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            Abstract
Hedgehog (HH) signalling governs embryogenesis and adult tissue homeostasis in mammals and other multicellular organisms1,2,3. Whereas deficient HH signalling leads to birth defects, unrestrained HH signalling is implicated in human cancers2,4,5,6. N-terminally palmitoylated HH releases the repression of Patched to the oncoprotein smoothened (SMO); however, the mechanism by which HH recognizes Patched is unclear. Here we report cryo-electron microscopy structures of human patched 1 (PTCH1) alone and in complex with the N-terminal domain of â€˜nativeâ€™ sonic hedgehog (native SHH-N has both a C-terminal cholesterol and an N-terminal fatty-acid modification), at resolutions of 3.5Â Ã… and 3.8Â Ã…, respectively. The structure of PTCH1 has internal two-fold pseudosymmetry in the transmembrane core, which features a sterol-sensing domain and two homologous extracellular domains, resembling the architecture of Niemannâ€“Pick C1 (NPC1) protein7. The palmitoylated N terminus of SHH-N inserts into a cavity between the extracellular domains of PTCH1 and dominates the PTCH1â€“SHH-N interface, which is distinct from that reported for SHH-N co-receptors8. Our biochemical assays show that SHH-N may use another interface, one that is required for its co-receptor binding, to recruit PTCH1 in the absence of a covalently attached palmitate. Our work provides atomic insights into the recognition of the N-terminal domain of HH (HH-N) by PTCH1, offers a structural basis for cooperative binding of HH-N to various receptors and serves as a molecular framework for HH signalling and its malfunction in disease.
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                    Fig. 1: The engineered human PTCH1 protein binds a SHH-N ligand.[image: ]


Fig. 2: Overall structure of PTCH1*.[image: ]


Fig. 3: Structure of PTCH1*â€“SHH-N complex.[image: ]


Fig. 4: The palmitoylated N terminus of SHH-N dominates its interface to PTCH1*.[image: ]


Fig. 5: Putative multivalent complex of SHH-N with PTCH1 and its co-receptors.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Inhibition of tetrameric Patched1 by Sonic Hedgehog through an asymmetric paradigm
                                        
                                    

                                    
                                        Article
                                         Open access
                                         24 May 2019
                                    

                                

                                Hongwu Qian, Pingping Cao, â€¦ Xin Gong

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The morphogen Sonic hedgehog inhibits its receptor Patched by a pincer grasp mechanism
                                        
                                    

                                    
                                        Article
                                        
                                         23 September 2019
                                    

                                

                                Amalie F. Rudolf, Maia Kinnebrew, â€¦ Christian Siebold

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Smoothened stimulation by membrane sterols drives Hedgehog pathway activity
                                        
                                    

                                    
                                        Article
                                        
                                         01 July 2019
                                    

                                

