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            Abstract
Transient receptor potential mucolipin 1 (TRPML1) is a cation channel located within endosomal and lysosomal membranes. Ubiquitously expressed in mammalian cells1,2, its loss-of-function mutations are the direct cause of type IV mucolipidosis, an autosomal recessive lysosomal storage disease3,4,5,6. Here we present the single-particle electron cryo-microscopy structure of the mouse TRPML1 channel embedded in nanodiscs. Combined with mutagenesis analysis, the TRPML1 structure reveals that phosphatidylinositol-3,5-bisphosphate (PtdIns(3,5)P2) binds to the N terminus of the channelâ€”distal from the poreâ€”and the helixâ€“turnâ€“helix extension between segments S2 and S3 probably couples ligand binding to pore opening. The tightly packed selectivity filter contains multiple ion-binding sites, and the conserved acidic residues form the luminal Ca2+-blocking site that confers luminal pH and Ca2+ modulation on channel conductance. A luminal linker domain forms a fenestrated canopy atop the channel, providing several luminal ion passages to the pore and creating a negative electrostatic trap, with a preference for divalent cations, at the luminal entrance. The structure also reveals two equally distributed S4â€“S5 linker conformations in the closed channel, suggesting an S4â€“S5 linker-mediated PtdInsP2 gating mechanism among TRPML channels7,8.
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                    Figure 1: Overall structure of TRPML1.[image: ]


Figure 2: Structure of the S1â€“S4 region and the PtdInsP2-binding site.[image: ]


Figure 3: Ion conduction pathway of TRPML1.[image: ]


Figure 4: Alternative closed-state conformations of TRPML1.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ligand activation of TRPML1 overexpressed in HEK293 cells.
a, Macroscopic currents of plasma membrane-localized TRPML1â€“4A in an inside-out patch in the presence and absence of ligands in bath solution (cytosolic). TRPML1 can be activated by PtdIns(3,5)P2 and mucolipin synthetic agonist 1 (ML-SA1), yielding inwardly rectified cation currents. PtdIns(3,5)P2 and ML-SA1 activations are synergistic, indicating non-overlapping activation sites between the two ligands. b, Macroscopic currents of TRPML1â€“4A in the whole-cell configuration. The pipette (cytosolic) solution contained 50â€‰Î¼M PtdIns(3,5)P2 (black trace). Addition of 10â€‰Î¼M ML-SA1 into the bath solution (extracellular/luminal side) yielded a much larger current, suggesting that ML-SA1 can also activate the channel from the luminal side. c, Sample traces of single-channel currents recorded at âˆ’120â€‰mV in an inside-out excised patch showing PtdIns(3,5)P2 and ML-SA1 activation. The patch contained multiple channels (Nâ€‰â‰¥â€‰5). N, total number of channels; Po, single-channel open probability; NPo, total open probability (the number of channels multiplied by single-channel open probability); C, closed state; O, open state, with the number indicating open events from multiple channels. d, Sample traces of single-channel currents recorded at âˆ’120â€‰mV in an inside-out excised patch showing PtdIns(4,5)P2 (in bath solution) inhibition of TRPML1. e, Single-channel recordings of N-terminal truncation mutation of TRPML1â€“4A in an inside-out patch. Deletion of the poly-basic domain abolishes PtdIns(3,5)P2 activation, confirming its participation in PtdInsP2 binding; the ML-SA1 activation remains intact in this mutant, confirming distinct activation sites between PtdInsP2 and the small-molecule agonist.


Extended Data Figure 2 Structure determination of mouse TRPML1 in nanodiscs.
a, Representative micrograph of TRPML1 in a nanodisc. b, Two-dimensional class averages. c, Euler angle distribution of particles used in the final three-dimensional reconstruction, with the heights of the cylinders corresponding to the number of particles. d, Gold-standard FSC curves of the final 3D reconstructions. e, Final density maps coloured by local resolution.


Extended Data Figure 3 Flowchart of image processing.

Extended Data Figure 4 Data collection, structure refinement and model validation.
a, Data collection and model refinement statistics. b, FSC curves for cross-validation between the maps and the models. Curves for model versus summed map in blue (full), for model versus half map in green (work), and for model versus half map not used for refinement in black (free).


