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            Abstract
The drug/metabolite transporter (DMT) superfamily is a large group of membrane transporters ubiquitously found in eukaryotes, bacteria and archaea, and includes exporters for a remarkably wide range of substrates, such as toxic compounds and metabolites1. YddG is a bacterial DMT protein that expels aromatic amino acids and exogenous toxic compounds, thereby contributing to cellular homeostasis2,3. Here we present structural and functional analyses of YddG. Using liposome-based analyses, we show that Escherichia coli and Starkeya novella YddG export various amino acids. The crystal structure of S. novella YddG at 2.4â€‰Ã… resolution reveals a new membrane transporter topology, with ten transmembrane segments in an outward-facing state. The overall structure is basket-shaped, with a large substrate-binding cavity at the centre of the molecule, and is composed of inverted structural repeats related by two-fold pseudo-symmetry. On the basis of this intramolecular symmetry, we propose a structural model for the inward-facing state and a mechanism of the conformational change for substrate transport, which we confirmed by biochemical analyses. These findings provide a structural basis for the mechanism of transport of DMT superfamily proteins.
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                    Figure 1: Functional characterization of YddG.[image: ]


Figure 2: Overall structure of S. novella YddG.[image: ]


Figure 3: Central cavity and intracellular gate.[image: ]


Figure 4: The outwardâ€“inward conformational change of SnYddG.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Metabolomics analysis of the E. coli W3110 wild-type (WT) and YddG knockout (Î”yddG) strains, containing either the empty vector or the EcYddG protein expression vector.
We analysed the 110 well-known metabolites in the culture media of wild-type and Î”yddG cells, transformed with an empty vector or the pET-derived vector containing the EcYddG gene. The amounts of the metabolites in the media that exhibited more than threefold increases in both the wild-type and Î”yddG strains are plotted. The results showed the consistent increases of valine, threonine and isoleucine, in the medium of the EcYddG-expressing cells, as compared to the negative controls. These results are consistent with those from the in vitro liposome-based analysis of EcYddG (Fig. 1), supporting the notion that YddG transports a wide range of metabolites, as well as amino acids.


Extended Data Figure 2 The 2.4-Ã… electron density map and molecular surface of SnYddG.
a, b, A stereo view of the unbiased 2mFoâ€‰âˆ’â€‰DFc maps around TM4 and TM9 (a), and an overall view of molecule B in the crystal asymmetric unit, contoured at 1.1Ïƒ (b) are shown. c, Molecular surface of SnYddG, viewed from different directions. The transmembrane segments are coloured as in Fig. 2.


Extended Data Figure 3 Conserved residues of YddG and SMR homologues.
a, Amino acid sequence alignment of SnYddG and other YddG homologues, from Bradyrhizobium japonicum (UniProtKB ID: A0A0A3YL06), Virgibacillus halodenitrificans (GenBank ID: CDQ34001.1), Serratia marcescens (UniProtKB ID: L0MHZ3), Pectobacterium carotovorum (UniProtKB ID: A0A0E2ZTH4), E. coli (UniProtKB ID: P46136), Vibrio vulnificus (UniProtKB ID: Q7MDM6), Acinetobacter baumannii (UniProtKB ID: A0A009YGQ0), Bifidobacterium merycicum (UniProtKB ID: A0A087BD75), Phaeobacter inhibens (UniProtKB ID: I7EXD9), and Pseudomonas sp. (UniProtKB ID: B2Z3V9). The conserved amino acids involved in the transport mechanism and discussed in the main text are indicated. b, Amino acid sequence alignment of the N and C halves of SnYddG. c, Amino acid sequence alignment of EmrE homologues, from E. coli (UniProtKB ID: P23895), S. enterica (UniProtKB ID: X5AXH0), Xanthobacter autotrophicus (UniProtKB IDs: A7IJY9 and A7IN30), Saccharomonospora viridis (UniProtKB IDs: C7MRM1 and C7MSE0), Thermobifida fusca (UniProtKB IDs: Q47R92 and Q47QH0), Thermus thermophilus (UniProtKB ID: Q72K82), Thermobispora bispora (UniProtKB IDs: D6YBB5 and D6Y4B6), Thermomonospora curvata (UniProtKB IDs: D1A404 and D1AD18), and Zymomonas mobilis (UniProtKB IDs: Q5NPN9 and Q5NRC2).


