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Abstract

The x-opioid receptor (KOR) represents a promising non-addictive analgesic target due to its
critical role in pain and reward pathways. Despite evidence of KOR dimerization, its molecular
basis and pharmacological significance remain elusive. Here, we demonstrate stable kOR dimer
formation in living cells and present cryo-electron microscopy structures of salvinorin A-bound
KOR dimer complexed with two Gi proteins, revealing a parallel assembly distinct from previously
characterized GPCR dimers that engage only single G protein. Multiple membrane lipids are
positioned at the TM1-Helix 8 interface, where they make extensive contacts with both protomers
and may contribute to the stability of the KOR dimer. Importantly, dimerization significantly
enhances Gi protein recruitment to KOR in both potency and efficacy. We also demonstrate that
salvinorin A, a non-nitrogenous agonist, binds similarly in monomeric and dimeric kOR, and
identify Y3127 as a critical selectivity determinant across opioid receptors. These findings
expand our understanding of opioid receptor pharmacology and signaling, providing a foundation

for developing superior KOR-targeted therapeutics for pain and related disorders.



Introduction

Effective and safe pain management continues to be a significant challenge in current health care.
Opioids are currently the most widely used and effective analgesic medications. Opioid drugs such
as morphine and fentanyl continue to be the primary treatments for moderate to severe pain,
exerting their analgesic effects by targeting opioid receptors (ORs). The OR family includes four
receptor types, namely pOR, 6OR, kOR, and NOPR, all of which primarily couple to the inhibitory
Gi/o protein!. Currently, most approved opioid analgesics are pOR agonists, offering potent pain
relief but accompanied by significant adverse effects, particularly addiction and respiratory
depression, which greatly limit their clinical utility. The fatal respiratory depression resulting from
opioid addiction has directly fueled the widespread “opioid crisis”, particularly in North America,
claiming about 100,000 lives annually?. The «OR has emerged as a promising alternative
therapeutic target for pain modulation, offering potential benefits without the severe side effects

associated with ptOR agonists> 3.

Understanding the intricate signaling and pharmacological properties of ORs is crucial for
developing effective analgesics with fewer side effects® ©. The molecular understanding of KOR
has advanced considerably since its initial cloning, driven by its therapeutic potential for analgesia
8

and anhedonia” 8. Structural studies have illuminated the receptor’s inactive and active

conformations, providing valuable insights into ligand interactions and signaling dynamics® '% !
12,13, 14 Elycidation of kOR bound to the antagonist JDTic has facilitated the development of
therapies for depression-related anhedonia, exemplified by the clinical advancement of
navacaprant'> 1. Furthermore, investigations of agonist-bound structures have illuminated the
molecular basis of signaling bias, particularly how specific ligand interactions influence arrestin
recruitment and G-protein coupling'® ' 12 13 14 ' These structural insights, combined with our

understanding of dynorphin recognition and G-protein coupling specificity'?, have accelerated the

rational drug design targeting kOR for pain, pruritus, and affective disorders!’.



The paradigm of GPCR function has evolved substantially with the recognition that these receptors
can form functional dimeric and oligomeric complexes'® > 20, While traditionally viewed as
monomeric entities, compelling evidence indicates that ORs can exist as both homo- and

heterodimers, each exhibiting distinct functional properties®!s 2 23: 24 25

. KOR presents a
particularly intriguing case for studying receptor oligomerization, as it exhibits a remarkably high
propensity for dimerization compared to other OR subtypes®®. The temporal and spatial dynamics
of kOR dimerization in cellular membranes have been characterized®® ?’. Advanced biophysical
approaches including single-molecule imaging and split GFP complementation have revealed that
KOR spontaneously forms stable dimers at physiological expression levels, even at low receptor
densities where ptOR and SOR predominantly remain monomeric’¢. Quantitative analyses further
support this observation, demonstrating significantly higher dimerization affinities for «OR
compared to pOR and SOR?. Despite these compelling observations of dimerization properties of

KOR, the molecular architecture governing dimer assembly and the functional consequences of

this oligomerization remain undefined.

In this study, we provide direct evidence for stable KOR dimerization in cell membranes. We also
present structural snapshots of the kOR dimer captured during our investigation of the kKOR-Gi
signaling complexes bound to the natural product agonist, salvinorin A (SalA). Through
complementary approaches combining NanoBiT protein interaction assays, site-directed cysteine
cross-linking, and functional Gi dissociation measurements, we characterize the lipid-mediated
dimer interface and demonstrate that dimerization significantly enhances Gi-mediated signaling
efficacy. These findings provide molecular-level insights into KOR oligomerization and its
functional consequences, establishing a foundation for development of improved analgesics

targeting KOR signaling.

Results

Stable dimerization of KOR in living cells



We firstly employed the bimolecular fluorescence complementation (BiFC) assay to examine kOR
dimerization in living cells (Fig. 1). Two «OR constructs were generated, one fused to VN and the
other fused to VC at their C-terminus, allowing visualization of kKOR dimerization through Venus
complementation (Fig. 1a). As expected, cells expressing kOR-VN or kOR-VC alone produced
no detectable fluorescent signal, confirming that neither fragment independently reconstitutes a
functional Venus protein. In contrast, co-transfection of F*A%OR-VN and "'49kOR-VC yielded a
strong fluorescent signal, indicating the formation of kOR dimer (Fig. 1b-d). To verify the
specificity of this interaction, we introduced a third untagged receptor through competitive
displacement. Co-transfection of HA"cOR substantially reduced BiFC fluorescence, consistent
with competition for dimerization partners. Importantly, neither the *"**GB2 (a GABAB receptor
subunit that can’t function alone and doesn’t interact with kOR) nor CAAX-mCherry (a
membrane-anchored marker) significantly altered fluorescence intensity, together indicating the
specific dimer formation between KOR-VN and «kOR-VC (Supplementary Fig. 1a-b). These
findings provide further evidence for the existence of KOR dimers at the cellular membranes,
corroborating observations from previous studies’ 2% 2. Then, we used NanoBiT
complementation assay to investigate if agonist ligands modulate KOR dimerization. To this end,
two KOR constructs were generated, one fused with the large subunit (LgBiT) and the other with
the small subunit (SmBiT) of the NanoBiT system at their C-terminus, allowing luminescence
complementation to report KOR-KOR association (Fig. 1e). Treatment with a panel of kOR
agonists, including 6’-GNT1, U -69593, CR845 and dynorphin Ai.13, showed no significant
influence on dimer formation. Nalfurafine and SalA slightly decreased dimer formation. Notably,
none of the agonists tested completely disrupted kOR dimer formation (Fig. 1e), suggesting a

stable KOR dimerization.

