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            Abstract
The mechanosensitive Piezo channels function as key eukaryotic mechanotransducers. However, their structures and mechanogating mechanisms remain unknown. Here we determine the three-bladed, propeller-like electron cryo-microscopy structure of mouse Piezo1 and functionally reveal its mechanotransduction components. Despite the lack of sequence repetition, we identify nine repetitive units consisting of four transmembrane helices eachâ€”which we term transmembrane helical units (THUs)â€”which assemble into a highly curved blade-like structure. The last transmembrane helix encloses a hydrophobic pore, followed by three intracellular fenestration sites and side portals that contain pore-property-determining residues. The central region forms a 90?Ã…-long intracellular beam-like structure, which undergoes a lever-like motion to connect THUs to the pore via the interfaces of the C-terminal domain, the anchor-resembling domain and the outer helix. Deleting extracellular loops in the distal THUs or mutating single residues in the beam impairs the mechanical activation of Piezo1. Overall, Piezo1 possesses a unique 38-transmembrane-helix topology and designated mechanotransduction components, which enable a lever-like mechanogating mechanism.
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                    Figure 1: Overall structure of mouse Piezo1.[image: ]


Figure 2: Repetitive THUs and a 38-TM topology model.[image: ]


Figure 3: Beamâ€“CTDâ€“anchorâ€“OH/IH interfaces.[image: ]


Figure 4: The ion-conducting pathway.[image: ]


Figure 5: Motion features.[image: ]


Figure 6: Regions and residues critical for the mechanical activation of Piezo1.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Purification and cryo-EM analysis of Piezo1.
a, A representative trace of gel filtration of the full-length mouse Piezo1. UV, ultraviolet. The experiment was independently repeated more than three times with similar results. b, A representative cryo-electron micrograph of Piezo1. The experiment was independently repeated more than three times with similar results. c, Power spectrum of the micrograph in b, with the 2.74?Ã… frequency indicated. d, Representative 2D class averages of Piezo1 particles. e, Euler angle distribution of particles used in the final 3D reconstruction, the height of the cylinder is proportional to the number of particles for that view. f, Gold-standard Fourier shell correlation (FSC) curves of the final density map. The FSC curves were calculated with (purple) or without (red) the application of a soft mask to the two half-set maps. The final FSC curve (blue) was corrected for the soft-mask-induced effect. Reported resolutions were based on the FSC?=?0.143 criteria. g, The final 3D density map of Piezo1 shown in the indicated views is coloured according to the local resolutions estimated by the software Blocres.


Extended Data Figure 2 Flowchart of EM data processing.
Details of data processing are described in the â€˜Image processingâ€™ section of the Methods.


Extended Data Figure 3 Subtraction of the projection.
a, Subtraction of the projection of the cap and the other two blades. A distinguishable map of THU4, comprising TM13â€“TM16, is shown in the red dashed box. Intracellular helical layer, containing several Î±-helices respectively connecting to TM29, TM25, TM21, TM17 and TM13, is highlighted in the black dashed box. b, Subtraction of the projection of the three blades projection. Identifiable linkers between OH and CED as well as IH and CED are shown in the red dashed box.


Extended Data Figure 4 View of the indicated structural domains illustrates the quality of the cryo-EM density of Piezo1.
The helices are shown in cartoon representation with side chains as sticks. The cryo-EM density is shown as grey mesh.


Extended Data Figure 5 Membrane topology of mouse Piezo1.
On the basis of various membrane topology prediction algorithms, the N-terminal region contains unanimously predicted THUs (highlighted in the purple boxes) that show typical features of the structurally revealed THU7â€“THU9. On the basis of the resolved 3D structure and the predicted THUs, we propose that mouse Piezo1 possesses a 38-TM topology comprising 9 tandem THUs and the OH and IH (top panel). Diagrams were drawn using the TOPO2 program.


Extended Data Figure 6 The TM27â€“TM28 loop containing the S1240 and D1260 residues is located at the extracellular side.
Immunofluorescent staining images of cells transfected with the indicated constructs using the anti-Flag antibody either in live-labelling (top) or after fixation and permeabilization (bottom). Scale bars, 10?Î¼m. GFP, green fluorescent protein; IRES, internal ribozyme entry site. The experiments were repeated in two coverslips with similar results.


Extended Data Figure 7 Chemically cross-linked lysineâ€“lysine and lysineâ€“cysteine pairs identified in mouse Piezo1.
a, b, Purified mouse Piezo1 proteins were cross-linked with BS3/DSS (a) or sulfo-GMBS (b), and then digested with trypsin. Following LCâ€“MS/MS analysis of the peptides, cross-linked lysine pairs were identified using pLink. c, The diagram shows the cross-linked lysine pairs between residues located in the beam and other regions. The atom-to-atom distance of the cross-linked residues is shown.


