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            Abstract
The mitochondrial calcium uniporter (MCU) is a highly selective calcium channel and a major route of calcium entry into mitochondria. How the channel catalyses ion permeation and achieves ion selectivity are not well understood, partly because MCU is thought to have a distinct architecture in comparison to other cellular channels. Here we report cryo-electron microscopy reconstructions of MCU channels from zebrafish and Cyphellophora europaea at 8.5 Å and 3.2 Å resolutions, respectively. In contrast to a previous report of pentameric stoichiometry for MCU, both channels are tetramers. The atomic model of C. europaea MCU shows that a conserved WDXXEP signature sequence forms the selectivity filter, in which calcium ions are arranged in single file. Coiled-coil legs connect the pore to N-terminal domains in the mitochondrial matrix. In C. europaea MCU, the N-terminal domains assemble as a dimer of dimers; in zebrafish MCU, they form an asymmetric crescent. The structures define principles that underlie ion permeation and calcium selectivity in this unusual channel.
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                    Fig. 1: Cryo-EM map and overall structure of CeMCU.[image: ]


Fig. 2: Cryo-EM reconstruction of zebrafish MCU.[image: ]


Fig. 3: Ion pore.[image: ]


Fig. 4: Selectivity filter.[image: ]


Fig. 5: Membrane interactions.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Structure-based sequence alignment.
The amino acid sequences of C. europaea, Pyronema omphalodes, D. discoideum, C. elegans, zebrafish (D. rerio) and human MCUs are aligned and coloured according to the ClustalW convention (UniProt accession numbers: W2SDE2, U4LFM6, Q54LT0, Q21121, Q08BI9 and Q8NE86, respectively). The secondary structure is indicated with ribbons representing α-helices, solid lines representing structured loop regions, and dashed lines representing disordered regions. The WDXXEP signature sequence is highlighted with a red line.


Extended Data Fig. 2 Functional analysis of MCU.
a, b, Representative Ca2+ uptake experiments using digitonin-permeabilized MCU/EMRE knockout cells without transfection (red line), or expressing zebrafish MCU and EMRE (black line), or expressing zebrafish MCUΔNTD and EMRE (grey line). Blue arrows indicate additions of 5 μM CaCl2. A decrease in fluorescence following addition of Ca2+ is indicative of Ca2+ uptake (for example, black and grey traces). Ruthenium red (RuRed), a proton ionophore (CCCP), or a Ca2+ ionophore (ETH129) were added as controls towards the end of each experiment as indicated. RuRed prevents Ca2+ uptake, ETH129 demonstrates that the mitochondria are intact, and CCCP demonstrates that Ca2+ uptake is dependent upon the proton gradient. Analogous distinct experiments were repeated a total of six times and yielded similar results. c, Rho-1D4 western blot analysis of the cell lysates from a, demonstrating expression of MCU and EMRE, which were C-terminally tagged with a 1D4 peptide (see Methods). Repeated twice with similar results. d, f, Representative mitochondrial Ca2+ uptake experiments using MCU/EMRE knockout cells for the indicated mutations of human MCU when co-transfected with EMRE (from which the data shown in Fig. 4d are derived, see Methods). Independent experiments were repeated with similar results: n = 8 for wild type, n = 9 for M263A, and n = 3 for the remainder of the mutants. e, g, Full-size western blots of the cell lysates from d and f showing protein expression levels (corresponding to Fig. 4d; detected using a Rho-1D4 antibody). Repeated twice with similar results. h–j, Subunit stoichiometry analysis of MCU proteins using crosslinking. h, Crosslinking of purified CeMCU in the detergent n-dodecyl-β-d-maltoside (DDM). Indicated concentrations of the crosslinker bis(sulfosuccinimidyl) suberate (BS-3) were incubated with purified CeMCU. Analysis is by SDS–PAGE and coomassie stain. Molecular weight standards are located in the first lane and their positions indicated. The calculated molecular weight of CeMCU is 39.6 kDa based upon its amino acid sequence. Repeated three times with similar results. i, Crosslinking of human MCU expressed in HEK293 membranes. Indicated concentrations of the membrane-permeable crosslinker disuccinimidyl glutarate (DSG) were used and human MCU was detected by western blot using a C-terminal Rho-1D4 antibody tag (Methods). Molecular weight standards are located in the first lane and their positions indicated. We note that some oligomerization of human MCU was observed without crosslinker; this phenomenon has been observed previously for human MCU32. Repeated four times with similar results. j, Crosslinking of purified zebrafish MCU in the detergent digitonin. Indicated concentrations of BS-3 crosslinker were used. Samples were analysed by SDS–PAGE using coomassie stain. Molecular weight standards are located in the last lane and their positions are indicated. Asterisks indicate protein impurities. Repeated twice with similar results.


Extended Data Fig. 3 Flowchart for cryo-EM data processing of CeMCU.
Details can be found in the Methods.


