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            Abstract
Misfolded endoplasmic reticulum proteins are retro-translocated through the membrane into the cytosol, where they are poly-ubiquitinated, extracted from the membrane, and degraded by the proteasome1,2,3,4â€”a pathway termed endoplasmic reticulum-associated protein degradation (ERAD). Proteins with misfolded domains in the endoplasmic reticulum lumen or membrane are discarded through the ERAD-L and ERAD-M pathways, respectively. In Saccharomyces cerevisiae, both pathways require the ubiquitin ligase Hrd1, a multi-spanning membrane protein with a cytosolic RING finger domain5,6. Hrd1 is the crucial membrane component for retro-translocation7,8, but it is unclear whether it forms a protein-conducting channel. Here we present a cryo-electron microscopy structure of S. cerevisiae Hrd1 in complex with its endoplasmic reticulum luminal binding partner, Hrd3. Hrd1 forms a dimer within the membrane with one or two Hrd3 molecules associated at its luminal side. Each Hrd1 molecule has eight transmembrane segments, five of which form an aqueous cavity extending from the cytosol almost to the endoplasmic reticulum lumen, while a segment of the neighbouring Hrd1 molecule forms a lateral seal. The aqueous cavity and lateral gate are reminiscent of features of protein-conducting conduits that facilitate polypeptide movement in the opposite directionâ€”from the cytosol into or across membranes9,10,11. Our results suggest that Hrd1 forms a retro-translocation channel for the movement of misfolded polypeptides through the endoplasmic reticulum membrane.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Buy this article
Purchase on Springer Link
Instant access to full article PDF
Buy now


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Architecture of the Hrd1â€“Hrd3 complex.[image: ]


Figure 2: Structure of Hrd1.[image: ]


Figure 3: Structure of Hrd3.[image: ]


Figure 4: Hydrophilic funnels in protein-conducting channels.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Purification and cryo-EM of the Hrd1â€“Hrd3 complex.
a, In the last purification step, the Hrd1â€“Hrd3 complex was subjected to gel filtration on a Superdex 200 10/300GL Increase column. Shown is the UV elution profile. b, SDSâ€“PAGE gel of the peak fraction, stained with Coomassie blue. For gel source data, see Supplementary Fig. 1. c, Representative cryo-EM image with a few particles marked by circles. A total of 5,361 images were collected. d, 2D class averages of cryo-EM particles.


Extended Data Figure 2 3D classification and refinement procedure for the Hrd1â€“Hrd3 complex.
Views parallel to the membrane of 3D reconstructions are shown, and percentages of the particles in each class indicated. Three different classes selected from the first round of 3D classification are circled with dashed lines in different colours and were used for further analysis, as indicated by correspondingly coloured arrows. The four final maps are labelled Aâ€“D and shown with their resolutions and particle numbers. Maps C and D were used for model building. To obtain the best 3D classification focusing on the Hrd1 dimer, we compared DSS and conventional signal subtraction. Only with DSS was a particle class obtained that resulted in a reconstruction showing clear densities for the TM7â€“TM8 and TM5â€“TM6 loops of Hrd1.


Extended Data Figure 3 Single particle cryo-EM analysis of Hrd1â€“Hrd3 complexes.
a, Density maps were generated for the Hrd1â€“Hrd3 dimer, the Hrd1 dimer with one associated Hrd3 molecule, the Hrd1 dimer, and Hrd3 (Extended Data Fig. 2). Left, maps in a side view, coloured according to local resolution; middle, gold-standard Fourier shell correlation (FSC) curve (blue) with indicated resolution at FSCâ€‰=â€‰0.143; right, Euler angle distribution in two different views. Dashed grey FCS curves (bottom two rows) were calculated between the atomic model and the corresponding final cryo-EM map. b, The density map for the Hrd1â€“Hrd3 dimer was filtered to a resolution of 6.8â€‰Ã… without amplitude modification and is displayed at two different isosurface levels. At a low level (left), the weak amphipol density is visible and encloses the density of Hrd1 dimer. The amphipathic helix of Hrd3 associates only with the outer surface of the amphipol density. At a high isosurface level (middle and right), the density for the amphipathic helix is clearly connected with that of the preceding Sel1 domains and well separated from that of TM1 and TM2 of the nearby Hrd1 molecule. The region in the dashed black box (middle) is displayed as a sectional view on the right.


Extended Data Figure 4 Examples of the fit of the model and density maps.
a, Amino acids for which side chain density was observed are indicated in side and top views of the Hrd1 model. b, Central interface between the Hrd1 molecules. H79 and F83 from the two Hrd1 molecules (orange and green) probably form cation-pi interactions. c, TM3 and TM8 of Hrd1. d, Densities for the transmembrane segments of Hrd1. Amino acids with clear side chain densities are indicated. e, Selected areas in Hrd3. Blue, N-terminal domain; yellow, central domain; purple, C-terminal domain.


