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            Abstract
G protein-coupled receptors (GPCRs) allosterically activate heterotrimeric G proteins and trigger GDP release. Given that there are ∼800 human GPCRs and 16 different Gα genes, this raises the question of whether a universal allosteric mechanism governs Gα activation. Here we show that different GPCRs interact with and activate Gα proteins through a highly conserved mechanism. Comparison of Gα with the small G protein Ras reveals how the evolution of short segments that undergo disorder-to-order transitions can decouple regions important for allosteric activation from receptor binding specificity. This might explain how the GPCR–Gα system diversified rapidly, while conserving the allosteric activation mechanism.
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                    Figure 1: Gα signalling states and activation.[image: ]


Figure 2: The common Gα numbering (CGN) system and Gα conserved contact networks.[image: ]


Figure 3: Helix 5 contains the conserved interface region and is comprised of two modules.[image: ]


Figure 4: Helix H1 is the key SSE that contacts H5, GDP and the H-domain.[image: ]


Figure 5: Mutational studies support the universal Gα activation mechanism.[image: ]


Figure 6: H5–H1 interaction permits the allosteric activation mechanism.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Human paralogue reference alignment for common Gα numbering system.
a, Reference alignment of all canonical human Gα paralogues. The domain (D), consensus secondary structure (S) and position in the SSE of the human reference alignment (P) are shown on top of the alignment. b, Reference table of the definitions of SSEs used in the CGN nomenclature.


Extended Data Figure 2 Energy estimation of the GPCR–Gα residue contributions and Gα disorder propensity.
a, Energy contribution of single interface residues to the Gαs–β2AR complex calculated with FoldX (T = 298K, pH = 7.0, ionic strength = 0.05M). Conserved Gα residues (blue sequence logo) that were identified to form receptor–Gα inter-protein contacts with conserved GPCR residues (red sequence logo) are shown. The contact network between residues of the β2AR and Gαs is shown (red, conserved receptor residue; blue, conserved Gα residue; grey, variable residues; spheres represent Cα positions and links represent non-covalent contact). b, Consensus disorder plot for all Gα proteins. The mean value of the disorder propensity of all full-length Gα sequences (561 sequences; homologous to all 16 human Gα proteins) is shown as a black line; the standard deviation at each position is shown as light red ribbon. The colour tone of the line indicates the number of gaps at an aligned position (black, no gaps). The left inset shows the disorder propensity of H1. The right inset highlights that H5 is highly structured in its N terminus, and has increased disorder propensity towards the C terminus, which is in agreement with the missing electron density in the 79 structures.


Extended Data Figure 3 Rewiring of consensus contacts between conserved Gα residues upon receptor binding.
CGN numbers and sequence logo for consensus contacts within Gα in the inactive state (left) and GPCR-bound state (right) are shown. Receptor residues are shown in red; H5 residues in dark blue; H1 residues in light blue; and GDP in green. The domains are highlighted with a blue background (G-domain darker blue, H-domain light blue). This figure highlights the most important consensus residue contacts between conserved residues. Additional contacts in the right lobe are discussed in the Supplementary Note and in ref. 25. For a full list of residue contacts, please refer to Supplementary Data.


Extended Data Figure 4 Details of helix H1 linking H5, GDP and the H-domain.
a, This figure expands Fig. 4 from the main text to provide residue-level details of the role of helix H1. Residues forming contacts with H5 are shown in blue, with the H-domain in light blue and with GDP in green. Non-covalent consensus contacts between universally conserved residues at the SSE level (left) and per residue-level (centre). Lines denote non-covalent contacts between residues. The degree of conservation is shown as sequence logo. Residues are numbered according to the CGN. Helix H1 is almost 100% conserved across all 16 Gα types and forms three structural motifs for interactions with H5, the H-domain and GDP (right). b, Average per residue energy contribution to Gα protein stability as calculated from 79 structures from all four Gα subfamilies in the non-receptor-bound signalling states using FoldX (T = 298K, pH = 7.0, ionic strength = 0.05M). The average energy contribution is shown as dots, the standard deviation as bars. c, Per residue detail of Gα-GDP and Gα-GSP (non-hydrolysable GTP analogue) consensus contacts. The bar-plot shows the frequency of finding a contact mediated by topologically equivalent positions with GDP/GSP. Number of side-chain and main-chain contacts are shown as dark grey and light grey bars, respectively. The degree of conservation of contacting residues (calculated from the 561 complete Gα sequences) is represented in the right panel and the consensus sequence for each position is shown.