                                Ishan Deshpande, Jiahao Liang, â€¦ Aashish Manglik

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Ingham, P. W. & McMahon, A. P. Hedgehog signaling in animal development: paradigms and principles. Genes Dev. 15, 3059â€“3087 (2001).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jiang, J. & Hui, C. C. Hedgehog signaling in development and cancer. Dev. Cell 15, 801â€“812 (2008).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Briscoe, J. & ThÃ©rond, P. P. The mechanisms of Hedgehog signalling and its roles in development and disease. Nat. Rev. Mol. Cell Biol. 14, 416â€“429 (2013).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hooper, J. E. & Scott, M. P. Communicating with Hedgehogs. Nat. Rev. Mol. Cell Biol. 6, 306â€“317 (2005).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Taipale, J. & Beachy, P. A. The Hedgehog and Wnt signalling pathways in cancer. Nature 411, 349â€“354 (2001).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rubin, L. L. & de Sauvage, F. J. Targeting the Hedgehog pathway in cancer. Nat. Rev. Drug Discov. 5, 1026â€“1033 (2006).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, X. et al. Structure of human Niemann-Pick C1 protein. Proc. Natl Acad. Sci. USA 113, 8212â€“8217 (2016).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Beachy, P. A., Hymowitz, S. G., Lazarus, R. A., Leahy, D. J. & Siebold, C. Interactions between Hedgehog proteins and their binding partners come into view. Genes Dev. 24, 2001â€“2012 (2010).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pepinsky, R. B. et al. Identification of a palmitic acid-modified form of human Sonic hedgehog. J. Biol. Chem. 273, 14037â€“14045 (1998).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chamoun, Z. et al. Skinny hedgehog, an acyltransferase required for palmitoylation and activity of the hedgehog signal. Science 293, 2080â€“2084 (2001).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tukachinsky, H., Petrov, K., Watanabe, M. & Salic, A. Mechanism of inhibition of the tumor suppressor Patched by Sonic Hedgehog. Proc. Natl Acad. Sci. USA 113, E5866â€“E5875 (2016).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Williams, K. P. et al. Functional antagonists of sonic hedgehog reveal the importance of the N terminus for activity. J. Cell Sci. 112, 4405â€“4414 (1999).
PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kohtz, J. D. et al. N-terminal fatty-acylation of sonic hedgehog enhances the induction of rodent ventral forebrain neurons. Development 128, 2351â€“2363 (2001).
PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Petrova, E., Rios-Esteves, J., Ouerfelli, O., Glickman, J. F. & Resh, M. D. Inhibitors of Hedgehog acyltransferase block Sonic Hedgehog signaling. Nat. Chem. Biol. 9, 247â€“249 (2013).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Goldstein, J. L., DeBose-Boyd, R. A. & Brown, M. S. Protein sensors for membrane sterols. Cell 124, 35â€“46 (2006).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ingham, P. W., Taylor, A. M. & Nakano, Y. Role of the Drosophila patched gene in positional signalling. Nature 353, 184â€“187 (1991).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Taipale, J., Cooper, M. K., Maiti, T. & Beachy, P. A. Patched acts catalytically to suppress the activity of Smoothened. Nature 418, 892â€“896 (2002).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ingham, P. W. et al. Patched represses the Hedgehog signalling pathway by promoting modification of the Smoothened protein. Curr. Biol. 10, 1315â€“1318 (2000).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gong, X. et al. Structural insights into the Niemann-Pick C1 (NPC1)-mediated cholesterol transfer and Ebola infection. Cell 165, 1467â€“1478 (2016).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sharpe, H. J., Wang, W., Hannoush, R. N. & de Sauvage, F. J. Regulation of the oncoprotein Smoothened by small molecules. Nat. Chem. Biol. 11, 246â€“255 (2015).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fleet, A., Lee, J. P., Tamachi, A., Javeed, I. & Hamel, P. A. Activities of the cytoplasmic domains of Patched-1 modulate but are not essential for the regulation of canonical Hedgehog signaling. J. Biol. Chem. 291, 17557â€“17568 (2016).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lu, X., Liu, S. & Kornberg, T. B. The C-terminal tail of the Hedgehog receptor Patched regulates both localization and turnover. Genes Dev. 20, 2539â€“2551 (2006).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lu, F. et al. Identification of NPC1 as the target of U18666A, an inhibitor of lysosomal cholesterol export and Ebola infection. eLife 4, e12177 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, X. et al. 3.3 Ã… structure of Niemann-Pick C1 protein reveals insights into the function of the C-terminal luminal domain in cholesterol transport. Proc. Natl Acad. Sci. USA 114, 9116â€“9121 (2017).