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            Abstract
Odorants are detected as smell in the nasal epithelium of mammals by two G-protein-coupled receptor families, the odorant receptors and the trace amine-associated receptors1,2 (TAARs). TAARs emerged following the divergence of jawed and jawless fish, and comprise a large monophyletic family of receptors that recognize volatile amine odorants to elicit both intraspecific and interspecific innate behaviours such as attraction and aversion3,4,5. Here we report cryo-electron microscopy structures of mouse TAAR9 (mTAAR9) and mTAAR9â€“Gs or mTAAR9â€“Golf trimers in complex with Î²-phenylethylamine, N,N-dimethylcyclohexylamine or spermidine. The mTAAR9 structures contain a deep and tight ligand-binding pocket decorated with a conserved D3.32W6.48Y7.43 motif, which is essential for amine odorant recognition. In the mTAAR9 structure, a unique disulfide bond connecting the N terminus to ECL2 is required for agonist-induced receptor activation. We identify key structural motifs of TAAR family members for detecting monoamines and polyamines and the shared sequence of different TAAR members that are responsible for recognition of the same odour chemical. We elucidate the molecular basis of mTAAR9 coupling to Gs and Golf by structural characterization and mutational analysis. Collectively, our results provide a structural basis for odorant detection, receptor activation and Golf coupling of an amine olfactory receptor.
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                    Fig. 1: The overall structure of the mTAAR9â€“Gs and mTAAR9â€“Golf complexes.[image: ]


Fig. 2: A conserved TAAR motif for recognition of monoamines and polyamines.[image: ]


Fig. 3: Structural features determining polyamine recognition by mTAAR9.[image: ]


Fig. 4: Potential structural mechanism of SPE and PEA recognition in mTAAR9.[image: ]


Fig. 5: Coupling of mTAAR9 with Gs and Golf.[image: ]
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                Data availability

              
              All data produced or analysed in this study are included in the main text or the supplementary materials. The cryo-EM density maps and atomic coordinates have been deposited at the Electron Microscopy Data Bank under accession codes EMD-35762 (SPEâ€“mTAAR9â€“Gs complex), EMD-35763 (PEAâ€“mTAAR9â€“Gs complex), EMD-35705 (DMCHAâ€“mTAAR9â€“Gs complex), EMD-35764 (CADâ€“mTAAR9â€“Gs complex), EMD-35761 (PEAâ€“mTAAR9â€“Golf complex), EMD-35765 (local refinement for the SPEâ€“mTAAR9 complex) and EMD-35771 (local refinement for PEAâ€“mTAAR9 in the PEAâ€“mTAAR9â€“Gs complex), and Protein Data Bank under accession codes 8IW4 (SPEâ€“mTAAR9â€“Gs complex), 8IW7 (PEAâ€“mTAAR9â€“Gs complex), 8ITF (DMCHAâ€“mTAAR9â€“Gs complex), 8IW9 (CADâ€“mTAAR9â€“Gs complex), 8IW1 (PEAâ€“mTAAR9â€“Golf complex), 8IWE (local refinement for the SPEâ€“mTAAR9 complex) and 8IWM (local refinement for PEAâ€“mTAAR9 in the PEAâ€“mTAAR9â€“Gs complex). All other data are available upon request from the corresponding authors.
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Extended data figures and tables

Extended Data Fig. 1 SDS-PAGE analysis of protein expression levels of TAAR receptors and size-exclusion chromatography.
a, The protein levels of TAAR receptors in the plasma membrane fraction, including 6 hTAARs, 13 mTAARs, and 16 rTAARs that were overexpressed in Sf9 cell lines using a Bac-to-BacÂ® (Invitrogen) baculovirus expression system. Data are represented as mean Â± SEM from 3 independent experiments (nâ€‰=â€‰3). b-e, Most olfactory receptors, including TAARs, are well known for very low expression levels using heterologous expression systems, either in baculovirus- insect cells or in mammalian HEK293 cells.We therefore screened the protein levels of 35 TAAR members in the plasma membrane fraction, including 6 in humans (hTAARs), 13 in mice (mTAARs, except mTAAR8b and mTAAR8c) and 16 in rats (rTAARs, expect rTAAR8a), using Spodoptera frugiperda (Sf9) insect cells and Bac-to-BacÂ® (Invitrogen) baculovirus system. Notably, only mTAAR1, mTAAR9, rTAAR7d, hTAAR5, and hTAAR6 were detected on the plasma membrane, with yields ranging from approximately 0.11-0.21â€‰mg/L. f, Representative size-exclusion chromatography elution profiles of the purified mTAAR9-Golf, mTAAR1-Golf, rTAAR7d-Golf, hTAAR6-Golf, and hTAAR5-Golf complexes using Superose 6 Increase 10/300 GL. Size exclusion chromatography showed that only mTAAR9 generated homogenous and stable complexes with the Golf trimer (GÎ²1-GÎ³2), whereas all 4 other TAAR-GÎ±olf-GÎ²1-GÎ³2 complexes and TAAR in complex with GÎ±olf-GÎ²1-GÎ³13 were unstable and often underwent constant dissociation. The size-exclusion chromatography peaks are marked by triangles. g, Representative size-exclusion chromatography elution profiles of the purified mTAAR9-Gs, mTAAR1-Gs, rTAAR7d-Gs, hTAAR6-Gs, and hTAAR5-Gs complexes using Superose 6 Increase 10/300 GL. Size exclusion chromatography showed that only mTAAR9 and mTAAR1 generated homogenous and stable complexes with the Gs trimer (GÎ²1-GÎ³2), whereas all 3 other TAAR-Gs complexes were unstable and often underwent constant dissociation. The size-exclusion chromatography peaks are marked by triangles.


