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            Abstract
Bestrophin calcium-activated chloride channels (CaCCs) regulate the flow of chloride and other monovalent anions across cellular membranes in response to intracellular calcium (Ca2+) levels. Mutations in bestrophin 1 (BEST1) cause certain eye diseases. Here we present X-ray structures of chicken BEST1–Fab complexes, at 2.85 Å resolution, with permeant anions and Ca2+. Representing, to our knowledge, the first structure of a CaCC, the eukaryotic BEST1 channel, which recapitulates CaCC function in liposomes, is formed from a pentameric assembly of subunits. Ca2+ binds to the channel’s large cytosolic region. A single ion pore, approximately 95 Å in length, is located along the central axis and contains at least 15 binding sites for anions. A hydrophobic neck within the pore probably forms the gate. Phenylalanine residues within it may coordinate permeating anions via anion–π interactions. Conformational changes observed near the ‘Ca2+ clasp’ hint at the mechanism of Ca2+-dependent gating. Disease-causing mutations are prevalent within the gating apparatus.
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                    Figure 1: Gating and ionic permeability of BEST1 in liposomes.[image: ]


Figure 2: Architecture and ion pore.[image: ]


Figure 3: Ca2+ sensing apparatus.[image: ]


Figure 4: Anion binding.[image: ]


Figure 5: Retinopathies and the gating apparatus.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment and secondary structure.
The amino acid sequences of the crystallized chicken (Gallus gallus) BEST1 construct (amino acids 2–405) and human BEST1 are aligned and coloured according to the ClustalW convention. The secondary structure is indicated with cylinders representing α-helices, solid lines representing structured loop regions, and dashed lines representing disordered regions. Grey bars (labelled ‘in’ and ‘out’) indicate approximate boundaries of transmembrane regions.


Extended Data Figure 2 Fab binding to BEST1cryst in the presence and absence of Ca2+.
The binding of the Fab to BEST1cryst was assayed by determining the amount of free Fab as a function of the concentration of BEST1cryst in the presence of either 10 μM Ca2+ or 5 mM EGTA (zero Ca2+) (Methods). The fraction of Fab bound is plotted with respect to the concentration of BEST1cryst. The curves correspond to fits of: fraction of Fab bound = [BEST1]h/(Kdh + [BEST1]h), where Kd is the equilibrium dissociation constant, h is the Hill coefficient, and [BEST1] is the BEST1cryst concentration. Derived parameters are: Kd = 15 nM in the presence of Ca2+ (h = 1.3) and Kd = 350 nM in the absence of Ca2+ (h = 1.3).


Extended Data Figure 3 Electron density and the C-terminal tail.
a, 2Fo − Fc electron density is shown, in stereo, for an area surrounding one of the five identical Ca2+ binding sites. The density was calculated from 40 to 2.85 Å resolution and contoured at 1.5σ (blue mesh) and 7σ (orange mesh) in the context of the final atomic model, which is shown as sticks and spheres (cyan sphere, calcium; red sphere, water). b, Electron density for the C-terminal tail. 2Fo − Fc electron density (blue mesh, calculated from 40 to 2.85 Å, and contoured at 1.5σ) is shown for the C-terminal tail of the yellow coloured subunit. c, Expanded view highlighting the electron density near Ser 358. Consistent with the electron density, mass spectrometry analysis of tryptic peptides of purified BEST1cryst detected only peptides containing Ser 358 that were not phosphorylated (Supplementary Discussion).


Extended Data Figure 4 Overall structures of the BEST1cryst–Fab complex.
a, Structure of the BEST1cryst–Fab complex in the P21 crystal form, viewed from the extracellular side. Fab molecules are grey and BEST1 subunits are coloured individually with α-helices depicted as cylinders. b, Orthogonal view showing approximate boundaries of the membrane. For clarity, two Fabs are drawn. c, C2 crystal form. Overall structures of the two BEST1cryst–Fab complexes in the asymmetric unit of the C2 crystal form are depicted in cartoon representation. BEST1 subunits are coloured individually and Fabs are grey.


