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            Abstract
The putative Plasmodium translocon of exported proteins (PTEX) is essential for transport of malarial effector proteins across a parasite-encasing vacuolar membrane into host erythrocytes, but the mechanism of this process remains unknown. Here we show that PTEX is a bona fide translocon by determining structures of the PTEX core complex at near-atomic resolution using cryo-electron microscopy. We isolated the endogenous PTEX core complex containing EXP2, PTEX150 and HSP101 from Plasmodium falciparum in the â€˜engagedâ€™ and â€˜resettingâ€™ states of endogenous cargo translocation using epitope tags inserted using the CRISPRâ€“Cas9 system. In the structures, EXP2 and PTEX150 interdigitate to form a static, funnel-shaped pseudo-seven-fold-symmetric protein-conducting channel spanning the vacuolar membrane. The spiral-shaped AAA+ HSP101 hexamer is tethered above this funnel, and undergoes pronounced compaction that allows three of six tyrosine-bearing pore loops lining the HSP101 channel to dissociate from the cargo, resetting the translocon for the next threading cycle. Our work reveals the mechanism of P. falciparum effector export, and will inform structure-based design of drugs targeting this unique translocon.
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                    Fig. 1: Global architecture of the PTEX core complex in two cargo-bound states.[image: ]


Fig. 2: EXP2 forms a heptameric pseudo-symmetric PVM-spanning pore.[image: ]


Fig. 3: PTEX150 forms a heptameric flange-shaped adaptor between EXP2 and HSP101.[image: ]


Fig. 4: Endogenous cargo bound in the channel of the HSP101 hexamer.[image: ]


Fig. 5: Interactions essential for PTEX function.[image: ]


Fig. 6: Mechanism of translocation.[image: ]
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              The atomic models have been deposited to the Protein Data Bank under accession numbers 6E10 and 6E11 and the cryo-EM density maps have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-8951 and EMD-8952.
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Extended data figures and tables

Extended Data Fig. 1 Generation of HSP101â€“3Ã—Flag P. falciparum and analysis of purified PTEX.
a, Schematic showing strategy for endogenous tagging of P. falciparum hsp101 with 3Ã—Flag using CRISPRâ€“Cas9 editing. Diagnostic PCR primers and expected amplicon following successful integration are shown. sgRNA, single-guide RNA; UTR, untranslated region; CAM, calmodulin promoter; PfU6, P. falciparum U6 promoter; hDHFR, human dihydrofolate reductase. b, Diagnostic PCR with genomic DNA template from NF54attB parent or two independent populations of HSP101â€“3Ã—Flag P. falciparum. The experiment was performed once. c, Western blot of NF54attB and HSP101â€“3Ã—Flag P. falciparum probed with mouse Flag M2 antibody (Sigma) and goat anti-mouse IRDye 680 secondary antibody (Li-Cor). Arrowhead indicates full-length HSP101â€“3Ã—Flag (predicted molecular weight 102.9Â kDa after signal peptide cleavage). Data represent two independent experiments. d, Giemsa staining of parasite-infected human erythrocytes from which PTEX was purified. Scale bar, 5Â Î¼m. For source data, see Supplementary Fig.Â 3. e, Silver-stained SDSâ€“PAGE of the Flag-purified PTEX sample. Identities of the bands labelled EXP2, PTEX150 and HSP101 were confirmed by tryptic digest liquid chromatographyâ€“mass spectrometry (LCâ€“MS). f, Tryptic digest LCâ€“MS analysis of the Flag-purified PTEX sample. The PTEX core components are among the five most abundant species detected in the purified sample. For gel and blot source data, see Supplementary Fig.Â 1.