Extended Data Fig. 2 Activation of mTAAR9 by different odorant agonists.
a, The potency and efficacy of GÎ± (including Golf, Gs, Gi1-3, Go, and Gq)-GÎ²Î³ dissociation in response to stimulation with different agonists in mTAAR9-overexpressing HEK293 cells. The heatmap is colored according to the value of pEC50 and Emax. ND, signal not detectable. Values were averaged from 3 independent experiments for mTAAR9 (nâ€‰=â€‰3). Abbreviations: SPE, spermidine; T1AM, 3-iodothyronamine; DMCHA, N, N-dimethylcyclohexylamine; IAA, isoamylamine; IBA, isobutylamine; TMA, trimethylamine; CHA, cyclohexylamine; 1-MPD, 1-methylpiperidine; PEA, Î²-phenylethylamine; CAD, cadaverine; PTC, putrescine. b, Dose response curves of GÎ± (including Golf, Gs, Gi1-3, Go, and Gq)-GÎ²Î³ dissociation in mTAAR9-overexpressing HEK293 cells in response to stimulation with different odorant agonists (SPE, SEP-363856, T1AM, DMCHA, IAA, IBA, TMA, CHA, 1-MPD, PEA, CAD, and PTC). Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3).


Extended Data Fig. 3 Purification of the mTAAR9â€“Gsâ€“scFv16 complex and the mTAAR9â€“Golfâ€“scFv16 complex.
a-d, Dose response curves of SPE (a), DMCHA (b), PEA (c), and CAD (d) induced GÎ±s-GÎ²Î³ dissociation in mTAAR9 or BRIL-mTAAR9 overexpressing cells. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). To increase receptor expression, thermostabilized cytochrome b562RIL (BRIL) was incorporated at the N-terminus of full-length mTAAR9, and the chimeric protein was found to exhibit G protein coupling activity similar to that of wild-type mTAAR9. e-h, Dose response curves of SPE (e), DMCHA (f), PEA (g), and CAD (h) induced GÎ±s-GÎ²Î³ or modified GÎ±s (modGÎ±s)-GÎ²Î³ dissociation in mTAAR9 overexpressing cells. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). A modified GÎ±s chimera (modGÎ±s) was generated on the basis of the mini-Gs scaffold with replacement of the N terminus of Gs (residue 1 to residue 25) with GÎ±i1 (residue 1 to residue 18) to facilitate the binding of scFv16 and replacing the GGSGGSGG linker at the position of original GÎ±s Î±-helical domain (AHD, V65-L203) with that of human Gi1 (G60-K180). In HEK293 cells, the modGÎ±s chimera has similar pharmacological profile in G protein dissociation assay downstream of mTAAR9 activation in response to stimulations of SPE, DMCHA, PEA, or CAD. i-l, Dose response curves of SPE (i), DMCHA (j), PEA (k), and CAD (l) induced GÎ±olf-GÎ²Î³ or modified GÎ±olf (modGÎ±olf)-GÎ²Î³ dissociation in mTAAR9 overexpressing cells. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). A modified GÎ±olf chimera was generated on the basis of the mini-Golf scaffold with replacement of the N terminus of Golf (residue 1 to residue 27) with GÎ±i1 (residue 1 to residue 18) to facilitate the binding of scFv16. The modGÎ±olf was expressed and purified in insect cells to stabilize the mTAAR9 complexes for cryo-EM study. In HEK293 cells, the modified GÎ±olf chimera has similar pharmacological profile in G protein dissociation assay downstream of mTAAR9 activation in response to SPE, DMCHA, PEA, or CAD. m-q, Representative elution profiles of in vitro reconstituted SPEâ€“mTAAR9â€“Gsâ€“scFv16 complex (m), PEAâ€“mTAAR9â€“Gsâ€“scFv16 complex (n), PEAâ€“mTAAR9â€“Golfâ€“scFv16 complex (o), DMCHAâ€“mTAAR9â€“Gsâ€“scFv16 complex (p), and CADâ€“mTAAR9â€“Gsâ€“scFv16 complex (q). on Superose 6 Increase 10/300 column and representative SDS-PAGE results of the size-exclusion chromatography peaks.


