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            Abstract
The endoplasmic reticulum (ER) membrane complex (EMC) cooperates with the Sec61 translocon to co-translationally insert a transmembrane helix (TMH) of many multi-pass integral membrane proteins into the ER membrane, and it is also responsible for inserting the TMH of some tail-anchored proteins1,2,3. How EMC accomplishes this feat has been unclear. Here we report the first, to our knowledge, cryo-electron microscopy structure of the eukaryotic EMC. We found that the Saccharomyces cerevisiae EMC contains eight subunits (Emc1â€“6, Emc7 and Emc10), has a large lumenal region and a smaller cytosolic region, and has a transmembrane region formed by Emc4, Emc5 and Emc6 plus the transmembrane domains of Emc1 and Emc3. We identified a five-TMH fold centred around Emc3 that resembles the prokaryotic YidC insertase and that delineates a largely hydrophilic client protein pocket. The transmembrane domain of Emc4 tilts away from the main transmembrane region of EMC and is partially mobile. Mutational studies demonstrated that the flexibility of Emc4 and the hydrophilicity of the client pocket are required for EMC function. The EMC structure reveals notable evolutionary conservation with the prokaryotic insertases4,5, suggests that eukaryotic TMH insertion involves a similar mechanism, and provides a framework for detailed understanding of membrane insertion for numerous eukaryotic integral membrane proteins and tail-anchored proteins.
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                    Fig. 1: Purification of the yeast EMC and identification of EMC client proteins.[image: ]


Fig. 2: Structure of the yeast EMC.[image: ]


Fig. 3: The transmembrane region of the yeast EMC contains a client-binding pocket.[image: ]


Fig. 4: A model for client TMH insertion by the eukaryotic EMC.[image: ]
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                Data availability

              
              The cryo-EM 3D map of the S. cerevisiae EMC complex has been deposited at the Electron Microscopy Data Bank (EMDB) database with accession code EMD-21587. The corresponding atomic model was deposited at the RCSB Protein Data Bank (PDB) with accession code 6WB9. The TMT mass spectrometry data and the real-space correlation coefficients of all residues with experimental densities data are provided in Supplementary Tables 1â€“3. The uncropped SDSâ€“PAGE gels used in Figs. 1a, 3g and Extended Data Fig. 6b can be found in Supplementary Fig. 1.
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Extended data figures and tables

Extended Data Fig. 1 Data processing and validation of cryo-EM micrographs and 3D reconstruction.
a, Gel filtration profile of the EMC complex. This experiment was repeated more than five times with similar results. b, c, Representative electron micrograph and selected reference-free 2D class averages of the EMC. A total of 4,260 micrographs were recorded with similar quality. d, Cryo-EM data-processing procedure. e, Gold-standard Fourier shell correlations of two independent half maps with or without mask, and with randomized phases, and the validation correlation curves of the atomic model by comparing the model with the final map or with the two half maps. f, Local-resolution map of the 3D map. g, Angular distribution of particles used in theÂ final reconstruction of the 3D map.


Extended Data Fig. 2 Protein abundance and localization of nine putative EMC clients in wild-type and Emc3-knockout yeast strains.
The eGFP is appended to the C termini of the genes. Scale bar, 10Â Î¼m. This experiment was repeated three times with similar results.


Extended Data Fig. 3 Cryo-EM 3D density map of the EMC.
aâ€“d, The surface-rendered map is shown in front view (a), left side view (b), right side view (c), back view (d), bottom (lumenal) view (e), and top (cytosolic) view (f). Maps are coloured by individual subunits.


Extended Data Fig. 4 The fitting of the atomic model and the 3D map in selected regions.
3D density map and atomic model of selected regions in each of the eight EMC subunits, as well as the densities of atomic models of the two phospholipid molecules. C-ter, C-terminal domain; HH, horizontal helix; N-ter, N-terminal domain.


Extended Data Fig. 5 Structure of the lumenal and cytosolic regions of the yeast EMC.
a, Structure of the EMC lumenal region shown in front side and bottom (lumenal) views. The interface area betweenÂ the C-terminal loop of Emc4 and the NTD2 of Emc1 is outlined by a red rectangle. The dotted black area marks the NTD2 of Emc1, which is an eight-bladed Î²-propeller. b, Superposition of the NTD2 Î²-propeller of Emc1 with the structure of a fungus chaperone protein Sqt1 (PDB code 4ZN4). c, Enlarged view of the red-outlined region in a. d, Structure of the EMC cytosolic region in top (cytosolic) and front side views. Emc2 as the organizing centre is shown in cartoon, and the cytosolic domains of Emc3, Emc4 and Emc5 are shown as cylinders.


Extended Data Fig. 6 In vitro binding assays between the purified EMC and the TOM complex.
a, Gel filtration profiles of the EMC alone, the TOM complex alone, and the mixture of the EMCâ€“TOM complexes. No peak corresponding to the assembly of the EMCâ€“TOM complex was observed. The experiment was repeated three times yielding similar results. b, Peak fractions of the EMCâ€“TOM mixture in a were checked by the Coomassie blue-stained SDSâ€“PAGE gel. The band densities suggest that the peak is simply an overlap of the unbound and separate EMC and TOM. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 7 The 3D EM map of the EMC surface rendered at a low display threshold.
The bound lipids/detergents surrounding the transmembrane region of the EMC complex are visible in this low-threshold display. The atomic model in cartoon is superimposed on the 3D map. Note that the horizontal helix of Emc1 is at the ER lumenâ€“membrane boundary.


Extended Data Fig. 8 Structural comparison between yeast EMC and E. coliâ€…YidC.
a, Structure of EMC in cartoon. b, Structure of E. coli YidC in cartoon (PDB code 3WVF). c, Superposed structures of EMC (colour) and YidC (dark grey).


Extended Data Fig. 9 Comparisons of protein abundance, localization, and growth of the mutant yeast strains with the wild-type cells.
a, Protein abundance and localization of two putative EMC clients (Mrh1 and Fet3) in wild-type and EMC3(K26L) mutant yeast strains. The eGFP is appended to the C termini of the genes. b, Growth experiments of yeast strains containing Emc4 linker loop truncations. The three truncations were Emc4(âˆ†56â€“60), Emc4(âˆ†51â€“60), and Emc4(âˆ†46â€“60). Experiments in a and b were repeated three times with similar results.


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





Supplementary information
Supplementary Figure 1
Uncropped SDS-PAGE gels used for preparing Fig. 1a, Fig. 3g, and Extended Data Fig. 6b.


Reporting Summary

Supplementary Table 1 | EMC dependent proteins identified by TMT mass spectrometry
The N positions were either from literature as cited or as predicted by TMHMM Server V. 2.0.


Supplementary Table 2 | TMT mass spectrometry results of WT and EMC knockout cells

Supplementary Table 3 | The list of real-space correlation coefficients of all residues with experimental densities
The correlations were calculated for each amino acid between the atomic model and the 3D density map by PHENIX-MolProbity.


Supplementary Video 1 | Cryo-EM structure of the EMC complex
A surface rendering of the 3D map, superimposed with the atomic model, is shown rotating around a vertical axis by 360Â°, followed by another 360Â° rotation around a horizontal axis. The eight subunits are individually colored. The red densities are from the five resolved N-glycans.
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