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            Abstract
The TRPA1 ion channel (also known as the wasabi receptor) is a detector of noxious chemical agents encountered in our environment or produced endogenously during tissue injury or drug metabolism. These include a broad class of electrophiles that activate the channel through covalent protein modification. TRPA1 antagonists hold potential for treating neurogenic inflammatory conditions provoked or exacerbated by irritant exposure. Despite compelling reasons to understand TRPA1 function, structural mechanisms underlying channel regulation remain obscure. Here we use single-particle electron cryo- microscopy to determine the structure of full-length human TRPA1 to âˆ¼4 Ã… resolution in the presence of pharmacophores, including a potent antagonist. Several unexpected features are revealed, including an extensive coiled-coil assembly domain stabilized by polyphosphate co-factors and a highly integrated nexus that converges on an unpredicted transient receptor potential (TRP)-like allosteric domain. These findings provide new insights into the mechanisms of TRPA1 regulation, and establish a blueprint for structure-based design of analgesic and anti-inflammatory agents.
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                    Figure 1: 3D reconstruction of human TRPA1.[image: ]


Figure 2: Structural details of a single TRPA1 subunit.[image: ]


Figure 3: C-terminal coiled-coil mediates cytosolic interactions and polyphosphate association.[image: ]


Figure 4: Cytoplasmic domains form an integrated nexus.[image: ]


Figure 5: Structural integration of the ARD.[image: ]


Figure 6: The ion permeation pathway and antagonist binding site.[image: ]
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                Data deposits

                The 3D cryo-EM density maps of TRPA1 complexes without low-pass filter and amplitude modification have been deposited in the Electron Microscopy Data Bank under the accession numbers EMD-6267 (TRPA1-AITC), EMD-6268 (TRPA1-HC030031/A967079) and EMD-6269 (TRPA1-HC030031). Particle images related to this entry are available for download at http://www.ebi.ac.uk/pdbe/emdb/empiar/ with identification number EMPIAR-10024. Atomic coordinates for the atomic model of TRPA1 have been deposited in the Protein Data Bank under the accession number 3J9P.
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Extended data figures and tables

Extended Data Figure 1 Pre-cryo-EM screening of TRPA1 species orthologues and purification of human TRPA1.
a, FSEC traces from eGFPâ€“TRPA1 fusion proteins. Void volume and peak corresponding to tetrameric channels are indicated. b, Representative section of negative-stain micrographs showing typical structure of tetrameric MBP-tagged TRPA1 from various species, as indicated (text colour matches traces in a). Particles from species orthologues exhibited highly similar shapes, except rattlesnake TRPA1, which were not homogenous and tended to aggregate. The human TRPA1 orthologue was chosen after negative-stain screening owing to exemplary homogeneity of individual particles. c, Cartoon diagram of MBP-tagged construct used for single-particle cryo-EM studies. d, MBP-tagged TRPA1 construct is active when transduced in HEK293T cells as assessed by calcium imaging (scale bar indicates relative calcium levels: low (blue) to high (red)). e, Gel filtration profile (Superose 6) of MBP-tagged TRPA1 after detergent solubilization, purification on amylose affinity resin, followed by exchange into PMAL-C8. Peaks correspond to void (1), tetrameric MBPâ€“TRPA1 (2), and excess PMAL-C8 (3). f, Material from peak 2 migrates as a single, homogenous band (173 kDa) on SDSâ€“PAGE (4â€“12% gradient gel, Coomassie stain). g, PMAL-C8-stabilized MBPâ€“TRPA1 appears as homogenous particles with a clear crescent density by negative-stain imaging.


Extended Data Figure 2 Initial single-particle cryo-EM study of TRPA1.
a, Raw micrograph of MBPâ€“TRPA1 recorded using a scintillator-based CMOS camera. b, 2D class averages of MBPâ€“TRPA1 particles. c, Euler angle distribution of initial 3D reconstruction. d, FSC curve of final 3D reconstruction. e, Final 3D reconstruction of MBPâ€“TRPA1 at 28 Ã… resolution. This 3D reconstruction was used as the initial model for subsequent cryo-EM studies of TRPA1 using a direct electron detection camera.


Extended Data Figure 3 Single-particle cryo-EM studies of TRPA1 with agonist (AITC).
a, Raw micrograph of MBPâ€“TRPA1 with agonist (AITC) recorded using K2 Summit operated in super-resolution counting mode. b, Gallery of 2D class averages. c, Euler angle distribution of all particles included in calculating the final 3D reconstruction. The size of the ball is proportional to the number of particles in this specific orientation. d, Selected slice views of the unsharpened 3D density map. The views are oriented in parallel with the membrane plane. The numbers of slices are marked. e, Two views of TRPA1 density map filtered to 6 Ã… resolution and displayed in two different isosurface levels (high in yellow and low in grey). At low isosurface level, density contributed by PMAL-C8 is visible. f, FSC curves between two independently refined half maps (red) and between the final combined density map and the map calculated from atomic model (blue). g, Voxel histogram corresponding to local resolution. There are significant numbers of voxels with higher than 4 Ã… local resolution. h, Final 3D reconstruction coloured with local resolution. i, Cryo-EM densities of the S4, S4â€“S5 linker, pore helices, S6, TRP-like domain, and coiled-coil in longitudinal cross sections are superimposed on an atomic model. Only two diagonally opposed subunits are shown for clarity. Dashed ovals indicate regions highlighted at sides.