Extended Data Fig. 4 Cryo-EM images and single particle reconstruction of the EM map of the SPE-mTAAR9-Gs and PEA-mTAAR9-Gs complexes.
a, Representative Cryo-EM micrograph and two-dimensional (2D) class averages of SPE-mTAAR9-Gs particles (Scale bar: 100 nm). Representative Cryo-EM micrograph from 7132 movies and representative two-dimensional class averages determined using approximately 193217 particles after 3D classification were shown. b, Flow chart for three-dimensional (3D) classification of SPE-mTAAR9-Gs particles. Representative Cryo-EM micrographs from 7,132 movies and representative 2D class averages determined using approximately 193,217 particles after 3D classification are shown. We have performed mask for receptor-alone for SPE-mTAAR9-Gs complex structures. The result indicated that mask of receptor region in SPE-mTAAR9-Gs complexes significantly improved the map quality of specific region of mTAAR9. c, Fourier shell correlation curves for the final 3D density map of SPE-mTAAR9-Gs particles. At the FSC 0.143 cut-off, the overall resolution for the map is 3.5 Ã…. d, 3D density map colored according to local resolution (Ã…) of the SPE-mTAAR9-Gs trimer complex. e, Representative Cryo-EM micrograph and 2D class averages of PEA-mTAAR9-Gs particles (Scale bar: 100 nm). Representative Cryo-EM micrograph from 8025 movies and representative two-dimensional class averages determined using approximately 463012 particles after 3D classification were shown. f, Flow chart for 3D classification of PEA-mTAAR9-Gs particles. Representative Cryo-EM micrographs from 8,025 movies and representative 2D class averages determined using approximately 463,012 particles after 3D classification are shown. We have performed mask for receptor-alone for PEA-mTAAR9-Gs complex structures. The result indicated that mask of receptor region in PEA-mTAAR9-Gs complexes significantly improved the map quality of specific region of mTAAR9. g, Fourier shell correlation curves for the final 3D density map of PEA-mTAAR9-Gs particles. At the FSC 0.143 cut-off, the overall resolution for the map is 3.0 Ã…. h, 3D density map colored according to local resolution (Ã…) of PEA-mTAAR9-Gs trimer complex. i, Three-dimensional (3D) representation of N-terminus, ECL1 and ECL2 of mTAAR9 in CAD-mTAAR9-Gs complex, Olfr78 (predicted by AlphaFold 2), Î²2AR (PDB: 3SN6) and D1R (PDB: 7X2F). The electron density or EM density of N-terminus are not observed in the crystal structure of Î²2AR-Gs complex and in the EM structure of D1R complex. The N-terminal of Î²2AR and D1R are supposed disordered. In the Alphafold2 predicted Olfr78 structure, the N-terminus is inserted between the ECL1 and ECL2. In contrast, the N-terminus of mTAAR9 traverses across the ECL1 and reaches the tip of ECL2.


Extended Data Fig. 5 Cryo-EM density maps of the SPE-mTAAR9-Gs, PEA-mTAAR9-Gs and PEA-mTAAR9-Golf complexes.
a-c, Cryo-EM density maps and models are shown for TM1, TM2, TM3, TM4, TM5, TM6, TM7 of mTAAR9 and Î±5 helix of GÎ±s/GÎ±olf in the SPE-mTAAR9-Gs complex using the global map of SPE-mTAAR9-Gs complex with map threshold at 0.0255 (a), in the PEA-mTAAR9-Gs complex using the global map of PEA-mTAAR9-Gs complex with map threshold at 0.0160 (b), in the PEA-mTAAR9-Golf complex using the global map of PEA-mTAAR9-Golf complex with map threshold at 0.0600 (c). When using â€œColor Zoneâ€� tool in Chimera, we set the color radius at 3 Ã….


