Ala** at the corresponding position?. Another hydrophobic
pocket formed by the side chains of Val108%% and Tyr3207** and the
backbone of Gly319”*? appears to be a key determinant for agonist
activity and receptor activation, as mutations of these residues sig-
nificantly decreased or eliminated signal transduction of momSalB
with a threefold reduction in its ligand-binding affinity (Fig. 2d
and Extended Data Fig. 3b). Notably, the amplitude of interactions
withresidues in this hydrophobic pocket positively correlates with
agonist potency because ligands with more extended interacting
groups—such as SalB (-O-H), momSalB (-O-CH,-0O-CH;) and ethoxy-
methyl SalB (-O-CH,-O-CH,-CH,) (Extended Data Fig. 3c,d)—have
displayed increased potency in activating KORY. This subpocket at
thebottom of the ligand-binding pocket acts as a potential allosteric
connector to initiate the conformational changes of other micros-
witch motifs, including the sodium site, CW®*¥xxP and Pro>*°-11e>*°-
Phe®** motifs?%,

The overall binding pose of GR89,696 in KOR-G, is similar to that
in KOR-G,. One notable difference is that GR89,696 forms stronger
salt-bridge interactions with Asp138>32(2.9 and 3.4 A) in KOR-G, than
those in KOR-G, (3.5and 3.9 A) (Fig. 2a and Supplementary Fig. 3),
which probably contributes to the higher potency in activating G,
compared with G, (ref. 30). Mapping the atomic distances between
the ligand and receptor showed that GR89,696 makes closer contact
with residues in the KOR-G, structure than in the KOR-G, structure
(in terms of distance), whereas momsSalB in KOR-G; and KOR-G,,
largely overlaps and displays similar strength (Supplementary Fig. 3).
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For example, GR89,696 in KOR-G, also forms H-bond interactions
with GIn115%¢° (2.8 A) and His291°? (3.3 A), and, in KOR-G,, GIn115*%°
(3.9 A) and His2915? (4.0 A). This suggests that GR89,696 leads to more
contractions of the ligand-binding pocket in the presence of G, com-
pared with G,.

Structural basis of G-protein subtype selectivity

Similar to other opioid receptors, KOR exclusively couples to the G,
family®, including the canonical G, subtypes (G, Gj,, Gz, Gos and Gop)
and the noncanonical G,and G,. Whereas G, is predominantly expressed
inthe central nervous system, G, is the endogenous transducer of taste
receptors, such as the bitter taste receptor 2 (TAS2R). Mice express-
ing engineered KORs in bitter-receptor cells show a strong aversion
to a designed KOR agonist (inert to endogenous wild-type KOR but
active in engineered KOR)*, suggesting that the KOR-G interaction
and signalling may also occur in vivo. Using bioluminescence reso-
nance energy transfer (BRET)-based transducerome profiling (Fig. 3a),
we confirmed that both momSalB and GR89,696 could activate all
four G-protein subtypes, although with different potencies (Fig. 3b).
The primary interaction sites in KOR bound to different G, subtypes
involve nearly the entire intracellular regions of the receptor (ICL2,
ICL3, TM3, TMS5, TM6, TM7 and helix 8) and the aN and a5 helices of
the Ga subunits (Extended Data Fig. 4). The key residues involved in
KOR-G-proteininteractions were mapped (Extended DataFig.4) and
screened by alanine substitutions. In this section, we first report the
effects of interface residues from the KOR side and then the residues
fromthe Ga protein side.

Although the KOR conformationsin each G-protein-bound structure
are similar to each other, notable differences were observed for the
KOR residues involved in receptor-G-protein interactions. Mutagen-
esis screening using G-protein-mediated cAMP inhibition assays sug-
gested that almost all of the residues on the KOR side contribute to
KOR-G-protein signalling (Extended Data Fig. 5a,b). That was further
confirmed by the BRET-based transducer profiling, which showed that
mutations of these residues on the intracellular KOR side decreased
agonist-mediated G;;, G,4, G,and G, coupling (Extended DataFig. 5cand
Supplementary Fig.4). Although most of the residues inthe KOR inter-
face affect the four G-protein couplings in a similar manner (Supple-
mentary Fig. 4), some display subtype selectivity. Argl56>*°is a highly
conserved residuein the classic Asp>**-Arg>*°-Tyr**' motif that hasbeen
implicated in having animportant rolein receptoractivation and signal
transduction (Fig. 3c). An ‘ionic lock” has been frequently observed
between Arg**°and Glu®*°in class A GPCRs, keeping the receptorinan
inactive state with TM3 and TM6 in close proximity. Thus, the breaking
of thisionic lock is an important step towards the coupling of G pro-
teins, asthe TM6 movement away from TM3 s critical for penetration
of the G-protein a5 helix into the cytoplasmic pocket™. The R156**°A
mutation significantly reduced the potency of agonist-mediated
activation by momSalB or GR89,696 (Fig. 3d). Furthermore, R156**°A
specifically reduced the efficacy of agonist-mediated G, activation,
momSalB (WT (106 + 3%) versus R156>*°A (38 + 5%)) or GR89,696 (WT
(103 +3%) versus R156**°A (46 + 7%)) (Fig. 3d and Extended Data Fig. 5d).
In the inactive-state KOR?, the partially formed ionic lock is between
Argl156>*° and Thr273%*; in the fully active KOR-agonist-G-protein
states, this interaction is broken due to the insertion of the a5 helix
of Ga protein, leading to the release of the side chain of Argl156*%°
to extend towards TM7 and form hydrophobic interactions with the
second-to-last leucine (Leu353"™% in Ga;y, G, OF G, Leu354"% in
Ga,) of the Ga subunits (superscript notes for G proteins represent
the CGN numbering system™) (Fig. 3¢). This is further supported by
the molecular dynamics simulations showing that the KOR-Arg156>*°
can form hydrophobic interactions with Ga-L353"% or Leu354"%
maintaining <4 A distances with these side chains (Extended Data
Fig. 6). In this extended conformation, the KOR-Arg156**° guanidine
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Fig.3|Comparison of thereceptor-G-protein-bindinginterface of the
KOR-G;;, KOR-G,,, KOR-G,and KOR-G,complexes. a, Schematic of the BRET2
assay.b, momSalB- or GR89,696-mediated G-protein-subtype activation
measured by BRET2. Dataare grouped data + s.e.m. of n=4 biological replicates.
The full quantification parameters for this experiment are provided in
Supplementary Table 3. ¢, Interactions of Arg156>*°in the Asp (D)-Arg (R)-Tyr (Y)
motifwith KOR and Ga. d, Mutagenesis analysis of Arg156>° by BRET2. Data

group also forms a persistent H bond with Tyr246>® observed in all
four complexes (Fig. 3c and Extended Data Fig. 6). These data sug-
gest that the KOR-Arg156>*° has animportant role in KOR activation by
directly interacting with the G proteins. A recent study also suggested
that G proteins might need to precouple to the receptor and break the
Argl56**-mediated ionicinteraction before agonist binding and signal-
ling®*. Other important interactions are formed by residue Asn336%*°
in helix 8 of KOR, which engages different H-bond interactions with
the backbone of the a5 helix in each Ga protein, such as Lys/Arg™>#
and Gly/Asp/Tyr">?? (Fig. 3e and Extended Data Fig. 4). The molecular
dynamics simulations also provide support for these interactions,
suggesting dynamic patterns of switches between specific interac-
tion pairs (Extended Data Fig. 7). The mutation N336%*A completely
abolished KOR-G, coupling (for example, momSalB), and a 2-fold
loss in potency in G;;, 14-fold in G,, or 9-fold in G, coupling (Fig. 3f).
Together with the effects observed from Arg156>*° and Asn336°%*, these
data indicate that these residues have differential roles in G-protein
association, probably by engaging at different intermediate stages.
The observation that several mutations have the largest effect on G,
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aregrouped data +s.e.m.of n=3Dbiological replicates. The full quantification
parameters for this experiment are provided in Supplementary Table 4.

e, Interactions of Asn336%*°in different KOR-G-protein complexes. f, The
N336%* Amutation differentially affects KOR-mediated G-protein subtype
activation. Data are global fit of grouped data + s.e.m.of n =3 independent
biological replicates. The full quantification parameters for this experiment
areprovided inSupplementary Table 4.

compared with the other G;,, subtypes suggests a non-canonical role
of G, in KOR-mediated signalling.