Extended Data Figure 5 Ca2+-dependent activation of Best1cryst and permeability of the BEST1cryst–Fab complex.
a, Schematic of the fluorescence-based flux assay. Vesicles diluted into various test salts establish ion gradients. Anion influx through BEST1 produces a negative electric potential within the liposomes that drives the uptake of protons through an ionophore (CCCP) and quenches the fluorescence of a pH indicator (ACMA). b, Ca2+-dependent activation of BEST1cryst using NO3− as the permeant anion. The experimental setup was identical to that for Fig. 1a, except that NO3− was used as the permeant ion. Data presented here and in Fig. 1a were collected on the same day using the same batch of proteoliposomes and indicate the higher permeability of NO3− relative to Cl−. Free concentrations of Ca2+ are indicated. c, Ionic permeability of the BEST1cryst–Fab complex. The experiment setup is identical to that shown in Fig. 1b, except that it was performed using proteoliposomes reconstituted with the BEST1cryst–Fab complex. The Fab remained bound to the channel following reconstitution and excess Fab was maintained throughout (Methods). The slight differences in the shape of the curves for the BEST1cryst and BEST1cryst–Fab samples (for example, the lower rate of fluorescence decrease for Cl– compared with Fig. 1b) are in accord with variability observed among different liposome preparations.


Extended Data Figure 6 Molecular surface, subunit topology and anion binding in the outer entryway.
a, The molecular surface of the channel is shown in the same orientation as Fig. 2a and coloured according to electrostatic potential (red, −10 kT e−1; grey, neutral; blue, +10 kT e−1). An asterisk marks the location of the acidic cluster in the foreground. Approximate boundaries for the membrane are indicated. b, Subunit topology. N-terminal ends of α-helices exposed to the pore are indicated by +. The colouring corresponds to that of Fig. 2b. c, Anion binding in the outer entryway. Extracellular cut-away view of the molecular surface of BEST1 (orthogonal representation of Fig. 4a), revealing the surface of the pore (coloured by electrostatic potential; red, −10 kT e−1; white, neutral; blue, +10 kT e−1) and anomalous difference electron density for Br− ions (magenta mesh; 45–5 Å, non-crystallographic symmetry averaged, 8σ contour) in sites 1 and 2.


Extended Data Figure 7 Geometry within the neck and the possibility of anion–π interactions.
a, b, Representations of the pore at Phe 80 (a) and Phe 84 (b) are shown as sticks. The distance (d) from the central axis of the pore (black sphere) to the centre of the face of the aromatic ring is shown. An angle θ is defined as the angle between this distance vector and the plane of the ring. The geometry indicated corresponds to the crystal obtained in cymal-6. For the cymal-6-NG crystal, the values are: d = 3.9 Å, θ = 45° (Phe 80) and d = 4.8 Å, θ = 44° (Phe 84). c, Space-filling CPK representation of the pore at Phe 80, showing a hypothetical Cl− (green) positioned in the centre. Standard radii were used for the figure (carbon = 1.7 Å; Cl− = 1.81 Å). δ+ and – represent partial charges on the edge of the aromatic rings and the charge on Cl−, respectively.


Extended Data Figure 8 Evidence for coupling between the Ca2+ clasp and the gate from crystals grown in different detergents.
Comparison among crystals grown using different detergents gives insight into the channel’s gate and it’s coupling to Ca2+. Well-diffracting crystals belonging to the P21 space group were obtained using either the detergent cymal-6 or the detergent cymal-6-NG. Electron density maps indicated the presence of ordered cymal-6-NG but not cymal-6 molecules bound to the S1a–S1b components of the Ca2+ clasps (a). In addition, difference Fourier electron density maps suggested a slight widening of the neck of the pore in the structure with cymal-6 (b). Accordingly, while refined structures superimpose with an overall root mean squared deviation of only 0.15 Å, the diameter of the pore in the hydrophobic neck is ∼0.5 Å wider at Phe 80 for crystals in cymal-6 than it is with cymal-6-NG. Differences on the order of 0.3 Å between the atomic models are localized to the region near the Ca2+ clasp and to the neck of the pore (a). The subtle effects are an indication that changes in or around the Ca2+ clasp induce changes in the neck of the pore and they may hint at the mechanism of gating. a, 2FO − FC electron density for cymal-6-NG detergent molecules, contoured at 1.2σ, is shown as blue mesh in the context of the channel. The channel, with α-helices depicted as cylinders, is coloured on a yellow-to-red spectrum according to the displacement of Cα atoms between the refined atomic models obtained from crystals grown in cymal-6 and cymal-6-NG. Yellow colour represents displacements less than 0.15 Å and red colour represents displacements greater than 0.3 Å. An arrow indicates the neck of the pore and teal spheres denote Ca2+. b, Conformational shift in the gate. Phe 80 and surrounding residues of the refined structures from crystals in cymal-6 and cymal-6-NG are shown as sticks (coloured cyan and yellow, respectively) and viewed along the channel’s axis of symmetry from the extracellular side. Superimposed on this is an Fcymal-6 − Fcymal-6-NG difference Fourier map, which is calculated from 25 Å to 3.5 Å resolution and contoured at −3.8σ (magenta mesh) and +3.8σ (blue mesh).


