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            Abstract
The proton gradient is a principal energy source for respiration-dependent active transport, but the structural mechanisms of proton-coupled transport processes are poorly understood. YiiP is a proton-coupled zinc transporter found in the cytoplasmic membrane of Escherichia coli. Its transport site receives protons from water molecules that gain access to its hydrophobic environment and transduces the energy of an inward proton gradient to drive Zn(ii) efflux1,2. This membrane protein is a well-characterized member3,4,5,6,7 of the family of cation diffusion facilitators that occurs at all phylogenetic levels8,9,10. Here we show, using X-ray-mediated hydroxyl radical labelling of YiiP and mass spectrometry, that Zn(ii) binding triggers a highly localized, all-or-nothing change of water accessibility to the transport site and an adjacent hydrophobic gate. Millisecond time-resolved dynamics reveal a concerted and reciprocal pattern of accessibility changes along a transmembrane helix, suggesting a rigid-body helical re-orientation linked to Zn(ii) binding that triggers the closing of the hydrophobic gate. The gated water access to the transport site enables a stationary proton gradient to facilitate the conversion of zinc-binding energy to the kinetic power stroke of a vectorial zinc transport. The kinetic details provide energetic insights into a proton-coupled active-transport reaction.
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                    Figure 1: Radiolytic labelling and mass spectrometric analysis.[image: ]


Figure 2: Quantification of water accessibility changes.[image: ]


Figure 3: L152 controls the opening of an inter-cavity water portal.[image: ]


Figure 4: Kinetics of water accessibility changes.[image: ]


Figure 5: Schematic representation of zinc-for-proton exchange.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Steady state and time-resolved synchrotron X-ray radiolysis.
a, Experimental scheme for obtaining steady state dose plots. b, Experimental schemes for obtaining the time course of water accessibility change.


Extended Data Figure 2 Proteomics sequence coverage of YiiP.
a, Mass spectrometry sequence coverage. The detectable peptides, undetectable residues and coordination residues of the transport site are shown in orange, green and red, respectively. Transmembrane helixes (TMs) are underlined as indicated. b, Mapping detectable proteolytic peptides to the YiiP crystal structure. Detectable and undetectable peptides in one protomer of a YiiP homodimer are coloured in orange and green, respectively. The side chains of detectable residues located between two cavities are shown in surface representation and coloured in red. Bound zinc ions are shown as magenta spheres.


Extended Data Figure 3 Dose–responses for modified sites in apo-YiiP (red) and zinc-YiiP (black).
Solid lines represent least-squares fits of the means of the dose-dependent data as described in Methods. The reactivity rate for each site as indicated is summarized in Extended Data Table 1. Note, the linear dose–response on a logarithm scale indicates negligible radiation damage by 10 ms irradiation to all sites except M151, M197 and P286C287, which reached saturation at 5 ms. In these cases, the 10 ms data points were not used in linear regression. Dose–response plots for M151 and L152 are shown in Fig. 1d. Zinc binding to a solvent-exposed zinc site located on the cytoplasmic membrane surface (Z2, Fig. 2b) yielded 38–67% reductions in oxidative modification of neighbouring L64, P66, D68, D69, H71 and F73 within the peptide SLQPADDNHSF (Extended Data Table 1). A marginal 20% reduction in water accessibility change by zinc binding was also localized to W172 and W175 within an extracellular loop connecting TM5 and TM6 (Fig. 2b). This loop is disordered in the crystal structure. Structural flexibility probably allows for distinct loop conformations in response to zinc binding. A total of six modified sites were identified in CTD (Extended Data Table 1). Two sites (M251 and P286/C287) with reduced water accessibility for zinc-YiiP are located near the binuclear zinc-binding site at the CDT–CDT interface. Zinc binding may partly protect these sites from labelling, but the protection was incomplete because of the solvent exposure. Two sites on the CTD protein surface (W225 and P257/L258) showed no detectable change as expected for fully exposed residues. Still two more sites exhibited an increase in water accessibility for zinc-YiiP. The first site (D207–L210) was detected with low signal-to-noise ratio and mapped to a TMD-CDT linker, which is involved in a hinge-like conformational change in response to zinc binding1. The second site involved M262 on the CDT surface. There was no obvious explanation for the increase of water accessibility to this methionine residue.


Extended Data Figure 4 Sequence conservation of the inter-cavity seal.
Residues involved in TM5→TM3–TM6 packing are marked by black asterisks in a CDF sequence alignment. Conserved and homologous residues are coloured in magenta and light brown. Magenta, cyan and black dots indicate residues involved in zinc coordination, dimerization contacts and the interlocked (Lys 77–Asp 207)2 salt-bridges, respectively. Dashed lines in two human ZnT sequences represent omitted residues in a loop (IL2) between TM4 and TM5. The red arrow indicates the position of the R325W mutation in human ZnT8.


Extended Data Figure 5 Expression and size-exclusion analysis of purified L152 mutants.
L152 was substituted by an A, D, F, G, I, M or R residue to evaluate the effect of L152 mutations on structural stability. a, Western blot analysis of the expression of YiiP and L152 mutants as indicated. Only a L152R point mutation caused a modest reduction of protein expression, whereas other L152 substitutions and wild-type YiiP showed a similar level of expression based on western blot detection of His-tagged proteins in membrane vesicles using a monoclonal antibody against the poly-histidine tag. b, Eluted protein peaks for YiiP and L152 mutants as indicated after the removal of protein aggregates by ultracentrifugation. YiiP and L152 mutants were solubilized by DDM and purified by Ni-NTA affinity chromatography and size-exclusion HPLC. The purified wild-type YiiP remained stable in DDM micelles for weeks. Sizing HPLC analysis showed a monodisperse YiiP peak followed by a minor detergent peak eluted at expected retention times6. In sharp contrast, purified L152 mutants rapidly denatured, forming lager protein aggregates. After removing the aggregates by ultracentrifugation, none of the purified L152A, D, F, G and R became detectable by sizing HPLC. Two conserved L152 substitutions, L152I and L152M, showed a significantly reduced peak volume within 48 h of DDM solubilization. A prolonged DDM solubilization led to complete denaturation of L152I and L152M while the wild-type YiiP remained stable under the same experimental conditions. Thus, L152 is critically important to the protein stability in detergent micelles. The lack of protein stability in detergent solution precluded functional reconstitution and characterization of purified L152 mutants.


Extended Data Table 1 Summary of the sites of radiolytic labelling and their reactivity rates for zinc-YiiP and apo-YiiPFull size table
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The Escherichia coli membrane protein YiiP is a proton-coupled transporter that drives Zn(II) efflux. Mammalian homologues are responsible for the sequestration of zinc into secretory vesicles, thereby playing important roles in neurotransmission and hormone secretion. This paper reports the use of X-ray-mediated hydroxyl radical labelling and mass spectrometry to examine the transport cycle of YiiP in the millisecond timeframe. Zinc-binding to YiiP is shown to trigger a concerted conformational change in a transmembrane helix, closing a hydrophobic 'gate' on the cytoplasmic side of the membrane protein and flipping the protein from an intracellular- to an extracellular-facing conformation. The zinc ion is then released into the extracellular space and the transport cycle can start a new.

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: ]