Extended Data Figure 5 Sample electron microscopy density maps (blue mesh) for various parts of the channel.
The maps are low-pass filtered to 3.59â€‰Ã… and sharpened with a temperature factor of âˆ’120â€‰Ã…2.


Extended Data Figure 6 Sequence alignment of TRPML channels.
Secondary structure assignments are based on the mouse TRPML1 structure. Purple crosses mark the basic residues important for PtdInsP2 binding and the blue dot marks the location of V432P mutation in TRPML1.


Extended Data Figure 7 Luminal Ca2+ and pH modulation of TRPML1.
a, Sample traces (Iâ€“V curves) of whole-cell currents from the constitutively active TRPML1(V432P) mutant recorded with various luminal (bath solution) Ca2+ concentrations [Ca2+] and pH values. Inset shows normalized channel currents at âˆ’120â€‰mV. Data are meanâ€‰Â±â€‰s.e.m. of five measurements. 0â€‰mM [Ca2+] here refers to nominally Ca2+-free medium in the recording. b, Sample traces of whole-cell currents of the TRPML1(V432P/D472N) mutant recorded at various luminal (bath solution) [Ca2+] and pH values. Inset shows normalized channel currents at âˆ’120â€‰mV. Data are meanâ€‰Â±â€‰s.e.m. of five measurements. c, Luminal [Ca2+]-dependent blockage of inward currents in TRPML1(V432P) and TRPML1(V432P/D472N) measured at âˆ’120â€‰mV and pH 7.4. In summary, 1â€‰mM Ca2+â€”close to the lysosomal Ca2+ concentrationâ€”can markedly reduce the channel current; lowering the pH can partially alleviate Ca2+ blockage, probably by protonating the Ca2+-binding acidic residues; in the absence of Ca2+, however, lower pH by itself has an inhibitory effect on channel conductance. Neutralizing Asp472 with Asn diminishes the luminal Ca2+ blocking.


Extended Data Figure 8 Structural comparison between the S1â€“S2 linker domains of TRPML1 and PKD2, a member of the TRPP family.
a, Side view of TRPML1 luminal linker domain atop the channel with open side windows. The front subunit is highlighted in blue. b, Side view of PKD2 polycystin domain. The polycystin domain has an extra hairpin loop (red) that clogs the side window, making the central hole the only extracellular passage to the filter. There is an extra helixâ€“turn motif (magenta) between S3 and S4 in PKD2 that extends upright and provides extra contact between the polycystin domain and the transmembrane domain. c, The luminal pore loop (magenta) between Î±1 and Î±2 points downwards in TRPML1, generating a funnel-shaped central hole with a constriction of 12â€‰Ã…. d, The luminal pore loop (red) in PKD2 points upwards and generates a central hole with an inverted funnel shape. The front and rear subunits are removed in panels c and d for clarity.





Supplementary information
Reporting Summary (PDF 68 kb)




PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Chen, Q., She, J., Zeng, W. et al. Structure of mammalian endolysosomal TRPML1 channel in nanodiscs.
                    Nature 550, 415â€“418 (2017). https://doi.org/10.1038/nature24035
Download citation
	Received: 05 June 2017

	Accepted: 24 August 2017

	Published: 11 October 2017

	Issue Date: 19 October 2017

	DOI: https://doi.org/10.1038/nature24035


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
                        








            


            

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Closing in on ion channels
Numerous ion channels sit in the membranes of intracellular organelles and are responsible for maintaining concentration gradients and ionic signalling. The transient receptor potential mucolipin (TRPML) channels are Ca(II)-releasing channels that are crucial to endolysosomal function. While TRPML channels regulate physiological processes including membrane trafficking and exocytosis, mutations of TRPML1 cause the lysosomal storage disorder mucolipidosis type IV. Three papers in this issue of Nature report the structure of TRPML channels by cryo-electron microscopy. Seok-Yong Lee and colleagues report the structure of TRPML3, while studies from teams led by Xiaochun Li and Youxing Jiang present the structure of TRPML1. Together, these studies reveal the open and closed states of the TRPML family, indicating the regulatory mechanisms of these channels. As with most TRP channels, TRPML can be gated by specific lipids, and these studies provide insights into substrate binding and channel activation.
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