Extended Data Fig. 6 The function of disulfide bonds in TAAR members.
a, Summary of analyses of the C22Nter:C186ECL2 disulfide bond pair that was observed or potentially observed in the Cryo-EM density and identified by Mass Spectrometry (MS). This conserved disulfide bond was also predicted by Alphafold2 for most of TAAR members except for TAAR1. Despite the EM density for extracellular regions of TAARs were not good enough to identify the potential disulfide bonds in PEA-mTAAR9-Gs and PEA-mTAAR9-Golf structures, our mass spectrometry data suggested that the apo-mTAAR9, PEA-mTAAR9-Golf complex, PEA-, SPE-, DMCHA-mTAAR9-Gs and SPE-mTAAR5 complexes all have this conserved disulfide bonds. The potential Cryo-EM densities for the disulfide bond of C22Nter:C186ECL2 pair in SPE-mTAAR9-Gs and DMCHA-mTAAR9-Gs structures are shown in Supplementary Fig. 9. b-g, Representative higher-energy collisional dissociation (HCD) spectra showing the identification of the disulfide bond C22Nter:C186ECL2 pair in PEA-mTAAR9-Gs complex (b) SPE-mTAAR9-Gs complex (c), DMCHA-mTAAR9-Gs complex (d), PEA-mTAAR9-Golf complex(e), apo-mTAAR9 (g) and the disulfide bond C24Nter:C188ECL2 pair in TMA-mTAAR5 (f) by MS. NEM, nethylmaleimide. h, Schematic overview of 3 disulfide patterns (including the C22Nter:C186ECL2 pair) of apo-mTAAR9 predicted by AlphaFold2. i, Effects of key residue mutations of the C14Nter:C97ECL1 disulfide pair and C22Nter:C186ECL2 disulfide pair of mTAAR9, mTAAR4, mTAAR5, and mTAAR8c on receptor activities induced by their respective agonists (SPE, PEA, TMA, and 1-MPD). The heatmap is colored according to the value of Î”pEC50 (Î”pEC50â€‰=â€‰pEC50 of mutant-pEC50 of wild type). ND, signal not detectable. Values were averaged from 3 independent experiments (nâ€‰=â€‰3). j-m, Dose response curves of key residue mutations of the disulfide pairs, C14Nter:C97ECL1 pair and C22Nter:C186ECL2 pair of mTAAR9 on their activities induced by SPE, CAD, PEA and DMCHA, respectively. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). n-p, Dose response curves of key residue mutations of the disulfide pairs, C14Nter:C97ECL1 pair and C22Nter:C186ECL2 pair of mTAAR8c (n), mTAAR5 (o), and mTAAR4 (p) on their activities induced by respective agonists (1-MPD, TMA and PEA). Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3).


Extended Data Fig. 7 The ligand binding mode of SPE-mTAAR9-Gs structure.
The EM densities of SPE and DMCHA could be positioned in 3 different modes, and PEA in 2 potential modes in the SPE-, DMCHA- and PEA-mTAAR9-Gs complex structures. After molecular dynamics (MD) simulations, only 1 mode of PEA, SPE, and DMCHA was used for further structural analysis and biochemical characterizations (also see supplementary Figs. 11â€“12). However, the CAD binding mode within the mTAAR9 ligand pocket could not be precisely defined, in which multiple conformations of CAD could be fit with current EM density. a, EM density corresponding to the three different modes of SPE in SPE-mTAAR9-Gs complex. SPE-mode 1: green, SPE-mode 2: orange, SPE-mode 3: blue. b, 3D representation of the detailed interactions between SPE and mTAAR9 in mode 1, mode 2 and mode 3. Hydrogen bonds are shown as red dashed lines. c, Barcode representation of interaction patterns in three binding modes of mTAAR9 bound by SPE. Residues that interact with SPE are indicated in green circles, those that interact only in mode 1 or mode 2 are shown in light blue circles, and those that interact only in mode 3 are shown in orange circles. d, The binding energy contribution comparison of binding site residues of mTAAR9 in the two modes of SPE-mTAAR9-Gs complex as calculated by the molecular mechanics MM-PBSA method57. SPE-mode 1: green, SPE-mode 2: orange. e, Effects of mutations of interacting residues in three SPE-binding modes of mTAAR9 in response to the stimulation with SPE. The heatmap is colored according to the value of Î”pEC50. Values were from 3 independent experiments (nâ€‰=â€‰3). Mutations of residues that interacted in mode 1 but not in mode 3 are shown in light blue background, and those that interact only in mode 3 are shown in orange background. f, The average RMSD value of SPE and binding site residues in the three modes of SPE-mTAAR9-Gs complex during triplicate 200 ns MD simulations. Notably, the binding mode 1 and mode 2 of SPE were very similar, except for the N5 of SPE in SPE-mTAAR9-Gs could be positioned differently that all fit well with EM density, potentially due to the linear configuration of SPE. Compared to the other mode (mode 2), the binding mode with SPE (mode 1) exhibited lower energy when the ligand was in proximity to F1173.37 and the middle N5 was closer to Y2746.51. Moreover, mutating F1173.37A significantly decreased mTAAR9 activation in response to SPE stimulation. Further analysis of the binding energy contributions of each residue located in the binding pocket by MD analysis confirmed that binding mode 1 exhibited a greater stability than that of mode 2. In mode 3, the SPE lost specific interactions with the T1093.29, F1684.61, W2716.48 and V3007.42, and formed new contact with Y2937.35. Notably, despite Y293A mutation showed no significant effects on SPE induced mTAAR9 activation, mutations of T1093.29A, F1684.61A, W2716.48A or V3007.42A either significantly reduced or totally abolished SPE induced mTAAR9 activation. Moreover, the MD simulation suggested that mode 3 is less stable than both mode 1 and mode 2. We therefore mainly used mode 1 of SPE for further biochemical characterizations.


