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            Abstract
Among the ten subtypes of mammalian voltage-gated calcium (Cav) channels, Cav3.1â€“Cav3.3 constitute the T-type, or the low-voltage-activated, subfamily, the abnormal activities of which are associated with epilepsy, psychiatric disorders and pain1,2,3,4,5. Here we report the cryo-electron microscopy structures of human Cav3.1 alone and in complex with a highly Cav3-selective blocker, Z9446,7, at resolutions of 3.3Â Ã… and 3.1Â Ã…, respectively. The arch-shaped Z944 molecule reclines in the central cavity of the pore domain, with the wide end inserting into the fenestration on the interface between repeats II and III, and the narrow end hanging above the intracellular gate like a plug. The structures provide the framework for comparative investigation of the distinct channel properties of different Cav subfamilies.
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                    Fig. 1: Structural differences between the L- and T-type VGCCs.[image: ]


Fig. 2: Selectivity filter and intracellular gate.[image: ]


Fig. 3: Specific blockade of T-type Cav channels by Z944.[image: ]


Fig. 4: Local structural shifts upon Z944 binding.[image: ]
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                Data availability

              
              The atomic coordinates and EM maps for Cav3.1 alone and in complex with Z944 have been deposited in the PDB with the accession codes 6KZO and 6KZP, and theÂ EMDB with the codes EMD-0791 and EMD-0792, respectively. Source Data for Fig. 3e andÂ Extended Data Figs. 2a and 6a are available in the online version of the paper. All other data are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Brief introduction to Cav channels.
a, A brief overview of the classification, physiology and pharmacology of mammalian Cav channels. The evolutionary distance is calculated by Clustal W55. The table is summarized from several reviews4,20,56,57. HVA, high-voltage-activated; LVA, low-voltage-activated; E-C coupling, excitationâ€“contraction coupling; E-T coupling, excitationâ€“transcription coupling. b, Pairwise comparison of sequence similarity and identity of full-length human Cav channels. The sequence alignment is provided as Supplementary Fig. 1. c, Topological structure of the Cav channels. The panel is adapted from our previous publication with some modifications23. For Cav3.1-Î”8b, residues 509â€“642, shown as dashed lines on theÂ Iâ€“II linker, were deleted. No human splice variant corresponding to the mouse Cav3.1-Î”8b has been identified. In fact, the exonâ€“intron boundaries do not support existence of such a variant in humans. Nevertheless, we name this construct Cav3.1-Î”8b to acknowledge the source where this construct was generated. Five glycosylation sites are observed on the extracellular loops, including Asn246/322/1428/1425/1675 (Fig. 1a). Glycosylation of the counterparts of Asn246 and Asn1425 has been reported in Cav3.258,59, and the glycosylation might modulate channel expression and activity60,61,62. d, The typical domain-swapped architecture of most voltage-gated ion channels63. Shown here is an extracellular view in which the voltage-sensing domains are shown as round rectangles.


Extended Data Fig. 2 Cryo-EM analysis of the human Cav3.1-Î”8b alone and in complex with Z944.
a, Whole-cell patch clamp measurements of the full-length human Cav3.1 and Cav3.1-Î”8b. nÂ values indicate the number of independent cells; meanÂ Â±Â s.e.m. b, Last-step purification of human Cav3.1-Î”8b. Shown here is a representative size-exclusion chromatogram for proteins obtained from 30Â l of HEK293F cells transfected with plasmids. The indicated peak fractions on the Coomassie-blue-stained SDSâ€“PAGE (Supplementary Fig. 2) were pooled and concentrated for cryo-EM sample preparation. c, Representative electron micrograph and 2D class averages. The green circles indicate representative particles in distinct orientations. The black and white scale bars in the top and bottom panels represent 100Â nm and 10Â nm, respectively. d, Flowchart for EM data processing. Details can be found in Methods. e, The gold-standard Fourier shell correlation (FSC) curves for the 3D reconstructions. The middle and right panels show FSC curves for phase-randomized half maps and unmasked half maps for the apo (middle) and complex (right) datasets. f, FSC curves of the refined model versus the overall map that it was refined against (black); of the model refined in the first of the two independent maps used for the gold-standard FSC versus that same map (red); and of the model refined in the first of the two independent maps versus the second independent map (green). The small difference between the red and green curves indicates that the refinement of the atomic coordinates did not suffer from overfitting. Before calculation of FSC against model-generated map, both half maps and the merged map were multiplied by a solvent mask that only includes the protein region. The merged map was brought to a threshold at which the micelle is invisible and all transmembrane helices are visible. Dust points were manually removed using the hide dust function in Chimera. Caution was taken not to mask out the densities for the bound ligand and lipids. The map was then extended by 2 pixels and supplied with a soft edge width of 12 pixels using relion_mask_create. g, Local-resolution map for the 3D EM reconstruction of Cav3.1-Î”8b in the presence of Z944. The map, calculated in RELION-3.1, was generated in Chimera49.