Next, we examined the Ga subunit by mutating the non-conserved
residues in the aN or a5 helix to alanine (Extended Data Fig. 8a).
However, we did not observe significant changes in the potency of
agonist-mediated G-proteinactivationin BRET2 assays (Extended Data
Fig. 8b-fand Supplementary Fig. 5). One exceptionis that C351"*Ain
G000 OF 1352"2A in Ga, led to a significant decrease in potency for
momSalB or GR89,696-mediated G-protein activation. This Ile352"%
in Ga,, compared with the corresponding Cys351™-2 in other G, sub-
types, is knownasthe site that makes Ga, insensitive to pertussis toxin.
Therelative conformation of the a5 helix hasbeenimplicated as akey
determinant between G,and G;specificity, in which the a5 helixadopts
distinct positions and resultsinalarger outward movement of TMé6 (13 A
in B,AR-G, versus 9 Ain MOR-G,)'>*%, The subtle differencesin the a5
helix conformation of Ga; 04/, and the mutational evidence suggest
that the G-protein-coupling specificity in the G, family is probably
determined by a more complex and/or dynamic three-dimensional
network interaction®?,
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Fig. 4| Theintrinsic differences ofindividual G-protein subtypes.

a, Schematic ofthe GPCR-G-protein-ligand ternary model. G, G protein; L,
agonist; R, receptor. b, KOR saturation binding reveals that G proteins potentiate
agonist binding with differentamplitudes. Data are global fit of grouped
datats.e.m.fromn=4independentbiological replicates.c, Summary of B,,,,,
valuesinthe presence of G proteins. Statistical analysis between groups

was performed using the unpaired two-tailed Student’s -tests; P= 0.0001
(KOR +Gj; versus KOR), P=0.0021 (KOR + G, versus KOR), P=0.0075 (KOR + G,
versus KOR), P=0.0081 (KOR + G;, versus KOR + G,,), P=0.0004 (KOR + G
versusKOR +Gz), P=0.0007 (KOR + G, versus KOR + G,) and P= 0.0116

(KOR +G,versus KOR + G,). d, Competition binding reveals that G proteins have

Theoverallinterfaces of Gay, Ga,s, G, and Ga, with KOR are highly
conserved (Extended Data Fig. 4), but there are critical differences in
the a5 and aN helices. The major contacts made by Ga,,, with KOR are
throughresiduesinthe a5 helix (Extended DataFig. 4b), whereas con-
tacts made by Go;, Go, and Gog involve regionsinboth the a5and aN
helices (Extended DataFig. 4a,c,d). Similarly, the SHT ;R-G,* interac-
tionis also mediated solely by the a5 helix, but astructural comparison
between KOR-Ga,, and SHT,;R-G,shows that the a5 helixin SHT;R-G,,
tiltsanadditional 9°, leading to a larger 3 A outward movement of TM6
(Extended DataFig. 9a). Alignment of the cytoplasmic regions of KOR-
Goyy, B,AR-Goand SHT,,R-Ga, shows that the a5 helices are positioned
differently. There are 6° and 12° tilts of the C-terminal end away from the
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adifferent binding affinity and allosteric activity on KOR. Data are global fit of
grouped data +s.e.m.of n=3independentbiological replicates. e, The effect
of GDP or GTP onthe allosteric activity of G proteins. Dataare global fit of
grouped data +s.e.m.of n=3independentbiological replicates. f, Summary
of B.xValuesin the presence or absence of GDP/GTP. Statistical analysis was
performed using unpaired two-tailed Student’s ¢-tests compared with the
KOR or KOR + G;; group; P=0.9874 (KOR + 50 uM GDP versus KOR), P= 0.4147
(KOR +50 uM GTP versus KOR). g, Arepresentative model of different allosteric
activity of G;,, family subtypes (G, > G,, > G, > G,). The full quantification
parameters for the experimentsinb, dand e are provided in Supplementary
Tables 5-7, respectively.

plane of the membrane compared with Ga,, and Ga, respectively, lead-
ing to different magnitudes of outward movement of TM6 (Extended
Data Fig. 9b). As a result of intracellular conformational differences,
the KOR-Go, forms aninterface areaof 1,219 A% (Extended DataFig. 4a),
compared with aslightly larger area of B,AR-Ga (1,260 A%) and amuch
smaller area of SHT,,R-Ga, (1,077 A?) (Extended DataFig.9c). Whereas
Goy, Go,and Gag have similar interface areas (1,219,1,262 and 1,221 A2
respectively) (Extended DataFig.4a,c,d), Ga,, hasamuchsmallerarea
(1,096 A?) (Extended Data Fig. 4b). Notably, the 822 A2surface area of G,
in contact with SHT zR* is closer to that of KOR and Ga,, compared with
other G-protein subtypes, suggesting a shared mechanism between
different GPCRs and the same G protein.



Intrinsic differences in G-protein subtypes

GPCRssignallingis transduced through the allosteric changes between
the extracellular ligand pocket and the intracellular G-protein-binding
pocket. Conformational changes induced by agonist binding can
enhance the binding affinity of G-protein heterotrimers. Conversely,
G protein acts as a positive allosteric modulator and further
enhances agonist-binding affinity by stabilizing the ternary com-
plex*® formed by the receptor, ligand and G proteins (Fig. 4a). We
next sought pharmacological evidence to test whether G-protein
subtypes have intrinsic differences, including binding affinity and
allosteric activity at KOR in the presence of agonists. On the basis of
the ternary complex model®, the high-affinity agonist-binding states
should increase in the presence of G-protein heterotrimers, as the
latter can stabilize the active-state receptor favouring agonist bind-
ing. We performed saturation binding assays to test the binding of
agonist radioligand *H-U69,593 to KOR in the presence of G;;, G,,, G,
and G,. Notably, the four G proteins display substantial differences
in the allosteric enhancement of agonist binding (Fig. 4b,c). Com-
pared with the wild type alone (B,,,, =1,350 £ 116), the high-affinity
binding sites for *H-U69,593 were increased 62-, 38-, 14- and 7-fold in
the presence of G;; (B. = 84,324 + 4,214), G, (Bimax = 52,086 + 2,465),
G, (Bax =18,623 £1,468) and G, (B, = 9,866 * 3,493), respectively.
These dataare consistent with the ternary model that at least two bind-
ing states predominate in the unliganded receptor**—a high-affinity
(G-protein-coupled) and a low-affinity (G-protein-uncoupled) binding
state. We also compared the wild-type G proteins with the engineered
G proteins used in our structural determination and observed similar
patterns of B, increases (Extended Data Fig.10b).

The different magnitudes of B,,,,.increases among G-protein subtypes
suggest that individual G proteins have different allosteric effects on
ligand binding. To test this hypothesis, we next compared the coop-
erativity of the four G-protein subtypes by radioactive competition
binding assays designed to quantify the G-protein binding affinity (K;)
and cooperativity (a, G-protein cooperativity value, a > lindicates posi-
tive effects in increasing agonist affinity)*’. The G-protein-insensitive
antagonist radioligand *H-JDTic was used for the following series of
experiments. The inhibition of *H-JDTic binding at KOR by GR89,696
progressively improved as the concentration of G protein increased,
indicating positive cooperativity between G proteins and agonist bind-
ing (Fig.4d). The calculated Kz and a-cooperativity displayed a pattern
similar to that observed in the saturation binding, in which G; has the
highest binding affinity and allosteric effects at KOR in the presence of
agonists, and G, has the least (Fig. 4d). The different binding affinities
could have arolein G-protein-subtype selectivity, as G-protein subtypes
with higher affinity can outcompete other G-protein subtypes, depend-
ing onsubtype abundance, especially in cells expressing several or all
G, family subtypes.

