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            Abstract
Folates (also known as vitamin B9) have a critical role in cellular metabolism as the starting point in the synthesis of nucleic acids, amino acids and the universal methylating agent S-adenylsmethionine1,2. Folate deficiency is associated with a number of developmental, immune and neurological disorders3,4,5. Mammals cannot synthesize folates de novo; several systems have therefore evolved to take up folates from the diet and distribute them within the body3,6. The proton-coupled folate transporter (PCFT) (also known as SLC46A1) mediates folate uptake across the intestinal brush border membrane and the choroid plexus4,7, and is an important route for the delivery of antifolate drugs in cancer chemotherapy8,9,10. How PCFT recognizes folates or antifolate agents is currently unclear. Here we present cryo-electron microscopy structures of PCFT in a substrate-free state and in complex with a new-generation antifolate drug (pemetrexed). Our results provide a structural basis for understanding antifolate recognition and provide insights into the pH-regulated mechanism of folate transport mediated by PCFT.
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                    Fig. 1: Cryo-EM structure of apo and pemetrexed-bound PCFT.[image: ]


Fig. 2: Mechanism of proton coupling.[image: ]


Fig. 3: Alternating-access transport mechanism and antifolate-binding model.[image: ]
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                Data availability

              
              The plasmid encoding the chicken PCFT transporter cloned into the pDDGFP-LEU2d expression vector is available from Addgene (165414). The plasmid encoding the nanobody used in this study is available from Addgene (165415). Coordinates for the structures have been deposited in the Protein Data Bank under accession codes PDB 7BC6 (PCFTâ€“nanobody) and 7BC7 (PCFTâ€“nanobody + pemetrexed). The electron microscopy volumes have been deposited in the Electron Microscopy Data Bank under accession codes EMD-12140 (PCFTâ€“nanobody) and EMD-12141 (PCFTâ€“nanobody + pemetrexed). Any other relevant data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Comparison of human and chicken PCFT homologues.
a, Sequence alignment of PCFT from human (Hs) (Uniprot Q96NT5) and chicken (Gg) (E6Y8U5) coloured via amino acid chemistry. Human and chicken PCFT homologues share an overall 58% identity and 87% similarity. Functionally relevant residues are highlighted with yellow stars, and mutations found to cause hereditary folate malabsorption disorder are in red. b, Cell-based uptake assay comparing the transport of 3H folic acid via human and chicken PCFT at both pH 5.5 and 7.5. The human and chicken homologues transport similar amounts of folic acid to each other and do so only at acidic pH (5.5). nÂ =Â 4Â independent experiments, mean and s.d. are shown. c, Pemetrexed competition of 3H folic acid uptake into cells, overexpressing either human or chicken PCFT. The calculated mean (from 4 independent experiments) half-maximal inhibitory concentration values are indicated Â± s.d. d, Calculated KM for folic acid uptake at pH 5.5 by chicken PCFT in a liposome-based uptake assay. nÂ =Â 3 independent experiments, calculated mean and s.d. values are shown e, Effect of pH on PCFT uptake in a liposome-based assay. nÂ =Â 3 independent experiments, with the mean and s.d. shown. f, Membrane potential induced through potassium diffusion gradient (plus valinomycin) does not affect transport, an observation that has also been seen for human PCFT in cells34, suggesting that transport is thermodynamically coupled to two protons (assuming a âˆ’2 charge on folic acid). nÂ =Â 4 independent experiments, data are mean and s.d.


Extended Data Fig. 2 Characterization of high-affinity nanobody to PCFT.
a, The nanobody identified from a naive llama library has a KD of about 8 nM for PCFT binding. nÂ =Â 3 independent experiments, calculated mean Â± s.d. shown. b, The nanobody blocks uptake of folic acid into liposomes containing PCFT, whereas a non-specific nanobody has no effect. nÂ =Â 3 independent experiments, mean and s.d. shown. c, SDSâ€“PAGE analysis of the PCFTâ€“nanobody complex after size exclusion. Experiment was performed four times with similar results. d, Representative gel filtration trace of chicken PCFT in DDM:CHS detergent at pH 6.5. The protein elutes as a monomer of about 50 kDa. Insets show Coomassie-stained SDSâ€“PAGE gel of the purified PCFT protein and circular dichroism analysis. Experiment was repeated eight times with similar results. e, Analysis of the thermostability of PCFT under different pH conditions (7.5 and 5.5) indicates that acidic pH stabilizes the protein. The presence of both folic acid (FA) or pemetrexed (PMX) further stabilize the protein, but only at acidic pH. Experiments were repeated three times with similar results.


