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            Abstract
The metabotropic glutamate receptors (mGlus) are involved in the modulation of synaptic transmission and neuronal excitability in the central nervous system1. These receptors probably exist as both homo- and heterodimers that have unique pharmacological and functional properties2,3,4. Here we report four cryo-electron microscopy structures of the human mGlu subtypes mGlu2 and mGlu7, including inactive mGlu2 and mGlu7 homodimers; mGlu2 homodimer bound to an agonist and a positive allosteric modulator; and inactive mGlu2â€“mGlu7 heterodimer. We observed a subtype-dependent dimerization mode for these mGlus, as a unique dimer interface that is mediated by helixÂ IV (and that is important for limiting receptor activity) exists only in the inactive mGlu2 structure. The structures provide molecular details of the inter- and intra-subunit conformational changes that are required for receptor activation, which distinguish classÂ C G-protein-coupled receptors from those in classesÂ A and B. Furthermore, our structure and functional studies of the mGlu2â€“mGlu7 heterodimer suggest that the mGlu7 subunit has a dominant role in controlling dimeric association and G-protein activation in the heterodimer. These insights into mGlu homo- and heterodimers highlight the complex landscape of mGlu dimerization and activation.
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                    Fig. 1: Maps and structures of mGlu2 and mGlu7.


Fig. 2: Structures of inactive mGlus.


Fig. 3: Structure and activation ofÂ the mGlu2â€“mGlu7 heterodimer.



                


                
                    
                
            

