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            Abstract
Metabotropic glutamate receptors are family C G-protein-coupled receptors. They form obligate dimers and possess extracellular ligand-binding Venus flytrap domains, which are linked by cysteine-rich domains to their 7-transmembrane domains. Spectroscopic studies show that signalling is a dynamic process, in which large-scale conformational changes underlie the transmission of signals from the extracellular Venus flytraps to the G protein-coupling domainsâ€”the 7-transmembrane domainsâ€”in the membrane. Here, using a combination of X-ray crystallography, cryo-electron microscopy and signalling studies, we present a structural framework for the activation mechanism of metabotropic glutamate receptor subtype 5. Our results show that agonist binding at the Venus flytraps leads to a compaction of the intersubunit dimer interface, thereby bringing the cysteine-rich domains into close proximity. Interactions between the cysteine-rich domains and the second extracellular loops of the receptor enable the rigid-body repositioning of the 7-transmembrane domains, which come into contact with each other to initiate signalling.
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                    Fig. 1: mGlu5 activation through orthosteric and allosteric ligands.[image: ]


Fig. 2: X-ray structures of mGlu5 ECD in complex with Nb43.[image: ]


Fig. 3: Cryo-EM maps and models of full-length mGlu5.[image: ]


Fig. 4: Structural changes at the VFT.[image: ]


Fig. 5: Activation leads to a rearrangement of the 7TM interface.[image: ]


Fig. 6: ECL2 is necessary for activation by orthosteric agonists.[image: ]
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                Data availability

              
              All data generated or analysed during this study are included in this published article and itsÂ Supplementary Information. The X-ray crystal structures and structure factors of the apo mGlu5 ECD, of the apo mGlu5 ECD in complex with Nb43 and of the mGlu5 ECD in complex with Nb43 and l-quisqualate have been deposited in the Protein Data Bank under accession codes 6N4X, 6N4Y and 6N50, respectively. Cryo-EM maps of apo mGlu5 in nanodiscs, apo mGlu5 in complex with Nb43 and active mGlu5 in complex with Nb43 and l-quisqualate in GDN have been deposited in the Electron Microscopy Data Bank under accession codes EMD-0346, EMD-0347 and EMD-0345, respectively. The atomic coordinates of apo mGlu5 and active mGlu5 in complex with Nb43 and l-quisqualate have been deposited in the Protein Data Bank under accession codes 6N52 and 6N51, respectively.
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Extended data figures and tables

Extended Data Fig. 1 Structural basis of Nb43 binding to mGlu5.
a, Cartoon view of the apo mGlu5 in complex with Nb43, coloured by b-factors. Notably, the CRDs are diametrically opposed and do not form a stable interface with each other, as reflected by increased b-factorsÂ relative to the VFT. b, The Nb43-binding interface, with a 2Fo âˆ’ Fc map of residues comprising CDR3 at 1Ïƒ shown as blue mesh. c, d, Residues involved in Nb43 binding are located on helix L and the Lâ€“M loop, and are not conserved. e, The 2Fo âˆ’ Fc map of the mGlu5 ECD bound to l-quisqualate and Nb43 is shown in grey mesh at 1Ïƒ around a cartoon representation of the refined model. The inset shows the quality of density in the l-quisqualate-binding pocket.


Extended Data Fig. 2 Overview of mGlu5 cryo-EM studies.
a, Two-dimensional negative-stain class averages of apo mGlu5 in LMNG shows several classes with split detergent micelles. b, c, Representative cryo-EM images of apo mGlu5 in nanodiscs (b) and active mGlu5 bound to l-quisqualate and Nb43 in GDN (c). d, e, Cryo-EM class averages of inactive (d) and active mGlu5 bound to l-quisqualate and Nb43 (e). f, Particle angular distribution of the final cryo-EM reconstructions of apo (left) and active (right) mGlu5.


Extended Data Fig. 3 Cryo-EM 3D reconstruction workflow.
a, b, Processing workflow of apo mGlu5 in MSP1D1 nanodiscs (a) and apo mGlu5 bound to Nb43 in GDN (b).


Extended Data Fig. 4 Cryo-EM active-state processing and map resolution calculations.
a, Flow chart indicating the processing of cryo-EM data for mGlu5 in complex with Nb43 and l-quisqualate. b, Three-dimensional density maps of mGlu5 (left) and mGlu5 in complex with Nb43 and l-quisqualate (right), coloured by local resolution. c, â€˜Gold standardâ€™ FSC curves from RELION indicate that the maps for both mGlu5 and mGlu5 in complex with Nb43 and l-quisqualate reach nominal resolutions of 4.0 Ã… at FSCÂ =Â 0.143.