Structure of dimeric kKOR-G; signaling complex
To elucidate the molecular mechanism underlying kKOR dimer formation and G protein signaling,

we sought to obtain and characterize the structure of the dimerized kOR-G;i signaling complex. We



selected the non-nitrogenous neoclerodane SalA as the orthosteric ligand. The SalA-bound kOR-
Gi complex was assembled and purified for cryo-electron microscopy (cryo-EM) analysis through
co-expression of kOR with the Gi heterotrimer (Supplementary Fig. 2a-b). During purification,
we observed two adjacent peaks of the KOR-Gi complexes, which were collected for subsequent
structural investigation. Single-molecule mass photometry performed on the affinity-purified
sample prior to any concentration or SEC fractionation revealed three discrete populations
corresponding to detergent micelles, monomeric KOR-Gi complex, and a dimeric KOR-Gi species,
with the latter two exhibiting an ~1:2 mass relationship (Supplementary Fig. 2a). These findings
support that the 2:2 kOR-Gi dimer pre-exists in dilute detergent solution. Although the protein
complex predominantly assembled in a monomeric state, 3D classification of single particles
identified a distinct class of KOR-Gi dimers, enabling structural determination of the dimeric KOR-
Gi signaling complex (Supplementary Fig. 2c-d and Supplementary Table 1). The SalA-bound
«KOR-Gi monomer and dimer density maps were resolved with overall resolution at 3.2 A and 3.6
A, respectively. For the dimeric complex, refinement was performed with C2 symmetry, consistent
with the two-fold arrangement observed in the reconstruction. Imposing C2 symmetry improved
the global and local map quality relative to C1 refinement, and the C2-symmetrized map was
therefore used for model building and analysis. To aid interpretation, we produced both a
conventionally post-processed map and a DeepEMhancer-processed map from the same C2-
refined particle set; these complementary representations were examined in parallel, as
DeepEMhancer preferentially enhances continuous protein features whereas conventional post-
processing more consistently preserves certain membrane-proximal, non-protein densities. The
cryo-EM maps allowed unambiguous modeling of side chains for KOR, SalA, lipids and most of
the Gi heterotrimer (Supplementary Fig. 3). However, because the Gi density is locally weaker in
the dimer reconstruction, Gi was modeled by fitting the validated monomeric kKOR-Gi structure
into the available density followed by manual inspection (Figs. 2a-c and Supplementary Fig. 2e).
Notably, our KOR-Gi dimer structure shows that each kOR protomer couples to one Gi protein (2:2

stoichiometry) in a parallel arrangement. This mode of assembly differs markedly from previously



reported dimeric GPCR-G-protein complexes. The class D fungal receptor Ste2 also forms a 2:2
receptor-G-protein complex, but its dimer interface is generated primarily by the N terminus,
ECL1, TM1, TM2, and TM7 in a domain-swapped configuration, featuring a right-handed TM1-
TMI1 crossing angle of ~37° and an extensive protein-protein interface®® ?°. In contrast, the kKOR
dimer interface is mediated predominantly by TM1 and Helix 8, assisted by interfacial lipids,
resulting in a distinct TM1-TM1 packing geometry while still accommodating two Gi
heterotrimers on the intracellular side (Figs. 2a-b). Together with the previously reported
structures of apelin receptor (APJ)*% 3!, GPR3?? and class C GPCR dimer exhibiting a 2:1 receptor-

33, 34

G protein stoichiometry’” °*, these comparisons indicate that the KOR-Gi homodimer complex

represents a distinct structural arrangement for coupling two G proteins to a class A GPCR dimer.

Binding mode of SalA in kOR

SalA is a naturally occurring diterpenoid that represents the principal psychoactive constituent of
Salvia divinorum. In contrast to classical hallucinogens which primarily target serotonergic
receptors, SalA stands out as a selective and potent agonist at kKOR, with nanomolar binding
affinity®>. Unlike traditional OR ligands, SalA lacks a basic nitrogen atom, a feature previously
considered a prerequisite for OR interaction. Its complex molecular architectures, characterized
by a distinctive tricyclic core scaffold with a furan ring and multiple stereocenters, underpins its

marked affinity and specificity for kOR.

Structural analysis revealed high conformational conservation between the monomeric and
dimeric states of SalA-bound kOR, with minimal deviation in receptor backbone (RMSD = 0.35
A) and ligand positioning (Supplementary Fig. 4). To elucidate precise ligand-receptor
interactions, we utilized the higher-resolution monomeric structure. In this configuration, SalA
occupied the orthosteric binding pocket (OBP), with its tricyclic diterpenoid core vertically
inserting into the conserved chamber of ORs, a region typically occupied by the conserved “YGGF”

motif found in endogenous opioid peptides'®. This chamber was suggested to be critical for the



recognition and activation of ORs by their ligands'®. Comparative structural analyses of KOR
bound to SalA and other opioid ligands, such as MP1104 and nalfurafine, reveal a highly congruent
binding pose despite their chemical diversity'® '? (Fig. 2d). SalA establishes extensive interactions
with key residues from TM2-3, and TMS5-7 of kOR, facilitating robust receptor activation (Fig.
2e).

The negatively charged residue D> (Ballesteros-Weinstein numbering rules®®) is highly
conserved among ORs and aminergic receptors, where it typically forms a salt bridge with the
ligand’s amino group, anchoring the ligand to the OBP and facilitating receptor activation’” 3% 3°,
Although SalA lacks amino group, the carbonyl oxygen of its terpenoid ring and acetyloxy moiety
establish extensive hydrogen-bond interactions with D138%3*? and Q1152° (Fig. 2f). These
interactions are further reinforced by hydrogen bonds with Y32074*, forming a polar network that
compensates for the absence of an amino group in conventional opioid ligands. Consistently,
mutational studies substituting D138*3 or Q1152 with alanine reduced the potency of SalA
10~26 fold at kOR (Fig. 2g). In addition to polar interactions, SalA engages in extensive
hydrophobic interactions within the OBP of kOR. The diterpenoid core of SalA is sandwiched by
residues from TM3 and TM7, together with the carboxylate ester moiety, interacts hydrophobically
with Y13933, M142336, 1290631, H29162, 129455, Y31272°, and 1316"° (Fig. 2h). Alanine
mutations of these residues, with the exception of 1294%°°A, attenuated the potency of SalA on
KOR by more than 10-fold (Fig. 2g-i and Supplementary Table 2), suggesting the critical role of
these hydrophobic packing in SalA-mediated kOR activation. The preserved potency of 12945 A
suggests that the contribution of this residue may be functionally compensated by neighboring
hydrophobic contacts within the pocket. The furan ring of SalA points toward the cleft of TM2 and
TM3, occupying an extended hydrophobic pocket comprising W1245H1 V134328 and 1135327,
This positioning mirrors the binding modes of the furan ring in nalfurafine'?, the iodobenzene ring
in MP1104, and the phenylalanine residue in dynorphin'® (Fig. 2j). Consistently, mutations of
V134%2% and 1135%2° on kOR decreased the ECso of SalA by 3-fold and 62-fold, respectively (Fig.



2g and Supplementary Table 2). In addition, the acetyloxy group of SalA extends downwardly
to the intracellular side and was encapsulated within a hydrophobic network formed by V10823,
W287%4 and Y3207 (Fig. 2Kk), as occupied by the cyclopropylmethyl group of nalfurafine and
MP1104. The encapsulation of the acetyloxy group within this hydrophobic environment enhances

the stability of SalA’s binding conformation, further contributing to receptor activation.

A prior docking and molecular dynamics study proposed a distinct SalA binding orientation in
KOR, placing the ligand above the morphinan binding region with the furan group oriented toward
the intracellular core and the C2-acetoxy group directed toward ECL2. In contrast, our cryo-EM
structure reveals an inverted binding orientation in the signaling-competent KOR-Gi complex, in
which the furan ring occupies an extracellular TM2-TM3 hydrophobic subpocket and the C2-
acetoxy group extends toward the intracellular side where it is stabilized by TM2/3/6/7 residues
(Supplementary Fig. 5a). Notably, this experimentally observed pose is consistent with the
independently determined cryo-EM structure of kOR bound to the salvinorin analogue momSalB!!

(Supplementary Fig. 5b), supporting a unified binding mode for salvinorin-type agonists.