Extended Data Figure 8 Conformational heterogeneity of Piezo1.
Nine classes of Piezo1 structures resulting from symmetry-free 3D classification. Conformational heterogeneity is shown by comparing different classes with the low-passed 6?Ã… map of the 3.97?Ã… map with C3 symmetry. Red arrows represent the relative movements of the blades and beams.


Extended Data Figure 9 Characterization of the Piezo1 deletion mutants.
a, b, Immunofluorescent staining images of cells transfected with the indicated constructs using the anti-Flag antibody either in live-labelling (top) or after fixation and permeabilization (bottom). Scale bars, 10?Î¼m. The experiments were repeated in two coverslips with similar results. c, Cell surface biotinylation assay showing comparable plasma membrane expression of the indicated constructs. The experiment was independently repeated for two times with similar results. d, The glutathione S-transferase (GST)-tagged proteins were pulled-down by glutathione beads, followed with western blotting using the anti-GST antibody. The experiment was independently repeated twice with similar results. e, Scatter plot of the maximal poking-induced currents of Piezo1-knockout HEK293 cells transfected with the indicated mutants, which were normalized to the mouse Piezo1 current. f, Scatter plot of the maximal poking-induced currents of HEK293T cells transfected with the indicated constructs in the presence of 30?Î¼M Yoda1. ***P?<?0.0001, one-way ANOVA with Dunnâ€™s multiple comparison test. g, h, Scatter plot of the inactivation tau of HEK293T cells transfected with the indicated constructs in the absence (g) or presence (h) of 30?Î¼M Yoda1. In g, P?=?0.2267 and 0.4177 (for Î”L15â€“16 and Î”L19â€“20, respectively) and in h, P?=?0.6263 and 0.6934 (for Î”L15â€“16 and Î”L19â€“20, respectively); one-way ANOVA with Dunnâ€™s multiple comparison test (compared with Piezo1). i, Representative traces of the fluorescence signal change of the genetically encoded Ca2+ indicator, GCAMP6s, from HEK293T cells co-transfected with the indicated constructs and GCAMP6s, in response to 30?Î¼M Yoda1. The experiment was independently repeated three times with similar results. Data in eâ€“h are mean?Â±?s.e.m., and the numbers of recorded cells are indicated above the bars.


Extended Data Figure 10 Characterization of the L1342A/L1345A mutant.
a, Immunofluorescent staining images with the anti-Flag antibody either in live-labelling (top) or after fixation and permeabilization (bottom). The experiment was independently repeated three times with similar results. b, Cell-surface biotinylation assay showing comparable plasma membrane expression of the indicated constructs. The experiment was independently repeated twice with similar results. c, Representative single-channel current traces of the indicated constructs recorded at âˆ’140?mV. d, Linear regression fit of average Iâ€“V relationships of single-channel recordings of the indicated constructs. The number of recorded cells for Piezo1 and the L1342A/L1345A mutant is 5 and 7, respectively. e, Scatter plot of the unitary conductance calculated from fit of individual recordings. P?=?0.2541, unpaired, two tailed Studentâ€™s t-test. f, Scatter plot of the Imax of poking-induced currents. P?=?0.8076, unpaired, two tailed Studentâ€™s t-test. g, Structural representation of the L1342 and L1345 residues and those residues in close proximity. h, Scatter plot of the Imax of poking-induced currents of cells transfected with the indicated mutants. P?=?0.9976, 0.9281, 0.3804 and 0.9997 for T2103A, R2104A, L2512A and T2516A, respectively; one-way ANOVA with Dunnâ€™s multiple comparison test. Data in dâ€“f and h are mean?Â±?s.e.m., and the numbers of recorded cells in e and h are indicated above the bars.
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Mechanosensitive cation channels convert external mechanical stimuli into various biological actions, including touch, hearing, balance and cardiovascular regulation. The eukaryotic Piezo proteins are mechanotransduction channels, although their structure and gating mechanisms are not well elucidated. In related papers in this issue of Nature, two groups report cryo-electron microscopy structures of the full-length mouse Piezo1 and reveal three flexible propeller blades. Each blade is made up of at least 26 helices, forming a series of helical bundles, which adopt a curved transmembrane region. A kinked beam and anchor domain link these Piezo repeats to the pore, giving clues as to how the channel responds to membrane tension and mechanical force.
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