Extended Data Figure 4 Molecular evolution of the DMT superfamily.
a, Crystal structure of E. coli EmrE (PDB accession 3B5D)21. The bound tetraphenylphosphonium (TPP) is shown as a stick model. The transmembrane segments are coloured and labelled as in d. b, The present crystal structure of SnYddG. Only the transmembrane segments are shown in cylinder models. The transmembrane segments are coloured and labelled as in d. c, Molecular superimposition of EmrE and SnYddG, calculated by the SSM algorithm43. The cylinder model of EmrE is shown with the same colouring as in d. The semi-transparent cylinder model of SnYddG is shown with the same colouring as in d. d, Schematic illustration of the possible evolutionary path of the DMT family transporters. The transmembrane segments are indicated by circles, and the connecting loops are indicated by solid and dotted curves. The black arrows indicate the folding of the transporter, while the grey arrows indicate the possible evolutional pathway. Transmembrane segments originating from one protomer of SMR are coloured blue, while the newly inserted transmembrane segments (TM a) are coloured red.


Extended Data Figure 5 Preparation of the reconstituted proteoliposomes containing the SnYddG mutants.
a, The chromatograms of the final purification step by the gel-filtration chromatography column. The results of the wild type, as well as the mutants with the decreased activities in the liposome-based assay (that is, G71A, H79A and G222A), are shown. b, Reconstitution rates of the wild-type and SnYddG mutants, determined by the SDSâ€“PAGE analysis. The reconstitution rates were measured as a percentage of the total amount of protein used for the reconstitution.


Extended Data Figure 6 Cys-crosslink analysis of the residues on the periplasmic sides of TM1 (Ala21, Thr24) and TM3 (Ala85, Leu86, Pro91, Ala92).
a, The Cys-free mutant of SnYddG (C159A/C185A/C195A/C271A) was created, and then pairs of Cys residues to the residues in TM1 and TM3 or TM1 and TM4, which may form the intracellular gate, were introduced. The purified double-Cys mutant proteins were oxidized or reduced, and then modified by the Cys-reactive fluorescent reagent, tetramethylrhodamine maleimide (TMRM). The double-Cys mutants were completely masked from the Cys-modification by TMRM under the oxidized conditions, indicating that these residues are close enough to form disulfide bonds. b, The results of the quantification of the amino acid composition of the cross-linking products of the YddG double-Cys mutants. The percentages of disulfide bond formation for each mutant were calculated from the amounts of carboxymethylated Cys under the oxidizing and reducing conditions. c, The positions of the mutated residues are indicated in the crystal structure viewed from the periplasmic side.


Extended Data Figure 7 Evolutionary covariation analysis of YddG and DMT protein homologues.
a, Contact maps of the top-ranked 170 evolutionary constraints (ECs), calculated from the 59,114 homologue sequences using the program EVcoupling. The ECs are indicated by stars, coloured proportionally according to their EC scores, from orange to red. The solid and dashed rectangles indicate the ECs corresponding to the observed extracellular gate and the putative intracellular gate interactions, respectively. b, The ECs mapped onto the outward-open crystal structure of SnYddG. The ECs indicated in a and tabulated in the top and bottom panels are indicated as arrows connecting the corresponding residues in the SnYddG structure. The solid and dashed arrows indicate the ECs corresponding to the observed extracellular gate and the putative intracellular gate interactions, respectively. c, The SnYddG structure predicted from the top-ranked 170 ECs, using the program EVfold_membrane.