Extended Data Figure 4 Single-particle cryo-EM studies of TRPA1 with antagonist (HC-030031).
a, Raw micrograph of MBPâ€“TRPA1 with single antagonist HC-030031 recorded using K2 Summit operated in super-resolution counting mode. b, Gallery of 2D class averages. c, Euler angle distribution of all particles included in calculating the final 3D reconstruction. The size of the ball is proportional to the number of particles in this specific orientation. d, FSC curve between two independently refined half maps. e, Three different views of the final density map. f, Voxel histogram corresponding to local resolution. g, Final 3D reconstruction coloured with local resolution.


Extended Data Figure 5 Single-particle cryo-EM studies of TRPA1 with double antagonist (HC-030031 and A-967079).
a, Raw micrograph of MBPâ€“TRPA1 with double antagonists recorded using K2 Summit operated in super-resolution counting mode. b, Gallery of 2D class averages. c, Euler angle distribution of all particles included in calculating the final 3D reconstruction. The size of the ball is proportional to the number of particles in this specific orientation. d, FSC curve between two independently refined half maps. e, Three different views of the final density map. f, Voxel histogram corresponding to local resolution. g, Final 3D reconstruction coloured with local resolution.


Extended Data Figure 6 Refinement of de novo atomic model of TRPA1 determined from cryo-EM density maps.
a, Statistics of atomic model refinement. b, FSC curves between the density map calculated from the refined model and half map 1 (work, green curve), half map 2 (free, red curve) and summed map (blue).


Extended Data Figure 7 Detailed views of unique structural features in TRPA1.
a, Density map showing the location of a poorly resolved Î±-helix within the S1â€“S2 linker that extends into the extracellular space. b, Density map and Î±-carbon trace for an Î±-helix in the inner membrane leaflet located within a flexible loop connecting the third Î²-strand to the C-terminal coiled-coil. c, Cross section of the density map corresponding to Fig. 3d. d, Cross section of the density map corresponding to Fig. 3c. InsP6 density is depicted in orange. e, Size of the density corresponding to InsP6 (yellow) is consistent with an InsP6 molecule. f, g, Cryo-EM densities of Asp 915 (f), and Ile 957 and Val 961 (g) along the pore are superimposed on the atomic model; both panels represent views along the four-fold axis, showing residues from each subunit of the homotetrameric channel. h, i, Density maps and ribbon diagrams of atomic models showing the location of Phe 909 in AITC (h) and double antagonist (i) samples. Density of A-967079 is indicated in the latter. j, Size of the density corresponding to A-967079 (yellow) is consistent with a A-967079 molecule. The resolution of these ligand densities (>6 Ã…) is insufficient to propose a precise model for ligand binding. The positioning of coordinates for ligands represents only the scale-context and does not present any proposed mode of interaction with the channel.


Extended Data Figure 8 Distal N terminus contains an ankyrin-repeat-rich region that forms a crescent-shaped density surrounding the main body of the particle.
a, Sequence alignment indicates that the N terminus of human TRPA1 contains at least 16 ankyrin repeats. The last five can be modelled into all human TRPA1 density maps. b, 2D class averages of negatively stained MBPâ€“TRPA1 in PMAL-C8. c, Three selected 2D class averages indicating dimension of the crescent-shaped density. d, A homology model for the first 11 predicted ankyrin repeats spanning a dimension of âˆ¼100 Ã…, suggesting that the crescent-shaped density can accommodate at least 11 ankyrin repeats. e, f, Two models for the extended ankyrin repeats are superimposed on the human TRPA1 core atomic model determined by single-particle cryo-EM. Resolution of the crescent is insufficient to determine confidently extended ARD orientation, but which could assemble as a propeller (e) or independent wings (f). On the basis of the combined movement of the crescent density in distinct negative-stain particles (b), we favour a propeller orientation.


Extended Data Figure 9 Characterization of human TRPA1 Phe909Thr sensitivity to A-967079.
a, b, Ratiometric calcium imaging of HEK293 cells transiently transfected with wild-type (a) or Phe909Thr mutant (b) human TRPA1. Cells were stimulated with AITC (250 Î¼M) with (right) or without (left) pre-application of A-967079 (10 Î¼M). câ€“h, Representative recordings from oocytes expressing wild-type (câ€“e) or Phe909Thr mutant (fâ€“h) human TRPA1 activated with AITC (200 Î¼M) before co-application of A-967079 (10 Î¼M) (c and f), HC-030031 (100 Î¼M) (d and g), or ruthenium red (10 Î¼M) (e and h). i, Chemical structures and molecular masses of compounds used in this study.


Extended Data Table 1 Summary of human TRA1 structure determinations by single-particle cryo-EMFull size table
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