Extended Data Fig. 2 Detailed views of the PTEX protein-conducting channel and symmetry mismatch in the engaged state.
aâ€“c, Cryo-EM densities and atomic models of cargo and pore loops from the near-atomic resolution structures of Clp/HSP100 ATPases YME159 (a), PTEX HSP101 (b) and HSP10431 (c). Tyrosine sidechain densities are clearly visibly intercalating with the cargo densities. The modelled engaged state PTEX cargo has a calculated r.m.s.d. of 1.09Â Ã… and 1.25Â Ã… to the published YME1 and HSP104 cargo models, respectively. Pore loops are labelled by NBD and protomer (for example, D2PL,P1 is NBD2 pore loop, protomer 1). d, Side view of the bisected engaged state PTEX cryo-EM map. The protein-conducting channel, calculated using HOLE40, is shown superimposed over the bisected map in translucent white with a navy outline. The HSP101 NBD2 pore loop densities are coloured by HSP101 protomer, and the cargo density is coloured pink. eâ€“j, The transition from the asymmetric HSP101 spiral to the C7-pseudosymmetric PTEX150(668â€“823)â€“EXP2 heptamer is depicted using a series of cross-sections taken perpendicular to the central axis of the translocon, spanning the area of symmetry mismatch. The section of the translocon corresponding to each cross-sectional image is indicated with a bracket in d.


Extended Data Fig. 3 Detailed comparisons of the engaged and resetting states.
a, Side and top views of the EXP2 heptamer in the engaged state. Symmetric portions that remain constant between protomers are coloured in mint. Portions that vary between protomers are coloured and labelled by protomer. b, c, Superposition of the seven EXP2 protomers, labelled Aâ€“G, in the engaged (b) and resetting (c) states, coloured as in a. d, e, Top view of HSP101 NBD1 (d) and NBD2 (e) in the engaged and resetting states, shown in simplified surface representation. The hinge point at the interface between HSP101 protomers 3 and 4 is indicated. f, g, Ribbon diagrams of the resetting state (f) and engaged state (g) nucleotide binding pockets are shown for each protomer. ATPÎ³S in each pocket is shown with corresponding cryo-EM density (mesh). The R859 arginine finger (sidechain shown in red-orange) is positioned approximately 3â€“5.5Â Ã… from the phosphorus atom in the Î³-phosphate of the ATPÎ³S in the binding pocket of the neighbouring protomer in all protomers except R859 in protomer 3 in the resetting state (sidechain shown in gold), where the ATPÎ³S bound in the protomer 4 NBD2 nucleotide pocket has shifted approximately 7.5Â Ã… away from the protomer 3 R859 arginine finger. h, i, Enlarged side view of the atomic models of the HSP101 NBD2 pore loops and unfolded cargo polypeptide backbone in the engaged (h) and resetting (i) states, shown with corresponding cryo-EM densities. Tyrosine sidechain densities are clearly visibly intercalating with the cargo densities. The modelled PTEX cargo has a calculated r.m.s.d. of 1.09Â Ã… and 1.25Â Ã… to the published YME1 and HSP104 cargo models, respectively. Pore loops are labelled by NBD and protomer (for example, D2PL,P1 is NBD2 pore loop, protomer 1).


Extended Data Fig. 4 Resolution assessments of the two PTEX states.
aâ€“c, e, f, Local resolution evaluations of the full PTEX map (a) and the focus-refined maps of the upper/hexameric (b) and lower/heptameric (c) halves of PTEX in the engaged state, the full PTEX map (e) and the focus-refined map of the lower/heptameric (f) half of PTEX in the resetting state, calculated by Resmap56 and coloured according to resolution. Maps are displayed at higher thresholds where the detergent belt is not visible for clarity, to avoid obscuring details of the transmembrane helices. d, Global resolution assessment of the engaged and resetting state maps as measured using the â€˜Gold-standardâ€™ Fourier shell correlation (FSC) curves generated by RELION44,45 by comparison of two independently refined â€˜half-mapsâ€™. g, Map-to-model FSC curves demonstrating the degree of correlation between the refined PTEX models and the experimental cryo-EM maps for the engaged and resetting states.


Extended Data Fig. 5 Representative regions of cryo-EM density and atomic models.
Additional cryo-EM densities (mesh) superposed with our atomic models for HSP101 (a), PTEX150(668â€“823) (b) and EXP2 (c). Displayed regions correspond to areas circled in magenta on guide figures (inset, upper right), and are coloured as in the guide figure: HSP101 (cornflower blue), PTEX150(668-823) (salmon), EXP2 (mint). Terminal residues for each segment are labelled with the amino acid, residue number, protomer, and state.