Selective determinants of SalA to ORs

To reveal how SalA conducts ligand selectivity toward kOR over the OR family, we evaluated the
activation profiles of SalA for the four ORs using the cell-based cAMP inhibition and B-arrestinl
recruitment assays (Supplementary Fig. 6a-b). We used DAMGO, Leu-enkephalin, dynorphin
Ai-13 and nociceptin (NFQ) as the reference agonists for pOR, SOR, kOR and NOPR, respectively.
Consistent with previous studies, our findings demonstrated that SalA exhibits preferential
activation of KOR compared to other ORs in the Gi-mediated cAMP inhibition pathway
(Supplementary Fig. 6a). Notably, SalA displayed complete selectivity in B-arrestinl recruitment,
activating this pathway exclusively in kOR while showing no detectable activity at fOR, dOR, or
NOPR (Supplementary Fig. 6b). Structure superposition of SalA-bound kOR with the other OR

subtypes in their active states indicated that most residues interact with SalA are conserved, except



for the residue in 7.35 position (Supplementary Fig. 6c). In the SalA-kOR complex, the
diterpenoid group of SalA forms Van der Waals forces and weak polar interaction with Y3127 of
KOR, whereas the corresponding interactions are absent in the corresponding positions occupied
by W3207% in pOR, L3007* in SOR, and L30173° in NOPR. Supporting this observation,
substitution mutations introducing tyrosine at position 7.35 in pOR, 60OR, and NOPR enhanced
SalA potency by approximately 5-10 folds (Supplementary Fig. 6d-g). Conversely, mutation of
Y312”% in kOR to either tryptophan or leucine reduced SalA potency by 10 folds without
significantly affecting dynorphin Ai-13 activity (Supplementary Fig. 6g). These findings identify
Y3127 as a critical determinant of the selective recognition of SalA to kOR relative to other OR

subtypes.

In complementary [B-arrestin recruitment assays, we observed that although SalA robustly
promotes PB-arrestinl recruitment at KOR, it elicits a reduced maximal response for B-arrestin2
recruitment compared with dynorphin Ai-13 (Supplementary Fig. 7). Given the established
dominant role of B-arrestin2 in GPCR desensitization and receptor internalization, this subtype-
selective arrestin engagement provides a mechanistic explanation for the previously reported
reduction in kOR internalization following SalA stimulation relative to peptide agonists*!.
Together, these results indicate that SalA displays a distinctive signaling profile at KOR,
characterized by robust Gi activation and preferential B-arrestinl engagement, while limiting f3-

arrestin2-dependent regulatory processes.

Interfacial lipids contribute to kOR dimer stabilization

In addition to the monomeric structure, we also resolved the structure of the dimeric SalA-bound
KOR-Gi signaling complex with parallel receptor assembly. Structural analysis revealed that the
KOR dimer interface is mediated primarily by interactions between TM1 and Helix 8, similar to
the architecture observed in several previously reported GPCR dimers (PDBs: 4DJH’, 4GPO*,

and 60FJ**; Supplementary Figs. 4a—f). Quantitative comparison of buried surface areas



calculated using PDBePISA demonstrates that the kOR-Gi dimer interface in our cryo-EM
structure is substantially smaller (469 A?) than those of the inactive KOR crystal structure (1025
A%’ rhodopsin dimer (672 A%)*?, and the inactive state Pi-adrenergic receptor (B1AR) dimer (834
A%)%- 4 (Supplementary Fig. 8a-f). For reference, the class D Ste2 receptor forms a domain-
swapped dimer with a considerably larger interface (2467 A?), though this represents a structurally
distinct dimerization mechanism?®. These results demonstrate that the active kOR dimer interface
is substantially smaller than all previously reported GPCR dimers that assemble through a TM1-
TM1 interface, while still being larger than the TM3-ECL1-mediated interface of the APJ dimer
(270 A%)3%-3! (Supplementary Fig. 8g). The reduced buried surface area in the active kOR dimer
is consistent with the limited set of hydrophobic contacts contributed primarily by V71144, V75148,
F341%3% and F346%3°. Notably, the cryo-EM map of the kOR dimer revealed multiple well-defined
lipid-like densities surrounding the receptor components, with a predominant distribution at the
dimer interface (Fig. 3a). These observations suggest that membrane lipids could play a significant
role in stabilizing the kOR dimer. In these regions, the density is dominated by continuous
hydrophobic features consistent with ordered acyl chains and sterol scaffolds, whereas
reproducible density for polar headgroups is not observed, limiting confident assignment of
specific phospholipid species. Accordingly, we modeled two C16:0 fatty acids (palmitic lipid
molecule, PLM), twelve cholesterol (CLR) molecules and four cholesteryl hemisuccinate (CHS)
molecules encircling the KOR dimer (Fig. 3b), with the sterol-like features assigned as cholesterol
or CHS based on the density features and sterol-containing purification conditions. We note,
however, that cholesterol and CHS cannot always be unambiguously distinguished at this
resolution, as the hemisuccinate moiety of CHS may be disordered and therefore not resolved.
Thus, the densities modeled as cholesterol may also correspond to CHS with a disordered

hemisuccinate group.

To comprehensively evaluate interactions across the entire interface, we employed the NanoBiT-

based titration assay (Fig. 3¢), a methodology previously validated for detecting noradrenaline



transporter dimerization®. To prevent signal artifacts from receptor overexpression, we maintained
a constant transfection amount of LgBiT-kOR (500 ng) while incrementally increasing SmBiT-
KOR plasmid concentrations to generate a dose-dependent NanoBiT signal curve. Based on our
structural analysis showing that kKOR dimer formation is mediated through residues from TM1,
TM2, TM7, and Helix 8 directly or indirectly by membrane lipids (Fig. 3b), we analyzed the
interface as two distinct regions: an extracellular component comprising TM1 and TM2 residues,
and an intracellular component encompassing residues from TM1, TM7, and Helix 8. Within the
extracellular interface region, CLR and CHS molecules occupy the interstitial space between
protomers, establishing hydrophobic interactions with residues V60'#, T63!3¢ F70!43 V71144
L7447 T117%9, L120%%°, M121%%, P1255Ct! and F1265CL! (Fig. 3d-g). The intracellular
interface is similarly stabilized by two PLM and two CLR molecules, interacting with residues
possessing predominantly bulky side chains such as L79'%2, F82!° F332755 and F344%7 (Fig.
3g). To evaluate the functional significance of these interactions, we conducted alanine substitution
mutagenesis of all these residues, assessing dimer formation through titration experiments with
fixed wild-type (WT) LgBiT-kOR against increasing concentrations of mutant SmBiT-xOR.
Importantly, flow-cytometry analysis of cell-surface expression confirmed that none of the
interface mutations reduced receptor expression or plasma-membrane localization relative to WT
KOR (Supplementary Fig. 9a and Supplementary Table 3), ensuring that differences observed
in the NanoBiT titration assays reflect altered dimerization rather than expression effects. Among
the residues that make direct protomer-protomer contacts in the cryo-EM structure (V7144
V75148 F34183 and F346%), alanine substitutions at V75'4® and F341%* produced the most
pronounced effects, requiring ~1.5-fold and ~1.7-fold higher SmBiT-«kOR plasmid amounts,
respectively, to achieve dimerization levels comparable to WT (Fig. 3d-g and Supplementary
Table 3). In contrast, mutations at other interface positions, many of which primarily contact
interfacial lipids rather than the opposing protomer, did not significantly reduce dimerization and
in some cases modestly increased the apparent dimerization propensity. These results indicate that

a limited set of hydrophobic residues forming direct protein-protein contacts contributes



measurably to KOR dimer stabilization, whereas interfacial lipids likely act as dynamic molecular
fillers that accommodate subtle changes in side-chain packing rather than relying on specific lipid-
contacting residues for dimer formation. To further exclude the possibility that the observed
titration shifts arise from altered ligand responsiveness rather than changes in receptor-receptor
association, we evaluated the ligand dependence of the NanoBiT readout. Full titration analyses
using SalA, the endogenous agonist dynorphin Ai-13, and the antagonist JDTic showed comparable
maximal NanoBiT signals and apparent ECso values for WT, V75'48A, and F3415°*A receptors
(Supplementary Fig. 9b), indicating that these mutations do not impair ligand recognition or
overall receptor functionality. Thus, the rightward shifts observed in selected mutants reflect

reduced kOR-kKOR association efficiency rather than altered pharmacological properties.