Guanosine diphosphates (GDPs) or guanosine triphosphates (GTPs)
areimportant regulators of GPCR-G-protein assembly and signalling*.
Wetherefore examined whether the presence of GDP or GTP can affect
the allosteric activity of G-protein subtypes. The specific binding of
*H-U69,593 was significantly reduced in the presence of GDP or GTP
compared with the nucleotide-free state (Fig. 4e,f). The four G proteins
exhibited a uniform pattern, showing similar responses to GDP or GTP
(Extended DataFig.10c). These nucleotide-specific effects are consist-
entwiththe results of single-molecule studies of the ,AR-G,complex
showing that the presence of GDP or GTP accelerates the dissociation
of B,AR and the G, heterotrimer*, whichis achieved through a sequen-
tial conformational change in the Ga subunit after the binding of GDP
or GTP***¢, Note that the dominant negative G, has been reported to
abolish GTPbinding and GTPase activity*’; however, the engineered G
proteinsin this study appear to maintain the GTP binding affinity and
GTP turnover activity, although at weaker levels compared with the
wild type (Extended Data Fig. 10a).

Discussion

After activation, KOR can interact with up to seven G proteins, the
coupling of which determines the direction of ligand-induced signal-
ling. The seven G-protein subtypes are highly homologous but not
structurally or functionally identical. The binding of signal transduc-
ers is coupled with specific receptor conformational changes, such
as the magnitude of TM6 displacement. Such conformational differ-
ences have been observed in GPCRs bound to the G, G;and G, families.
However, analysis of the four structures of KOR in complex with differ-
ent G, subtypes shows that the receptor adopts asimilar conformation.
In particular, the receptor conformations in KOR-G, and KOR-G, are
nearly identical, although the bound agonist GR89,696 activates the
two G proteins with a100-fold difference in potency. This structural
observationagrees with anoriginal postulation that the cross-reactivity
betweenreceptors and G proteins speaks to the conservation of struc-
ture among the receptor-binding domains of the G proteins and the
G-protein-binding domains of the receptors*®. This conformational
similarity, irrespective of transducer subtypes, has also been observed
in other GPCRs engaging G proteins versus arrestins*. These subtle
differences could be due to the limitation of the structures that reveal
awell-resolved population of the nucleotide-free G-protein-bound
conformational state of the receptor. These nucleotide-free states
of Ga subunits (Gay, Ga,s, Ga, and Gay,) tend to stabilize a specific
conformational state of KOR. In the absence of G proteins orinthe pres-
ence of nucleotide-bound G proteins, the receptor can adopt dynamic
conformations that are different fromthat captured by nucleotide-free
Ga®. Other approaches, including nuclear magnetic resonance (NMR)*®
and molecular dynamics simulations®, have identified dynamic con-
formational states in the intracellular regions of the receptor related
to transducer couplings in the presence of GDP or GTP.

Different GPCR-G-protein interfaces have been proposed to con-
tribute to the differential kinetics of G proteins during association and
dissociation with the receptor®>*>, Our pharmacological characteriza-
tion of the KOR-G-protein interface identified key residues that have
different roles in G-protein coupling. The complexes that we targeted
inthisstudy displayed varying interface areas dependent on the recep-
torsand G proteins. However, time-resolved studies are needed in the
future for the direct measurement of G-protein association and dis-
sociation rates, especially for different G;,, subtypes, as the strength
ofthereceptor-G-proteininterface may be another factor that affects
the coupling efficiency.

In the structures of KOR in complex with different G-protein
subtypes, we also revealed the binding poses of two selective KOR
agonists—momSalB and GR89,696. Although they occupied the same
binding pocket, they adopted different conformations and interacting
patterns, probably due to their unique chemical structures. GR89,696
displays stronger interactions in KOR-G, than in KOR-G,, which may
contribute to its higher potency observed in the BRET2 assay. Owing
to the unique scaffold and pharmacology of salvinorin ligands, exten-
sive studies have been conducted to elucidate their binding and func-
tion>*2¢, Several residues or motifs in KOR (for example, Val108>%,
His291%%, 1le316™*) have been identified that are important for salvi-
norin’s agonism, which can now be explained by their direct interac-
tions with momSalB. Notably, using multiple structural templates,
previous salvinorin docking suggested different binding poses'>*2¢,
and our structures now provide direct evidence of how momSalB sits
inthe binding pocket of KOR.

We also observed allosteric differences among these highly con-
served G-protein subtypes. As positive allosteric modulators, the
four representative G proteins display distinct allosteric activity in
potentiating agonist binding (G;, > G, > G, > G,) (Fig. 4g). This is
consistent with measurements of the binding affinity of different G
proteins (G, > G,, > G, > G,) at KOR. These intrinsic differences in G
proteins, including the binding affinity and coupling efficiency, add
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pharmacological evidence to determinants for G-protein-subtype
selectivity. Our structural observations from different G proteins in
complex with KOR show that the G;,, family subtypes share a highly
conserved mechanismininteracting with KOR, but that each maintains
pharmacological differences. Considering that many GPCRs can couple
to different G-protein families, such as the 3,AR coupling with both G,
and G;, (refs. 38,54), whether B,AR displays differential binding affini-
tieswith G;and G;,, may help to explainits G-protein coupling specificity.

Furthermore, the allostericactivity of G proteins can be regulated by
GDPs or GTPs that decouple G proteins from the receptor. It is known
that nucleotide-specific conformations exist between nucleotide-free
G proteins and GDP- or GTP-bound G proteins. When comparing the
crystal structure of the uncoupled GDP-bound G, heterotrimer® and
nucleotide-free (KOR-Gy, G,,, G,and G,) heterotrimers (Extended Data
Fig.11a), several conformational displacements are noted (Extended
DataFig. 11b). The activated receptor engages the C terminus of the
a5 helix of Gay,, which undergoes an upward helical extension (8.6 A)
into the receptor core (Extended Data Fig. 11c) compared with the
uncoupled G protein structure. The insertion of the a5 helix into the
transmembrane helical bundle of the receptor has the following two
consequences. First, the loop connecting the oS5 helix and 36 strand
moves outward 5 A. Second, the movement of the o5 helix disrupts
the original hydrophobic interactions between the o5 and a1 helices,
leading to adisplacement of the P loop. Both the Ploop translocation
and loss of coordination with GDPs are necessary for GDP release***.
In agreement with the ternary complex model, our saturation bind-
ing data show that GDPs or GTPs act as negative regulators of agonist
binding kinetics in the presence of G proteins. One limitation of this
studyisthat weused aninvitro overexpressed systemwith engineered
receptors and G proteins to measure ligand activity, which cannot be
extended to in vivo without further experiments.

In summary, we have elucidated the molecular interaction details
between highly conserved G;, subtypes and KOR using cryo-EM-derived
atomic models. We have also examined the structural determinants of
ligand selectivity and efficacy at KOR. Using structural pharmacology
analysis, we revealed the intrinsic differences between these previously
under-represented G, subtypes and demonstrated that subtype selec-
tivity is probably a combinational result of receptor conformational
dynamics, the binding affinity of G proteins and cooperativity between
agonist binding and G-protein coupling. Such findings are important
both in understanding GPCR-mediated signalling and in the genera-
tion of new research tools and therapeutics based on the potential of
G-protein-selective agonists.
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Methods

Generation of constructs for cryo-EM

For the human KOR, we used a construct the same as the previously
determined active-state KOR®. Inbrief, the construct (1) lacks N-terminal
residues 1-53; (2) lacks C-terminal residues 359-380; (3) contains
Metl-Leul06 of the thermostabilized apocytochrome b562 RIL
(BRIL) from E. coli (M7W, H102I, R106L) in place of receptor N termi-
nus residues Metl-His53. This N-terminal Bril will be removed using
aPreScission cleavage site in the end. The single chain Fab scFv16 has
the same sequence as previously reported’. A 6xHis tag was added
to the C-terminal scFv16 sequence with a PreScission cleavage site
inserted between. For the G-protein heterotrimers, individual G-protein
constructs (G, G,,, G,and G,) were engineered (labelled as dominant
negative, DN)* for the binding of scFv16, and then subcloned into a
designed vector that co-expresses the Gf3, and Gy,. Further modifica-
tions were made to enable a stable complex between KOR, G-protein
heterotrimer and scFv16. Specifically, G;(DN) includes S47N, E245A,
G203Aand A326S. G,,(DN) includes C3S,S47N, G204A, E246A, A326S
and M249K. For G,(DN), the N-terminal sequence was replaced with the
G, sequencetoallow for better interaction with scFvl6; other mutations
include S47N, G204A, E246A, R249K,N262D and A327S. For G4(DN), the
N-terminal sequence was replaced with the G;, sequence; other muta-
tionsinclude S47A, G203A, E245A, H248K, T261D, A326S and N251D.