Extended Data Fig. 5 Agreement between the cryo-EM map and the model.
aâ€“h, Representative cryo-EM densities and fitted atomic models for apo (a, b) and active (câ€“h) mGlu5. The B and C helices of the VFT and the 7TM domain are highlighted in a for the apo mGlu5 structure, and density and model fits are shown in b. Various helices of the VFT, as well as the ligand-binding pocket, CRD and TM6 are highlighted in c, and their cryo-EM density and fitted models are shown in dâ€“h for active mGlu5 bound to Nb43 and l-quisqualate.


Extended Data Fig. 6 Comparison of the intersubunit interfaces in apo and active mGlu5.
Comparison of intersubunit interfaces in apo and active mGlu5 are shown for apo (top) and active (bottom) mGlu5. Contact regions (purple) show residues within 4 Ã… of the opposite subunit. Notably, apo mGlu5 lacks any interactions beyond the VFT.


Extended Data Fig. 7 Comparison of cryo-EM structures of full-length mGlu5 with crystal structures.
a, The conformation of the VFT and CRD portions of full-length apo mGlu5 obtained using cryo-EM (coloured cartoon) is almost identical to the conformation revealed by the crystal structure of the full-length apo mGlu5 (7TM domain not resolved; grey cartoon). b, Similarly to the apo-state structures, the conformation of the VFT and CRD portions of full-length Nb43-bound, active-state mGlu5 obtained by cryo-EM (coloured cartoon) is almost identical to the conformation revealed by the crystal structure of the ECD bound to l-quisqualate and Nb43. c, d, Despite being bound to a NAM (green) and a PAM (blue), the 7TM domains of in our full-length structures both align almost identically to a crystal structure of a NAM-bound 7TM domain in isolation (c) as well as to each other (d).


Extended Data Fig. 8 Molecular dynamics simulationsÂ of mGlu5 ECD-Nb43.
Simulation of the apo form of mGlu5 ECD both with and without Nb43. In the absence of Nb43, the ECD relaxes to an open conformation (right) with considerable separation between the bottom lobes of the VFT. The presence of Nb43 restricts opening of the ECD to an intermediate degree (middle) but does not stabilize the compact resting state (left).


Extended Data Fig. 9 Structural transitions in the 7TM domain upon activation.
a, b, Activation involves a 20 Ã… translation of the 7TM domains relative to each other (a) followed by a 20Â° rotation around TM4 (b). The 7TM domains of the apo state are shown as shades of purple, whereas the active state 7TM domains are shown as shades of blue and teal. c, Model of the I7916.56C mutation on the active-state structure shows its ideal positioning for disulfide formation. d, Western blot analysis of disulfide formation involving I7916.56C in both wild type and the C129A background in the presence and absence of the NAM MPEP. Bars in d (bottom) represent meanÂ Â±Â s.e.m. from 8 independent experiments. Statistics were performed using repeated measures one-way ANOVA followed by Tukeyâ€™s multiple comparisons test and indicated P values were adjusted to account for multiple comparisons.


Extended Data Table 1 Cryo EM and X-ray data collection and refinement statisticsFull size table
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This file contains Figures 1-3 and Tables 1-5. Figure 1 â€“ In-vitro characterization of Nb43, Figure 2 - Constitutive activity of ELC2 mutants by IP1 accumulation, Figure 3 â€“ Surface and total expression levels of receptor mutants compared to wild-type. Table 1 - The effect of L-glu as a competitive ligand and the allosteric ligands Nb43 and CDPPB as enhancers of [3H]-quisqualic acid binding, Table 2 - Saturation binding of [3H]-quisqualic acid in presence of vehicle, or a fixed concentration of Nb43 or CDPPB, Table 3 - Potency and Emax estimates of mGlu5 ligands alone and in combination with low receptor expression in presence of EAAT3,Table 4 - Effect of ECL2 deletion on orthosteric and allosteric receptor activation, Table 5 - Estimation of low mGlu5 expression levels by [3H]-MPEP binding


Reporting Summary

Video 1
: Activation triggered conformational changes in mGlu5. Map/model fits and morph between apo- and active- mGlu5 upon L-quisqualate binding. Agonist action leads to a compaction of the mGlu5 dimer
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