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            Abstract
Voltage-gated potassium (Kv) channels coordinate electrical signalling and control cell volume by gating in response to membrane depolarization or hyperpolarization. However, although voltage-sensing domains transduce transmembrane electric field changes by a common mechanism involving the outward or inward translocation of gating charges1,2,3, the general determinants of channel gating polarity remain poorly understood4. Here we suggest a molecular mechanism for electromechanical coupling and gating polarity in non-domain-swapped Kv channels on the basis of the cryo-electron microscopy structure of KAT1, the hyperpolarization-activated Kv channel from Arabidopsis thaliana. KAT1 displays a depolarized voltage sensor, which interacts with a closed pore domain directly via two interfaces and indirectly via an intercalated phospholipid. Functional evaluation of KAT1 structure-guided mutants at the sensorâ€“pore interfaces suggests a mechanism in which direct interaction between the sensor and the C-linker hairpin in the adjacent pore subunit is the primary determinant of gating polarity. We suggest that an inward motion of the S4 sensor helix of approximately 5â€“7 Ã… can underlie a direct-coupling mechanism, driving a conformational reorientation of the C-linker and ultimately opening the activation gate formed by the S6 intracellular bundle. This direct-coupling mechanism contrasts with allosteric mechanisms proposed for hyperpolarization-activated cyclic nucleotide-gated channels5, and may represent an unexpected link between depolarization- and hyperpolarization-activated channels.
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                    Fig. 1: Function and architecture of A. thaliana KAT1em.[image: ]


Fig. 2: KAT1 pore and voltage-sensing domain structure and alanine scanning of pore inner gate region.[image: ]


Fig. 3: The KAT1 VSDâ€“pore interface and lipid-binding conformation.[image: ]


Fig. 4: Hypothetical modelling of the KAT1 VSD in the down state, and implications for electromechanical coupling and gating polarity.[image: ]
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                Data availability

              
              Cryo-EM density maps of KAT1 have been deposited in the Electron Microscopy Data Bank under accession codes EMD-21019 (full molecule) and EMD-21018 (transmembrane-focused refinement). The atomic models of the KAT1 tetramer and octamer have been deposited in the Protein Data Bank under accession code 6V1X and 6V1Y, respectively. All other data are available upon reasonable request to the corresponding author.
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Extended data figures and tables

Extended Data Fig. 1 Structural and functional diversity of tetrameric ion channels.
a, Two major classes of channels, domain-swapped and non-domain-swapped are distinguished by the relative positions of voltage-sensing and pore domains. b, Solved structures of non-domain-swapped ion channels, two subunits shown for clarity c, G(V)Â relations of each channel subclass d, Gradient depiction of cyclic-nucleotide and voltage sensitivity for subclass members. Figure inspired by ref. 75.


Extended Data Fig. 2 KAT1em biochemistry and cryo-EM workflow.
a, SEC of KAT1em purified in digitonin, run on a Superose 6 column. b, Stain-free SDSâ€“PAGE of purified KAT1em. SEC and SDSâ€“PAGE results correspond to the preparation used for imaging (d) and are representative of three independent purifications. c, SEC of KAT1em in 2N2 nanodiscs (yellow trace), showing putative octamer, tetramer and empty nanodisc. Fluorescence detection SEC of full-length KAT1â€“GFP (blue trace) showing putative octamer and tetramer. These two samples were not subjected to any cryo-EM experiments, and are included only for the purpose of comparison. d, KAT1em cryo-EM workflow. From 1,500 movies, 120,000 particles were picked and subjected to 2D classification, which then yielded 110,000 particles, which were classified in 3D without imposing symmetry (4 coloured classes). Particles from the best two classes (blue and green classes, 91,000 total) were subsequently refined, imposing C4 symmetry, and using successive masks to focus on one of the tetramers and finally on the transmembrane region of one of the tetramers. Additional details are given inÂ Methods.


Extended Data Fig. 3 Cryo-EM map and model validation.
a, ResMap colouring of unfiltered half map of full molecule b, Same ResMap colouring as a on sharpened full molecule map. c, d, Ninety-degrees-rotated angular-distribution plots for refined full molecule. e, FSC plot for map focused on the transmembrane region. FSC 0.143 criterion is used for resolution determination41. f, FSC (map and model) plot from phenix.mtriage76, indicating correspondence of tetramer atomic model to transmembrane domain-focused-refined density map. g, Details of sharpened cryo-EM density map are shown with fitted atomic model.