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Long, J. et al. Identification of a family of fatty-acid-speciated sonic hedgehog proteins, whose members display differential biological properties. Cell Rep. 10, 1280â€“1287 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McLellan, J. S. et al. The mode of Hedgehog binding to Ihog homologues is not conserved across different phyla. Nature 455, 979â€“983 (2008).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pepinsky, R. B. et al. Mapping sonic hedgehog-receptor interactions by steric interference. J. Biol. Chem. 275, 10995â€“11001 (2000).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Allen, B. L. et al. Overlapping roles and collective requirement for the coreceptors GAS1, CDO, and BOC in SHH pathway function. Dev. Cell 20, 775â€“787 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yao, S., Lum, L. & Beachy, P. The ihog cell-surface proteins bind Hedgehog and mediate pathway activation. Cell 125, 343â€“357 (2006).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Izzi, L. et al. Boc and Gas1 each form distinct Shh receptor complexes with Ptch1 and are required for Shh-mediated cell proliferation. Dev. Cell 20, 788â€“801 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Grant, T. & Grigorieff, N. Measuring the optimal exposure for single particle cryo-EM using a 2.6 Ã… reconstruction of rotavirus VP6. eLife 4, e06980 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Rohou, A. & Grigorieff, N. CTFFIND4: fast and accurate defocus estimation from electron micrographs. J. Struct. Biol. 192, 216â€“221 (2015).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Scheres, S. H. RELION: implementation of a Bayesian approach to cryo-EM structure determination. J. Struct. Biol. 180, 519â€“530 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rubinstein, J. L. & Brubaker, M. A. Alignment of cryo-EM movies of individual particles by optimization of image translations. J. Struct. Biol. 192, 188â€“195 (2015).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, Z., Liu, F. & Chen, J. Conformational changes of CFTR upon phosphorylation and ATP binding. Cell 170, 483â€“491, e488 (2017).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Grigorieff, N. Frealign: an exploratory tool for single-particle cryo-EM. Methods Enzymol. 579, 191â€“226 (2016).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. Acta Crystallogr. D 66, 486â€“501 (2010).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr. D 66, 213â€“221 (2010).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of macromolecular structures by the maximum-likelihood method. Acta Crystallogr. D 53, 240â€“255 (1997).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Brown, A. et al. Tools for macromolecular model building and refinement into electron cryo-microscopy reconstructions. Acta Crystallogr. D 71, 136â€“153 (2015).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ten Eyck, L. F. Efficient structure-factor calculation for large molecules by the fast fourier transform. Acta Crystallogr. A 33, 486â€“492 (1977).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wang, Z. et al. An atomic model of brome mosaic virus using direct electron detection and real-space optimization. Nat. Commun. 5, 4808 (2014).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Heymann, J. B. & Belnap, D. M. Bsoft: image processing and molecular modeling for electron microscopy. J. Struct. Biol. 157, 3â€“18 (2007).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallogr. D 66, 12â€“21 (2010).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pettersen, E. F. et al. UCSF Chimeraâ€”a visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605â€“1612 (2004).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We appreciate support and suggestions from GÃ¼nter Blobel, and dedicate this manuscript to him. We thank M. Ebrahim and J. Sotiris at the Evelyn Gruss Lipper Cryo-EM Resource Center of the Rockefeller University for assistance with data collection and D. Nicastro and Z. Chen at the UT Southwestern Cryo-EM Facility (funded in part by the CPRIT Core Facility Support Award RP170644) for facility access and data acquisition; L. Beatty for help with tissue culture; A. Lemoff at the UT Southwestern Proteomics Core for mass spectrometry identification; B. Chen and J. Kim for 5E1 antibody, SHH Light II cells and Ptch1âˆ’/âˆ’ MEFs; and M. Brown, E. Debler, J. Goldstein, J. Jiang, D. Rosenbaum and Z. Zhang for discussion. This work was supported by the Endowed Scholars Program in Medical Science of UT Southwestern Medical Center and Oâ€™Donnell Junior Faculty Funds (to X.L.), by NIH grant P01 HL020948 (Tissue Culture Core), by the Rockefeller University (to E.C.) and by the National Key Research and Development Program of MOST (numbers 2016YFA0501103 and 2015CB910104 to J.W.). X.L. is the Rita C. and William P. Clements, Jr. Scholar in Biomedical Research of UT Southwestern.