To directly examine whether membrane cholesterol functionally contributes to kOR dimer
stabilization, we manipulated cellular cholesterol levels using methyl-f-cyclodextrin (MBCD), a
well-established reagent for acute cholesterol depletion. Cells co-expressing LgBiT-kOR and
SmBiT-kOR at fixed plasmid ratios were treated with increasing concentrations of MBCD prior to
NanoBiT measurements. Cholesterol depletion resulted in a significant and concentration-
dependent reduction in NanoBiT luminescence for WT «OR (Fig. 3h), indicating a decreased

population of kKOR dimers upon cholesterol removal.

To determine whether this effect reflects specific cholesterol-receptor interactions rather than a
nonspecific disruption of membrane organization, we next examined «kOR mutants in which
residues contacting cholesterol in the cryo-EM structure were substituted with alanine (Fig. 3i).
Notably, for these cholesterol-interaction-deficient mutants (L79!2A, F82!55A, V27863%A,
L325748A, L3287°1A, L333746A), MBCD treatment no longer produced a significant reduction in
NanoBiT signal (Fig. 3j), indicating that the sensitivity of kOR dimerization to cholesterol
depletion depends on defined receptor-cholesterol contacts. Together, these results provide direct

functional evidence that cholesterol molecules observed at the dimer interface in the cryo-EM



structure play a stabilizing role in kOR dimer formation, rather than serving as passive membrane

components.

KOR dimerization enhances G protein signal

To characterize the dimer interface, we employed cysteine cross-linking experiments, a
methodology previously utilized to analyze dimer interfaces in B1AR and platelet-activating factor
receptor (PAFR) #*4°. Compared to kOR WT, cysteine mutations in TM1 (V60'*3C, T63!"C, and
A64'37C) resulted in a significant increase in the kOR dimer ratio in the presence of CuP,
consistent with our structural observations. Engineering the kOR double mutants incorporating
C315738A, which eliminates potential confounding effects of CuP, further increased the proportion
of KOR dimer formation (Fig. 4a). Notably, C3157% is located on a different face of the receptor,
approximately 90° removed from the TM1-Helix 8 dimer interface, and therefore does not directly
contribute to protomer-protomer contacts. Surface expression levels and SalA binding affinities
(pKi values) were comparable between all cysteine mutants and WT xOR, indicating that the
introduced mutations and receptor dimerization did not alter ligand affinity (Fig. 4b-c). Then in
the presence of CuP treatment, which facilitate dimer formation, these KOR mutants showed higher
Gi signaling potency and efficacy upon SalA stimulation compared with WT and C31573A
control KOR (Fig. 4d-e), suggesting a functional relationship between receptor dimerization and

enhanced G protein signaling, which was also found in PAFR dimer*®.

We further investigated how signaling integrated within «kOR dimer. We used a luciferase
complementation assay combined with BRET biosensor to specifically measure G protein
recruitment to the KOR dimer (Fig. 4f). In this experiment, kOR was labeled with LgBiT and HiBiT,
respectively, creating a linked configuration that facilitates the formation of a functional Nluc
molecule when the two protomers (kKOR-LgBiT and kOR-HiBiT) are brought together. This
configuration allows for the detection of BRET signaling upon the recruitment of Venus-tagged

miniG protein to the kKOR dimer labeled with complementary Nluc tags (Fig. 4f). Our results



revealed a significant reduction in G protein recruitment when one of the protomers was mutated
at R156*°A (impairing G protein coupling), by approximately 55% compared to WT dimers (Fig.
4¢g). These results indicate that maximal activation of the kKOR dimer depends on two functional
protomers, with each protomer contributing independently to G protein recruitment. It is consistent
with our structural analysis that the SalA-bound kOR dimer could simultaneously engage two G
proteins (Fig. 2a), and is different from previously characterized GPCR dimers, including, Class
D Ste2 dimer?®2?°, Class C GPCRs and APJ dimers?!33:3*47 typically couple with only a G protein.
Collectively, our results demonstrate that cysteine cross-linking enhances kOR dimerization,
consequently potentiating Gi protein activation. The moderate effects observed with interface
mutations suggest the dynamic nature and compensatory mechanisms inherent to lipid-mediated

membrane protein dimerization.

Discussion

The recognition that receptor dimerization occurs across diverse GPCR families and influences
signaling pathways and pharmacological properties has fundamentally transformed our
understanding of GPCR signaling paradigms'® 20-4%:4%:30.51 "This widespread phenomenon presents
promising therapeutic opportunities through targeting multimeric receptor complexes. For ORs,
persistent side effects continue to limit clinical utility, making therapeutic strategies directed at OR
homo/heterodimers particularly attractive as complementary approaches alongside the
development of low-efficacy/Gi-biased ligands, allosteric modulators, and peptide therapeutics.
However, the molecular mechanisms and functional consequences of dimerization remain poorly
characterized for most class A GPCRs. Our study provides direct structural characterization for
KOR dimerization through cryo-EM analysis of SalA-bound kOR dimers, revealing a 2:2
configuration with two G;j proteins. In addition, we demonstrate its functional role in G protein

signaling enhancement.

Our structural analysis identifies a lipid-mediated dimer interface between the two kOR protomers



at TM1-Helix 8. Multiple fatty acids and cholesterol molecules occupy the interstitial space
between protomers, suggesting that membrane lipids contribute to stabilizing the assembly by
bridging hydrophobic residues such as V75'4%, F3413% and F346%%°. Quantitative analysis shows
that the buried surface area of this interface is 469 A% markedly smaller than those of previously
characterized TM1-TM1 GPCR dimers, such as rhodopsin dimer*> and PiAR dimer*’. This
relatively small contact area, together with lipid-mediated stabilization, represents a distinct and

potentially generalizable mechanism for GPCR dimerization.

KOR dimerization enables simultaneous coupling of two G proteins in a 2:2 stoichiometry, in
contrast with class C GPCRs and the well-documented GPR3 and apelin receptor dimers®®3!:32:33,
where a single G protein couples per dimer and underscores the diversity of dimerization
mechanisms across GPCR classes. This configuration provides a molecular basis for the enhanced
KOR signaling potency and efficacy we observed, as both protomers contribute to G protein
recruitment. The enhanced G; signaling observed in dimers, corroborated by our previous findings
with PAFR*, suggests that dimerization amplifies receptor signaling through cooperative G
protein coupling. BRET experiments demonstrate that mutations impairing G protein coupling in

either protomer reduce overall signaling efficiency, indicating that kKOR dimers may rely on

contributions from both protomers to achieve optimal signaling output.

Structural analysis demonstrates that SalA recognition mechanisms are conserved between
monomeric and dimeric receptor states. SalA establishes extensive interactions within the kKOR
orthosteric binding pocket, accounting for its potent and selective binding properties. The
selectivity profile is primarily driven by critical interactions with Y3127 a residue that confers
subtype specificity across OR families. Comparative structural analysis with pOR, dOR, and
NOPR reveals that the distinctive van der Waals and polar interactions between Y3127-% and
SalA’s diterpenoid core underlie kOR’s preferential activation. These structural insights establish

SalA as a valuable pharmacophore template for rational design of kOR-selective therapeutic agents.