Extended Data Fig. 8 Ligand pocket prediction of two classic OR receptors.
We have used AlphaFold2 to predict the structure of mouse Olfr2 and Olfr78 and used the SiteMap algorithm to predict their corresponding ligand pockets. We then performed molecular docking and MD simulation to further probe the interaction between the octanal and propionate within the ligand pockets of their reported odorant receptors, the Olfr2 and Olfr78, respectively. a, Cut-away view of the ligand-binding pocket in the dopamine-D1R-Gs complex, (PDB:7CKZ, left), Octanal-Olfr2 complex generated by AlphaFold2 and MD simulation (middle) and MS47134-MRGPRX4-Gq (PDB:7S8P, right). b, Illustration of the Olfr2 and Olfr78 structures predicted by AlphaFold2. c, Predicted ligand-binding pockets in Olfr2 (left panel) and Olfr78 (right panel) determined using the SiteMap algorithm. The Olfr2 predicted binding pockets are filled with green, yellow, orange, cyan or blue balls. The Olfr78 predicted binding pockets are filled with red, green, pink, blue or cyan balls. d, The average RMSD value of octanal (upper panel) and key residues in Olfr2 that directly interact with octanal (lower panel) during triplicate 200 ns of MD simulation. e, The average RMSD value of propionate (upper panel) and key residues in Olfr78 that directly interact with propionate (lower panel) during triplicate 200 ns of MD simulation. f, Structural comparison of binding pocket of mTAAR9 with simulated structure of mouse octanal-Olfr2 and propionate Olfr78 which were generated by molecular docking based on the AlphaFold2 predicted structures of Olfr2 and Olfr78. The ligand pocket of both odorant receptors were defined by 4 helices, TM3-TM6. In contrast, the ligand pocket of mTAAR9 are defined by additional TM7, which potentially provide more interactions. Another notable difference is that the ligands of mTAAR9 binds deeper than those of predicted ligands within Olfr2 or Olfr78, forming direct contact with large hydrophobic residue W6.48. In Olfr2 or Olfr78, the large hydrophobic residue W6.48 was replaced by smaller residue Y6.48, and donâ€™t form direct contact with corresponding ligands.


Extended Data Fig. 9 The function of D/E3.32-W6.48-Y7.43 motif in TAAR members.
a, Sequence alignment of the D/E3.32-W6.48-Y7.43 motif in different human and mouse TAAR members. These 3 conserved residues are highlighted in light blue background. b, Effects of key residue mutations for the D/E3.32-W6.48-Y7.43 motif and C/S3.36 of mTAAR9, mTAAR4, 5, and 8c in response to stimulation with respective agonist (SPE, PEA, TMA, and 1-MPD). The heatmap is colored according to the value of Î”pEC50 (Î”pEC50â€‰=â€‰pEC50 of mutant - pEC50 of wild type). ND, signal not detectable. Values were averaged from 3 independent experiments (nâ€‰=â€‰3). c, Dose response curves of key residue mutations for the D3.32-W6.48-Y7.43 motif and C/S3.36 of mTAAR9 (d), mTAAR8c (e), mTAAR5 (f), and mTAAR4 (g) in response to stimulation with respective agonists (SPE, 1-MPD, TMA, and PEA). Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). Although the conserved C/S3.36 could form H-bond interactions with the main chain of D/E3.32, mutating C3.36 to A in mTAAR9, mTAAR4, mTAAR5, and mTAAR8c caused no significant effects on the odor-induced activation of these receptors, suggesting that the role of the C/S3.36-mediated H-bond with the main chain of D/E3.32 is dispensable in ordinary TAAR receptor activation.