Expression of KOR-G-protein-scFvl6 complex

The Bac-to-Bac Baculovirus Expression System was applied to gener-
ate high-quality recombinant baculovirus (>107° viral particles per ml)
for protein expression (KOR, G-protein heterotrimers and scFv16). For
the expression of KOR-G-scFv16 protein complex, each heterotrim-
eric G protein, including Ga (G, Goa, G, or Gy), GB, and Gy, was coex-
pressed with KOR and scFv16, respectively, by infection of Spodoptera
frugiperda Sf9 cells at a cell density of 2.5 x 10° cells per mlin ESF921
medium (Expression System) with the P1baculovirus at a multiplicity
of infection (MOI) ratio of 2:2:0.5. Cells were collected by centrifuga-
tion (125 rpm at 27 °C) for 48 h after infection, washed with HN buffer
(25 mM HEPES pH 7.4,100 mM NaCl), and stored at —80 °C for future
purification.

Purification of the KOR-G-protein-scFv16 complex

The compounds used in this study—(-)-U50,488 (0496) and GR89,696
(1483)—were purchased from Tocris. momSalB was synthesized by a
method described previously*. After purification by silicagel column
chromatography, momSalB was asingle spoton TLC (silica, 20% ethyl
acetate, dichloromethane) with an R;of 0.49. An NMR spectrum of
momSalB was collected to confirmthe chemical identity (Supplemen-
tary Fig. 6), which is consistent with the expected spectrum reported
previously®,

Wethawed the cell pelletand incubated it in buffer containing 20 mM
HEPES pH 7.5,50 mM NaCl,1 mM MgCl,, 2.5 units Apyrase (NEB), 10 uM
agonist (final concentration) and protease inhibitors (500 mM AEBSF,
1mME-64,1 mM leupeptin, 150 nM aprotinin) for 1.5 hat room tempera-
ture. We then collected the membrane by centrifugation at 25,000 rpm
for 30 min at 4 °C. The membrane was solubilized in buffer (40 mM
HEPES pH 7.5,100 mM NacCl, 5% (w/v) glycerol, 0.6% (w/v) lauryl malt-
ose neopentyl glycol (LMNG), 0.06% (w/v) cholesteryl hemisuccinate
(CHS), 10 uM agonist and protease inhibitors) with200 pg scFvl6inthe
cold room. After 5 h, the supernatant was collected by centrifugation
at30,000 rpmfor 30 minat4 °Candincubated with1 mI TALONIMAC
resin (Clontech) and 20 mMimidazole overnightinthe cold room. The
next day, theresin was collected and washed with 10 ml buffer contain-
ing20 mMHEPES pH 7.5,100 mM NacCl, 30 mMimidazole, 0.01% (w/v)
LMNG, 0.001% (w/v) CHS, 5% glycerol and 5 uM agonist. The protein was
theneluted withthe samebuffer supplemented with300 mMimidazole,
concentrated and further purified by size-exclusion chromatography

onthe Superdex 200 increase 10/300 column (GE healthcare), which
was pre-equilibrated with 20 mM HEPES pH 7.5,100 mM NaCl, 100 pM
TCEP, 0.00075% (w/v) LMNG, 0.00025% (w/v) glyco-diosgenin (GDN)
and 0.00075% (w/v) CHS, 1 uM agonist. Peak fractions were collected,
concentrated and incubated with PNGase F (NEB), PreScission protease
(GenScript) to remove the potential glycosylation and N-terminal His-
BRIL, respectively, and 100 pg scFv16 at 4 °C overnight. The next day,
cleaved His-BRIL and protein, uncleaved protein and proteases were
separated by the same procedure as described above. Peak fractions
were concentrated to 3-5 mg ml™ for electron microscopy analysis.
Four KOR-G-protein-scFvl6 complexes were purified according to
the same procedure except that different agonists were used.

Expression and purification of scFv16 protein

ThescFv16 protein was expressed by infection of Sf9 cells atacell den-
sity of 2.5 x 10° cells per mlin ESF921 medium (Expression System) with
the P1baculovirus at an MOI of 2. After 96 h, the cell culture medium
containingsecreted scFv16 protein was collected by centrifugation at
4,000 rpm for 15 min. The pH of the supernatant was adjusted to 7.5
by addition of Tris-base power. Chelating agents were quenched by
the addition of 1 mM nickel chloride and 5 mM calcium chloride and
incubation withstirring for1 hatroomtemperatureand 5 hinthe cold
room. We removed the precipitates by centrifugation and the result-
ant supernatant was further cleaned with 0.45 pum filter paper, and
incubated with2 mINi-NTAresinand 10 mMimidazole overnightin the
coldroom. The Ni-NTA resin was washed the next day with 20 mlbuffer
(20 MM HEPES pH 7.5,100 mMNacl, 0.00075% (w/v) LMNG, 0.000075%
(w/v) CHS, 0.00025% (w/v) GDN, 20 mM imidazole). The protein was
eluted with the same buffer supplemented with 300 mM imidazole,
concentrated and further purified onthe Superdex200increase 10/300
column. Monomeric fractions were pooled, concentrated, flash-frozen
inliquid nitrogen and stored at -80 °C until future use.

Expression and purification of heterotrimeric G proteins

The expression of heterotrimeric G protein was achieved by infection
of Sf9 cells at a cell density of 2.5 x 10° cells per mlin ESF921 medium
(Expression System) with the P1baculovirus atan MOI of 2. After 48 h,
cells were collected and lysed in buffer containing 200 mM NacCl,
40 mM HEPES pH 7.5, 0.2% Triton X-100, 5% glycerol, 3 mM 3-me and
protease inhibitors. The supernatant was isolated by centrifugation
at 40,000 rpm for 50 min and incubated with 1 mI Ni-NTA resin and
20 mM imidazole overnight at 4 °C. The resin was collected the next
day and washed with 20 ml buffer containing 100 mM NacCl, 20 mM
HEPES pH 7.5, 5% glycerol, 20 mM imidazole and 3 mM 3-me. The pro-
tein was then eluted with elution buffer (300 mM NaCl,20 mM HEPES
pH 7.5,5%glycerol,3 mM 3-me and 300 mMimidazole), concentrated
and further purified on the Superdex 200 increase 10/300 column,
which was pre-equilibrated with buffer the same as the elution buffer
except without the imidazole. The peak fractions were concentrated,
flash-frozeninliquid nitrogen and stored at —80 °C for future binding
assays.

Cryo-EM data collection and 3D reconstruction
The purified samples (3-4 pl) were applied to glow-discharged
300-mesh Au grids (Quantifoil R1.2/1.3) individually and vitrified using
a Vitrobot mark IV (Thermo Fisher Scientific). Cryo-EM imaging was
performed on the Talos Articasystem operated at 200 kV at anominal
magnification of x45,000 using a Gatan K3 direct electron detector
at a physical pixel size of 0.88 A. Each stack video was recorded for 2
t0 2.7 sin 60 frames at a dose rate of about 15e™ px*'s™, leading to a
total exposure dose indicated in Extended Data Table 1. Videos were
collected automatically with SerialEM* using an optimized multishot
array procedure®®.

Dose-fractioned image stacks were processed for beam-induced
motion correction followed by contrast transfer function estimation.