In conclusion, this study advances our understanding of kOR biology by elucidating the structural
basis of kKOR dimerization and its functional implications in opioid pharmacology. The integration
of cryo-EM structural data with biochemical and mutagenesis analyses illuminates the mechanisms
underlying kOR dimer formation and its impact on receptor signaling. These findings improve our
understanding of KOR dimerization and its significance on receptor signaling, providing a
structural framework that may guide future studies exploring kOR dimer-targeted strategies a

potential avenue for developing superior analgesics for pain and related disorders.

Methods

Constructs

To determine the structure of SalA-bound kOR-Gi complex, the sequence encoding the WT «OR
(3-380) was constructed into the pFastBac vector (ThermoFisher) with an N-terminal FLAG tag
and a C-terminal His8 tag for two-step purification. The prolactin precursor sequence was fused
to the very N-terminus as a signaling peptide to facilitate expression and kOR anchoring to the cell
membrane. Four dominant-negative mutations, G203A, A326S, S47N and E245A, were
introduced into the human Guii (Geii_4M) by site-directed mutagenesis to decrease nucleotide
binding affinity and stabilize the receptor-Gi complex!. All the three components of Git
heterotrimer, human Gei1_4M, rat Gp1 and bovine Gy2, were constructed into the pFastBac vector

(ThermoFisher), respectively.

Expression and purification of the kOR-G; signaling complex

The purification of the single chain antibody scFv16 was completed in advance. The scFv16
sequence was fused with an N-terminal GP67 signaling peptide and a C-terminal TEV cleavage
site-His8, and then cloned into the pFastBac vector (Thermo Fisher). The scFv16 stocks were

prepared as previously described?>,



For the kOR-Gj complex, KOR, Gai1_4M, Gp1 and G,2 were co-expressed in Sf9 insect cells using
the Bac-to-Bac baculovirus expression system (ThermoFisher). The cells were cultured in ESF
921 serum-free medium (Expression Systems) to a density of 4x10° cells/mL and then infected
with the four types of baculoviruses expressing KOR, Guii_4M, Gp1 and Gy2 at a ratio of 1:1:1:1.
After 48 hours of infection, the cells were collected by centrifugation at 631 x g for 20 minutes

and the cell pellets were stored at -80 °C for further purification.

For the purification of KOR-Gicomplex, cell pellets from 1L culture were thawed at room
temperature and resuspended in 20 MM HEPES pH 7.2, 50 mM NaCl, 10 mM KCI, 5 mM MgClz,
0.3 mM TCEP, protease inhibitor cocktail (Bimake, 1mL/100mL suspension). The suspension was
treated with French Press and centrifuged at 100,000 x g for 30 min at 4 °C. The cell precipitates
were then collected and resuspended in a buffer containing 20 mM HEPES pH 7.2, 75 mM NaCl,
5 mM CaClz, 5 mM MgClz, 5% glycerol, 0.3 mM TCEP, protease inhibitor cooktail (Bimake, 1
mL/100 mL suspension). The kKOR-Gi complex was formed on the membrane by the addition of
10 uM Sal A and incubating for half an hour at room temperature. The suspension was treated with
25 mU/mL apyrase to digest the nucleotides. After incubating for an additional hour at room
temperature, the complex was extracted from the membrane using 0.5% (w/v) lauryl maltose
neopentylglycol (LMNG, Anatrace) and 0.1% (w/v) cholesteryl hemisuccinate TRIS salt (CHS,
Anatrace) for 3 hours at 4 °C. The solubilized fractions were isolated by centrifugation at 100,000
x g for 45 min and then incubated overnight at 4 °C with pre-equilibrated Nickel-NTA resin. After
batch binding, the nickel resin with immobilized protein complex was manually loaded onto a
gravity column. The resin was first washed with 20 column volumes of a buffer consisting of 20
mM HEPES, pH 7.2, 100 mM NaCl, 40 mM imidazole, 0.3 mM TCEP, 0.05% LMNG (w/v), 0.01%
CHS (w/v), and 10 uM SalA, and then eluted using the same buffer containing 300 mM imidazole.

The eluted protein was further incubated with 2.5 mg scFv16 by batch binding with 2 mL FLAG

resin (Smart-Lifesciences) for 2 hours at 4 °C. The FLAG resin with protein complex was then



washed by 10 column volumes of detergent buffer containing 20 mM HEPES, pH 7.2, 100 mM
NacCl, 0.3 mM TCEP, 0.0075% LMNG (w/v), 0.0025% GDN, 0.002% CHS (w/v), 10 uM SalA.
Subsequently, the material bound to FLAG resin was then eluted with the same detergent buffer
containing 200pg/uL. FLAG peptide. The complex was concentrated to 0.5ml by using an Ultra
Centrifugal Filter (Millipore, Sigma, 100 kDa molecular weight cutoff) and loaded onto a
Superdex 200, 10/300 GL increase column (GE Healthcare) pre-equilibrated with a buffer
containing 20 mM HEPES, pH 7.2, 100 mM NaCl, 0.00075% LMNG (w/v), 0.00025% GDN,
0.0002% CHS (w/v), 0.3 mM TCEP, and 10 uM SalA. Fractions from the main peak of the protein

complex was separately collected and concentrated for electron microscopy experiments.

Cryo-EM grid preparation and data collection

For cryo-EM grid preparation, 3.0 pL of each concentrated sample corresponding to two peaks
was applied onto glow-discharged EM grids (Quantifoil R1.2/1.3 holey carbon films, 300 mesh
Au) within a Vitrobot chamber (FEI Vitrobot Mark 1V). Vitrification was conducted at 100%
humidity and 4 °C, with the sample blotted for 3 s prior to plunge-freezing into liquid ethane. The
cryo-EM grids prepared in this manner were subsequently stored in liquid nitrogen for screening

and subsequent data collection purposes.

For the SalA-kOR-Gi-scFv16 monomer, cryo-EM movie stacks were acquired automatically on
an FEI Titan Krios microscope operating at 300 kV within the Advanced Center for Electron
Microscopy at the Shanghai Institute of Materia Medica, Chinese Academy of Sciences (Shanghai,
China). The microscope was outfitted with a Gatan Quantum energy filter. Movie stacks were
collected using a Gatan K3 direct electron detector, operating at a nominal magnification of
105,000 x in super-resolution counting mode with a pixel size of 0.824 A. The energy filter utilized
a slit width of 20 eV. Each movie stack comprised 36 frames dose-fractionated at 1.39 electrons
per frame, acquired with a defocus ranging from -0.8 to -2.0 um. The total exposure time per stack

was 2.35 s. A total of 6,632 movie stacks were recorded for the SalA-«xOR-Gi-scFv16 monomer,



employing EPU software for data collection with one exposure per hole on the grid squares. During
3D classification in the data processing, a cluster of dimers was reconstructed using 8,167 particles.
Consequently, 21,486 movies were added for further processing of the dimers. The same

conditions were applied across this dataset collection to combine these movies.