Extended Data Fig. 6 Experimentally determined secondary structure elements and detected mass-spectrometry fragments mapped to the primary sequences of the three PTEX proteins.
For EXP2 (a), PTEX150 (b) and HSP101 (c), secondary structure elements are shown as tubes (helices), lines (loops), and arrows (strands) above the corresponding sequence and are coloured as in Figs.Â 2a, 3a, 4a. In the sequences shown below, residues resolved in our structures are coloured according to protein colours in Fig.Â 1câ€“f: EXP2 (mint), PTEX150 (salmon) and HSP101 (cornflower). Signal peptide residues are coloured gold. All residues in the mature proteins that are not resolved in our structures are shown in grey. The 3Ã—Flag residues at the C terminus of HSP101 are coloured green. Peptides detected in tryptic digest liquid chromatographyâ€“tandem mass spectrometry (LCâ€“MS/MS) analysis of the purified PTEX sample are shown as black lines below the corresponding sequences. Arrowheads above the EXP2 sequence indicate truncations sites described in this work and previously20 immediately before (âˆ†222â€“287, red arrowhead) and after (âˆ†234â€“287, green arrowhead) the assembly strand. Arrowheads above the PTEX150 sequence indicate previously described truncation sites37 (âˆ†847â€“993, red arrowhead; âˆ†869â€“993, green arrowhead).


Extended Data Fig. 7 Electron microscopy of the PTEX core complex.
aâ€“c,Â Representative negative stain micrograph (a), enlarged portion of micrograph (b) and two-dimensional class averages (c) of the PTEX core complex in multiple orientations. d, e, Representative cryo-EM micrograph (d) and two-dimensional class averages (e) of the PTEX core complex in multiple orientations. Individual particles in d are circled in yellow (top views) and green (side and oblique views)Â (for source data, see Supplementary Fig. 4). Arrow in upper left panel of e indicates the detergent belt, which is visible as a less-dense (dimmer) halo surrounding the denser (brighter) densities of the Î±-helices visible in the transmembrane domain in side views. Scale bars: 700Â Ã… (a), 700Â Ã… (b), 100Â Ã… (c), 200Â Ã… (d) and 100Â Ã… (e).


Extended Data Fig. 8 Detergent belt, amino-terminal domain, and claw densities visible in maps at lower thresholds.
a, The engaged state PTEX150â€“EXP2 heptamer, displayed in surface representation and coloured by electrostatic potential. The bottom half of the full engaged state density map is superimposed, showing the location of the detergent belt in relation to the EXP2 transmembrane domain. A ring of positively charged residues is clearly visible directly above where the PVM surface would normally lie. b, c, Engaged state (b) and resetting state (c) maps were low-pass filtered to 6Â Ã… to improve clarity of low-resolution details, and are shown overlaid, at two different thresholds to improve visibility of the detergent belt and the poorlyÂ resolved N-terminal domains of HSP101 (teal, higher threshold; peach, lower threshold). d, Resetting state map of PTEX displayed at a lower threshold to show the strong claw-shaped densities extending from the PTEX150(668â€“823) shaft up to the HSP101 M domain. e, Enlarged view of the interaction between HSP101 Y488 and Y491 and the three-turn helix, shown with corresponding cryo-EM density (mesh).


Extended Data Fig. 9 Data processing workflow.
Illustration of workflow for 3D classification, focused classification and refinement. Maps are displayed at higher thresholds where the detergent belt is not visible for clarity, to avoid obscuring details of the transmembrane helices.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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Supplementary Figures
This file contains Supplementary Figs. 1â€“4. Supplementary Fig. 1: Full length western blots, Supplementary Fig.Â 2: Flow cytometry gating strategy, Supplementary Fig.Â 3: Giemsa-staining of P. falcipaurmÂ infectedÂ human erythrocytesÂ and Supplementary Fig.Â 4: original representative cryoEM micrograph of vitrified PTEX particles in various orientations.


Reporting Summary

Video 1
Details of the PTEX cryoEM Density Map. 360Â° view of the density map (mesh) and models of the PTEX complex in the engaged state. Enlarged views of the atomic models of EXP2 (mint), PTEX150 (salmon), and HSP101 (cornflower blue).