Particles were selected using Blob particle picker, extracted from the
micrograph and then used for 2D classification and 3D classification
followed by non-uniformrefinement. All of these steps were performed
in cryoSPARC®2,

Model building and refinement

Maps from cryoSPARC were used for map building, refinement and
subsequent structural interpretation. The dominant-negative G;, trimer
model and scFv16 model were adapted from the cryo-EM structure of
the MRGPRX2-G;, complex (Protein Data Bank (PDB): 7S8M)®%.G,,, G,
and G, trimer models were built from the G; trimer model, followed
by mutating the non-conserved residues back to the wild-type G,,, G,
and G,. Thereceptor KOR model was taken from the active-state KOR-
Nb39structure (PDB: 6B73)™. The receptor, G proteins and scFv16 were
docked into the cryo-EM map using Chimera®*. The complex models
(KOR-G-protein-scFv16) were manually built in Coot®, followed by
several rounds of real-space refinement using Phenix®. The model
statistics were validated using Molprobity®’. Structural figures were
prepared using Chimera or PyMol (https://pymol.org/2/).

cAMP inhibition assay

For the KOR-Ga;-mediated cAMP inhibition assay, HEK293T (ATCC CRL-
11268) cells were co-transfected with human KOR or various mutants
along with a split-luciferase-based cAMP biosensor (GloSensor, Pro-
mega) at a l:1ratio (KOR:GloSensor). After 16 h, the transfected cells
were plated into poly-L-lysine-coated 96-well white clear-bottom cell
culture plates with DMEM + 1% dialysed FBS at a density of 40,000-
50,000 cells per 200 pl per well and incubated at 37 °C with 5% CO,
overnight. The next day, 3x drug solutions were preparedin fresh drug
buffer (20 mM HEPES, 1x HBSS, 0.3% bovine serum albumin (BSA),
pH 7.4). The plates were decanted the next day and received 40 pl
per well of drug buffer (20 mM HEPES, 1x HBSS, pH 7.4) followed by
addition of 20 pl of 3x drug solutions for 15 min in the dark at room
temperature. Cells thenreceived 20 plluciferin (4 mM final concentra-
tion) supplemented withisoproterenol (300 nM final concentration),
stimulating the production of endogenous cAMP through 3, adrenergic
G, activation, and incubated in the dark at room temperature. After
15 min, luminescence intensity was quantified using the Mithras LB
940 multimode microplate reader (Berthold Technologies). Datawere
plotted as afunction of drug concentration, normalized to percentage
U50,488 stimulation, and analysed using log (agonist) versus response
in GraphPad Prism (v.9.3.1).

BRET2 assay

Tomeasure the agonist-stimulated G-protein (wild type and mutants)
activation by KOR and various mutants, a BRET2-based cell assay was
used. Specifically, four plasmids (KOR, Ga, G, Gy) were used, in which
each Ga is tagged with a luciferase (Rluc8) and Gy is tagged with an
N-terminal GFP. Specifically, the Ga;,/GP,/GYs, GO,n/GP3/GYs, Ga,/GB,/
Gy, and Go,/GP,/Gy, combinations were used for BRET2G;;, G, G, and
G, experiments, respectively. Detailed information of the GFP-Gy and
Ga-Rluc8 constructs was described previously*°, HEK293T cells were
then transfected with the four plasmids (KOR, Ga-Rluc8, G, Gy-GFP)
using a 1:5:5:5 DNA ratio of receptor:Ga-RLuc8:GB:Gy-GFP2 (100 ng
receptor, 500 ng Ga-RLuc8, GB and Gy-GFP2for 10 cmdishes). Transit
2020 (Mirus Biosciences) was used to complex the DNA at aratio of 2 pl
Transit per ug DNAin Opti-MEM (Gibco-ThermoFisher Scientific). Then,
16 hafter transfection, cells were plated in poly-L-lysine-coated 96-well
white clear-bottom plates in plating medium (DMEM + 1% dialysed FBS)
at a density of 40,000-50,000 cells in 200 pl per well and incubated
overnight. The next day, the plates were decanted and washed once
with 60 pl drug buffer (20 mM HEPES, 1x HBSS, pH 7.4) and then 60 pl
drug buffer containing coelenterazine 400a (Nanolight Technology)
at afinal concentration of 5 uM was added to each well. After 5 min
for substrate diffusion, 30 pl 3x drug solutions in fresh drug buffer

(20 mM HEPES, 1x HBSS, 0.3% BSA, pH 7.4) was added to each well and
incubated for an additional 5 min. Finally, the plates were read on the
Mithras LB 940 multimode microplate reader (Berthold Technolo-
gies) with 400 nm (RLuc8-coelenterazine 400a) and 510 nm (GFP2)
emission filters for 1s per well. The GFP to Rluc8 ratio was calculated,
plotted as afunction of drug concentration, normalized to percentage
U50,488 stimulation and analysed using log (agonist) vs response in
GraphPad Prism (v.9.3.1).

Radioligand-binding assay

Saturation binding assays were performed using the construct
BRIL-wt-KOR s, 3¢5, reconstituted into nanodiscs comprised of KOR,
spMSP1D1and lipid mixture (POPC:POPE:POPG =3:1:1) atamolar ratio
0f 1:3:100. Binding assays were set-up in 96-well plates in standard
binding buffer (50 mM Tris-HCI, 10 mM MgCl,, 0.1 mM EDTA, 0.1% BSA,
pH 7.4) atroom temperature. Saturation binding assays with 0.1-20 nM
*H-U69,593 in the standard binding buffer were performed to deter-
minethe equilibrium dissociation constant (K,) and B,,,,.. To determine
the effects of G proteins on *H-U69,593 binding, each G protein (final
concentration 1 M) was incubated with *H-U69,593 and homogenous
membrane fractions for 3.5 hatroomtemperature. Datawere analysed
using GraphPad Prism (v.9.3.1) using a one-site model.

Forthe competitive binding assay, *H-JDTic (0.68 nM), homogenous
membrane fractions expressing KOR and 3x GR89,696 solutions were
incubated in 96-well plates in standard binding buffer in the absence
or presence of four G proteins in various concentrations (final con-
centration: 1,900 nM, 190 nM, 19 nM, 1.9 nM, O nM) for 3.5 h at room
temperature in the dark, and then terminated by rapid vacuum filtra-
tion onto chilled 0.3% PEI-soaked GF/A filters followed by three quick
washes with cold wash buffer (50 mM Tris-HCI, pH 7.4) and read. Results
(with or without normalization) were analysed using GraphPad Prism
(v.9.3.1) using one-site or allosteric ICs, shift models.

Cell-surface expression studies

The cell-surface expression levels of wild-type KOR and its mutants were
measured using an enzyme-linked immunosorbent assay (ELISA). In
brief, HEK293T (ATCC CRL-11268) cells were transiently transfected with
wild-type KOR and KOR mutant DNA at the same quantity. After 24 h,
cells were plated in poly-L-lysine-coated 96-well white clear-bottom
plates in plating medium (DMEM + 1% dialysed FBS) at a density of
40,000-50,000 cellsin200 pl per well and incubated overnight. The
next day, plates were decanted and fixed with 4% (w/v) paraform-
aldehyde for 10 min at room temperature. Cells were then washed
twice with 1x phosphate-buffered saline (PBS) (pH 7.4) and blocked by
1x PBS containing 0.5% (w/v) non-fat milk for at least 30 min at room
temperature followed by incubation with anti-Flag (M2)-horseradish
peroxidase-conjugated antibodies (Sigma-Aldrich, A8592) diluted
1:20,000in the same buffer for1 hat room temperature. After washing
three times with 1x PBS, 1-Step Ultra-TMB ELISA substrate (Thermo
Fisher Scientific, 34028) was added to the plates and the plates were
incubated at 37 °C for 15-30 min and terminated by addition of 1M
sulfuric acid (H,SO,) stop solution. Finally, the plates were read at a
wavelength of 450 nm using the BioTek Luminescence reader. The data
were analysed using GraphPad Prism (v.9.3.1).