            
                Data availability

              
              Atomic coordinates and cryo-EM density maps for the structures of inactive mGlu2, agonist- and PAM-bound mGlu2, inactive mGlu7 and inactive mGlu2â€“mGlu7 have been deposited in the PDB under accession codes 7EPA, 7EPB, 7EPC and 7EPD, respectively, and inÂ the Electron Microscopy Data Bank under accession codes EMD-31235, EMD-31236, EMD-31237 and EMD-31238, respectively. Atomic coordinates for the structures of mGlu2 TMDâ€“NAM563 and mGlu2 TMDâ€“NAM597 have been deposited in the PDB under accession codes 7EPE and 7EPF, respectively. The uncropped gels shown in Extended Data Fig. 1r, u, aa are displayed in Supplementary Fig. 1. Any other relevant data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Optimization and characterization of mGlu2 and mGlu7 homo- and heterodimers.
a, Comparison of the mGlu2 homodimers with different C-terminal truncations. The curves of size-exclusion chromatography (SEC) of purified protein samples show higher yield and better homogeneity for the protein with the C-terminal residues V826â€“L872 truncated. b, Comparison of the mGlu7 homodimers with different C-terminal truncations. The SEC curves of purified protein samples show higher yield and better homogeneity for the protein with the C-terminal residues K860â€“I915 truncated. c, Comparison of the mGlu2 homodimers with different mutations. The SEC curves of purified protein samples show higher yield for the mutant N6553.52Y/H8157.53Y (construct 1, used to determine the inactive mGlu2 structure). d, Comparison of the mGlu7 homodimers with different mutations. The SEC results of purified protein samples show higher yield for the mutant N6783.52Y/G7224.52I/I7755.59F/P7896.38Y (construct 2, used to determine the inactive mGlu7 structure). e, LY354740-induced IP accumulation assay of wild-type (WT) mGlu2 and mutants. The IP accumulation data are meanÂ Â±Â s.e.m. from at least three independent experiments performed in technical triplicate (same for below). The numbers of independent experiments (n) are shown in the parentheses (same for below). Surface expression levels of the mutants are reported as per cent compared to the wild type from at least three independent measurements performed in duplicate (% of WT): N6553.52Y, 112Â Â±Â 29; H8157.53Y, 56Â Â±Â 10; S601A, 88Â Â±Â 13; C-truncation (V826â€“L872), 53Â Â±Â 3. f, Inhibition of LY354740-induced IP accumulation of wild-type mGlu2 and mutants by NAM563. g, Glutamate-induced IP accumulation assay of wild-type mGlu7 and mutants in theÂ presence of VU0422288. Surface expression levels of the mutants (% of WT): N6783.52Y, 200Â Â±Â 25; G7224.52I, 144Â Â±Â 14; I7755.59F, 136Â Â±Â 13; P7896.38Y, 129Â Â±Â 12; C-truncation (K860â€“I915), 110Â Â±Â 10. h, Inhibition of glutamate-induced IP accumulation of wild-type mGlu7 and mutants by MMPIP. i, LY354740-induced Gi activation of wild-type mGlu2 and mutants measured by the BRET assay. The BRET data are meanÂ Â±Â s.e.m. from at least three independent experiments performed in technical duplicate (same for below). j, Glutamate-induced Gi activation of wild-type mGlu7 and mutants in Â theÂ presence of VU0422288 measured by the BRET assay. k, Ligand screening for the inactive mGlu2 homodimer. The SEC curves show that the NAM563-bound mGlu2 has higher yield and better homogeneity compared to the apo receptor and LY341495-bound mGlu2. l, Ligand screening for the inactive mGlu7 homodimer. The SEC curves show that the NAM MMPIP-bound mGlu7 has higher yield and better homogeneity compared to the apo receptor and the receptor bound to other ligands. m, Inhibition of LY354740-induced IP accumulation of wild-type mGlu2 by NAM563 or NAM597. n, Comparison of wild-type mGlu2 and construct 3 (used to determine the agonist- and PAM-bound mGlu2 structure). The SEC curves of purified protein samples show higher yield and better homogeneity for construct 3. o, JNJ-40411813-induced IP accumulation assay of wild-type mGlu2 and mutants. p, JNJ-40411813-induced Gi activation of wild-type mGlu2 and mutants measured by the BRET assay. q, Ligand screening for the agonist- and PAM-bound mGlu2 homodimer. The SEC curves show higher yield for the agonist- or PAM-bound receptor than the apo protein. r, Nu-PAGE and western blot results of the mGlu2â€“mGlu7 heterodimer. Double staining (anti-His for His-tagged mGlu2 and anti-Strep for Strep-tagged mGlu7) confirms