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            Abstract
The metabotropic glutamate receptors (mGlus) have key roles in modulating cell excitability and synaptic transmission in response to glutamate (the main excitatory neurotransmitter in the central nervous system)1. It has previously been suggested that only one receptor subunit within an mGlu homodimer is responsible for coupling to GÂ protein during receptor activation2. However, the molecular mechanism that underlies the asymmetric signalling of mGlus remains unknown. Here we report two cryo-electron microscopy structures of human mGlu2 and mGlu4 bound to heterotrimeric Gi protein. The structures reveal a G-protein-binding site formed by three intracellular loops and helicesÂ III and IV that is distinct from the corresponding binding site in all ofÂ the other G-protein-coupled receptor (GPCR) structures. Furthermore, we observed an asymmetric dimer interface of the transmembrane domain of the receptor in the two mGluâ€“Gi structures. We confirmed that the asymmetric dimerization is crucial for receptor activation, which was supported by functional data; this dimerization may provide a molecular basis for the asymmetric signal transduction of mGlus. These findings offer insights into receptor signalling of classÂ C GPCRs.
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                    Fig. 1: Overall structures of mGlu2â€“Gi1 and mGlu4â€“Gi3 complexes.[image: ]


Fig. 2: Gi recognition pattern of mGlu2 and mGlu4, and PAM binding mode in mGlu2.[image: ]


Fig. 3: Asymmetric dimerization of mGlu2 and mGlu4.[image: ]


Fig. 4: Sequential conformational changes of mGlu2.[image: ]
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                Data availability

              
              Atomic coordinates and cryo-EM density maps for the structures of mGlu2â€“Gi1 and mGlu4â€“Gi3 complexes have been deposited in the PDB under identification codes 7E9G and 7E9H, respectively, andÂ in the Electron Microscopy Data Bank under accession codes EMD-31031 and EMD-31032, respectively. The uncropped gels shown in Extended Data Figs. 1b, i, 5u are displayed in Supplementary Fig. 1. The database used in this study includes PDB 3SN6, 4OR2, 4OO9, 4XAQ, 4XAS, 5CNI, 5CNJ, 6DDE, 6LMK, 6LML, 6N51, 6N52 and 6OT0.
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Extended data figures and tables

Extended Data Fig. 1 Sample preparation and cryo-EM processing of the mGlu2â€“Gi1 and mGlu4â€“Gi3 complexes.
aâ€“g, Results of the mGlu2â€“Gi1 complex. a, Comparison of protein samples of the wild-type mGlu2 (WT) and the mGlu2 construct (including truncation of the C-terminal residues V826â€“L872 and introduction of mutation S601A) used to solve the mGlu2â€“Gi1 structure. The curves of SEC of the purified protein samples show higher protein yield of the construct (red) than the WT (black). b, Analytical SEC and SDSâ€“PAGE (Coomassie blue stain) of the purified complex. Four independent experiments were performed with similar results. Results from a representative experiment are shown. For gel source data, see Supplementary Fig. 1. c, Representative cryo-EM image from four independent experiments with similar results. d, Two-dimensional averages. e, Gold-standard Fourier shell correlation (FSC) curve for the local refinement of the TMDs and Gi1, showing a resolution of 3.5 Ã…. f, Gold-standard FSC curve for the local refinement of the ECDs, showing a resolution of 3.1 Ã…. g, Composite cryo-EM map coloured according to local resolution (in Ã…). hâ€“n, Results of the mGlu4â€“Gi3 complex. h, Comparison of protein samples of the mGlu4â€“Gi1 and mGlu4â€“Gi3 complexes. The SEC curves of the purified protein samples show better protein homogeneity of the mGlu4â€“Gi3 complex (red) than the mGlu4â€“Gi1 complex (black). i, Analytical SEC and SDSâ€“PAGE (Coomassie blue stain) of the purified complex. Six independent experiments were performed with similar results. Results from a representative experiment are shown. For gel source data, see Supplementary Fig. 1. j, Representative cryo-EM image from four independent experiments with similar results. k, Two-dimensional averages. l, Gold-standard FSC curve, showing an overall resolution of 4.0 Ã…. m, Gold-standard FSC curve for the local refinement of the ECDs, showing a resolution of 3.1 Ã…. n, Composite cryo-EM map coloured according to local resolution (in Ã…).