G-protein expression studies

To measure the expression levels of four wild-type G proteins and
their mutants, HEK293T (ATCC CRL-11268) cells were transiently
transfected with the same quantity of wild-type and mutant G proteins
DNA. After16 h, cells were plated in poly-L-lysine-coated 96-well white
clear-bottom plates in plating medium (DMEM + 1% dialysed FBS) at
adensity of 40,000-50,000 cells in 200 pl per well and incubated
overnight. The next day, the plates were decanted and washed once
with 60 pl drug buffer 20 mM HEPES, 1x HBSS, pH 7.4), then 60 pl drug
buffer containing coelenterazine 400a (Nanolight Technology) at afinal
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concentration of 5 M was added to each well. After 5 min for substrate
diffusion, plates wereread in a Mithras LB 940 multimode microplate
reader (Berthold Technologies) with 400 nm (RLuc8-coelenterazine
400a) and 510 nm (GFP2) emission filters for 1s per well. The Rluc8
values represented the G-protein expression levels and were plotted
inthe GraphPad Prism (v.9.3.1).

GTP turnover assay

Analysis of GTPase activity of G proteins (G;;, G,s, G, G,) was performed
by using a modified protocol of the GTPase-Glo assay (Promega).
G proteins were serially (1:1) diluted into various concentrations with a
buffer of 300 mM NaCl,20 mMHEPES pH 7.5and1 mM DTT, and 5 pl was
dispensedintoeachwell of a384-well plate. The reaction was initiated
byadding5 pl1 pM GTP solutionto 5 pl G proteins. Afterincubation for
90 minatroom temperature, 10 pl reconstituted GTPase-Glo reagent
wasadded tothe sample andincubated for 30 minat room temperature.
Luminescence was measured after addition of 20 pl detection reagent
and incubation for 10 min at room temperature using the Mithras LB
940 multimode microplate reader (Berthold Technologies). The data
were analysed using GraphPad Prism (v.9.3.1).

Molecular dynamics simulations

The Gromacs simulation engine (v.2020.3)*® was used to run all
molecular dynamics simulations under the Charmm36 force-field
topologies and parameters®’°. Charmm force-field parameters and
topologies for the ligands momSalB and GR89,696 were generated
using Charmm-GUI’s Ligand Reader & Modeller tool’. The loop graft-
ing and optimization for modelling missing side chains and loops was
performed in the ICM-Pro (v.3.9-2b) molecular modelling and drug
discovery suite (Molsoft)”. The structurally conserved helix-8 (Hx8)
amphipathic helical motifs in KOR were modelled using human
antagonist-bound KOR (PDB: 4DJH)? as the template structure.
Thelobe in G;;, Gy, G, and G, proteins was modelled using a human
agonist-bound CB2-G; structure (PDB: 6PT0)"2. Structure regulariza-
tion and torsion profile scanning were performed using ICMFF force
field”>. The GR89,696-bound structures of KOR complexes with G,and
G, proteins as well as momSalB-bound KOR with G;; and G, proteins
were then uploaded to the Charmm-GUIwebserver®’, where the starting
membrane coordinates were determined by the PPM™ server using the
Charmm-GUIinterface. The complexes were then embeddedinalipid
bilayer composed of1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC), 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and
cholesterol (CHL1) following the recommended ratio of 0.55:0.15:0.30,
respectively”. The GR89,696-bound KOR complex with G, contained
330 DPPC,90 DOPC and 180 CHL1lipids, 64,400 water molecules, and
178 sodium and 176 chloride ions. The GR89,696-bound KOR complex
with G, contained 330 DPPC, 90 DOPC and 180 CHL1lipids, 64,227 water
molecules,and 184 sodium and 175 chlorideions. The momSalB-bound
KOR complex with G;, contained 220 DPPC, 60 DOPC and 120 CHL1
lipids, 43,172 water molecules, 124 sodium and 116 chloride ions. The
momSalB-bound KOR complex with G, contained 220 DPPC, 60 DOPC
and 120 CHL1 lipids, 41,663 water molecules, and 126 sodium and 113
chlorideions. All of the systems were first processed for 50,000 steps
of initial energy minimizations, then 60 ns of equilibration, followed by
productionruns of upto 750 nsfor the KOR-G,based system and 550 ns
fortherest (G, G,, and G,-bound KOR systems). The simulations were
carried out on GPU clusters at the University of Southern California’s
High-Performance Computing Center. The temperature of 310 Kand
v-rescale thermostat algorithm were used during the production run™.
The analyses of molecular dynamics trajectories were performed using
the GROMACS software package®®.

Data statistical analysis
For BRET2 and cAMP-inhibition assays, in the case of more than two
groups, log-transformed EC,, values were first analysed using one-way

ANOVA. If significant, the Dunnett’s multiple-comparison test was
used to compare each mutant with the wild-type one, and the Tukey’s
multiple-comparison test was used to compare log-transformed ECs,
values between eachgroup. Inthe case of two groups, log-transformed
EC,, values were analysed using unpaired two-tailed Student’s ¢-tests
to compare eachmutant with awild-type receptor. For the cell-surface
expression studies, the optical density at 450 nm values of each mutant
were normalized to the wild-type KOR receptor (normalized as100%),
and theresultant values were then first analysed using one-way ANOVA.
If significant, a Dunnett’s multiple-comparison test was used to com-
pare each mutant with the wild-type receptor. For G-protein expres-
sion studies, the Rluc values of each mutant were normalized to the
wild-type G protein (normalized as100%), and the resultant values were
then first analysed using one-way ANOVA. If significant, a Dunnett’s
multiple-comparison test was used to compare each mutant with
the wild-type G protein. For radioligand binding and GTP turnover
assays, datawere analysed using unpaired two-tailed Student’s t-tests.
In one-way ANOVA and unpaired two-tailed Student’s ¢-test analysis,
the significance threshold was set at & = 0.05. Asterisks denote sta-
tistical significance; *P < 0.05, **P < 0.01, **P < 0.001; ***P < 0.0001;
NS represents not significant.

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

Data availability

The coordinate and cryo-EM map of KOR-G;,-momSalB, KOR-G,~
momSalB, KOR-G,-GR89,696 and KOR-G,-GR89,696 have been depos-
ited at the PDB and Electron Microscopy Data Bank under accession
codes 8DZP (EMD-27804), 8DZQ (EMD-27805), 8DZS (EMD-27807)
and 8DZR (EMD-27806), respectively. All data supporting the findings
of this study are available within the Article and its Supplementary
Information.
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Extended DataFig.2|See next page for caption.



Article

Extended DataFig.2|The binding pharmacology of momsSalB and
GR89,696.a. GPCRome screening at 320 GPCRs that measures agonist activity
oftested ligands shows that momSalB and GR89,696 are selective at KOR.

b. The binding poses of momSalB and GR89,696 show that they adopt different
planesintheorthosteric pocket. c. A cartoon model of G protein-mediated
cAMPreporterassays. The Gai/o here represents all subtypes expressedin
thecells. d. Mutagenesis screening of key binding-pocket residues using G
protein-mediated cAMP reporter assay. Dataare grouped datats.e.m.ofn=3
biological replicates. Full quantitative parameters from this experimentare
listedin Supplementary Table 2. e. Measurement of cell surface expression of
KORbinding pocket mutants by ELISA. Ingeneral, these mutants maintained
robust cell surface expression. Although some mutations significantly altered