Image processing and 3D reconstruction

All dose-fractionated images were motion-corrected and dose-weighted using MotionCorr2
software, and their contrast transfer functions (CTF) were estimated with CTFFINDA4.1 in
RELIONA4.0. Micrographs with resolutions worse than 4.0 A and those containing grid carbon
areas were excluded from further analysis. For the monomer complex, 5,732 movies were retained
for subsequent data processing. The previously solved map of dynorphin Ai1-13-kOR-Gi-SCFv16
(PDB: 8F7W), low-pass filtered to 40 A, served as a template for auto-picking, resulting in
4,440,103 particles for interactive 2D and 3D classifications. Following multiple rounds of 3D
classification, 204,668 high-quality particles were selected. These particles underwent 3D
refinement, CTF refinement, Bayesian polishing, and post-processing in DeepEMhancer, yielding
a density map with a reported global resolution of 3.3 A at a Fourier shell correlation (FSC) of
0.143. During the data processing, a minor population of SalA-xkOR-Gi dimers was identified
through 3D classification. Using this low-resolution dimer as a template for particle picking
yielded only a small fraction of particles. Subsequently, additional data collection was conducted
as mentioned above, merging two datasets. Using dimer as template, 22,715,217 particles were
picked. These particles were randomly split into eight subsets, each subset was combined with the
dimer-template particle set using RELION’s join star file operation and then subjected to
independent 3D classification, after which redundant particles were removed. The selected
particles were combined and subjected to further rounds of 3D classification, resulting in the
selection of 41,577 particles for the final map generation. For the dimeric kOR-Gi structure, C2
symmetry was applied during 3D classification and refinement, which improved both global

resolution and the clarity of the TM1-Helix 8 interface. The final refinement outputs were then



used to generate two complementary map representations from the same refined particle set: (i) a
conventionally post-processed map generated in RELION (9UXX) and (ii) a DeepEMhancer-
processed map (9UXU). Both maps reached an overall resolution of 3.6 A (FSC = 0.143). The
primary difference between these two map representations is the appearance of non-protein
densities at the dimer interface, with the conventionally post-processed map more consistently
preserving sterol-/lipid-like features at the interface, whereas DeepEMhancer preferentially

enhances continuous protein features.

Model building, structure refinement, and figure preparation

The previously published structure of the kKOR-Gi complex (PDB: 8F7W) served as the starting
model for both the model building and refinement of the SalA-kOR-Gi-scFv16 monomer and
dimer. Initially, structural models were rigidly docked into the cryo-EM density maps using UCSF
Chimera®, followed by manual rebuilding and adjustment in COOT®3, Real-space and Rosetta
refinements were conducted using Phenix®*. The SalA ligand was generated using Phenix’s elbow
module from a SMILES string input. Model quality was assessed using MolProbity®°. Structural
representations were prepared using Chimera and PyMOL (https://pymol.org/2/). Detailed
refinement statistics can be found in Supplementary Table 1. Maximum distance cutoffs for polar

hydrogen-bond interactions and hydrophobic interactions were set at 3.5 A and 4.5 A, respectively.

Glosensor cAMP assay

The GloSensor cAMP assay (Promega)* was utilized to detect dynamic changes in intracellular
CAMP levels induced by ORs. Briefly, sequences of ORs, fused with an HA signal peptide and
FLAG tag, were cloned into a pcDNA3.0 vector for expression in the HEK293T system. Before
transfection, HEK293T cells were plated onto a 6-well plate (3 mL/well) at a density of 2x10°
cells/mL. After 16 hours, cells were transfected with 1.5 pg receptor DNA and 1 pg GloSensor-
22F (Promega) DNA. After 24 hours, transfected cells were resuspended in COz-independent

media and transferred to a 384-well plate at a density of 6x10° cells/mL in a volume of 20 uL per



well. After a short centrifugation, 10 uL CO2-independent media containing 2% GloSensor cAMP
Reagent (Promega) was added and incubated at 37 °C for 1 hour. Subsequently, 10 uL SalA (4x)
containing 4 uM forskolin were added and incubated for 10 minutes at room temperature. After
incubation, luminescence signals were tested by EnVision multi-plate reader according to the
manufacturer’s instructions. All data were analyzed using Prism 9 (GraphPad) and presented as
mean = S.E.M. from at least three independent experiments, each performed in technical duplicates
or triplicates. Non-linear curve fit was performed using a three-parameter logistic equation [log

(agonist vs response)].

BiFC assay

HEK?293 cells (ATCC, CRL-1573, lot: 3449904) were transfected with kKOR with complementary
components of Venus fluorescent protein (VN or VC) fused in the C-terminus for BiFC assay as
described previously®®. Twenty-four hours after transfection, the growth media and transfection
reagent were replaced with PBS, and images were acquired using an Olympus FV3000 Laser
Scanning Confocal Microscope (60 X objective, Olympus, Tokyo, Japan) equipped with
appropriate fluorescence and filters (GFP, 488/519 nm). The images were digitized and saved in
TIFF format. respectively, more than five microscopic fields were randomly chosen for analysis.
Images were processed and fluorescence was quantified with Fiji (ImageJ) and the MorphoLibJ

plugin were used to determine the fluorescence intensity of each cell membrane®’.

Cell surface quantification by ELISA

ELISA was performed for detection of the HA-tagged kOR WT at the cell surface. 24 h after
transfection, the HEK293 cells were fixed with 4% paraformaldehyde, blocked with 10% FBS.
HA-tagged KOR were detected with a monoclonal rat anti-HA antibody (with horseradish
peroxidase) 3F10 (Roche) at 0.5 ug/mL. FLAG-tagged constructs were detected with the mouse
monoclonal anti-FLAG antibody (with horseradish peroxidase) M2 (Sigma, St. Louis, MO) at 1.0



pug/mL. Bound antibodies coupled to horseradish peroxidase were detected by chemoluminescence

using SuperSignal substrate (Pierce) and read using the Tecan infinite 200Pro (Swiss).

NanoBiT assay

The NanoBiT Protein-Protein interaction system (Promega) was utilized to assess the interaction
between LgBiT-kOR and SmBiT-kOR. Briefly, HEK293T cells were co-transfected with plasmids
encoding LgBiT-kOR mutants and SmBiT-kOR mutants at the ratio of 1:1. After 24 hours, cells
were harvested and resuspended in PBS buffer to a density of 6x10° cells/mL. Subsequently, 10
uL of the cell suspension was transferred into a 384-well plate, followed by the addition of 10 uL
SalA (3%) and 10 pL coelenterazine 400a (Yeasen) with a final concentration of 50 uM. After a
10-minute incubation at room temperature, luminescence was measured with an EnVision

multiplate reader (PerkinElmer).

LgBiT and SmBIiT were also fused to the C-terminal of kKOR (as kKOR-LgBiT and kOR-SmBIiT) to
confirm the basal and agonist effect on dimerization. Briefly, HEK293 cells were co-transfected
with plasmids encoding kOR-LgBiT and kOR-SmBIT at the ratio of 1:1 and seeded in 96-well
plate. After 24 hours, cells were starved in PBS for 1h. Then the indicated agonist and 10 uM
furimazine were added to cells. The signals emitted by the Nluc (460-500 nm band-pass filter, Em
480) were recorded immediately using PHERAstar FS (BMG Labtech, USA). The luminescence

at 10 minutes was used for data analysis.

Cross-linking and fluorescent-labeled blot experiments

HEK293 cells were transfected with FLAG-Halo-kOR WT or indicated mutants by lipofectamine
2000 and plated in 12-well plates for 36 h. Then cells were labeled with 100 nM Halo-660 non-
cell permeant in culture medium at 37°C for 2 h. Cells were incubated with PBS at 37 °C for 30

min. Afterwards, cross-link buffer (1.5 mM Cu(II)-(o-phenanthroline), I mM CaClz, 5 mM Mg**,



16.7 mM Tris HCI, pH 8.0 and 100 mM NaCl) was added at 37 °C for 20 min. After incubation
with 10 mM N-ethylmaleimide at 4 °C for 15 min to stop the cross-linking reaction, cells were
lysed with lysis buffer (containing 50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40 and 0.5% sodium
deoxycholate) at 4 °C for 1.5 h. After centrifugation at 12,000 x g for 30 min at 4 °C, supernatants
were mixed with loading buffer at 37 °C for 10 min. In reducing conditions, samples were treated
without DTT in loading buffer for 10 min before loading the samples. Equal amounts of proteins
were resolved by 59:1 acrylamide:bisacrylamide and 6% SDS-PAGE. Proteins were transferred to
nitrocellulose membranes (Millipore). Membrane was imaged on an Odyssey CLx imager (LI-

COR Bioscience, Lincoln, NE, USA) at 700 nm.