Extended Data Fig. 10 Potential structural mechanism of SPE recognition among TAAR members.
a, Dose response curves of GÎ±s-GÎ²Î³ dissociation in receptor (mTAAR1-6, 7d, 8c, and 9)-overexpressing HEK293 cells in response to stimulation with SPE. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). b, The average RMSD value of SPE (upper panel) and binding site residues in SPE-mTAAR5 complex during triplicate 200 ns MD simulations. The overall MD simulated structure was shown in Supplementary Fig. 14b. We built the coordinates of mTAAR5 using our solved mTAAR9 structure as a template via SWISS-MODEL. c, 3D representation of the detailed interactions between SPE and D1143.32, Y2957.34 residues of mTAAR5. d-e, Dose response curves of key residue mutations in the polyamine recognition pocket of mTAAR9 (d) and mTAAR5 (e) in response to stimulation with SPE. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). f, Structural representation of the potential effects of structurally equivalent mutations of mTAAR6, mTAAR7d, and mTAAR8c. Conserved interactions of in the polyamine recognition pocket (T3.29 and T1133.33) were mimicked by generating mutations of V1133.33 to T in mTAAR6, S1243.39 and G1283.33 to T in mTAAR7d, and S1083.29 and V1123.33 to T in mTAAR8c. g, Dose response curves of HEK293 cells overexpressing mTAAR6, mTAAR7d, mTAAR8c, and the indicated mutants in the polyamine recognition pocket according to Fig. 4f in response to SPE stimulation. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3).


Extended Data Fig. 11 Potential structural mechanism of SPE and PEA recognition among TAAR members.
a, The potency and efficacy of GÎ±s-GÎ²Î³ dissociation in receptor (mTAAR2-6, 7d, 8c, and 9)-overexpressing HEK293 cells in response to stimulation with PEA. The heatmap is colored according to the value of pEC50 and Emax from 3 independent experiments (nâ€‰=â€‰3). ND, signal not detectable. b, Dose response curves of GÎ±s-GÎ²Î³ dissociation in receptor (mTAAR2-6, 7d, 8c, and 9)-overexpressing HEK293 cells in response to stimulation with PEA. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). c, Effects of mutations of key residues in SPE-binding hydrophobic pocket of mTAAR9 in response to the stimulation with SPE. The heatmap is colored according to the value of Î”pEC50 (Î”pEC50â€‰=â€‰pEC50 of mutant - pEC50 of wild type). Values were from 3 independent experiments (nâ€‰=â€‰3). d, Dose response curves of mutations of key residues in SPE-binding hydrophobic pocket of mTAAR9 in response to stimulation with SPE. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). Consistently, structurally equivalent mutations of these 4 hydrophobic residues of F1173.37T, F1684.61V, Y2746.51C, V2977.39T/C, and V3007.42A/G decreased SPE-induced mTAAR9 activation. e-f, Dose response curves of HEK293 cells overexpressing wild type and mutants (F1684.61L and V3007.42A) of mTAAR9 (c) or wild type and mutants (L170F4.61 and A2947.42V) of mTAAR5 (d) in response to SPE stimulation. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). Mutation of F1684.61L and V3007.42A in mTAAR9 indeed decreased SPE-induced receptor activation by 5.13â€‰Â±â€‰0.66- and 27.2â€‰Â±â€‰5.04-fold, respectively (e), whereas mutation of L1704.61F and A2947.42V in mTAAR5 increased SPE-stimulated receptor activation by 5.43â€‰Â±â€‰0.55- and 9.26â€‰Â±â€‰0.68-fold, respectively(f). These results suggest that the binding of these 2 residues contributes to the potency difference of SPE that acts between the 2 mTAAR members. g, Effects of mutations of key residues in PEA-binding pocket of mTAAR9 in response to the stimulation with PEA. The heatmap is colored according to the value of Î”pEC50 (Î”pEC50â€‰=â€‰pEC50 of mutant - pEC50 of wild type). Values were from 3 independent experiments (nâ€‰=â€‰3). h, Dose response curves of mutations of key residues in PEA-binding hydrophobic pocket of mTAAR9 in response to stimulation with PEA. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). Notably, mutating the four residues in mTAAR4/6/7d/9 to structurally equivalent residues present in other mTAARs, including F/Y3.37L/T, Y6.51C, Y7.35L, or V7.39T/C, significantly decreased the PEA-induced mTAAR9 activities. i, Effects of mutations of key residues in PEA-binding pocket of mTAAR7d in response to the stimulation with PEA. The heatmap is colored according to the value of Î”pEC50 (Î”pEC50â€‰=â€‰pEC50 of mutant - pEC50 of wild type). Values were from 3 independent experiments (nâ€‰=â€‰3). j, Dose response curves of mutations of key residues of mTAAR7d in response to stimulation with PEA by GÎ±s-GÎ²Î³ dissociation assay. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3). Notably, mutating the four residues in mTAAR4/6/7d/9 to structurally equivalent residues present in other mTAARs, including F/Y3.37L/T, Y6.51C, Y7.35L, or V7.39T/C, significantly decreased the PEA-induced mTAAR7d activities.