                Reviewer information

                Nature thanks F. de Sauvage and the other anonymous reviewer(s) for their contribution to the peer review of this work.

              

Author information
Author notes	These authors contributed equally: Xiaofeng Qi, Philip Schmiege.


Authors and Affiliations
	Department of Molecular Genetics, University of Texas Southwestern Medical Center, Dallas, TX, USA
Xiaofeng Qi,Â Philip SchmiegeÂ &Â Xiaochun Li

	Laboratory of Cell Biology, The Rockefeller University, New York, NY, USA
Elias Coutavas

	State Key Laboratory of Membrane Biology, School of Life Sciences, Tsinghua University, Beijing, China
Jiawei Wang

	Department of Biophysics, University of Texas Southwestern Medical Center, Dallas, TX, USA
Xiaochun Li


Authors	Xiaofeng QiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Philip SchmiegeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Elias CoutavasView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jiawei WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Xiaochun LiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
X.L. conceived the project. X.Q., P.S. and X.L. purified the protein and performed the functional characterization. X.Q., P.S., E.C. and X.L. carried out cryo-EM work. J.W. built the initial model and refined the structures with X.Q. and X.L. All the authors designed the research, analysed the data and contributed to manuscript preparation.
Corresponding authors
Correspondence to
                Jiawei Wang or Xiaochun Li.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Sequence alignment of human PTCH1 and PTCH2, mouse PTCH1 and Drosophila Ptc.
The residue numbers of human PTCH1 are indicated above the protein sequence. The transmembrane helices and secondary structures of extracellular domains are labelled (structural elements of ECD-II with asterisk). Residues under the dashed lines are excluded from the 3D reconstruction.


Extended Data Fig. 2 Biochemical properties of expressed human PTCH1 proteins.
aâ€“c, Size-exclusion chromatogram and SDSâ€“PAGE gel of the purified full-length PTCH1 (a), the purified PTCH1* (b) and the purified PTCH1*â€“SHH-N complex (c). Molecular standards are indicated on the left side of the gels and above the elution curves. The assays were reproduced at least three times with similar results.


Extended Data Fig. 3 Data processing and model quality assessment of PTCH1*.
a, The data processing workflow for PTCH1*. b, A representative electron micrograph at a defocus of âˆ’2.0 Î¼m. c, 2D classification. d, FSC curve of the structure as a function of resolution using Frealign output. e, The FSC curves calculated between the refined structure and the half map used for refinement, the other half map and the full map. f, Density maps of PTCH1* structure coloured by local resolution estimate using Blocres.


Extended Data Fig. 4 Electron microscopy density of different portions of PTCH1* at the 5Ïƒ level.
a, TM1â€“TM6. b, TM7â€“TM12. c, ECD-I. d, ECD-II. NAG, N-acetylglucosamine.


Extended Data Fig. 5 NPC1 and PTCH1* SSD structural and surface comparison.
a, NPC1 SSD. The putative pocket (indicated by the red arrow) in the SSD is created by TM3â€“TM5. b, PTCH1* SSD.


Extended Data Fig. 6 Data processing and model quality assessment of PTCH1*â€“SHH-N.
aâ€“f, Same as Extended Data Fig.Â 3 but for PTCH1*â€“SHH-N.


Extended Data Fig. 7 Electron microscopy density of different portions of PTCH1*â€“SHH-N complex.
a, TM1â€“TM6 at the 5Ïƒ level. b, TM7â€“TM12 at the 5Ïƒ level. c, Major structural elements of ECD-I at the 4.5Ïƒ level, d, Major structural elements of ECD-II at the 4.5Ïƒ level. e, Major structural elements of SHH-N at the 4.5Ïƒ level; palmitate (PLM) at the 3Ïƒ level.


Extended Data Fig. 8 PTCH1*â€“SHH-N binding assay in the detergent-free system.
a, Size-exclusion chromatogram and SDSâ€“PAGE gel of the purified PTCH1* with Amphipol A8-35 in buffer A. Molecular standards are indicated on the left side of the gels and above the elution curves. b, 5E1 does not compete with the binding of native SHH-N to PTCH1*. 5E1 and SHH-N at a 1:1 molar ratio were incubated with PTCH1*-immobilized Flag M2 resin; the complex was eluted by Flag peptide. Protein was detected by Coomassie staining. The assay was reproduced three times with similar results.


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

Source data for Fig. 4
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