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            Abstract
Class B G-protein-coupled receptors are major targets for the treatment of chronic diseases, such as osteoporosis, diabetes and obesity. Here we report the structure of a full-length class B receptor, the calcitonin receptor, in complex with peptide ligand and heterotrimeric Gαsβγ protein determined by Volta phase-plate single-particle cryo-electron microscopy. The peptide agonist engages the receptor by binding to an extended hydrophobic pocket facilitated by the large outward movement of the extracellular ends of transmembrane helices 6 and 7. This conformation is accompanied by a 60° kink in helix 6 and a large outward movement of the intracellular end of this helix, opening the bundle to accommodate interactions with the α5-helix of Gαs. Also observed is an extended intracellular helix 8 that contributes to both receptor stability and functional G-protein coupling via an interaction with the Gβ subunit. This structure provides a new framework for understanding G-protein-coupled receptor function.
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                    Figure 1: The sCT–CTR–Gs cryo-EM structure.[image: ]


Figure 2: The CTR transmembrane bundle orthosteric peptide-binding site.[image: ]


Figure 3: Comparisons of inactive class B and the activated CTR structures.[image: ]


Figure 4: CTR–G-protein interactions.[image: ]


Figure 5: Comparison of a class A and class B GPCR Gs ternary complex.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Schematic of the CTR used in the study.
In our construct HA–Flag–3C–CTR–3C–8×His, the native signal peptide of the CTR (residues 2–24) was replaced with a HA signal peptide (red), Flag epitope (green) and a 3C cleavage site (yellow). The C terminus was modified with a 3C cleavage site (yellow) and a His epitope (blue). Also highlighted on the schematic are consensus glycosylation sites (purple) and class B GPCR conserved disulfide bonds. Residues highlighted in bold are the most conserved residue in each helix and represent residues x.50 for each helix according to the class B GPCR numbering. The location of the 16 amino acid insertion within ICL1 for a common splice variant of the CTR (CTRb) is shown. In addition, the locations of the truncation sites within the CTR C terminus/helix 8 assessed in this study are also highlighted.


Extended Data Figure 2 Pharmacology of the CTR construct used in this study.
a–d, Pharmacological assessment in mammalian COS-7 cells (a, b) and HiveFive insect cells (c, d) of the untagged CTR and the construct shown in Extended Data Fig. 1 (HA–Flag–3C–CTR–3C–8×His). The presence of purification tags does not alter receptor pharmacology. a, Radioligand competition binding for sCT in competition with the radiolabelled ligand [125I]sCT(8–32) in whole cells transiently expressing wild-type CTR or HA–Flag–3C–CTR–3C–8×His. Data are normalized to maximum [125I]sCT(8–32) with nonspecific measured in the presence of 1μM unlabelled sCT(8–32). b, Concentration response curves assessing Gs activation via measurement of cAMP accumulation at wild-type CTR and HA–Flag–3C–CTR–3C–8×His in the presence of sCT. c, Radioligand competition binding for sCT or the radiolabelled ligand [125I]sCT(8–32) performed with HA–Flag–3C–CTR–3C–8×His in the presence of Gs protein heterotrimer reveals similar affinities in insect cells versus mammalian cells. The presence of Nb35 does not alter ligand affinity. d, Concentration response curves to assess G-protein activation by HA–Flag–3C–CTR–3C–8×His via GTPγS binding in the absence and presence of Gs protein heterotrimer reveals that the tagged CTR can robustly activate Gs in insect cells. e, GTPγS binding to HA–Flag–3C–CTR–3C–8×His in the presence of 1 μM sCT is inhibited by increasing concentrations of Nb35. All data are mean + s.e.m. of four independent experiments, conducted in duplicate or triplicate.


Extended Data Figure 3 Expression and purification of the sCT–CTR–Gs complex.
a, Flow chart of the purification steps for the human CTR (hCTR)–Gs complex. b, SDS–PAGE/western blot of samples obtained at various stages of hCTR–Gs purification. hCTR and the Gs heterotrimer were co-expressed in insect cell membrane. Addition of the agonist salmon calcitonin initiates complex formation and was solubilized by detergent. Solubilized hCTR and the hCTR–Gs complex were immobilized on Flag antibody resin. Flag-eluted fractions were further purified by SEC. An anti-His antibody was used to detect Flag–CTR–His, Gβ–His and Nb35–His (red) and an anti-Gs antibody was used to detect Gαs (green). c, Representative elution profile of Flag-purified complex on Superdex 200 Increase 10/30 SEC (top). SEC fractions containing hCTR–Gs complex (within dashed lines) were pooled, concentrated and analysed by SEC on Superose 6 Increase 10/30 column (bottom). d, SDS–PAGE/Coomassie blue stain of the purified complex concentrated from the Superose 6 Increase 10/30 column. e, The stability of the purified hCTR–Gs was monitored by SEC following incubation at 4 °C for 5 days. All images and SEC profiles are representative of more than ten experiments, except for e, which was performed once.


Extended Data Figure 4 Cryo-EM of the sCT–CTR–Gs complex.
a, Representative Volta phase plate (of 2,780 recordings) cryo-EM micrograph of the sCT–CTR–Gs complex (scale bar, 15 nm). b, Reference-free two-dimensional averages of the complex in maltose-neopentyl glycol/cholesterol hemisuccinate micelle. c, Gold-standard Fourier shell correlation (FSC) curves, showing the overall nominal resolution at 4.1 Å and 3.8 Å on the stable region including the transmembrane domain and Gs protein complex without AHD. d, Final three-dimensional density map coloured according to local resolution. e, FSC curves of the final refined model versus the final cryo-EM map (full dataset, black), of the outcome of model refinement with a half map versus the same map (red), and of the outcome of model refinement with a half map versus the other half map (green). At FSC = 0.5, the resolution is 4.1 Å. f, EM density of TM1, TM5, TM6, TM7 and helix 8.