Extended Data Fig. 4 Flowchart for cryo-EM data processing of zebrafish MCU.
a, Initial model generation and improvement. b, 3D refinement using the improved initial model from a. Details can be found in the Methods.


Extended Data Fig. 5 Cryo-EM reconstruction of zebrafish MCU.
a, Orthogonal slices (top) and orthogonal 2D projections (bottom) of the final 3D reconstruction (from cisTEM). b, Angular orientation distribution of the particles used in the final reconstruction. The particle distribution is indicated by different colour shades. c, Gold-standard FSC curve of the final 3D reconstruction. The resolution is ~8.5 Å at the FSC cutoff of 0.143. A thin vertical line indicates that only spatial frequencies to 1/(15 Å) were used to determine particle alignment parameters during refinement in cisTEM.


Extended Data Fig. 6 Cryo-EM structure determination and density of CeMCU.
a, Orthogonal slices (top) and orthogonal 2D projections (bottom) of the final 3D reconstruction (from cisTEM). b, Angular orientation distribution of the particles used in final reconstruction. The particle distribution is indicated by different colour shades. c, Gold-standard FSC curve of the final 3D reconstruction. The resolution is 3.2 Å at the FSC cutoff of 0.143. A thin vertical line indicates that only spatial frequencies to 1/(7 Å) were used to determine particle alignment parameters during refinement. d, Local resolution of the map estimated using the blocres program and coloured as indicated. e, Model validation. Comparison of the FSC curves between model and half map 1 (work), model and half map 2 (free), and model and full map are plotted in green, red and blue, respectively. f–i, Densities (8σ contours) of α-helical regions of CeMCU are shown in the context of the atomic model with side chains shown as sticks and the backbone as ribbons. j, Stereo representation of the density (8σ contour) of the NTDs, with the interface between chains A and B in the foreground.


Extended Data Fig. 7 Structure of CeMCU.
a, Ribbon representation of an isolated subunit from Fig. 1c, viewed parallel to the membrane, with the structural features labelled. Disordered regions connecting TM2 and α6 are indicated as dashed lines. b, c, IMS and matrix views of Fig. 1c. d, e, Molecular surface coloured according to electrostatic potential (red, −8 kT e−1; white, neutral; blue, +8 kT e−1). d, Shown in the same orientation as Fig. 1c with approximate membrane boundaries as grey bars. e, IMS view. A green sphere indicates the position of Ca2+ in site 1. f, Overall structure of CeMCU, depicted similarly to Fig. 1. g, Subunit interactions within the TMD. Ribbon representations of TM1 and TM2 from one subunit (green) and TM2 of the neighbouring subunit (red) are shown. Residues participating in van der Waals or hydrogen bonding interactions are shown as sticks; dashed lines indicate hydrogen bonds. Atom colouring: nitrogen, blue; oxygen, red; and sulfur, green. h, Interfaces within the NTDs. The NTDs of subunit A, B and C (green, red and yellow, respectively) are shown in ribbon and surface representations. Each NTD contains six β-strands (β1 through β6) and two α-helices (α1 and α2). There are four interfaces between the NTDs, and these are of two types. Interface 1 (for example, between protomers A and B or C and D in the atomic model) consists of an interaction between β3 of one NTD and the β1–β2 loop of another; this interface buries 2,188 Å2 of molecular surface in the assembled channel. Interface 2 (for example, between protomers A and D or B and C) is less extensive, burying 1,440 Å2 total surface area, and involves contacts located near the N-terminal ends of the α1 helices from two NTDs. i, j, Details of interfaces 1 and 2 between NTDs, respectively.


Extended Data Fig. 8 Comparison with an NMR structure (PDB: 5ID3).
Left, various representations of the cryo-EM structure of CeMCU. The NTD, TM1ext, TM1, TM2 and coiled-coil regions are shown in different colours. Right, structure deduced from NMR studies of C. elegans MCU-ΔNTD (PDB: 5ID3). It is coloured according to the cryo-EM structure using the sequence alignment shown in Extended Data Fig. 1. The boxed regions highlight differences in vicinity of the WDXXEP signature sequence and pore. Pore-lining residues (D225, E228, T231 and Y232; C. europaea numbering) are shown as sticks.


Extended Data Fig. 9 Structural comparison of the NTDs of CeMCU, zebrafish MCU and human MCU.
a, An NTD from the cryo-EM structure of CeMCU (magenta) is superimposed with the crystal structure of an isolated NTD from human MCU (grey, PDB: 5KUG, r.m.s.d. = 2.0 Å). The secondary structure features are indicated; two views are shown. b, Crystal lattice from an X-ray structure of an isolated NTD of human MCU (PDB: 4XTB). Four neighbouring NTDs are coloured and other NTDs are grey. A similar arrangement is present in PDB 5KUG. c, Matrix view of the cryo-EM reconstruction of zebrafish MCU (from Fig. 2d).


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