surface expression compared to the wild type, the increased or decreased
expression appeared to minimally affect the potency inagonist-mediated
cAMPinhibition. Bar-graphs are OD,s, £ s.e.m.from n =3 biological replicates.
Statistical significance for each mutantis compared ina one-way analysis of
variance (ANOVA) with Dunnett’s multiple comparisons test to the wild type
(*=p<0.05,*=p<0.01,"**=p<0.001, ***=p<0.0001, “ns” represents no
significance; VIO8A: p = 0.3919, W124A: p = 0.0893,V134A: p=0.0308, M142A:
p=0.0398,V230A:p=0.0004,H291A: p=0.0002,Y320L: p=0.0008).
Signalling curves are grouped data +s.e.m. of n =3 biological replicates. Full
quantitative parameters from this experiment are listed in Supplementary
Table9.
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Extended DataFig. 3 |Molecular determinants of momsSalB agonism.a.The
positive effect of additional D138%***N mutation on the momSalB-mediated
cAMP inhibition through KOR. The additional D138>*’N mutation does not
rescue U50,488 or GR89,696-mediated cAMP inhibition. Dataare grouped data
t+s.e.m.fromn=3biological replicates. Full quantitative parameters from this
experimentarelisted in Supplementary Table 10. b. Effects of mutationsin the
hydrophobic pocket on the binding affinity of momSalB. Dataare grouped
datats.e.m.fromn=3independentbiological replicates. Full quantitative

parameters from thisexperimentarelisted in Supplementary Table 11.
candd. Chemicalstructures of SalB, momSalB, and EOM-SalB. Differences are
highlighted by red colour. The agonist activity of each analogue isshowninthe
parentheses. Data for EOM-SalB was taken from ref. 19. Binding poses of SalB
and EOM-SalB at KOR were revealed by molecular docking performedin the
Schrodinger Maestro vi2.9. The three ligands occupy asimilar binding pocket
with different extents toward the hydrophobic pocket.
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Extended DataFig. 4| Comparison ofinterface details and areas between
KORand each G proteinsubtypes. Specificinteractionsbetweenthereceptor  dashedlines. The closest distances betweentheintracellular KOR residues and

andindividual Ga subunits, Gil (a), GoA (b), Gz (c) and Gg (d). (Cartoon) Key the Garesidues were labelled. The distance cutoffis 4 A. The interface area was
residues fromtheintracellular side of KOR, and residuesin the aN and 5 helix calculated by the online server PDBePISA”".

were mapped out. The H-bond or salt-bridge interactions are shown as red
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Extended dataFig.5|The effect of KOR-G-proteininterfaceresidueson
the G protein coupling. a. Mutagenesis screening of KOR-G proteininterface
(KORsside) residues by cAMP inhibition assays. Dataare grouped data +s.e.m.
fromn=3biological replicates. b. Mutagenesis analysis of intracellular KOR
residues by cAMP inhibition assays. Dataare mean LogeC50 +s.e.m.fromn=3
biological replicates. Statistical significance for each mutantiscomparedina
one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons
testtothewildtype (*=p<0.05,**=p<0.01,***=p<0.001, ***=p <0.0001,
“ns” represents no significance, GR89,696:V160A: p = 0.0001, P163A:
p=0.0020,R252A:p=0.0014,L253A: p=0.0003,R257A: p=0.0003, R271A:
p=0.0004; momSalB: L167A: p=0.0003, R257A: p = 0.1514,R271A: p=0.0004,
1272A:p=0.0002). Full quantitative parameters from this experiment are
listedin Supplementary Table 12. c. Measurement of cell surface expression of

Time (s)

LN S S S S S S—
-13-12-11-10 -9 -8
Log [momSalB], M

-7 -6

KOR-G proteininterface mutants by ELISA. The BRET results suggest aminor
effect with different concentrations of KOR plasmids. Bar-graphs are OD ;5o +
s.e.m.fromn=3independentbiological replicates. Statistical significance for
each mutantis comparedinaone-way analysis of variance (ANOVA) with the
Dunnett’s multiple comparisonstest to the wild type (*=p < 0.05, **=p<0.01,
***=p<0.001,****=p<0.0001, “ns” represents no significance; V16 0A:
p=0.2732,P163A:p=0.9992,R252A: p = 0.9998,L253A: p = 0.8943,R257A:
p=0.9997,N336A: p=0.9992).Signalling curves are grouped data +s.e.m. of
n=3biological replicates. Full quantitative parameters from this experiment
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efficacy was confirmed by the BRET2-based kinetic measurement. Data are net
BRET +s.e.m.fromn=3independentbiological replicates.



Article

KOR/R156%% - Gi1/L353H525 KOR/R1563%° - Gi1/L353"52 KOR/R156%5 - KOR/Y 246558
144 Talectory "[‘Ef“;’y 144 Trajectory
2Ly =1 —
124 — L —
=i s = 12 =
Z 107 < . K 104 —
2
g 8 ] S 84
ol < 5
b 61 £ 2
=} i M UMY AIN L SNV ] a
4 £
2
0 T T T T T T T T T 0 , , : . -
0 100 200 300 400 500 00 25 50 75 100 125 150 0 100 200 300 400 500
Time (ns) Distance (A) Time (ns)
KOR/R1563%%° - GoA/L353"525 KOR/R156°%%° - GoA/L353"52 KOR/R1563%5° - KOR/Y 246558
144 Trajectory Tg“%'y 144 Tvaiecworv
s=y =1 —q
124 — (== 124 P
| 3 =: =
< 10 = g Z 104 —a
2
g 8 K] g 8
s s 5
% o 2
[a) © a
£
21 L
00 100 200 300 400 500 ' i ! 4 o : : ) ' '
T 0.0 2.5 5.0 7.5 10.0 125 15.0 0 100 200 300 400 500
ime (ns) Distance (&) Time (ns)
KOR/R156%50 - Gz/L3541525 KOR/R156%%° - Gz/L3541525 KOR/R156%5 - KOR/Y 246558
144 Trajectory =i 14 Trajectory
=0 [==11 —1
=2 12+ —2
] =3 —3
4 —~104 —d
Z 104 g <10
@ 2 S 8-
g 4 S
Il 13 £
S o @
& g 8
g o
24 24
0 . i . . i 0 —
0 100 200 300 400 500 00 25 50 7.5 100 125 15.0 0 100 200 329 400 500 600 700
Time (ns) Distance (&) ime (ns)
KOR/R156%% - Gg/L353"525 KOR/R1563% - Gg/L 3531828  _ KOR/R156%% - KOR/Y2465%
14 Trimory 7’[2‘“:" 14 Yra‘ecl%ry
— = ==n
- =2 124 —2
o =3 EE 3
g E (==} € 104 ——
@ 4 g 84
2 ° 2
© [ ©
@ 2 k]
a © a
£
2 1 "
0 — . e . 0 , \ . r y
0 100 200 300 400 500 600 700 0.0 2.5 5.0 7.5 10.0 125 15.0 0 100 200 300 400 500
Time (ns) Distance (A) Time (ns)

Extended DataFig. 6 | Molecular dynamics (MD) simulations reveal distance
traces of interactions between the KOR residues (R156%°°) with G protein
residues. MD simulations revealed the distance traces and frequency between sampling rate of 10 frames per ns, solid lines and same-colour shadows

KOR-R156>*° and L353/354"5% in the a5 of each Ga subunit. The position of representing moving average values and one standard deviation respectively
KOR-R156>*is also supported by the stable interaction with KOR-Y246°%, from 50 framesinall cases.

Fiveindependent simulations of KOR-G complex (coral, orange, green, cyan,
blue) are shown, spanning 0.55-0.75 pus of cumulative time per system, with the
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Extended DataFig. 8 |See next page for caption.



Extended DataFig. 8| Therole of G proteininterfaceresidues on KOR-G
protein coupling.a. Thenonconservedresiduesinthe G protein a5and aN
helices. b-e. The effects of individual mutationsin each G protein subtype were

screened using the BRET2 KOR-G protein assays. Data are grouped data+s.e.m.

fromn=3biological replicates. Full quantitative parameters from this
experimentarelisted in Supplementary Table 14.f. The expression levels of G
proteinmutants were quantified based on the luminescence counts from the

Ga-Rlucexcitation. Dataare BRET ratio +s.e.m. from n =3 biological replicates.