Extended Data Fig. 2 Cryo-EM processing workflow of mGlu2â€“Gi1 and mGlu4â€“Gi3 complexes.
a, Data processing workflow of mGlu2â€“Gi1. b, Angular distribution of the ECDs, and TMDs and Gi1 reconstructions, in mGlu2â€“Gi1. c, Data processing workflow of mGlu4â€“Gi3. d, Angular distribution of the ECDs, and mGlu4 and Gi3 reconstructions, in mGlu4â€“Gi3.


Extended Data Fig. 3 Cryo-EM density maps of the mGlu2â€“Gi1 and mGlu4â€“Gi3 structures.
a, mGlu2â€“Gi1. b, mGlu4â€“Gi3. Cryo-EM density maps and models of the two structures are shown for helices III, V and VI and ICL1, ICL2 and ICL3 in the mGluG subunit, helices I, VI and VII in the mGlufree subunit, GÎ±i Î±N helix and Î±5 helix, and ligands LY354740, JNJ-40411813 and L-SOP. The models are shown as sticks and coloured blue (mGlu2G), cyan (mGlu2free), orange (mGlu4G), yellow (mGlu4free), green (GÎ±i), magenta (JNJ-40411813), red (LY354740) and purple (L-SOP). The density maps are coloured grey.


Extended Data Fig. 4 Structural comparison with other GPCR structures and binding modes of Gi and PAM.
a, Comparison of VFT conformation. The VFT domains in the Gi-bound structures of mGlu2 and mGlu4 as well as previously published structures of agonist-bound mGlu5 (PDB code 6N51) and mGlu2 VFT bound to LY354740 (PDB code 4XAQ) are shown in cartoon representation and coloured blue, orange, pink and grey, respectively. The agonists in these structures are shown as sticks. b, Comparison of agonist binding mode. The agonists in the structures of mGlu2â€“Gi1, mGlu4â€“Gi3, mGlu5, mGlu2Â VFTâ€“LY354740, mGlu2Â VFTâ€“LY2934747 (PDB code 4XAS), mGlu2 VFTâ€“glutamate (PDB code 5CNI) and mGlu2 VFTâ€“LY2812223 (PDB code 5CNJ) are shown as sticks with blue, orange, pink, grey, red, green and cyan carbons, respectively. Only the receptors in the mGlu2â€“Gi1 and mGlu4â€“Gi3 structures are shown for clarity. c, Conformations of CRD and ECL2 in the mGlu2â€“Gi1 and mGlu4â€“Gi3 complexes. The two subunits in the mGlu2â€“Gi1 structure are coloured blue and cyan, respectively. The two subunits in the mGlu4â€“Gi3 structure are coloured orange and yellow, respectively. The cryo-EM maps are coloured grey. d, Comparison of the TMD helical bundles in the structures of mGlu2â€“Gi1 (mGlu2G), mGlu4â€“Gi3 (mGlu4G), inactive mGlu2 (mGlu2inactive) and inactive mGlu5 (mGlu5inactive; PDB code 6N52). e, Structural comparison of the TMDs in the mGlu2â€“Gi1 structure. f, Structural comparison of the TMDs in the mGlu4â€“Gi3 structure. g, Binding pocket for the CÂ terminus of GÎ±i Î±5 helix in mGlu2. The receptor is shown in blue cartoon and surface representations in an intracellular view. The GÎ±i Î±5 helix is shown in green cartoon representation. h, Binding pocket for the CÂ terminus of GÎ±i Î±5 helix in mGlu4. The receptor is shown in orange cartoon and surface representations in an intracellular view. i, A hypothetical dual-Gi-binding model of mGlu2. The TMDs of the mGlu2 dimer are shown as blue and cyan cartoon, respectively. The two Gi proteins are displayed as green and grey surface, respectively. The panel shows