Extended Data Figure 8 The kinks of TM3 and TM8 around the conserved Gly and Pro residues.
a, The kinks of TM3 around the conserved Gly residues, in the outward-open crystal structure and the inward-open model. b, The kinks of TM8 around the conserved Gly and Pro residues, in the outward-open crystal structure and the inward-open model. In a and b, the Gly and Pro residues are shown by stick models, and the axes of the transmembrane helices are indicated by cylinders. In the right panel, the activities of SnYddG mutants of the TM3 and TM8 kinks, measured by the liposome-based analysis using threonine as a substrate, are plotted, respectively. The substrate uptake activities measured after 30 min were plotted as percentages of the wild-type transport activity. Error bars, s.d.; nâ€‰=â€‰3.


Extended Data Figure 9 Molecular dynamics simulation of SnYddG.
a, The results of the 500-ns run of the non-biased simulation. Left, a plot of the root mean square fluctuations of each CÎ± atom from the initial crystal structure. Right, a plot of the root mean square deviation over all CÎ± atoms from the initial crystal structure, during the course of the simulation. b, The results of the outward-to-occluded simulation. Top left, a plot of the distances between the CÎ± atoms of TM4a (Pro91â€“Ala98) and TM9b (Ala246â€“Leu253), and between TM4b (Trp101â€“Phe108) and TM9a (Val237â€“Ser244). The equilibrium distance of the harmonic restraint applied between TM4a and TM9b is plotted with a red line. Top right, time series of the distances between the CÎ± atoms of Ser167 (TM6) and Trp228 (TM8), and between Ala21 (TM1) and Leu86 (TM3). Bottom left, time series of the distances between the CÎ± atoms of TM1 (17â€“24) and TM3 (81â€“88) and the CÎ± atoms of TM6 (163â€“170) and TM8 (225â€“232). Bottom right, the final snapshot of the outward-to-occluded simulation. The CÎ± atoms of Ala21 (TM1) and Leu86 (TM3) are shown as spheres. The parts of TM4a and TM9b subjected to harmonic restraints are coloured grey. The arrows indicate the distances plotted in the graphs in b and c. c, The results of the occluded-to-inward simulation. Top left, plot of the distance between the CÎ± atoms of TM4a (Pro91â€“Ala98) and TM9b (Ala246â€“Leu253), and between TM4b (Trp101â€“Phe108) and TM9a (Val237â€“Ser244). The equilibrium distance of the harmonic restraint applied between TM4b and TM9a is plotted with a red line. Top right, time series of the distances between the CÎ± atoms of Ser167 (TM6) and Trp228 (TM8), and between Ala21 (TM1) and Leu86 (TM3). Bottom left, time series of the distances between the CÎ± atoms of TM1 (17â€“24) and TM3 (81â€“88) and between the CÎ± atoms of TM6 (163â€“170) and TM8 (225â€“232). Bottom right, the final snapshot of the occluded-to-inward simulation. The CÎ± atoms of Ser167 (TM6) and Trp228 (TM8) are shown as spheres. The parts of TM4b and TM9a subjected to harmonic restraints are coloured grey. The arrows indicate the distances plotted in the graphs in b and c.
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The drug/metabolite transporter (DMT) proteins form a superfamily of membrane transporters that includes exporters for a wide range of compounds, including the bacterial SMR (small multidrug resistance) proteins that can confer antibiotic resistance. YddG is a bacterial DMT protein that exports aromatic amino acids and exogenous toxic compounds. In this manuscript, the authors report the 2.4-Ã… resolution X-ray crystal structure of YddG from Starkeya novella. The topology of this membrane protein is unprecedented: it contains ten transmembrane segments and has two inverted structural repeats that are pseudo-symmetric. The protein is in an outward-facing state, with a large substrate-binding cavity at the centre of the protein.

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
	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 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
            
        


    









    [image: ]







[image: ]