the existence of mGlu2â€“mGlu7 heterodimer. Three independent experiments were performed with similar results. Results from a representative experiment are shown. For gel source data, see Supplementary Fig. 1. s, t, Glutamate-induced IP accumulation of wild-type mGlu2 and mutants. Extended Data Table 3 provides detailed independent experiment numbers (n), statistical evaluation and expression level. u, Crosslinking of the mGlu2 mutants C121A/L6984.51C, C121A/V6994.52C and C121A/V7826.59Câ€“C121A/V7897.27C with (+) or without (âˆ’) preincubation with the agonist LY354740 and PAM JNJ-40411813 or the antagonist LY341495 and NAM Ro64-5299. The mutant C121A/V7826.59Câ€“C121A/V7897.27C was tested using an optimized GABAB quality control system, in which the C-terminal tails of the two mGlu2 subunits were replaced by the modified C1 and C2 domains of GABAB1 and GABAB2, respectively, to only allow the mGlu2 dimers containing the C1â€“C2 dimer to reach the cell surface15. The wild-type and mutant C121A were tested 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, LY354740-induced IP accumulation assay of mGlu2 in theÂ presence of the oxidant CuP. Surface expression levels of the mGlu2 mutants are reported as per cent compared to the wild type from at least three independent measurements performed in duplicate (% of WT): C121A, 100Â Â±Â 6; C121A/L6984.51C, 84Â Â±Â 11; C121A/V6994.52C, 92Â Â±Â 9. w, LY354740-induced IP accumulation assay of the mGlu2 mutants in the CRD. Extended Data Table 3 provides detailed statistical evaluation and expression level. x, Glutamate-induced IP accumulation assay of wild-type mGlu7 and mutants in theÂ presence of VU0422288. Extended Data Table 3 provides detailed statistical evaluation and expression level. y, LY354740-induced IP accumulation assay of mGlu2 mutants in the CRD and ECL2. Extended Data Table 3 provides detailed independent experiment numbers (n), statistical evaluation and expression level. z, JNJ-40411813-induced IP accumulation assay of wild-type mGlu2 and the mutant in ECL2. aa, Crosslinking of the mGlu2â€“mGlu7 mutants C121A/D174C (mGlu2)â€“C136A/R191C (mGlu7) and C121A/S176C (mGlu2)â€“C136A/R191C (mGlu7). The crosslinking studies were carried out using the GABAB C1â€“C2 quality control system that allows cell surface targeting of the heterodimer only21. The wild-type heterodimer and mutant C121A (mGlu2)â€“C136A (mGlu7) were tested in parallel as controls. Four independent experiments were performed with similar results. Results from a representative experiment are shown. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 2 Cryo-EM processing and 3D reconstruction workflow.
aâ€“f, Results of the inactive mGlu2 homodimer. a, Processing workflow. b, Representative cryo-EM image from four independent experiments with similar results. c, Two-dimensional averages. d, Cryo-EM map coloured according to local resolution (in Ã…). e, Gold-standard Fourier shell correlation (FSC) curve showing an overall resolution at 3.6 Ã…. f, Cross-validation of model to cryo-EM density map. FSC curves for the final model versus the final map and half maps are shown in black, red and green, respectively. gâ€“l, Results of the inactive mGlu7 homodimer. g, Processing workflow. h, Representative cryo-EM image from five independent experiments with similar results. i, Two-dimensional averages. j, Cryo-EM map coloured according to local resolution (in Ã…). k, Gold-standard FSC curves showing an overall resolution at 4.0 Ã… and a resolution at 3.6 Ã… for the extracellular domains (ECDs). l, Cross-validation of model to cryo-EM density map. mâ€“r, Results of the agonist- and PAM-bound mGlu2 homodimer. m, Processing workflow. n, Representative cryo-EM image from three independent experiments with similar results. o, Two-dimensional averages. p, Cryo-EM map coloured according to local resolution (in Ã…). q, Gold-standard FSC curve showing an overall resolution at 3.1 Ã…. r, Cross-validation of model to cryo-EM density map. sâ€“x, Results of the inactive mGlu2â€“mGlu7 heterodimer. s, Processing workflow. t, Representative cryo-EM image from four independent experiments with similar results. u, Two-dimensional averages. v, Cryo-EM map coloured according to local resolution (in Ã…). w, Gold-standard FSC curves showing an overall resolution at 3.9 Ã… and a resolution at 3.5 Ã… for the extracellular domains. x, Cross-validation of model to cryo-EM density map.