Extended Data Fig. 12 The activation mechanism of mTAAR9.
a, Comparison of the simulated structure of apo-mTAAR9 (cyan) with the model of apo-mTAAR9 generated by AlphaFold2 (grey). b, The average RMSD value of apo-mTAAR9 during triplicate 200 ns of MD simulation. c, Comparison of the cryo-EM structure of SPE-mTAAR9 (blue) with simulated model of apo-mTAAR9 (grey). Whereas the cytoplasmic end of TM6 in agonist-bound structures of mTAAR9 shows a significant outward shift, the extracellular end of TM1 shows an inward movement. d, Structural comparison of TM3 and TM6 in inactive Î²2AR (cyan), Î²2AR-Gs complex (light green, PDB: 3SN6), inactive mTAAR9 (grey), mTAAR9-Gs complex (light blue). Comparison of the corresponding structures in the mTAAR9 and Î²2AR shows that the direct interaction of these agonists with toggle switch W2716.48 pushed its downward movement, accompanied with downward shift of the F2676.44 and A2636.40 located at two adjacent helices using TM3 as a reference. And the separation angle between TM3 and TM6 in mTAAR9 was larger than that in active Î²2AR due to the substitution of I2786.40 with Î²2AR by A2636.40 in mTAAR9 as this substitution disrupts its interaction with conserved R1303.50. e, Sequence alignment of TAAR member and selected class A GPCR family members on key residues of TM6 important for receptor activation. The conserved residues are highlighted with red fonts. Importantly, W2716.48 and F2676.44 are conserved across the TAAR family, except that TAAR5 members have Y6.44, suggesting that the conformational changes in the conserved toggle switches W6.48 and F/Y6.44, as well as the packing changes between TM3 and TM6, are potential common mechanisms that mediate Gs/Golf-coupled TAAR activation. f, Mutational effects of the A6.40, including A2636.40I and A2636.40L on PEA-induced mTAAR9-Golf or mTAAR9-Gs activity, and A2576.40I and A2576.40L on TMA-induced mTAAR5-Golf or mTAAR5-Gs activity were assessed via GÎ±s-GÎ²Î³ dissociation assay. The heatmap is colored according to the value of Î”pEC50 (Î”pEC50â€‰=â€‰pEC50 of mutant - pEC50 of wild type). Values were from 3 independent experiments (nâ€‰=â€‰3). g-j, Dose response curves of residue mutations for A6.40, including A6.40I and A6.40L in mTAAR9 (g-h) or mTAAR5 (i-j) in response to stimulation with PEA or TMA by GÎ±s/olf-GÎ²Î³ dissociation assay. Values are represented as mean Â± SEM of 3 independent experiments (nâ€‰=â€‰3).