Statistical significance for each mutantis comparedin a one-way analysis of

variance (ANOVA) with Dunnett’s multiple comparisons test to the wild type
(*=p<0.05,**=p<0.01,***=p<0.001,***=p < 0.0001, “ns” represents no
significance; Gil-K345A: p = 0.0015, Gil-C351A: p = 0.7984; GoA-A345Q:
p=0.0210, GoA-R349A: p = 0.0019, GoA-G350A: p = 0.0284, GoA-C351A:
p=0.1102, GoA-Y354A: p=0.6955; Gz-R31A: p>0.9999, Gz-Y351A: p = 0.9947,
Gz-1352A: p=0.5286, Gz-C355A: p = 0.0161; Gg-K345A: p = 0.5849, Gg-E346A:
p=0.0050,Gg-D350A:p=0.9936,Gg-C351A:p=0.9808, Gg-F354A:
p=0.0091).
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Extended DataFig.9|Comparison of KOR-coupled Ga subunit with other G
protein families. a. The KOR-GoA displays a different conformation fromthe
5-HT1BR-miniGo structure, including both TM6 of the receptor and a5 helix of
the Gasubunit.b. Comparison of receptor-G protein interface among Gs, Gil,
Gqgbound complexes. The TM6 of the receptor, aN and a5 helices of the Ga

I T O

subunits adopt different conformations. c. The receptor-Gainterface of
B2AR-Gasand 5-HT2AR-Gaq. The dashed lines represent the closest distance
betweentheintracellular receptor residues and the Ga residues. The distance
cutoffis4 A. Theinterface areashownin the brackets was calculated by the

onlineserver PDBePISA.
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Extended DataFig.10|The presence of GDP or GTPreduces the allosteric
potentiation of GoA, Gz, or Gg, respectively. a. Comparison of functional
activity between wild-type G proteinsand engineered G proteins by GTP
turnover assay. Dataare luminescence +s.e.m.of n =3 biological replicates
with each performed intriplicate. Significance analyses were performed using
unpaired two-tailed student’s t-test to compare each pointin engineered G
protein (G protein-DN) to the corresponding pointin wild-type G proteins.
(*=p<0.05,*=p<0.01,***=p<0.001, ****=p <0.0001). b. Measurement of
allosteric potentiation of engineered G proteins on KOR agonist binding. The
concentration of >H-U69,593 was 8 nM, and the G protein was 250 nM. DN,
dominant negative. Dataare cpm t+s.e.m. fromn =4 biological replicates.
Significance analyses were performed using the unpaired two-tailed student’s
t-test to compare each group to the KOR-only group (*=p < 0.05,**=p < 0.01,

***=p<0.001,****=p<0.0001, “ns” represents no significance; (KOR+GoAwt) vs
KOR:p=0.0002, (KOR+Ggwt) vs KOR: p = 0.2469, (KOR+GilDN) vs KOR:
p=0.0012, (KOR+GoADN) vs KOR: p=0.0007, (KOR+GzDN) vs KOR: p = 0.0029,
(KOR+GgDN) vs KOR: p = 0.0719). c. The saturation binding assays were
conducted with or without 50 uM GDP/GTP. Dataare Bmax ts.e.m.fromn=3
biological replicates with each performed in duplicate. Statistical significance
analyses between groups (with GTP/GDP and without GTP/GDP) are compared
inthe unpaired two-tailed student’s t-test (*=p < 0.05,**=p < 0.01,**=p < 0.001,
****=p <0.0001; (KOR+GoA) vs (KOR+GOA+GTP): p=0.0001, (KOR+Gg) vs
(KOR+Gg+GDP): p=0.0008, (KOR+Gg) vs (KOR+Gg+GTP): p = 0.0010). Full
quantitative parameters from this experimentare listed in Supplementary
Table15.
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Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics

KOR-Gi1- KOR-GoA- KOR-Gz- KOR-Gg-
momSalB momSalB GR89,696 GR89,696
EMD-27804 EMD-27805 EMD-27807 EMD-27806
PDB: 8DZP PDB: 8DZQ PDB: 8DZS PDB: 8DZR
Data collection and processing
Magnification 45,000 45,000 45,000 45,000
Voltage (kV) 200 200 200 200
Electron exposure (e-/Az) 47.4 427 43.8 29.07
Number of movies used 4175 3853 3529 5752
Defocus mean (SD) um 1.2(0.4) 1.4 (0.4) 1.1(0.3) 1.4 (0.2)
Pixel size (A) 0.88 0.88 0.88 0.88
Symmetry imposed C1 C1 C1 C1
Initial particle images (No.) 969,195 1,431,336 973,407 1,618,725
Final particle images (No.) 370,551 991,076 643,193 725,271
Map resolution (A) 2.71 2.82 2.65 261
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 2.3-6.5 2.5-6.6 2.4-6.9 2.3-6.3
Refinement
Initial model used (PDB code) 6DDE KOR-Gi1 in this study
Model resolution (A) 2.87 3.09 2.96 3.06
FSC threshold 0.5 0.5 0.5 0.5
Map sharpening B factor (Az) -69.58 -48.19 -76.93 -94.28
Model composition
Non-hydrogen atoms 8864 8741 8529 8846
Protein residues 1130 1118 1115 1129
Ligands 1 1 1 1
Protein - B factor (Az) 52.78 47.41 55.08 54.67
Ligands - B factor (A% 68.88 67.1 75.95 61.31
r.m.s. deviations
Bond lengths (A) 0.004 0.003 0.003 0.003
Bond angles (°) 0.526 0.55 0.499 0.547
Validation
MolProbity score 1.47 1.46 1.59 1.48
Clashscore 5.43 4.54 5.45 4.91
Poor rotamers (%) 0 0 0 0
Ramachandran plot
Favored (%) 97.0 96.5 95.7 96.6
Allowed (%) 3.0 35 4.3 34
Disallowed (%) 0 0 0 0
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The coordinate and cryoEM map of KOR-Gil-momSalB, KOR-GoA-momSalB, KOR-Gz-GR89,696, and KOR-Gg-GR89,696 have been deposited to PDB and EMDB
databases with accession code 8DZP (EMD-27804), 8DZQ (EMD-27805), 8DZS (EMD-27807) and 8DZR (EMD-27806), respectively. PDB database (https://
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Data exclusions  No data were excluded for this study.

Replication For functional assay, data were replicated using technical and independent biological replicates. See figure legends for specific details. For the
GPCRome assay, one biologically independent experiment was performed with n=4 technical replicates. The four replicates were reliably
reproduced.

Randomization  No data is required randomization, because this study did not allocate experimental groups. For cryoEM study, meshes on the grids with good
ice thickness were randomly selected for data collection.

Blinding No blinding was performed in this study. For both cryoEM structure determination and functional studies, blinding is not necessary due to the
nature of these experiments do not requires subject assessment of the data that may influence the validity of the results
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Antibodies

Antibodies used gp64-PE antibody (expression system, #97-201), anti-FLAG-horseradish peroxidase-conjugated antibody (Sigma, A8592)

Validation gp64-PE antibody was purchased from Expression Systems and was used for baculovirus titration. The detailed information can
be found at https://expressionsystems.com/product/gp64-pe-antibody/
anti-FLAG-horseradish peroxidase-conjugated antibody was ordered from Sigma-Aldrich and was used in ELISA experiment for
the detection of KOR receptor (wt and mutants) expression level. The detailed information can be found at https://
www.sigmaaldrich.com/US/en/product/sigma/a8592

Eukaryotic cell lines

Policy information about cell lines

8107 120120

Cell line source(s) HEK293T cells were purchased from the American Type Culture Collection (ATCC, ATCC CRL-11268). Spodoptera frugiperda
(Sf9) cells are from Expression Systems (#94-001S).

Authentication All cells used in this study are commercial as indicated in the manuscript. HEK293T cells were authenticated by the supplier




Authentication (ATCC) using morphology and growth characteristics, and STR profiling. Sf9 cells are commercial and obtained from vendors
as indicated in the manuscript. No additional authentication was performed by the authors of this study.

Mycoplasma contamination HEK293T cells have been tested and shown to be free from mycoplasma (Hoechst DNA strain and Direct Culture
methods employed). Sf9 cell line was certified as mycoplasma-free by the source company.

Commonly misidentified lines No commonly misidentified cell lines were used.
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