Extended Data Figure 5 Distance constraints between amino acid residues in Hrd1.
a, Evolutionary couplings between amino acids, determined with Gremlin39. Shown is a view from the endoplasmic reticulum lumen with couplings shown as lines between residues. b, Distance constraints calculated with RaptorX-Contact47,48.


Extended Data Figure 6 Sequence similarities between Hrd1 and other multi-spanning ubiquitin ligases.
Multiple sequence alignment showing amino acid conservation in TM3â€“TM8 of Hrd1, TM3â€“TM8 of gp78 (also called AMFR), and TM9â€“TM14 of TRC8 (also called RNF139) and RNF145. Left, Uniprot codes for individual sequences. Numbers after Uniprot codes indicate the depicted amino acid range. Black bars above the sequences indicate the locations of the most C-terminal six transmembrane segments of human gp78 (top) and human TRC8 (bottom) as predicted by TOPCONS. Below bars, amino acid numbering for Hrd1p from S. cerevisiae is given. Colouring was edited in JalView according to conservation of hydrophobicity49. Residues highlighted in green and with green dots are conserved among Hrd1 and gp78 molecules and are involved in the interaction of TM2, TM3 and TM4 on the cytosolic side of the membrane (Extended Data Fig. 7c). Species abbreviations in Uniprot codes: YEAST S. cerevisiae, USTMA Ustilago maydis, CAPO3 Capsaspora owczarzaki, MONBE Monosiga brevicollis, AMPQE Amphimedon queenslandica, SCHMA Schistosoma mansoni, STRPU Strongylocentrotus purpuratus, CAEEL Caenorhabditis elegans, DROME Drosophila melanogaster, DANRE Danio rerio, THETB Thecamonas trahens, PLABS Plasmodiophora brassicae, ECTSI Ectocarpus siliculosus, PLAF7 Plasmodium falciparum, PARTE Paramecium tetraurelia, GUITH Guillardia theta, GALSU Galdieria sulphuraria, OSTLU Ostreococcus lucimarinus, ARATH Arabidopsis thaliana, LEIMA Leishmania major, DICDI Dictyostelium discoideum, DAPPU Daphnia pulex, CIOIN Ciona intestinalis, SELML Selaginella moellendorffii, STRMM Strigamia maritima.


Extended Data Figure 7 Structural homology between the ubiquitin ligases Hrd1 and TRC8.
a, Domain organization of human gp78 and TRC8. Black bars indicate the positions of transmembrane segments as predicted by TOPCONS. The positions of the VIM (VCP-interacting motif), CUE (coupling of ubiquitin to ER degradation) and RING finger domains were taken from Uniprot entries Q9UKV5 and Q8WU17. The sterol-sensing domain (blue line) in TRC8 is positioned according to ref. 50. Regions with homology to Hrd1 are indicated by red lines. b, Structural model of human TRC8 (residues 323â€“516) as generated by RaptorX-Contact44,45. The structure of S. cerevisiae Hrd1 is shown in brown and the model for TRC in dark blue (residues 345â€“516). TM9 of TRC8 does not align well with TM3 of Hrd1 and is therefore shown in light blue (residues 323â€“344). Shown are views from the cytosol (left) and views parallel to the membrane either towards the hydrophilic cavity or from the back (middle and right, respectively). The structure of Hrd1 from S. cerevisiae was aligned with the TRC8 model obtained from RaptorX-Contact44,45 using the command cealign within Pymol51. c, Views of Hrd1 from the cytosol (left) and the side (right), with residues conserved in the ubiquitin ligases Hrd1, gp78, TRC8 and RNF145 shown in orange, and residues conserved in Hrd1 and gp78 in purple.


Extended Data Figure 8 Potential Hrd3-binding surfaces for substrate and partners.
a, Groove at the inner surface of Hrd3 (circled), located at the junction of the N-terminal (residues 187â€“199), middle (residues 507â€“521) and C-terminal (residues 539â€“560, 593â€“595) domains. Left, space-filling model with conserved amino acids shown in orange to red (scores 7â€“9 in Consurf). Hrd1 is shown in ribbon presentation. Right, the same view with Hrd3 in cartoon presentation. Helices containing the conserved residues are shown as ribbons. Some residues are labelled for orientation. b, Left, three conserved surface grooves on the outer surface of Hrd3 (circled), with conserved residues coloured as in a. Right, the same view with helices containing conserved residues in ribbon presentation.


Extended Data Figure 9 Sequence conservation of the amphipathic helix of Hrd3.
Consensus sequence of the amphipathic helix of Hrd3, generated with Weblogo 3.0. The size of the letters correlates with their conservation. Black, blue and green letters indicate hydrophobic, hydrophilic and other residues, respectively. Below, an alignment of the amphipathic helix of S. cerevisiae Hrd3 with the consensus sequence (Cons). The blue area indicates the amphipathic helix, with residues in red forming its hydrophobic face.


Extended Data Table 1 Statistics of the cryo-EM structures presented in this studyFull size table
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