Extended Data Fig. 13 The mechanism of Gs/Golf coupling with mTAAR9.
a, Detailed representation of the mTAAR9-binding interface with Gs. The interface is composed by ICL2, cytoplasmic ends of TM3, TM5, TM6, helix 8 of mTAAR9 (medium aquamarine) and Î±4-Î²6 loop, Î±5 helix, Î²2-Î²3 loop of Gs (pink). b, 3D representation of the detailed interactions between the C-terminal end of the Î±5 helix in the GÎ±s and mTAAR9.The Y391G.H5.23, and L388G.H5.20 form extensive contacts with the hydrophobic surface created by V1343.54, I2205.61, A2245.65 and Q2275.68 of mTAAR9. c, 3D representation of the detailed interactions between Y391G.H5.23, E392G.H5.24, C-terminal carboxyoxylate ends of the Î±5 helix of GÎ±s and R1303.50, K2556.32 of mTAAR9. Hydrogen bond distances are shown as red dashed lines. Y391G.H5.23 engages in Ï€: cation interaction with R1303.50. The E392G.H5.24 and C-terminal carboxylate ends of the Î±5 helix of GÎ±s formed H-bond or charge-charge interactions with K2556.32 of mTAAR9. d, Overall structure of binding interface of the ICL2 of mTAAR9 with Î±N, Î²2-Î²3 loop, and Î±5 helix of Gs. e, 3D representation of the detailed interactions between Y140ICL2, P137ICL2, L138ICL2 of mTAAR9 and H41G.S1.02, V217G.S3.01, F376G.H5.08, C379G.H5.11, R380G.H5.11, I383G.H5.15, Q384G.H5.16, H387G.H5.19, Y391G.H5.23 of GÎ±s. The P137ICL2 and L138ICL2 are located in a hydrophobic crater created by H41G.S1.02, V217G.S3.01, C379G.H5.11, F376G.H5.08, R380G.H5.12, I383G.H5.15 and Q384G.H5.16 of GÎ±s. Y140ICL2 is involved in Ï€:Ï€ interaction with H387G.H5.19 and Y391G.H5.23. The P137ICL2 and L138ICL2 are located in a hydrophobic crater created by Î²1-Î²3 strands and Î±5 helix of GÎ±s. f, 3D representation of the detailed interactions between the C-terminal Î±5 helix of GÎ±s and the initial segment in the H8 of mTAAR9. Hydrogen bond distances are shown as red dashed lines. g, Compared to V287G.S5.02 in GÎ±s, I274G.S5.02 in GÎ±olf has closer association with I263G.H3.12, W264G.H3.13, and F260G.H3.0. At the initial segment in the H8 of mTAAR9, Y3158.47 and W3178.49 constitute one sidewall that accommodates the hook end of the C-terminal Î±5 helix of GÎ±s and forms a hydrogen bond with R1303.50 to stabilize the active structure of mTAAR9. h, 3D structural representation of differences between mTAAR9-Golf interface (Golf in medium purple) and mTAAR9-Gs interface (Gs in pink). The comparison of K343G.h4s6.12/D341G.h4s6.10 in GÎ±olf and R356G.h4s6.12/D354G.h4s6.10 in GÎ±s. Hydrogen bond distances are shown as red dashed lines. The K343G.h4s6.12 and D341G.h4s6.10 in GÎ±olf formed weaker charge-charge interactions and are more separated compared with the structural equivalent R356G.h4s6.12 and D354G.h4s6.10 pair in GÎ±s. i, 3D representation of the detailed interactions between V134ICL2 and V2235.64 of mTAAR9 and L375G.H5.20 and Q371G.H5.16 of GÎ±olf and superimposition of these interactions with those between V134ICL2 and V2235.64 of mTAAR9 and L388G.H5.20 and Q371G.H5.16 of GÎ±s. The conformational changes in cytoplasmic ends of TMD enabled tighter interaction of V2235.64 and V1343.54 in mTAAR9 with Q371G.H5.16 and L375G.H5.20 in GÎ±olf. mTAAR9 bound to Gs is shown in medium aquamarine, mTAAR9 bound to Golf is shown in hot pink, Gs is shown in pink, Golf is shown in medium purple. j, 3D representation of the detailed interactions between R3198.51 of mTAAR9 and E379G.H5.24of GÎ±olf or E392G.H5.24 of GÎ±s. At the C-terminus of the Î±5 helix of GÎ±olf, E379G.H5.24 forms stronger charge-charge interactions with R3198.51 of mTAAR9 compared with those of GÎ±s. k, 3D representation of the detailed interactions between P141ICL2, F144ICL2 of mTAAR9 and K31G.hns1.02 of GÎ±olf compared to those between P141ICL2, F144ICL2 of mTAAR9 and R38G.hns1.02 of GÎ±s (f). Hydrogen bond distances are shown as red dashed lines. Although ICL2 of mTAAR9 forms similar interaction patterns with both GÎ±s and GÎ±olf, substituting R38G.hns1.02 in GÎ±s by K31G.hns1.02 in GÎ±olf abolished the interaction with P141ICL2 and main chain F144ICL2 of mTAAR9.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Figs. 1â€“21 and Supplementary Tables 1â€“10.


Reporting Summary

Peer Review File




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Guo, L., Cheng, J., Lian, S. et al. Structural basis of amine odorant perception by a mammal olfactory receptor.
                    Nature 618, 193â€“200 (2023). https://doi.org/10.1038/s41586-023-06106-4
Download citation
	Received: 14 October 2022

	Accepted: 20 April 2023

	Published: 24 May 2023

	Issue Date: 01 June 2023

	DOI: https://doi.org/10.1038/s41586-023-06106-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        From odor to oncology: non-canonical odorant receptors in cancer
                                    
                                

                            
                                
                                    	Sung Jin Park
	Paul L. Greer
	Namgyu Lee


                                
                                Oncogene (2024)

                            
	
                            
                                
                                    
                                        Molecular basis of human trace amine-associated receptor 1 activation
                                    
                                

                            
                                
                                    	Gregory Zilberg
	Alexandra K. Parpounas
	Daniel Wacker


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Structure, function and drug discovery of GPCR signaling
                                    
                                

                            
                                
                                    	Lin Cheng
	Fan Xia
	Zhenhua Shao


                                
                                Molecular Biomedicine (2023)

                            
	
                            
                                
                                    
                                        Recognition of methamphetamine and other amines by trace amine receptor TAAR1
                                    
                                

                            
                                
                                    	Heng Liu
	You Zheng
	Fei Xu


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Ligand recognition and G-protein coupling of trace amine receptor TAAR1
                                    
                                

                            
                                
                                    	Zheng Xu
	Lulu Guo
	Zhenhua Shao


                                
                                Nature (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