Extended Data Figure 5 Conserved structural motifs of Gα and known disease and engineered mutations.
a, A universally conserved cluster of π–π and hydrophobic interactions between S2 (PheG.S2.6) and S3 (PheG.S3.3), H1 (MetG.H1.8 and HisG.H1.12) and H5 (PheG.H5.8) links H5 and H1 in the absence of the receptor. Upon receptor binding, residues within this motif (PheG.H5.8 and PheG.S3.3) interact with the conserved Pro and Leu of ICL2 of the receptor as has been shown for Gαs (3sn6) and Gαi (ref. 26). Interrupting the contacts between H5 and H1 seems to be the trigger for transmitting the signal of GPCR binding to helix H1 (which interacts with GDP and the H-domain.) The only conserved residue contact between the H-domain and the G-domain that is not in the hinge region is formed by a universally conserved salt bridge (H-domain ionic latch) between the very N-terminal end of HG of the G-domain (LysG.s5hg.1) and the loop connecting HD and HE in the H domain (AspH.hdhe.5). The hinge region is formed by H1, the loop between H1 and HA, and HF. H1 interacts via (1) a cation–π interaction mediated by a universally conserved residue with the loop connecting H1 and HA (LysG.H1.6 and TyrG.h1ha.4) and (2) a hydrophobic interaction with HF (LysG.H1.9 and LeuH.HF.5). b, Disease and engineered mutations that can be explained by the universal Gα activation mechanism mapped on a Gα protein. Cα position of residues are shown as spheres; mutations at green positions cause spontaneous GDP release by interrupting consensus contacts between conserved residues, thereby ‘mimicking’ the effect of receptor binding to Gα. Pink positions have also been reported to cause disease by constitutively activating Gα. Insertion of an Ala4 or Gly5 after the yellow position separate the H5 transmission and interface module, thereby allowing GPCR binding without triggering GDP release.


Extended Data Figure 6 Helix H5–H1 interaction in Gα provides the allosteric GEF activation mechanism.
a, Schematic representation of structural motifs on H1 that are shared or unique to Gα and Ras. While the part of H1 with the phosphate-binding motif is conserved across both protein families, the C-terminal part is conserved only in Gα. H1 in Gα has three additional residues that allow for extensive residue contacts between H1 and H5. In Ras, these interactions are missing and H5 and H1 are both 3 residues shorter. The consensus sequence and secondary structure of equivalent residues of H1 in Gα and Ras is also depicted. b, Comparison of the residue contact network between topologically equivalent residues in H5 and H1 in the corresponding inactive GDP-bound states of Gα (1got) and Ras (4q21). The weight of the link between SSEs denotes the number of atomic contacts. c, Sequence alignments of H1 and H5 of human Gα and Ras paralogues. The sequence alignment was obtained based on cross-referencing the alignments using the structures of Gα and Ras.





Supplementary information
Supplementary Information
This file contains Supplementary Figures 1-2, Supplementary Notes and additional references. (PDF 2276 kb)


Supplementary Table 1
This file shows the Gα structure and sequence data. (XLSX 69 kb)


Supplementary Table 2
This file shows the Common Gα reference system data. (XLSX 109 kb)


Supplementary Table 3
This file shows engineered and natural mutations in G proteins reported in literature. (XLSX 52 kb)


Supplementary Data
This zipped file contains 5 files which comprise: Ortholog alignments; Visualization of consensus networks (≧75% consensus score) of the four signaling states with residue conservation represented as B-factor; Visualization of the GPCR-G protein interface in the 3sn6 crystal structure; Gα -Ras alignment; and Consensus residue interaction networks with sequence conservation for Gα and GPCRGα interface residue interaction networks for Gs-β 2-adrenergic receptor and Gt peptides-rhodopsin. (ZIP 3645 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5

PowerPoint slide for Fig. 6




Rights and permissions
Reprints and permissions


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



Cite this article
Flock, T., Ravarani, C., Sun, D. et al. Universal allosteric mechanism for Gα activation by GPCRs.
                    Nature 524, 173–179 (2015). https://doi.org/10.1038/nature14663
Download citation
	Received: 05 November 2014

	Accepted: 16 June 2015

	Published: 06 July 2015

	Issue Date: 13 August 2015

	DOI: https://doi.org/10.1038/nature14663


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

                
                    	
                            
                                
                                    
                                        Dissecting the genetic landscape of GPCR signaling through phenotypic profiling in C. elegans
                                    
                                

                            
                                
                                    	Longjun Pu
	Jing Wang
	Changchun Chen


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Two-step structural changes in M3 muscarinic receptor activation rely on the coupled Gq protein cycle
                                    
                                

                            
                                
                                    	Yong-Seok Kim
	Jun-Hee Yeon
	Byung-Chang Suh


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Ligand recognition mechanism of the human relaxin family peptide receptor 4 (RXFP4)
                                    
                                

                            
                                
                                    	Yan Chen
	Qingtong Zhou
	Ming-Wei Wang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        GPCRome-wide analysis of G-protein-coupling diversity using a computational biology approach
                                    
                                

                            
                                
                                    	Marin Matic
	Pasquale Miglionico
	Francesco Raimondi


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        The role of G protein conformation in receptor–G protein selectivity
                                    
                                

                            
                                
                                    	Wonjo Jang
	Sumin Lu
	Nevin A. Lambert


                                
                                Nature Chemical Biology (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
            
        

        
    



            

        
    


    
        Editorial Summary
A universal mechanism for GPCR function
G-protein-coupled receptors (GPCRs) are membrane proteins that function as sensors for a wide range of extracellular signals. They act via heterotrimeric G proteins — guanine nucleotide-binding proteins that act as intracellular molecular switches — which they activate allosterically to trigger GDP release. There are hundreds of human GPCRs acting upon 16 different Gα proteins. In this Analysis, Madan Babu and colleagues set out to establish whether there is a universal allosteric mechanism governing Gα activation. They find that there is: different GPCRs interact with and activate Gα proteins through a highly conserved mechanism, which might explain how the GPCR–Gα system diversified rapidly while conserving its allosteric properties.

show all

    

    
    

    
        
            
                
                    
                        
                            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: ]