Extended Data Table 1 Data collection, phasing and refinement statisticsFull size table





Supplementary information
Supplementary Information
This file contains a Supplementary Discussion and additional references. (PDF 198 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




Rights and permissions
Reprints and permissions


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



Cite this article
Kane Dickson, V., Pedi, L. & Long, S. Structure and insights into the function of a Ca2+-activated Cl− channel.
                    Nature 516, 213–218 (2014). https://doi.org/10.1038/nature13913
Download citation
	Received: 09 June 2014

	Accepted: 06 October 2014

	Published: 22 October 2014

	Issue Date: 11 December 2014

	DOI: https://doi.org/10.1038/nature13913


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

                
                    	
                            
                                
                                    
                                        Cryo-EM structures of pannexin 1 and 3 reveal differences among pannexin isoforms
                                    
                                

                            
                                
                                    	Nazia Hussain
	Ashish Apotikar
	Aravind Penmatsa


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Structures and gating mechanisms of human bestrophin anion channels
                                    
                                

                            
                                
                                    	Aaron P. Owji
	Jiali Wang
	Tingting Yang


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Role of ANO1 in tumors and tumor immunity
                                    
                                

                            
                                
                                    	Haini Li
	Zongxue Yu
	Zongtao Liu


                                
                                Journal of Cancer Research and Clinical Oncology (2022)

                            
	
                            
                                
                                    
                                        Rhodopsin-bestrophin fusion proteins from unicellular algae form gigantic pentameric ion channels
                                    
                                

                            
                                
                                    	Andrey Rozenberg
	Igor Kaczmarczyk
	Moran Shalev-Benami


                                
                                Nature Structural & Molecular Biology (2022)

                            
	
                            
                                
                                    
                                        Cryo-EM structures of the TTYH family reveal a novel architecture for lipid interactions
                                    
                                

                            
                                
                                    	Anastasiia Sukalskaia
	Monique S. Straub
	Raimund Dutzler


                                
                                Nature Communications (2021)

                            


                

            

        
    

            
                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
Chloride channel structures
In two manuscripts published in this issue of Nature, the authors have solved X-ray crystal structures of two Ca2+-activated chloride channels — the first published structures for this type of channel. Janine Brunner et al. crystallized lipid scramblase, a membrane protein that catalyses the passive movement of lipids between the two leaflets of a bilayer. The structure reveals a hydrophilic membrane-traversing cavity that is exposed to the lipid bilayer, where catalysis likely occurs. Veronica Dickson et al. crystallized bestrophin-1. Proteins of this family open their anion-selective pores in response to a rise in the intracellular Ca2+ concentration. The structure shows that Ca2+ binds to the cytosolic region of a pentameric transmembrane channel and reveals that the pore is 95 Å long, with at least fifteen distinct anion-binding sites.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Calcium-activated proteins visualized
                

                
	Matt Whorton



                
    
        
            Nature
        
        News & Views
        
        
            12 Nov 2014
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    X-ray structure of a calcium-activated TMEM16 lipid scramblase
                

                
	Janine D. Brunner
	Novandy K. Lim
	Raimund Dutzler



                
    
        
            Nature
        
        Article
        
        
            12 Nov 2014
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
	protocols.io
	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 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: ]