Extended Data Fig. 3 Cryo-EM processing workflow, showing local and global map quality for the PCFTâ€“nanobody complex.
a, Image processing workflow for PCFTâ€“nanobody. b, Local-resolution estimation of reconstructed map as determined within RELION. Detergent density omitted for clarity. c, Gold-standard FSC curves used for global-resolution estimates within (i) cryoSPARC, (ii) RELION, or (iii) 3DFSC. d, Close-up view of map and side-chain density for transmembrane helices and lateral helix. Volume contoured at threshold level of 0.805.


Extended Data Fig. 4 Analysis of PCFTâ€“pemetrexed complex.
a, Cryo-EM density of PCFT in complex with pemetrexed and nanobody. b, In molecular dynamics simulations of the apo structure (grey), the TM1â€“TM2 loop is positioned such that the entrance to the binding pocket is accessible. In simulations with pemetrexed bound (orange), the loop closes quickly (within 250 ns) as measured by the relative position of Ser68 on the TM1â€“TM2 loop and Ala308Â on the TM7â€“TM8 loop. c, Time course of the distance between the CÎ± atoms of Ser68 and Ala308Â for both apo (grey) and pemetrexed-bound (orange) simulations. The closure event observed with pemetrexed bound occurs around 250 ns, and this closed conformation remains stable for the remainder of the simulation. On removal of pemetrexed from the end of the simulation shown in this panel (orange), the TM1â€“TM2 moves away from the TM7â€“TM8 loop (blue). The movement is shown in b (cyan). d, The presence of 2 mM DTT does not alter the uptake of folic acid into liposomes by PCFT, consistent with previous studies on the human transporter35. e, The presence of 2 mM DTT does lead to a destabilization of the protein as determined by differential scanning fluorimetry. f, View of pemetrexed within the binding cavity, with surface charge highlighted. g, Schematic of the binding pose observed for pemetrexed. Hydrogen-bond donors and acceptors are highlighted by directional arrows, the sole chargeâ€“charge interaction by a solid line and the Ï€â€“Ï€ interaction in orange. Values indicate distance in Ã….


Extended Data Fig. 5 Structural relationship between the observed water pocket and the gating helices in PCFT.
a, Cartoon of PCFT, showing the open and closed states of the extracellular and intracellular gates, respectively. b, Molecular dynamic simulations demonstrate the water pocket is both stable and accessible to bulk solvent via the substrate-binding cavity. The space occupied by the polar pocket results in fewer interactions between TM7 and TM10, which is likely to facilitate the movement of the helices against one another during transport.


Extended Data Fig. 6 Cryo-EM processing workflow, showing local and global map quality for the PCFTâ€“nanobody complex bound to pemetrexed.
a, Image processing workflow for pemetrexed-bound PCFTâ€“nanobody. b, Local-resolution estimation of reconstructed map as determined within RELION. Detergent density omitted for clarity. Top, full map; bottom, central slab through map. c, Gold-standard FSC curves used for global resolution estimates within (i) cryoSPARC, (ii) RELION or (iii) 3DFSC. d, Close-up of side-chain density for all transmembrane helices. Volume contoured at threshold level of 0.3. e, Density for pemetrexed (PMX) and side chains surrounding PCFT. Volume contoured at threshold level of 0.4.


Extended Data Fig. 7 The effect of Glu407Asn on apo and pemetrexed-bound PCFT and hereditary folate malabsorption mutations in the context of the chicken PCFT structure.
aâ€“e, Alchemical transformations show that a Glu407Asn mutation would stabilize the protein by forming hydrogen bonds with Asn166, while remaining capable of preserving the interaction with the pyrrole amine of pemetrexed. a, In the wild-type apo state Glu407 does not interact with Asn166. The Glu407Asn variant, however, can readily hydrogen-bond with Asn166 (b), resulting in the Glu407Asn variant being 1.5 kcal molâˆ’1 more stable (e) (blue). In the pemetrexed-bound state, Glu407 makes aÂ hydrogen bond with the pyrrole amine group of pemetrexed (PMX) (c), which is also preserved in the Glu407Asn variant (d). The coordinated hydrogen-bond network among Asn166, Glu407Asn and pemetrexed further stabilizes the protein-bound state by 2 kcal molâˆ’1 compared to the apo state (e) (orange). nÂ =Â 3 independent repeats with mean and s.d. plotted. f, Cartoon of chicken PCFT structure with residues involved in hereditary folate malabsorption shown as spheres. Asp164 (Asp156) and Arg384 (Arg376) are highlighted as these residues have an important role in the transport mechanism. The table shows the corresponding human residue number and the associated phenotype. PubMed identifiers for the respective studies that describe mutations associated with hereditary folate malabsorption are included.