Extended Data Figure 5 Flexibility of ECD and AHD in the sCT–CTR–Gs complex.
Representative maps from three-dimensional classification showing the dynamics of the CTR ECD and Gαs AHD. The overlaid maps are shown from top and side views. In the right panel the blue, green, purple and red density maps show the four 3D classifications. These are overlayed on the left to demonstrate the observed flexibility of the Gαs AHD and the CTR ECD.


Extended Data Figure 6 The N-terminal ECD of the CTR.
a, Rigid body fitting of the structure of CTR ECD bound to sCT (PDB: 5II0)22 into the corresponding regions of the cryo-EM map revealed additional density (close to residue 130) that may be attributed to glycosylation. b–d, Asp mutation of four consensus glycosylation residues (N28D, N73D, N125D and N130D) reveals the relative unimportance of glycosylation on cell-surface expression (b), determined via cell-surface ELISA for the N-terminal epitope tag. c, Competition radioligand binding studies for sCT in competition with the radiolabelled ligand [125I]sCT(8–32) revealed reduced affinity for N130D, and to a lesser extent N125D, compared to the wild-type CTR. d, Concentration response curves for cAMP accumulation for mutant receptors relative to wild type show that N130D, and to a lesser extent N125D, reduce the potency of sCT in functional experiments. All data are mean + s.e.m. of five independent experiments, conducted in duplicate or triplicate.


Extended Data Figure 7 Molecular modelling of sCT peptide reveals potential interactions between peptide and receptor.
Cryo-EM density is shown in yellow fill, the sCT peptide model in yellow cartoon and the CTR in blue cartoon. a, Gln14 in sCT is predicted to form interactions with the backbone of ECL2. b, Ser5 and Thr6 are predicted to form hydrogen bonds with His302 in TM5 of the CTR, while Leu4 points down into the bundle towards TM6. c, Mutation of H302 to Ala (H302A) results in reduced potency for sCT in cAMP production (left) and phosphorylation of ERK1/2 (right) when expressed in 3T3-FlpIn cells. This supports a role H302 in sCT affinity. Data are mean + s.e.m. of four independent experiments performed in duplicate


Extended Data Figure 8 Comparisons of an inactive CTR homology model and the activate CTR structure.
a, Side view of the activate sCT–CTR–Gs complex transmembrane structure (blue) relative to the inactive CTR homology model (red). b, Tube representation for transmembrane domains showing extracellular (top) and cytoplasmic (bottom) views of the activate sCT–CTR–Gs complex transmembrane structure (blue) relative to the inactive CTR homology model (red). In a and b large differences are observed at the extracellular ends of TM6 and TM7, with additional differences within TM1 and TM5. In addition, a very large outward movement is observed within TM6 of the active structure relative to the inactive homology model at the intracellular face. c, The positions of class B conserved polar residues located within the inactive CTR homology model.


Extended Data Figure 9 CTR-Gs protein interactions.
a, The α5-helix of Gαs (orange) docks into a cavity formed on the intracellular side of the receptor (blue) by the opening of TM6. G-protein side chains within this cavity are supported by the cryo-EM map. b, Helix 8 of the CTR forms an amphipathic helix with multiple bulky aromatics heavily embedded within the detergent micelle that are evident in the map. Residues within the more polar face of helix 8 are in the vicinity of Gβ, where they probably form polar interactions, although specific side chain density in this region is not evident. c, ICL1 is located in close proximity to the G protein. A common CTR splice variant contains a 16 amino acid insertion within this loop (between Arg174 and Ser175), an insertion that would sterically hinder G-protein interactions with the receptor.


Extended Data Figure 10 Comparison of the activated β2AR and CTR viewed from the extracellular face.
Tube representation of the transmembrane domains of the CTR (blue) and β2AR (green) viewed from the cytoplasmic face (based on overlay of the Gs protein from each structure). Despite similarities in the position of transmembrane tips at the intracellular face, there are substantial differences in the location of the extracellular transmembrane tips, highlighting marked differences in the ligand binding mode and initiation of receptor activation between class A and B GPCRs.
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        Editorial Summary
GPCR structure solved by cryo-electron microscopy
The use of cryo-electron microscopy (cryo-EM) in structural biology has exploded in recent years as it provides structural information at near atomic resolution without the need for crystallization. However, cryo-EM has typically been limited to proteins larger than 200 kDa because of issues with low contrast. Patrick Sexton and colleagues report the structure of the full-length calcitonin receptor in complex with its peptide ligand and Gαsβγ protein by Volta phase-plate single-particle cryo-EM. This is the first G-protein-coupled receptor (GPCR) structure to be solved at high resolution by cryo-EM, the first full-length class B GPCR reported and only the second in complex with the full heterotrimeric G protein. The structure shows the GPCR in the active state and reveals key information about the conformational changes associated with peptide agonist binding and G-protein coupling in class B receptors.

show all

    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    2017 Nobel Prize in Chemistry
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Signalling under the microscope
                

                
	Ching-Ju Tsai
	Joerg Standfuss
	Robert M. Glaeser



                
    
        
            Nature
        
        News & Views
        
        
            03 May 2017
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 — 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: ]