Extended Data Fig. 4 KAT1em pore domain and pseudo cyclic nucleotide-binding domain.
a, Side view of pore, with only two subunits shown for clarity. Permeation pathway is shown in blue, with inner gate radius calculated by MOLE74 (1.4 Ã…) or HOLE77 (1 Ã…), inner gate-forming I292 side chains shown as sticks. b, G(V)Â relations of pore alanine scan. Shaded error regions represent s.d., surrounding the symbols which represent the mean. Wild type (nÂ =Â 11), L287A (nÂ =Â 19), T288A (nÂ =Â 4), L291A (nÂ =Â 10), I292A (nÂ =Â 10), T296A (nÂ =Â 10), V299A (nÂ =Â 8) and H301A (nÂ =Â 10)Â are shown; n is the number of biologically independent cells. c, Overlay of KAT1em pseudo-CNBD (tan) and holoHCN1 CNBD (green, PDB ID: 5U6P). The ligand, HCN1-cAMP is shown as sticks in the cAMP-binding pocket. d, Overlay of KAT1em (tan) and EAG1 (blue, PDB ID: 5K7L). KAT1 lacks the â€˜intrinsic ligandâ€™ loop of EAG1. e, Top-down view of KAT1em (tan), holo HCN1 (green) and EAG1 (blue)Â overlay. Structures were aligned and superimposed on the basis of the transmembrane helices. Only C-linker hairpins are shown for clarity to compare relative rotation of the C-linker to the transmembrane domain for each structure. The relative rotation of the KAT1 C-linker matches that of EAG1 and not HCN1. f, g, Surface electrostatic potential of HCN1 (f) and KAT1 (g), respectively. Ligand-binding pockets are circled in black. KAT1 lacks a deep electropositive (blue) pocket as seen in HCN1.


Extended Data Fig. 5 The voltage-sensing domain of KAT1em in the up conformation.
a, Diagram of key VSD features, showing hydrophobic gasket (F102 and V70, yellow) as well as all S4 charges (blue) and distributed countercharges (or counter dipoles) (red).Â Dashed lines indicate likelyÂ interactions in the up conformation. b, c, Overlays of KAT1em (tan) with HCN (green, PDB ID: 5U6O) and Kv1.2/2.1 (pink, PDB ID: 2R9R), respectively, highlighting structural differences between S4 helices. CÎ± atoms of the positively charged residues of S4 are shown as spheres.


Extended Data Fig. 6 Structural and functional characterization of KAT1 VSDâ€“pore interfaces.
a, G(V)Â relations of S4â€“S5â€“C-linker interfacial mutants. Wild type (nÂ =Â 11) and K187A (nÂ =Â 8), D188A (nÂ =Â 9), R190A (nÂ =Â 6), F191A (nÂ =Â 12), N192A (9), T303A (nÂ =Â 13), R307A (nÂ =Â 14), R314A (nÂ =Â 31) and R314E (nÂ =Â 9) mutantsÂ are shown; n is the number of biologically independent cells. Shaded regions represent s.d. and symbols represent the mean. b, G(V)Â relations of upper-interface mutants. Wild type (nÂ =Â 11) and F81A (nÂ =Â 12), F81L (nÂ =Â 19), I166A (nÂ =Â 18), M169A (nÂ =Â 5), V178A (nÂ =Â 19) and F215A (nÂ =Â 19) mutantsÂ are shown; n is the number of biologically independent cells. Shaded regions represent s.d. and symbols represent the mean. c, Deactivation energies of upper-interface mutants calculated from G(V)Â relations in b (same sample sizes). d, Mapping of upper-interface functional data (shown in c). Displayed as sticks are key residues on S1: F80, F81, F83, key S4 residues: I166, M169, L172, V178, and key S5 residues: Y193, R197, K200, F207, C211, F215. e, f, Comparison of similar lipid-binding conformations observed in the structure (e) and after aboutÂ 3.5Â Î¼s molecular dynamics simulation (f).Â g, Cryo-EM density map, with one bound lipid coloured green, contoured at the same contour level as the full map. h, SDSâ€“PAGE and GFP in-gel imaging of Xenopus oocyte membrane fractions, extracted in gentle detergent (Methods). The experiment was performed once and each lane is derived from ten cells. i, Confocal imaging of Xenopus oocyte animal poles expressing various GFP-tagged constructs. Imaging was performed in a single session with normalized exposure times, and each image is representative of five independent oocytes.