that the two Gi proteins form a clash if both mGlu2 subunits bind to Gi. The clash is highlighted by a red circle. j, Comparison of the positions of the CÂ terminus of GÎ± Î±5 helix in some G-protein-bound GPCR structures. The mGlu2â€“Gi1 and mGlu4â€“Gi3 structures and the previously determined structures of Î²2ARâ€“Gs, Î¼ORâ€“Gi, GCGRâ€“Gs, GCGRâ€“Gi and SMOâ€“Gi (PDB codes 3SN6, 6DDE, 6LMK, 6LML and 6OT0, respectively) are coloured blue, orange, dark red, yellow, magenta, pink and cyan, respectively. Only the helical bundle of the receptors and GÎ± Î±5 helix are shown for clarity. The GÎ± Î±5 helices in the structures are highlighted by a red dashed box. The red arrow indicates the shift of the Î±5 CÂ terminus in the Gi-bound mGlu structures relative to the other known GPCRâ€“G protein structures. k, Comparison of the Gi binding pose in mGlu2 and a class A GPCR. The structures of mGlu2â€“Gi1 and Î¼ORâ€“Gi are shown in blue and yellow cartoon representation, respectively. The Gi proteins in the two structures are also shown as surface. The red arrow indicates the movement of the Gi protein in the mGlu2â€“Gi1 structure relative to the Î¼ORâ€“Gi structure. l, Comparison of allosteric modulator binding sites in mGlus. The receptors in the mGlu2â€“Gi1 structure and the previously determined structures of mGlu1 TMDâ€“FITM and mGlu5 TMDâ€“mavoglurant (PDB codes 4OR2 and 4OO9, respectively) are shown in cartoon representation and coloured blue, dark red and light gold, respectively. The allosteric modulators JNJ-40411813, FITM and mavoglurant are shown as sticks and coloured magenta, dark red and light gold, respectively. m, n, Comparison of the cryo-EM maps of the PAM-binding site in the mGlu2G (m) and mGlu2free (n) subunits. The mGlu2G and mGlu2free subunits are coloured blue and cyan, respectively. The PAM JNJ-40411813 is shown as magenta sticks. The residues within the PAM-binding pocket are shown as sticks. The cryo-EM maps are coloured grey. o, Comparison of binding modes between the PAM and NAM in mGlu2. The receptors in the structures of mGlu2â€“Gi1 and mGlu2 TMDâ€“NAM56316 are coloured blue and grey, respectively. The PAM JNJ-40411813 and NAM NAM563 are shown as magenta and yellow sticks, respectively. The residue W7736.50 that forms a close contact with the PAM and NAM in the structures is shown as sticks. The red arrows indicate the rotamer conformational change of W7736.50 and downward shift of helix VI in the mGlu2G subunit of the mGlu2â€“Gi1 complex relative to the NAM-bound inactive structure. p, Comparison of the mGlu2â€“Gi1 and mGlu2 TMDâ€“NAM563 structures. The two subunits in the mGlu2â€“Gi1 structure are coloured blue and cyan, respectively. The mGlu2 TMDâ€“NAM563 structure16 is in grey. The residues I7716.48 in the mGlu2G subunit and L8007.38 and V8047.42 in the mGlu2free subunit that form contacts are shown as sticks. The residue I7716.48 in the mGlu2 TMDâ€“NAM563 structure is also shown as sticks. The red arrow indicates the movement of helix VI in the Gi-bound structure relative to the inactive structure.