Extended Data Fig. 3 Cryo-EM density maps of mGlu2 and mGlu7 homo- and heterodimers.
The models are shown as cartoon and sticks. The density maps are coloured grey. a, Map and model of the inactive mGlu2 structure shown for all transmembrane helices, B and C helices in VFTs, CRDs and inter-subunit disulfide bond. The model is coloured blue (molecule A) and grey (molecule B). b, Map and model of the inactive mGlu7 structure shown for all transmembrane helices, B and C helices in VFTs, CRDs and inter-subunit disulfide bond. The model is coloured orange (molecule A) and yellow (molecule B). c, Map and model of the agonist- and PAM-bound mGlu2 structure shown for all transmembrane helices, B and C helices in VFTs, LY354740, DN13, CRDs and inter-subunit disulfide bond. The model is coloured blue (molecule A) and grey (molecule B). d, Map and model of the inactive mGlu2â€“mGlu7 structure shown for all transmembrane helices, B and C helices in VFTs, CRDs, inter-subunit disulfide bond and some non-conserved residues in the two subunits that aided modelling. The model is coloured blue (mGlu2) and orange (mGlu7).


Extended Data Fig. 4 VFT and CRD conformations in mGlus.
a, Comparison of inter-subunit disulfide bonds in the inactive mGlu2 and mGlu7 homo- and heterodimers. The structures of inactive mGlu2 homodimer, mGlu7 homodimer and mGlu2â€“mGlu7 heterodimer are shown in cartoon representation. The disulfide bonds are shown as yellow sticks. The inter-subunit disulfide bonds are highlighted by a red dashed box. b, Comparison of inter-subunit disulfide bonds in the inactive mGlu2 and agonist- and PAM-bound mGlu2. The structures of inactive mGlu2 homodimer and agonist- and PAM-bound mGlu2 homodimer are shown in cartoon representation. c, Comparison of VFT conformations in inactive mGlu structures. The structures of inactive mGlu2, inactive mGlu5 (PDB code 6N52), inactive mGlu7, apo mGlu2 VFT (PDB code 5KZN) and LY3020371 (antagonist)-bound mGlu2 VFT (PDB code 5KZQ) are shown in cartoon representation. d, Comparison of the VFTs in the inactive structures of mGlu2, mGlu5 and mGlu7. The structures are shown in a side view. The CÎ± atoms of the mGlu2 residue C234 and its counterparts in mGlu5 and mGlu7 are shown as spheres. The green arrow indicates the shift of the VFT in the mGlu5 structure compared to that in the mGlu2 and mGlu7 structures. e, Comparison of the CRDs in the inactive structures of mGlu2, mGlu5 and mGlu7. The structures are shown in both side and extracellular views. The CÎ± atoms of the mGlu2 residue C540 and its counterparts in mGlu5 and mGlu7 are shown as spheres. The distance between the CÎ± atoms of the cysteine residues in each structure is indicated by a dashed line and coloured blue (mGlu2), magenta (mGlu5) or orange (mGlu7). The red arrow indicates the movement of the CRDs in mGlu5 and mGlu7 relative to that in mGlu2. f, Comparison of VFT conformations in agonist-bound mGlu structures. The structures of LY354740- and JNJ-40411813-bound mGlu2, l-quisqualate- and CDPPB-bound mGlu5 (PDB code 6N51), LY354740-bound mGlu2 VFT (PDB code 4XAQ) and glutamate-bound mGlu2 VFT (PDB code 5CNI) are shown in cartoon representation and coloured blue, magenta, red and light gold, respectively. g, Comparison of the CRDs in the agonist- and PAM-bound mGlu2 and mGlu5 structures. The structures are shown in both side and extracellular views. h, Interactions between the CRDs in the agonist- and PAM-bound mGlu2 structure. The residues that are involved in dimerization are shown as blue and grey sticks, respectively. The disulfide bonds are shown as yellow sticks. i, Comparison of VFT conformations in the inactive mGlu2 and mGlu7 homo- and heterodimers. j, VFT dimer interface in the inactive mGlu2â€“mGlu7 heterodimer structure. The residues that are involved in dimerization are shown as sticks.