Extended Data Fig. 8 Analysis of residues involved in proton binding in PCFT.
a, Analysis of wild type and variants of chicken PCFT studied in liposome assays. SDSâ€“PAGE gel showing pre- and post-solubilization of proteoliposomes with 1% DDM:CHS. A proportion of purified PCFT is not folded correctly in the liposome and runs as aggregates on the pre-solubilized samples in the SDSâ€“PAGE gel. Experiments were repeated three times with similar results. b, Protonation of D164 results in easier breakage of the salt bridge interaction to R156. There is a free energy barrier of 2 kcal molâˆ’1 associated with the breakage of the R156â€“D164 salt bridge in the apo state (i and ii). The protonation of the D164 (DH164) would lower this free energy barrier to a level lower than 0.5 kcal molâˆ’1 (iii and iv) and thus bring it under the level of thermal fluctuation. The presence of pemetrexed does not affect this process. Rather, it controls the likelihood that D164 is protonated in the first place and thus effects the salt bridge stability indirectly. c, Convergence of the PMF profile shown in b. The PMF profile is computed for the first 20% (blue), 40% (orange), 60% (green), 80% (red) and 100% (purple) of the data. The columns are three repeats of the calculations. d, Convergence plots of the protonation free energy. The forward plot (orange lines) is the protonation free energy computed from the first 10% up to 100% of data, in 10% increments. The backward plot (blue lines) is the protonation free energy computed from the final 10% up to 100% of the data, in 10% increments. The columns are three repeats of the calculations. The green line is the final estimate of the free energy for each simulation and the width shows the uncertainty in the multistate Bennet acceptance ratio calculation. e, Table showing calculated pKa and free energy values (mean Â± s.d.). f, Western blot analysis of the cell-based assay using an anti-Flag antibody for the PCFT variants and a loading control of anti-Î²-actin. Experiments were repeated twice with similar results.


Extended Data Fig. 9 Model for ligand-induced closure of the extracellular gate.
a, Structure of PCFT highlighting the extracellular gate helices, TM7 and TM8 (red) and their relationship to the bound pemetrexed molecule (yellow). The arrow indicates the movement required to seal the binding site from the extracellular side of the membrane. The interaction of Phe290 with the benzyl group of pemetrexed is likely to have an important role in triggering gate closure. b, Structural comparison between the apo and pemetrexed-bound states reveals repositioning of His289, resulting in the breakage of its interaction with Asn350 and facilitating the movement of TM7. The water pocket substantially enlarges in the pemetrexed-bound state, consistent with greater flexibility in the C-terminal bundle under acidic conditions.


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





Supplementary information
Supplementary Figure
Original SDS PAGE gels used to generate Extended Data Figures 2c, 2d and 8a.


Reporting Summary

Peer Review File




Rights and permissions
Reprints and permissions


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



Cite this article
Parker, J.L., Deme, J.C., Kuteyi, G. et al. Structural basis of antifolate recognition and transport by PCFT.
                    Nature 595, 130â€“134 (2021). https://doi.org/10.1038/s41586-021-03579-z
Download citation
	Received: 19 December 2020

	Accepted: 23 April 2021

	Published: 26 May 2021

	Issue Date: 01 July 2021

	DOI: https://doi.org/10.1038/s41586-021-03579-z


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

                
                    	
                            
                                
                                    
                                        Ion and lipid orchestration of secondary active transport
                                    
                                

                            
                                
                                    	David Drew
	Olga Boudker


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Structural basis of promiscuous substrate transport by Organic Cation Transporter 1
                                    
                                

                            
                                
                                    	Yi C. Zeng
	Meghna Sobti
	Alastair G. Stewart


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        cGAMP-activated cGASâ€“STING signaling: its bacterial origins and evolutionary adaptation by metazoans
                                    
                                

                            
                                
                                    	Dinshaw J. Patel
	You Yu
	Wei Xie


                                
                                Nature Structural & Molecular Biology (2023)

                            
	
                            
                                
                                    
                                        Molecular basis for substrate recognition and transport of human GABA transporter GAT1
                                    
                                

                            
                                
                                    	Angqi Zhu
	Junhao Huang
	Chuangye Yan


                                
                                Nature Structural & Molecular Biology (2023)

                            
	
                            
                                
                                    
                                        Molecular basis for selective uptake and elimination of organic anions in the kidney by OAT1
                                    
                                

                            
                                
                                    	Joanne L. Parker
	Takafumi Kato
	Simon Newstead


                                
                                Nature Structural & Molecular Biology (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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 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: ]