Extended Data Fig. 5 Gi activation, signalling and crosslinking assays of mGlu2 and mGlu4.
a, e, i, LY354740-induced IP accumulation assay of wild-type mGlu2 (WT) and mutants of the mGlu2 residues involved in Gi binding. b, f, j, LY354740-induced Gi activation assay of WT mGlu2 and mutants of the mGlu2 residues involved in Gi binding using NanoBiT. c, g, k, Glutamate- and VU0364770-induced IP accumulation assay of WT mGlu4 and mutants of the mGlu4 residues involved in Gi binding. d, h, l, Glutamate- and VU0364770-induced Gi activation assay of WT mGlu4 and mutants of the mGlu4 residues involved in Gi binding using NanoBiT. m, q, JNJ-40411813-induced IP accumulation assay of WT mGlu2 and mutants of the mGlu2 residues involved in JNJ-40411813 binding. nâ€“p, LY354740-induced IP accumulation assay of WT mGlu2 and mutants of the mGlu2 residues involved in dimerization. râ€“t, Glutamate- and VU0364770-induced IP accumulation assay of WT mGlu4 and mutants of the mGlu4 residues involved in dimerization. Data are meanÂ Â±Â s.e.m. from at least five independent experiments performed in technical triplicate (IP accumulation) or duplicate (NanoBiT). Extended Data Tables 2, 4 provide detailed numbers of independent experiments (n) and statistical evaluation of the IP accumulation data. Extended Data Table 3 provides detailed numbers of independent experiments (n) and statistical evaluation of the NanoBiT data. u, Crosslinking of the mGlu2 mutants C121A/P7786.55C and C121A/V7967.34C as well as C121A/Y7816.58C and C121A/W5671.39C with (+) or without (âˆ’) pre-incubation with the agonist LY354740. The WT receptor and the C121A mutant were evaluated in parallel as controls. Three independent experiments were performed with similar results. Results from a representative experiment are shown. For gel source data, see Supplementary Fig. 1. v, Basal activity of the WT mGlu2 and mutants of residues involved in asymmetric dimerization. The IP accumulation assays were performed in parallel with the measurement of the IP production using the cells transfected only with the chimeric GÎ± protein GÎ±qi9 as a control. The basal activity was calculated by subtracting the IP production measured in the control for the WT receptor and all the mutants and is shown as per cent of the activity of the C121A mutant. The basal activity was substantially reduced by adding the orthosteric antagonist LY341495 (ref. 48). Data are meanÂ Â±Â s.e.m. (bars) with individual data points shown (dots). The numbers of independent experiments (n) performed in technical triplicate are shown in the parentheses. ***PÂ <Â 0.0001 by one-way analysis of variance (ANOVA) followed by Dunnettâ€™s post-test, compared with the basal activity of C121A (WT, PÂ =Â 0.9994; WTâ€“LY341495, F747Câ€“H815C, R750Câ€“H815C, I771Câ€“V804C, L774Câ€“L800C, P778Câ€“V796C and Y781Câ€“W567C, PÂ <Â 0.0001). #The mutation C121A was introduced in both subunits for all the mutants. Protein expression levels of the mGlu2 mutants at the cell surface were determined in parallel by flow cytometry with an anti-Flag antibody (Sigma, 1:100 diluted in TBS + 4% BSA) and reported as per cent compared to the C121A mutant (% of C121A) from at least three independent measurements performed in technical duplicate: WT, 103Â Â±Â 1; F747Câ€“H815C, 115Â Â±Â 5; R750Câ€“H815C, 106Â Â±Â 5; I771Câ€“V804C, 90Â Â±Â 3; L774Câ€“L800C, 96Â Â±Â 10; P778Câ€“V796C, 102Â Â±Â 7; Y781Câ€“W567C, 88Â Â±Â 1.


Extended Data Fig. 6 Sequence alignment of the TMDs in the human mGlus and GABAB.
Colours represent the similarity of residues: red background, identical; red text, strongly similar. The mGlu2 residues that are involved in Gi binding are indicated by red arrows. The mGlu2 residues that mediate dimerization in the mGlu2â€“Gi1 structure are indicated by green arrows, and labelled with â€˜Gâ€™ (in mGlu2G) and/or â€˜fâ€™ (in mGlu2free). The alignment was generated using UniProt (http://www.uniprot.org/align/) and the graphic was prepared on the ESPript 3.0 server (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).


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


Extended Data Table 2 IP accumulation assays of wild-type and mutant mGlus using the chimeric GÎ± protein GÎ±qi9Full size table


Extended Data Table 3 Gi activation assays of wild-type and mutant mGlus using NanoBiTFull size table


Extended Data Table 4 PAM- and agonist-induced IP accumulation assays of wild-type and mutant mGlu2 using the chimeric GÎ± protein GÎ±qi9Full size table
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