Video 2
Details of the PTEX Core Components. Detailed views of the cryoEM density and atomic models of the individual PTEX core components in the engaged state.


Video 3
PTEX Stoichiometry and Architecture. 360Â° view of the engaged state PTEX complex cryoEM map, colored by protomer, illustrating the stoichiometry and global organization of the three core components, EXP2, PTEX150, and HSP101.


Video 4
Flythrough of the PTEX channel. 360Â° view of density map and ribbon models of the PTEX complex in the engaged state, followed by a flythrough of the channel entering via HSP101, with focus on the NBD2 tyrosine staircase and cargo peptide (yellow).


Video 5
HSP101 Pore Loops and Endogenous Cargo. Video highlighting the details of the HSP101 tyrosine pore loops and endogenous cargo in the cryoEM map of PTEX in the engaged state.


Video 6
PTEX Engaged and Resetting States Morph. Morph between the engaged and resetting states, calculated using the â€œmorph conformationsâ€� function in UCSF Chimera. This morph is not representative of the exact motion of the mechanism, but is intended to give a sense of scale for the dramatic conformational shift.


Video 7
PTEX NBD Tyrosine Loops Engaged and Resetting States Morph. Morph of the tyrosine loops of NBD1 (gold) and NBD2 (cyan) between the engaged and resetting states, calculated using the â€œmorph conformationsâ€� function in UCSF Chimera. Note the collapsing of the NBD2 tyrosine loops from a staircase to planar â€œCâ€� shape. This morph is not representative of the exact motion of the mechanism, but is intended to give a sense of scale for the dramatic conformational shift.





Rights and permissions
Reprints and permissions


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



Cite this article
Ho, CM., Beck, J.R., Lai, M. et al. Malaria parasite translocon structure and mechanism of effector export.
                    Nature 561, 70â€“75 (2018). https://doi.org/10.1038/s41586-018-0469-4
Download citation
	Received: 29 March 2018

	Accepted: 19 July 2018

	Published: 27 August 2018

	Issue Date: 06 September 2018

	DOI: https://doi.org/10.1038/s41586-018-0469-4


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
                        


Keywords
	Translocon
	Falciparum
	Pore Loop
	Endogenous Cargo
	Strand Assembly







            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Toxoplasma protein export and effector function
                                    
                                

                            
                                
                                    	Simona Seizova
	Abel Ferrel
	Christopher J. Tonkin


                                
                                Nature Microbiology (2024)

                            
	
                            
                                
                                    
                                        Structure, dynamics and assembly of the ankyrin complex on human red blood cell membrane
                                    
                                

                            
                                
                                    	Xian Xia
	Shiheng Liu
	Z. Hong Zhou


                                
                                Nature Structural & Molecular Biology (2022)

                            
	
                            
                                
                                    
                                        A â€˜Build and Retrieveâ€™ methodology to simultaneously solve cryo-EM structures of membrane proteins
                                    
                                

                            
                                
                                    	Chih-Chia Su
	Meinan Lyu
	Edward W. Yu


                                
                                Nature Methods (2021)

                            
	
                            
                                
                                    
                                        A single-cell atlas of Plasmodium falciparum transmission through the mosquito
                                    
                                

                            
                                
                                    	Eliana Real
	Virginia M. Howick
	Mara K. N. Lawniczak


                                
                                Nature Communications (2021)

                            
	
                            
                                
                                    
                                        Composition and stage dynamics of mitochondrial complexes in Plasmodium falciparum
                                    
                                

                            
                                
                                    	Felix Evers
	Alfredo Cabrera-Orefice
	Taco W. A. Kooij


                                
                                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    EXP2 is a nutrient-permeable channel in the vacuolar membrane of Plasmodium and is essential for protein export via PTEX
                

                
	Matthias Garten
	Armiyaw S. Nasamu
	Josh R. Beck



                
    
        
            Nature Microbiology
        
        Letter
        
        
            27 Aug 2018
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Spotlight on proteins that aid malaria
                

                
	Tania F. de Koning-Ward



                
    
        
            Nature
        
        News & Views
        
        
            27 Aug 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
