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            Abstract
Frizzled receptors (FZDs) are class-F G-protein-coupled receptors (GPCRs) that function in Wnt signalling and are essential for developing and adult organisms1,2. As central mediators in this complex signalling pathway, FZDs serve as gatekeeping proteins both for drug intervention and for the development of probes in basic andÂ in therapeutic research. Here we present an atomic-resolution structure of the human Frizzled 4 receptor (FZD4) transmembrane domain in the absence of a bound ligand. The structure reveals an unusual transmembrane architecture in which helix VI is short and tightly packed, and is distinct from all other GPCR structures reported so far. Within this unique transmembrane fold is an extremely narrow and highly hydrophilic pocket that is not amenable to the binding of traditional GPCR ligands. We show that such a pocket is conserved across all FZDs, which may explain the long-standing difficulties in the development of ligands for these receptors. Molecular dynamics simulations on the microsecond timescale and mutational analysis uncovered two coupled, dynamic kinks located at helix VII that are involved in FZD4 activation. The stability of the structure in its ligand-free form, an unfavourable pocket for ligand binding and the two unusual kinks on helix VII suggest that FZDs may have evolved a novel ligand-recognition and activation mechanism that is distinct from that of other GPCRs.
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                    Fig. 1: Overall structure of Î”CRD-FZD4 and the comparison with SMO.


Fig. 2: The arrangement of the extracellular side of FZD4 and other GPCRs.


Fig. 3: Transmembrane ligand pocket of FZD4.


Fig. 4: Activation (kinks) and Dishevelled-mediated signalling analysis of FZD4.
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Extended data figures and tables

Extended Data Fig. 1 Sequence alignment between FZD4 and nine other FZDs as well as SMO.
Colours represent the similarity of residues: red background, identical; red text, strongly similar. The alignment was generated using MAFFT (https://www.ebi.ac.uk/Tools/msa/mafft/) and the graphic was prepared on the ESPript 3.0 server (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).


Extended Data Fig. 2 Crystallization of Î”CRD-FZD4 and structure determination.
a, Schematic of the Î”CRD-FZD4 construct. To obtain crystals that would diffract well, we truncated the N-terminal CRD region (residues 1â€“177) and C-terminal flexible region (residues 517â€“537) and introduced four single mutations (M309L, C450I, C507F and S508Y, coloured in red) that are designed based on sequence conservation analysis across ten human FZDs. Residues that are involved in the X.50f numbering system are coloured in green. The cysteines that form endogenous disulfide bonds are indicated in orange. b, Fluorescence-activated cell sorting staining data, to monitor the surface expression of the construct used in this study. The experiment was repeated twice with similar results. c, Crystals of Î”CRD-FZD4 in the apo state. d, Crystal packing of Î”CRD-FZD4.


Extended Data Fig. 3 Dynamics of helix V and VI in FZD4 and a comparison of the intracellular side of FZD4 with other GPCRs.
a, CÎ± r.m.s.d. for residues G409 to S418 (helix V) and R432 to S441 (helix VI) plotted as a rolling average over a 10-ns window. b, Unique hydrogen bonds between helix III and helix VI (W3203.43fâ€“S4116.37f and W3273.50fâ€“M4346.30f) maintain helix VI in an inward conformation. c, The intracellular cavity of FZD4 is close to W7.55f and the KTXXXW motif (coloured in dark grey), a region that is key for downstream signalling. Compared with class-A GPCRs (adenosine A2A and Î²2 adrenergic receptors), FZD4 leaves no cavity among helices III,VI and VII, whereas SMO has a side-pocket at this position. R3.50 (labelled with a blue sphere) is a key residue in the activation of class-A GPCRs and is exposed to the intracellular surface. The residue in the same position in class-F, W3.50f, points in a different direction and is not exposed. The G-protein-binding sites of class-A GPCRs are labelled in red.


Extended Data Fig. 4 Activity analysis of disease-related and signalling-related mutations of Î”CRD-FZD4, and the conformational change of family-conserved amino acids of Î”CRD-FZD4.
a, TOPflash analysis, cellular localization and cell surface expression analysis of disease-related and signalling-related mutations. Each data point represents meanÂ Â±Â s.e.m., repeated in triplicate. The experiment was repeated using two independent methods with similar results. All the mutations affected FZD4 downstream signalling in some wayâ€”some decreased the WNT3Aâ€“Norrin signal substantially, some showed gain-of-function activityâ€”which suggests complex mechanisms underlying these mutation-caused diseases. b, Conformational rearrangement on family-conserved residues W4947.55f and Y2502.39f was observed when comparing FZD4 (cyan) with SMO (gold). It is noteworthy that Y2502.39f in FZD4 points outwards from the 7TM bundle.