                          Source data
                        


Extended Data Fig. 3 EM maps for the transmembrane segments and lipids in Cav3.1-Î”8b.
a, EM maps for the S1â€“S6 segments in each repeat, shown as blue mesh, are contoured at 4â€“5Ïƒ. The maps were prepared in PyMol. b, Densities reminiscent of lipids and cholesteryl hemisuccinate (CHS) surrounding the pore domain. The densities are contoured at 7Ïƒ. For visual clarity, the ECLI and ECLIII are omitted in the extracellular view. PE, phosphatidylethanolamine. c, EM densities for the two calcium ions and surrounding residues from two half maps. The densities are contoured at 4.5Ïƒ.


Extended Data Fig. 4 EM maps for the transmembrane segments of the Z complex.
EM maps for the S1â€“S6 segments in each repeat, shown as magenta mesh, are contoured at 4â€“5Ïƒ.


Extended Data Fig. 5 Depolarized (â€˜upâ€™) conformations of the four VSDs.
Structures of the four VSDs are presented in similar views. After purification in the absence of electric field with a lengthy duration, Nav and Cav channels are expected to be trapped in the inactivated states that are featured with depolarized or â€˜upâ€™ VSDs and closed intracellular gate. The S4 segments are in the 310 helix form. The gating charge residues and the conserved charge transfer centre64 are shown as ball and sticks. Other polar residues that form potential hydrogen bondsÂ areÂ represented by red dashed lines, with the gating charge residues shown as sticks. The two conserved polar or acidic residues on S2 that facilitate charge transfer, designated An1 and An2, are also labelled.


Extended Data Fig. 6 Local structural shifts of Cav3.1-Î”8b upon Z944 binding.
a, Lys1462, which is conserved in T-type channels only, is important for Z944 inhibition. State-dependent blockade by Z944 at indicated concentrations in cells expressing Cav3.1-Î”8b (left), Cav3.1-Î”8b (K1462F) (middle) and Cav3.1-Î”8b (K1462G) (right) are tested. n values indicate the number of independent cells; meanÂ Â±Â s.e.m. The sample sizes (n) tested from low to high concentrations are: nÂ =Â 4, 5, 5, 3, 8, 6, 3 for Cav3.1-âˆ†8b; nÂ =Â 3, 4, 8, 8, 8, 8, 3 for Cav3.1-âˆ†8b (K1462F); and nÂ =Â 8, 8, 10, 10, 8, 6, 3 for Cav3.1-âˆ†8b (K1462G). b, Several lipid and CHS molecules are resolved in the structure of Cav3.1-Î”8b. Shown here is an extracellular view. The lipids, the precise identities of which remain unclear, are shown as sticks. Phosphatidylethanolamine (PE) molecules were tentatively modelled into these densities. Three densities are reminiscent of cholesteryl hemisuccinate (CHS1â€“CHS3), although they may also belong to the detergent glyco-diosgenin (GDN). c, Structures of Cav3.1-Î”8b alone and in complex with Z944 can be superimposed, with a r.m.s.d. of 0.45Â Ã… over 851 CÎ± atoms. Two perpendicular views of the superimposed structures are shown. Cav3.1-Î”8b alone is coloured byÂ domain and the complex is coloured light blue. d, Change of lipid distribution in the pore domain in the presence of Z944. Left: an extracellular view of the superimposed pore domain of Cav3.1-Î”8b with or without Z944. The bound lipids, shown as thin sticks, are coloured dark grey for the apo structure and light blue for the complex. Z944 is shown as silver sticks. An extra lipid molecule, highlighted with a red rectangle, was resolved in the pore domain of the complex. Right: the densities for Z944 and the nearby transverse lipid are contoured at 4.5Ïƒ. It is noted that the densities that were tentatively assigned with two Ca2+ ions are contiguous with that for the transverse lipid. Although we cannot entirely exclude the possibility that the densities in the selectivity filter (SF) may belong to a lipid, they are more likely to be bound ions because: (1) If the density belongs to the head group of a lipid, the SF is too narrow to accommodate any known positively charged linear head group with the length corresponding to the density; if the density belongs to a tail, then the hydrophobic property is incompatible with the polar environment within the SF. (2) Lipid-like densities have been observed traversing the pore domain in nearly all structures of Nav and Cav channels with fenestrations. In these channels, a highly conserved inner site constituted by backbone C=O groups has been demonstrated to coordinate Na+ or Ca2+ by X-ray crystallographic and molecular dynamics simulation analyses. Taken together, two Ca2+ ions, instead of a lipid moiety, were tentatively assigned to the density in the SF. e, Half-map densities for the SF from two diagonal repeats, contoured at 4.5Ïƒ.

                          Source data
                        


Extended Data Fig. 7 Structural mapping of disease mutations identified in Cav3.1 and Cav3.2.
Please refer to Extended Data Table 1 for details. Side views of the diagonal repeats are shown. SCA42, spinocerebellar ataxia 42; SCA42ND, spinocerebellar ataxia 42, early-onset, severe, with neurodevelopmental deficits; HALD4, hyperaldosteronism, familial, 4.


Extended Data Table 1 Structural mapping of disease-related mutations identified in human T-type VGCCFull size table


Extended Data Table 2 Activation, steady-state inactivation and conductance parameters of Cav3.1 variants transiently expressed in HEK293T cellsFull size table


Extended Data Table 3 Statistics for data collection and structural refinementFull size table
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