Extended Data Fig. 5 Sequence alignment of the TMDs of human mGlus.
Colours represent the similarity of residues: red background, identical; red text, strongly similar. The red arrows indicate the positions with mutations in the inactive mGlu2 and mGlu7 structures (2, mGlu2; 7, mGlu7). The mGlu2 residues that are involved in TMD dimerization in the inactive mGlu2 structure are indicated by green arrows. The conserved residues with the modified Ballesterosâ€“Weinstein numbers for class C GPCRs 1.50, 2.50, 3.50, 4.50, 5.50, 6.50 and 7.50 are indicated by black arrows. 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 Fig. 6 Inter- and intra-subunit interactions upon mGlu2 activation and NAM-binding sites in mGlus.
a, Interactions between the CRD and ECL2 in the agonist- and PAM-bound mGlu2 and mGlu5 structures. The structures of agonist- and PAM-bound mGlu2 and mGlu5 (PDB code 6N51) are shown in cartoon representation and coloured blue and pink, respectively. The residues that potentially form interactions between the CRD and ECL2 are shown as sticks. b, Comparison of the helical bundles in the agonist- and PAM-bound structures of mGlu2 and mGlu5. The mGlu2 residues V7826.59 and V7897.27 that are involved in dimerization are shown as sticks. The red arrows indicate the movement of each helix in the mGlu2 structure relative to the mGlu5 structure. c, Crystal structures of mGlu2 TMDâ€“NAMs. The receptor is coloured cyan. The NAMs NAM563 and NAM597 are shown as sticks and coloured yellow and magenta, respectively. The mGlu2 residues that form interactions with the NAMs are shown as cyan sticks (middle panels). The ligand electron densities are contoured at 1.0Ïƒ from an |2Fo| âˆ’ |Fc| map, and coloured grey (bottom panels). d, Comparison of ligand-binding sites in mGlus and class A GPCRs. The ligands in the crystal structures of mGlu2 TMDâ€“NAM563, mGlu1 TMDâ€“FITM (PDB code 4OR2), mGlu5 TMDâ€“mavoglurant (PDB code 4OO9), Î²2ARâ€“carazalol (PDB code 2RH1), M2â€“AF-DX384 (PDB code 5ZKB) and D3Râ€“eticlopride (PDB code 3PBL) are shown as sticks. Only the receptor in the mGlu2 TMDâ€“NAM563 structure is shown in cyan cartoon representation for clarity. e, Comparison of the helical bundles in the inactive and active structures of mGlu2. The helical bundles in the structures of mGlu2 TMDâ€“NAM563, inactive mGlu2, agonist- and PAM-bound mGlu2, and the Gi-free (free) and Gi-bound (G)Â subunits in the mGlu2â€“Gi complex (PDB code 7E9G) are shown in an intracellular view. f, Comparison of helix VI in the mGlu2 TMDâ€“NAM563 and mGlu2â€“Gi structures. The red arrow indicates the downward shift of helix VI in the Gi-bound subunit of the mGlu2â€“Gi complex relative to the mGlu2 TMDâ€“NAM563 structure and the Gi-free subunit in the Gi-bound structure. g, Comparison of the W6.50 conformation in the inactive and active mGlu2 structures. The mGlu2 TMDâ€“NAM563 structure and the Gi-bound subunit in the mGlu2â€“Gi structure are coloured cyan and dark red, respectively. The residue W7736.50 in the two structures and the residues that form interactions with W7736.50 in the mGlu2 TMDâ€“NAM563 structure are shown as sticks. The red arrow indicates the rotamer conformational change of W7736.50 in the active structure relative to the inactive structure. h, Comparison of the ionic locks in the inactive and active mGlu2 structures. The mGlu2 TMDâ€“NAM563 structure is coloured cyan. The Gi-bound subunit and Gi protein in the mGlu2â€“Gi structure are coloured dark red and green, respectively. The residues K6533.50, R6563.53, E754 and E7586.35 that form ionic interactions in the inactive structure are shown as sticks in both structures. The ionic interactions in the inactive structure are shown as red dashed lines and the interaction between R6563.53 and GÎ±i in the active structure is shown as a blue dashed line.


Extended Data Fig. 7 tr-FRET and functional assays of mGlu2 and mGlu7 homo- and heterodimers.
a, Validation of mGlu2â€“mGlu7 heterodimer and construct used for structure determination by tr-FRET assay. The signals were measured using the N-terminal HA and Flag tags in each subunit. In each panel, cartoons illustrating the dimer compositions are shown at the bottom. Data are meanÂ Â±Â s.e.m. (bars) from three independent experiments performed in technical triplicate with individual data points shown (dots). b, Cell surface expression of homo- and heterodimers quantified by ELISA. Data were calculated as the fold of mock. Data are meanÂ Â±Â s.e.m. (bars) from three independent experiments performed in technical triplicate with individual data points shown (dots). câ€“g, Calcium release assays of mGlu2â€“mGlu7 heterodimer. Data are meanÂ Â±Â s.e.m. from at least three independent experiments performed in technical triplicate and correspond to the peak response. The numbers of independent experiments (n) are shown in parentheses. c, e, f, LY354740-induced calcium release of wild-type mGlu2â€“mGlu7 heterodimer and mutants. d, g, L-AP4-induced calcium release of wild-type mGlu2â€“mGlu7 heterodimer and mutants. h, Gi activation of mGlu2â€“mGlu7(F784S) in theÂ presence of LY354740, LY354740Â +Â mGlu2 PAM (JNJ-40411813) or LY354740Â +Â mGlu7 NAM (MMPIP, ADX71743 or MDIP) measured by the BRET assay. Data are meanÂ Â±Â s.e.m. from at least three independent experiments performed in technical duplicate. The numbers of independent experiments (n) are shown in the parentheses.


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


Extended Data Table 2 Data collection and structure refinement statistics of mGlu2 TMDâ€“NAM563 and mGlu2 TMDâ€“NAM597 complexesFull size table


Extended Data Table 3 IP accumulation assays of wild-type and mutant mGlus using a chimeric GÎ± protein GÎ±qi9Full size table
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