Extended Data Fig. 5 The model of full-length FZD4 and molecular dynamics analysis.
a, The model of full-length FZD4. Cyan, TMD (crystal structure); magenta, linker; blue, CRD (modelled from PDB ID: 5CM4). The human smoothened receptor crystal structure (grey; PDB ID: 5L7D) is overlaid onto the model. Disulfide bridges in the FZD4 model are shown in stick representation. b, Motions of the CRD domain observed during the molecular dynamics simulation. Snapshots of the positions of the CRD domain and linker during one of three independent molecular dynamics simulations are shown in cartoon representation, at 250 ns (light blue), 500 ns (green), 750 ns (pink), 1,000 ns (yellow), 1,250 ns (orange) and 1,500 ns (red). The initial full-length CRD and linker domain are shown in blue, and all TMDs are shown in cyan. c, Motions of the CRD domain observed during the molecular dynamics simulation. The r.m.s.d. plot of CÎ± atoms of the CRD and linker domain with respect to the initial full-length FZD4 model during the three molecular dynamics simulations is shown.


Extended Data Fig. 6 Analysis of the TMD pocket of FZD4.
a, Superimposition of other SMO ligands (ANTA-XV, GDC0449, SAG, Cyclopamine and SANT-1) in the pocket of FZD4. All of these SMO ligands collide with the FZD4 pocket. b, The volume of the TMD pocket during simulation. Volumes are displayed as rolling averages over a 10-ns window. c, Total expression and cellular-localization analysis for pocket mutations. Total FZDâ€“YFP expression is determined by YFP fluorescence; cellular localization is determined by fluorescence microscopy (related to Fig.Â 3). A plasmid expressing C-terminally sfGFP-tagged arrestin protein (Arr-ctrl), which localizes largely to the cytoplasm, was used as negative control for cell membrane localization. The experiment was repeated using two independent methods with similar results. d, The FZD4 pocket has the highest hydrophilic/hydrophobic ratio of all GPCR structures that have been solved to date.


Extended Data Fig. 7 Homology model and conservation analysis for ten human FZDs.
a, Superposition of ten human FZD homology models. The green, thin regions represents high conservation, and the red, thick regions represent low conservation. b, Sequence alignment of pocket residues, with conserved amino acids across the FZD family highlighted in dark green. c, Conserved amino acids in the top of the FZD4 pocket. d, Conserved amino acids in the bottom of the FZD4 pocket.


Extended Data Fig. 8 Molecular dynamics and mutation analysis of the Dishevelled-binding site.
a, The Dishevelled-binding site plotted as a moving average over a 10-ns window. Water molecules less than 10 Ã… from H348(N) were defined as proximal for this analysis. b, Total expression and cellular localization analysis for mutations in the Dishevelled-binding site (related to Fig.Â 4). The experiment was repeated using two independent methods with similar results.


Extended Data Fig. 9 Analysis of the two unusual kinks.
a, Two kinks with conserved polar networks fluctuate between bent and straight conformations during simulation. b, Molecular dynamics traces of the kink 1 and kink 2 backbone distances plotted as a moving average over a 10-ns window. c, Total expression and cellular localization analysis of kink 1/kink 2 mutations (related to Fig.Â 4). The experiment was repeated using two independent methods with similar results.


Extended Data Table 1 Crystallographic data table and affinity mass spectrometry analysisFull size table





Supplementary information
Reporting Summary




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Yang, S., Wu, Y., Xu, TH. et al. Crystal structure of the Frizzled 4 receptor in a ligand-free state.
                    Nature 560, 666â€“670 (2018). https://doi.org/10.1038/s41586-018-0447-x
Download citation
	Received: 12 October 2017

	Accepted: 10 July 2018

	Published: 22 August 2018

	Issue Date: 30 August 2018

	DOI: https://doi.org/10.1038/s41586-018-0447-x


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

                
                    	
                            
                                
                                    
                                        A framework for Frizzled-G protein coupling and implications to the PCP signaling pathways
                                    
                                

                            
                                
                                    	Zhibin Zhang
	Xi Lin
	Fei Xu


                                
                                Cell Discovery (2024)

                            
	
                            
                                
                                    
                                        Structure, function and drug discovery of GPCR signaling
                                    
                                

                            
                                
                                    	Lin Cheng
	Fan Xia
	Zhenhua Shao


                                
                                Molecular Biomedicine (2023)

                            
	
                            
                                
                                    
                                        G protein-coupled receptors in neurodegenerative diseases and psychiatric disorders
                                    
                                

                            
                                
                                    	Thian-Sze Wong
	Guangzhi Li
	Yang Du


                                
                                Signal Transduction and Targeted Therapy (2023)

                            
	
                            
                                
                                    
                                        Ocular phenotype and genetical analysis in patients with retinopathy of prematurity
                                    
                                

                            
                                
                                    	Tianchang Tao
	Xianfen Meng
	Lvzhen Huang


                                
                                BMC Ophthalmology (2022)

                            
	
                            
                                
                                    
                                        Circ-NT5C2 stimulates FZD4 expression to promote the malignant progression of osteosarcoma by targeting miR-488-3p
                                    
                                

                            
                                
                                    	Xiaoqi Yang
	Shuhua Wang
	Pengfei Xu


                                
                                Applied Biological Chemistry (2022)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” 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
            
        


    









    