Bioluminescence resonance energy transfer (BRET) assay

For the detection of the Gi1 protein activation, HEK293 cells were transfected with WT or mutant
KOR, Guii-Nluc, Ggi, Venus-Gy2 and EAACI. Lipofectamine 2000 was used for the cDNA
transfection into HEK293 cells. After 24 h transfection, cells were incubated with PBS at 37°C for
30 min. Afterwards, cross-link buffer (1.5 mM Cu(II)-(o-phenanthroline), 1 mM CaClz, 5 mM
Mg?*, 16.7 mM Tris HCI, pH 8.0 and 100 mM NaCl) was added at 37 °C for 20 min. Cells were
washed three times with PBS, before performing BRET1 measurement. For miniG protein
recruitment, BRET assays were used as previously documented*® >8, HEK293 ells were transfected
with Venus-miniGil together with k«OR-LgBiT and «OR-HiBiT WT or mutant to form
complementary KOR dimer. After 24 h transfection, cells were washed and starved in PBS at 37 °C
for 1 h, before performing BRET1 measurement. BRET1 measurements were performed using
PHERAstar FS (BMG Labtech, USA). The signals emitted by the donor (460-500 nm band-pass
filter, Em 480) and the acceptor entity (510-550 nm band-pass filter, Em 530) were recorded after
the addition of 10 uM furimazine. The BRET signal was determined by calculating the ratio
between the emission of acceptor and donor (Em 530/ Em 480). The basal BRET ratio (BRETbasa)

of cells was recorded before the stimulation with drugs or buffer. The change in BRET ratio (net



BRET) was obtained by subtracting the BRET ratio between agonist treatment and the basal BRET

to get a positive value.

Radioligand binding assay

Binding assays were conducted using crude membrane preparations made from HEK293T cells
transiently transfected with KOR. The radioligand [*H]U-69,593 was used to label kOR at a final
concentration around Kd. Briefly, 50 uL of membrane suspension was co-incubated with 50 uL of
2.5x [*H]U-69,593 and 25 pL of 5x test compound in standard assay buffer (50 mM Tris-HCI,
pH 7.4, with 10 mM MgCl> and 0.1 mM EDTA), supplemented with 1 mg/mL fatty-acid free
bovine serum albumin. After incubation for 60 minutes at room temperature, membranes were
collected by vacuum filtration onto PEI-coated GF/C filter-bottom 96-well plates and washed three
times under vacuum with cold harvesting buffer (50 mM Tris-HCI, pH 7.4). Non-specific binding
was determined in the presence of 1 uM dynorphin A or salvinorin A. Data were analyzed using

GraphPad Prism.

Detection of surface expression

KOR mutants with an N-terminal FLAG tag were transiently expressed in HEK293T cells as
described for the NanoBiT assay. After 24 hours, transfected cells cultured in 12-well plates were
washed once with PBS and resuspended in PBS to achieve a density of 5-6x10° cells/mL. Cells
were then incubated with anti-FLAG FITC-conjugated antibody (Sigma-Aldrich) diluted 1:100 in
blocking buffer (PBS supplemented with 5% BSA) at 4 °C for 15 min. Cell surface expression of
KOR WT and mutants were analyzed using a Guava easyCyte flow cytometer (Luminex). For each
sample, 5000 cellular events were collected and data were normalized to WT. The gating strategy

and the method used for expression calculation are shown in Supplementary Fig. 10.



Cholesterol depletion assay

Acute depletion of plasma membrane cholesterol was performed using methyl-B-cyclodextrin
(MCD). Briefly, HEK293T cells were co-transfected with plasmids encoding LgBiT-kOR and
SmBiT-«OR at a 1:1 ratio. After 24 hours, cells were harvested and resuspended in PBS to a density
of 4x10° cells/mL. 30mM MCD stock solution was freshly prepared in PBS and diluted to various
working concentrations prior to use. Cells were then incubated with equal volumes of MCD
solutions at 37 °C for 20 minutes to acutely deplete membrane cholesterol. After depletion, cells
were washed with PBS to remove residual MCD and resuspended in PBS. The cell suspension was
then plated onto 384-well plates in a volume of 20 pL per well, followed by the addition of 10 uL
coelenterazine 400a (Yeasen) with a final concentration of 50 uM. Luminescence signal was

measured using an EnVision multiplate reader (PerkinElmer).

Mass photometry analysis

Mass photometry measurements were performed using a Refeyn TwoMP mass photometer. Briefly,
10 pL of the filtered measurement buffer was added to a cleaned coverslip to set the focus, followed
by the addition of 10 pL diluted kOR sample, the final concentration is 10 nM. Movies were
recorded for 1 min, and the molecular mass of the sample was determined by linear calibration
against a standardized protein mixture, in this case, IgG was used as standard. All data were

analyzed using DiscoverMP.

Data Availability

The cryo-EM density maps have been deposited in the Electron Microscopy Data Bank under
accession numbers EMD-64564 [https://www.ebi.ac.uk/emdb/EMD-64564] (monomeric KOR-Gi-
scFv16 complex bound to SalA) and EMD-64604 [https://www.ebi.ac.uk/emdb/EMD-64604],
EMD-64602 [https://www.ebi.ac.uk/emdb/EMD-64602] (dimeric kOR-Gi-scFv16 complex bound



to SalA, post-processing and DeepEMhancer map). The corresponding atomic coordinates have
been deposited in the Worldwide Protein Data Bank (wwPDB) under accession numbers 9YUWV
[http://doi.org/10.2210/pdb9UWV/pdb], 9UXX [http://doi.org/10.2210/pdb9UXX/pdb], and
9UXU [http://doi.org/10.2210/pdb9UXU/pdb], respectively. All other data supporting the findings
of this study are available in the main text and supplementary figures and tables. Source data are

provided with this paper.
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Figure legends

Fig. 1 | ligand-independent kKOR dimerization in living cells. a, Schematic representation of the
BiFC assay. Venus fluorescent protein fragments (VN and VC) were fused to the C-terminus of
KOR tagged with either FLAG or HA at the N-terminus. kOR dimerization brings VN and VC in
close proximity, reconstituting Venus fluorescence. Co-expression of untagged KOR competes for
dimer formation and reduces BiFC signal. b, Representative BiFC images of HEK293 cells co-
expressing FLAG-KOR-VN and FLAG-kOR-VC, in the absence or presence of untagged HA-xOR.
Scale bar, 100 um. ¢, Quantification of membrane BiFC intensity. Fluorescence was measured
from 26 and 36 cells respectively in two groups of cells with indicated transfection, from three
independent experiments. Data are mean + S.E.M. analyzed using unpaired t test (two-tailed). (P
< 0.0001). ****P < (.0001 vs. in the absence of untagged HA-kKOR. Source data are provided as
a Source Data file. d, Membrane expression of FLAG-tagged and HA-tagged KOR measured by
ELISA. Data are present as the fold of the luminescence intensity in transfected cells compared
with mock cells. Data are presented as mean + S.E.M. from three independent biological replicates
performed in technical triplicates. e, Effect of KOR agonist treatment on dimerization efficiency
measured by luciferase complementation (NanoBiT assay) between kKOR-LgBiT and kOR-SmBiT
fusion proteins. Cells co-expressing kOR-LgBiT and kOR-SmBiT were treated with indicated
KOR agonists (concentrations and duration). Data are presented as mean = S.E.M. from five
independent biological replicates, each performed in technical triplicates, and analyzed using one-
way ANOVA with a Dunnett’s post-hoc multiple comparison test compared with PBS treatment to
determine significance. (P=0.0093, P=0.8652, P=0.5522, P=0.0248, P=0.5574 and P=0.2615
from left to right). **P < 0.01, *P < 0.05; ns, not significant P > 0.05 vs. PBS. Source data are
provided as a Source Data file.