Extended Data Fig. 7 Detailed functional characterization of selected VSDâ€“pore interface mutants.
a, G(V)Â relations for cRNA mixing-coinjection experiments. cRNA encoding loss-of-function mutants (I189A, R197K, K200Q, T306A and R310K), for which no currents were observed were selected. These loss-of-functionÂ mutant cRNAs were each individually mixed with cRNA encoding a gain-of-function double mutant (Q80Aâ€“177K). Data are meanÂ Â±Â s.e.m. Q80Aâ€“R177K (nÂ =Â 12), I189AÂ +Â Q80Aâ€“R177K (nÂ =Â 7), K200QÂ +Â Q80Aâ€“R177K (nÂ =Â 8), R197KÂ +Â Q80Aâ€“R177K (nÂ =Â 9), R310KÂ +Â Q80Aâ€“R177K (nÂ =Â 8) and T306AÂ +Â Q80Aâ€“R177K (nÂ =Â 9)Â are shown. b, Plot of activation midpoints (Vh) of G(V)Â relations shown in a. c, d, Limiting-slope analyses for wild-type KAT1 (c) and D188A (d). Top, raw currents evoked by voltage ramp protocol. Middle, conductanceâ€“voltage relations, with conductance plotted on a log scale. Data points are black, fits are red. Blue vertical lines mark the first and second inflection points of the curve, the region between which was used to calculate limiting-slope (z) values (Methods). Wild type, zÂ =Â 2.83Â Â±Â 0.5; D188A, zÂ =Â 3.28Â Â±Â 0.2. data are meanÂ Â±Â s.d. Bottom, data (black) and fits (red) on a linear scale. n is the number of biologically independent cells.


Extended Data Fig. 8 VSD movement during gating.
a, Schematic of double-mutant cycle analysis. The difference between Î”Î”Gx,y and the quantity (Î”Î”GxÂ +Â Î”Î”Gy) determines the extent of differential interaction between residues x and y in the up and down states. b, G(V)Â relations for single and double mutants, illustrating residueâ€“residue pairs displaying additivity (gray) and non-additivity in different directions (green, up-state interaction; red, down-state interaction). Shaded regions represent s.d. and symbols represent the mean. Wild type (nÂ =Â 11) and M64A (nÂ =Â 11), V67A (nÂ =Â 33), C77A (nÂ =Â 15), Q80A (nÂ =Â 11), D95A (nÂ =Â 12), Q149A (nÂ =Â 21), R165A (nÂ =Â 21), S168A (nÂ =Â 17), V178A (nÂ =Â 19), M64A/V178A (nÂ =Â 15), V67A/Q80A (nÂ =Â 13), V67A/S168A (nÂ =Â 16), V67A/V178A (nÂ =Â 10), C77A/S168A (nÂ =Â 14), Q80A/R165A (nÂ =Â 6), D95A/R165A (nÂ =Â 5) and Q149A/R165A (nÂ =Â 14) mutantsÂ are shown; n is the number of biologically independent cells. c, Displacement of charge for the isolated VSD in the up, one-click down and two-click down conformations at different transmembrane potentials. Data are meanÂ Â±Â s.d. calculated using the last 40-ns snapshots (nÂ =Â 4,000) of 50-ns trajectories. Each system was simulated once at each chosen potential. The gating charge was then calculated as the offset constant between the linear fits, resulting in a gating charge of 1.02Â e and 0.55Â e between the up and one-click down, and one-click down and two-click down states, respectively. d, Mapping of double-mutant cycle constraints onto up VSD structure. Thick red and green lines connect CÎ± carbons of interacting pairs. Thin grey lines connect negative-control pairs. e, Mapping of literature KAT1 down-state interacting pairs21 onto up structure. Thick red lines connect CÎ± carbons of interacting pairs.


Extended Data Fig. 9 A cysteineâ€“Cd2+â€“cysteine bridge in the KAT1 VSD promotes channel opening.
a, Raw current traces for all four combinations of C77(S) and R165(C). On washing with 100Â Î¼M CdCl2, current increases only in the C77/R165C condition (red box, middle), and then decreases again upon EDTA wash. Representative data are shown from the same oocyte, and each experiment was repeated five independent times (five biologically independent oocytes) with similar results. b, Pulse protocol used during experiment. c, Mapping of C77 (on S1) and R165 (on S4) onto the up VSD structure of KAT1. CÎ± atomsÂ are indicated by a red line.


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