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            Abstract
To contend with hazards posed by environmental fluoride, microorganisms export this anion through Fâˆ’-specific ion channels of the Fluc family1,2,3,4. Since the recent discovery of Fluc channels, numerous idiosyncratic features of these proteins have been unearthed, including strong selectivity for Fâˆ’ over Clâˆ’ and dual-topology dimeric assembly5,6. To understand the chemical basis for Fâˆ’ permeation and how the antiparallel subunits convene to form a Fâˆ’-selective pore, here we solve the crystal structures of two bacterial Fluc homologues in complex with three different monobody inhibitors, with and without Fâˆ’ present, to a maximum resolution of 2.1 Ã…. The structures reveal a surprising â€˜double-barrelledâ€™ channel architecture in which two Fâˆ’ ion pathways span the membrane, and the dual-topology arrangement includes a centrally coordinated cation, most likely Na+. Fâˆ’ selectivity is proposed to arise from the very narrow pores and an unusual anion coordination that exploits the quadrupolar edges of conserved phenylalanine rings.
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                    Figure 1: Bpeâ€“S7 structure.[image: ]


Figure 2: Bpeâ€“L2 structure.[image: ]


Figure 3: Identification of Fâˆ’ ions.[image: ]


Figure 4: Model of Fâˆ’ movement by Fluc â€˜channsporterâ€™ mechanism.[image: ]
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                Atomic coordinate files have been uploaded to the Protein Data Bank (PDB) with accession codes 5A40, 5A41 and 5A43 for the Bpeâ€“S7, Bpeâ€“L2 and Ec2â€“S9 complexes, respectively.
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Extended data figures and tables

Extended Data Figure 1 Crystal lattices for the Bpeâ€“S7, Bpeâ€“L2 and Ec2â€“S9 crystal structures.
The asymmetric unit is shown in green and red (channel and monobody, respectively), and symmetry mates are shown in black and blue.


Extended Data Figure 2 Bpeâ€“L2 complex.
Left, cartoon schematic of Bpe crystal structure, coloured as in Fig. 1b. The variable regions of monobody L2 are coloured cyan. Mesh-rendering is shown for the lower monobody. Right, single-channel recording of Bpe in the presence of 200 nM L2. Zero-current level is indicated by the dashed line.


Extended Data Figure 3 Stereo images of Bpeâ€“L2.
aâ€“d, Stereo images corresponding to the structures shown in Fig. 2aâ€“d.


Extended Data Figure 4 Single channel trace of Bpe in Na+-free recording solution, with addition of 200 nM blocking monobody L3.
Channels were recorded in the presence of 300 mM N-methyl-glucamine-fluoride, from which all small cations were rigorously excluded. The zero-current level is indicated by the dashed line.


Extended Data Figure 5 Experimental electron density for the Ec2â€“S9 crystal structure.
Left, cartoon schematic of Ec2 with S9 monobodies bound, coloured as in Bpe in Fig. 1b. Variable sequences of the monobodies (cyan) with ribbon or mesh representation. Right, cartoon view of TM4 from Ec2, with the solvent-flattened electron density map calculated from SHARP contoured at 1.8Ïƒ (blue), and anomalous difference density from seleno-l-methionine contoured at 5Ïƒ (magenta).


Extended Data Figure 6 Liposome flux assays of Bpe variants.
Top three panels: Fâˆ’ transport from liposomes by Bpe mutants F82I, F85I, and N43D, in the presence and absence of 6 Î¼M blocking monobody. Fâˆ’ efflux from proteoliposomes (0.2 Î¼g protein per mg lipid for Phe mutants; 1 Î¼g protein per mg lipid for N43D) was monitored with a Fâˆ’ electrode and normalized against total trapped Fâˆ’. Bottom panel: Fâˆ’ dump by F85I measured at pH 7 and pH 9. Rates are summarized in Extended Data Table 2.


Extended Data Figure 7 Sequence alignment of eukaryotic N- and C-terminal Fluc domain sequences, with bacterial homodimer sequences below.
Highly conserved residues are shaded in grey. For the eukaryotic sequences, residues expected to line â€˜pore 2â€™, the pore mostly encompassed by the C-terminal domain, are coloured red.


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


Extended Data Table 2 Fâˆ’ turnover rate for Bpe mutantsFull size table





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Stockbridge, R., Kolmakova-Partensky, L., Shane, T. et al. Crystal structures of a double-barrelled fluoride ion channel.
                    Nature 525, 548â€“551 (2015). https://doi.org/10.1038/nature14981
Download citation
	Received: 15 April 2015

	Accepted: 20 July 2015

	Published: 07 September 2015

	Issue Date: 24 September 2015

	DOI: https://doi.org/10.1038/nature14981


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

                
                    	
                            
                                
                                    
                                        The structural basis of promiscuity in small multidrug resistance transporters
                                    
                                

                            
                                
                                    	Ali A. Kermani
	Christian B. Macdonald
	Randy B. Stockbridge


                                
                                Nature Communications (2020)

                            
	
                            
                                
                                    
                                        Fast and selective fluoride ion conduction in sub-1-nanometer metal-organic framework channels
                                    
                                

                            
                                
                                    	Xingya Li
	Huacheng Zhang
	Huanting Wang


                                
                                Nature Communications (2019)

                            
	
                            
                                
                                    
                                        Succinate-acetate permease from Citrobacter koseri is an anion channel that unidirectionally translocates acetate
                                    
                                

                            
                                
                                    	Biao Qiu
	Bingqing Xia
	Jun Liao


                                
                                Cell Research (2018)

                            
	
                            
                                
                                    
                                        A mighty stream of membrane proteins
                                    
                                

                            
                                
                                    	Chris Miller


                                
                                Nature Structural & Molecular Biology (2018)

                            
	
                            
                                
                                    
                                        Crystal structure of undecaprenyl-pyrophosphate phosphatase and its role in peptidoglycan biosynthesis
                                    
                                

                            
                                
                                    	Meriem El Ghachi
	Nicole Howe
	Martin Caffrey


                                
                                Nature Communications (2018)

                            


                

            

        
    

            
                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
Fluoride ion channel structures
The fluoride anion (Fâˆ’) is widely distributed in the biosphere yet its accumulation in the cell is toxic because it inhibits phosphoryl-transfer enzymes. Some unicellular organisms possess fluoride-exporting membrane transport proteins â€” such as the CLCF Fâˆ’/H+ antiporters and members of the Fluc family â€” which keep cytoplasmic fluoride concentrations below cytotoxic levels. Simon Newstead and colleagues present the first X-ray crystal structure of a fluoride-selective ion channel, bacterial Fluc homologues, in the presence and absence of fluoride. The structures reveal a 'double-barrelled' channel architecture, with two fluoride ion pathways spanning the membrane. The authors propose that extremely high selectivity of the channel for the small fluoride anion is because the protein has very narrow pores and uses an unusual anion coordination mode involving four conserved phenylalanines.
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