Fig. 2 | Structural basis and molecular recognition of SalA binding to kOR. a-¢, Orthogonal
views of the cryo-EM density maps and structural models of the SalA-bound kOR-Gi dimer
complex in side view (a) and extracellular view (b), alongside the monomeric complex (c). Each



KOR protomer couples with a Giprotein in a parallel, mirror-symmetric arrangement, distinct from
previously characterized GPCR dimers. Note: The cryo-EM data collection and refinement
statistics is shown in Supplementary Table 1. d, Superposition of SalA, MP1104, and nalfurafine
in the KOR orthosteric binding pocket, revealing similar binding poses despite their chemical
diversity. e, The 2D diagram depicting the interaction of SalA within the kOR pocket. Pink
represents residues with polar interactions, green represents residues with hydrophobic
interactions, blue background indicates the exposure level of residues, and green arrows denote
hydrogen bond interactions. f and h, The hydrophilic (f) and hydrophobic (h) interactions of SalA
with kOR. g and i, Concentration-response curves for the activation of mutated residues which
contact with SalA. Data shown are mean = S.E.M. from at least three independent experiments
(n=4 for WT and n=3 for mutants) performed in technical triplicate. Note: The numerical data with
statistics is shown in Supplementary Table 2. Source data are provided as a Source Data file. j,
Comparative binding showed that the furan ring of SalA, the phenylalanine residue of dynorphin
Ai1.13, the iodobenzene ring of MP1104 and the furan ring of nalfurafine are overlapped in the
extended hydrophobic pocket formed by WI124ECL! V134328 and 1135%%. Kk, Structural
comparison of the hydrophobic pocket encapsulating the acetyloxy group of SalA, with
corresponding binding regions of nalfurafine and MP1104.

Fig. 3 | The lipid-mediated interface of KOR dimer. a-b, Cryo-EM density map produced by
post-processing (a) and structural model (b) of KOR dimer. Purple density represents cholesterol
(CLR), grey density represents C16:0 fatty acids (PLM) and blue density represent cholesteryl
hemisuccinate (CHS). ¢, Schematic representation of the NanoBiT design principle. d-g, The TM1,
TM2 and Helix 8 interface of kOR extracellular region. NanoBiT curves of LgBiT-kOR with
different quantity of WT and mutations of SmBiT-kOR. RLU, relative luminescence units. Data
were normalized to WT and shown as mean = S.E.M. from at least three independent biological
triplicates (n=4 for WT and n=3 for mutants) each performed in triplicates. (d) displayed the amino
acids on TM1 that were near the extracellular side and involved in CHS and CLR mediated TM1-
TMI interactions. (e) displayed the amino acids on TM1 that were near the intracellular side and
involved in PLM, CLR and CHS mediated TM1-TM1 interactions. (f) displayed the amino acids
on TM2 that were near the extracellular side and involved in CHS and CLR mediated TM2-TM2
interactions. (g) displayed the amino acids on Helix8 and involved in Helix8-Helix8 interactions.
Combo indicates the combination of V75A/F341A/F346A. Note: The numerical data with
statistics of titration assay is shown in Supplementary Table 3. Source data are provided as a Source
Data file. h. NanoBiT luminescence measurements of WT kOR dimers following treatment with
increasing concentrations of methyl-B-cyclodextrin (MBCD), showing a significant reduction in
dimer signal upon cholesterol depletion. Data shown are mean = S.E.M. from three independent
biological replicates, each performed in technical triplicates. The significance was analyzed using
one-way ANOVA with a Dunnett’s multiple comparisons test (two-sided). (P=0.3598, P=0.2624
and P=0.0133 from left to right). *P < 0.05; ns, not significant P> 0.05 vs. 0 mM MCD treatment.
Source data are provided as a Source Data file. i. Close-up view of the cholesterol (purple) binding
site at the kOR dimer interface, highlighting residues that form direct contacts with cholesterol in



the cryo-EM structure. j. NanoBiT luminescence measurements of kOR cholesterol-interaction
mutants following MBCD treatment, showing no significant change in dimer signal across
concentrations. Data are mean = S.E.M. from three independent experiments performed in
technical triplicates. (P=0.7404, P=0.9305 and P=0.6221 from left to right. The statistical test
used was one-way ANOVA with a Dunnett’s multiple comparisons test). ns, not significant P >
0.05 vs. 0 mM MCD treatment.

Fig. 4 | kOR dimerization enhances G protein signal. a, Blots showing cross-linking of the cell
surface kKOR between the indicated residues mutated into cysteine (Cys), in the indicated TM
helices, without or with CuP. Data are mean + S.E.M. from four independent biological replicates
and analyzed using one-way ANOVA with a Dunnett’s post-hoc multiple comparison test to
determine significance: compared with WT CuP +, ****P < (.0001, ***P < 0.001, **P < 0.01.
(P<0.0001, P<0.0001, P=0.0011, P=0.0002, P<0.0001, P<0.0001 and P<0.0001 from left to right).
Source data are provided as a Source Data file. b, Characterization of ligand aftinity for kOR dimer
interface mutants by radio-ligand competition binding assays. Data are mean + S.E.M. from three
independent biological replicates. Source data are provided as a Source Data file. ¢, Cell surface
expression of kKOR WT and the indicated mutants detected by ELISA. Data are mean + S.E.M.
from three independent biological replicates each performed in triplicates, and analyzed using one-
way ANOVA with a Dunnett’s post-hoc multiple comparison test to determine significance:
compared with WT, not significant (ns) P> 0.05. (P=0.1962, P=0.2001, P=0.9305 and P=0.5737
from left to right). Source data are provided as a Source Data file. d, Gi protein activation of kKOR
WT and the indicated mutants with CuP treatment upon SalA stimulation. Data are mean = S.E.M.
from at least three independent biological replicates (n=6 for WT and n=3 for mutants) each
performed in triplicates. Source data are provided as a Source Data file. e, The Emax and pECso of
SalA in kKOR WT and the indicated mutants in (d). Data are presented as mean = S.E.M. from at
least three independent experiments (n=6 for WT and n=3 for mutants) performed in triplicates.
Data are analyzed using one-way ANOVA with a Dunnett’s post-hoc multiple comparison test to
determine significance: compared with WT, ****P < (0.0001, ***P < 0.001, *P < 0.05; ns, not
significant P> 0.05. Emax (P =0.4374, P <0.0001, P=0.0127, P =0.0008 from left to right). pECso
(P=0.7562, P=0.0317, P<0.0001 and P<0.0001 from left to right). Source data are provided as a
Source Data file. f, Schematic presentation of BRET assay measuring G protein recruitment to
KOR dimer, which is formed by fusing LgBiT and HiBiT in the C-terminus. g, SalA-induced G
protein recruitment to dimeric kKOR WT or kOR dimer with R156° A mutation. Data are presented
as means = S.E.M. from four independent biological replicates respectively, each performed in
triplicate. Source data are provided as a Source Data file.



Editorial Summary:

The k-opioid receptor (KOR) is a promising target for safer pain therapies. Here, authors present the cryo-
EM structure of a salvinorin A-bound kKOR dimer complexed with two Gi proteins, revealing a lipid-
mediated interface and dimerization-enhanced Gi recruitment.
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