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            Abstract
Reversible modification of target proteins by ubiquitin and ubiquitin-like proteins (UBLs) is widely used by eukaryotic cells to control protein fate and cell behaviour1. UFM1 is a UBL that predominantly modifies a single lysine residue on a single ribosomal protein, uL24 (also called RPL26), on ribosomes at the cytoplasmic surface of the endoplasmic reticulum (ER)2,3. UFM1 conjugation (UFMylation) facilitates the rescue of 60S ribosomal subunits (60S) that are released after ribosome-associated quality-control-mediated splitting of ribosomes that stall during co-translational translocation of secretory proteins into the ER3,4. Neither the molecular mechanism by which the UFMylation machinery achieves such precise target selection nor how this ribosomal modification promotes 60S rescue is known. Here we show that ribosome UFMylation in vivo occurs on free 60S and we present sequential cryo-electron microscopy snapshots of the heterotrimeric UFM1 E3 ligase (E3(UFM1)) engaging its substrate uL24. E3(UFM1) binds the L1 stalk, empty transfer RNA-binding sites and the peptidyl transferase centre through carboxy-terminal domains of UFL1, which results in uL24 modification more than 150 Å away. After catalysing UFM1 transfer, E3(UFM1) remains stably bound to its product, UFMylated 60S, forming a C-shaped clamp that extends all the way around the 60S from the transfer RNA-binding sites to the polypeptide tunnel exit. Our structural and biochemical analyses suggest a role for E3(UFM1) in post-termination release and recycling of the large ribosomal subunit from the ER 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 / 30 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



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



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
        



    

                
                    Fig. 1: E3(UFM1) forms a long-lived complex with UFMylated 60S.


Fig. 2: Structural analysis of the 60S–UFM1–E3(UFM1) complex.


Fig. 3: Organization of the E3(UFM1) complex bound to UFMylated 60S.


Fig. 4: Sequential E3(UFM1) binding and UFMylation of 60S promotes SEC61 displacement.


Fig. 5: DeUFMylation promotes the dissociation of 60S and E3(UFM1).
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                Data availability

              
              All relevant data are included in the manuscript and Supplementary Information. MS data files have been uploaded to the MassIVE proteomics database (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) with the identifiers MSV000093510 and MSV000093721 for mt-UFM1 proximity and SBP-UFM1 pulldown experiments, respectively. The cryo-EM structural data generated in this study have been deposited in the Electron Microscopy Data Bank under the following accession codes: EMD-16903 for the 60S–UFM1–E3(UFM1) (obtained from the UFM1 pull-down); EMD-16908 for the 60S–E3(UFM1)–SEC61 complex in state 1 (PDB accession 8OJ8); EMD-16902 for the 60S–UFM1–E3(UFM1)–SEC61 complex in state 2 (PDB accession 8OJ0); EMD-16880 for the 60S–UFM1–E3(UFM1) complex in state 3 (states 1, 2 and 3 obtained from the UFL1 pull-down) (PDB accession 8OHD); and EMD-16905 for the in vitro reconstituted 60S–UFM1–E3(UFM1) complex (state 3 (PDB accession 8OJ5). The structures used for atomic model building of 60S–UFM1–E3(UFM1) and 60S–UFM1–E3(UFM1)–SEC61 complexes are available from Worldwide Protein Data Bank (wwPDB) with accession codes 8GLP, 8G5Y, 6Z6M and 6W6L.
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Extended data figures and tables

Extended Data Fig. 1 E3UFM1 selectively modifies and then binds 60S ribosomes.
a, Workflow for UFM1 miniTurbo proximity profiling. b, Covalent modification of uL24 UFM1 by mT-UFM1 depends on expression of UBA5 and is enhanced by disruption of UFSP2. Immunoblot analysis of mT-UFM1 knock-in cell lines in the indicated genetic backgrounds used in the proximity labeling experiment in (a) and Fig. 1b. Note presence of non-specific band just above uL24-UFM1 band visible in UBA5KO. c, mT-UFM1 is conjugated to uL24 on ribosomes (control for experiment in a and Fig. 1b). Lysates of U2OS mT-UFM1 knock-in cells treated with or without 200 nM anisomycin for 20 min to induce ribosome collisions were analyzed before (input) or after pelleting (ribosome pellet) through a sucrose cushion. d, Proximity labeling with mT-UFM1 shows conjugation-dependent biotinylation of proteins. Time course of UFC1 and DDRGK1 biotinylation in U2OS mT-UFM1 knock-in cells in wildtype or UBA5KO background (as indicated) showing the conjugation-dependent specificity of biotin labeling. Cells were incubated with biotin for the indicated times prior to lysis, followed by streptavidin pulldowns (for biotinylated proteins), and elution from streptavidin beads by boiling in Laemmli buffer for immunoblot analysis. Based on the continued high selectivity for UFC1 biotinylation over the time course, mass spectrometry analysis was performed with a 4 h incubation with biotin (see Methods). e, Representative elutions from pull-downs as in Fig. 1b, c staining nitrocellulose with total protein stain (LI-COR Revert) or immunoblotted for uL24 to show the capture of ribosomes and enrichment of UFMylated uL24 (~80 % UFMylated). Transiently expressed eL36-SBP used to isolate ribosomes results in characteristic ribosome band patterning seen in SBP-UFM1 pulldowns, but lack bands (black arrowheads) discernable in the SBP-UFM1 pulldown that likely correspond to UFL1 and DDRGK1 (by molecular weight). Untagged UFM1 is used as a negative control. f, Sucrose density sedimentation profile for experiment in (g). g, UFM1 modifies exclusively 60S in vivo. Lysates from wildtype K562 cells were fractionated on sucrose density gradients and analyzed by immunoblot with the indicated antibodies. Sedimentation behavior of UFMylated uL24 parallels that of the obligatory 60S markers NEMF and eIF6. h, Quantification of indicated bands for fractions in (g) showing correlations between UFMylated uL24 and NEMF (upper) and eIF6 (lower). i, Validation of cell lines (lanes 7–9) and UFM1 and UFSP2 distribution in fractions (lanes 1–6) used for the sucrose density sedimentation in Fig. 1d. Clonal K562 cell knockouts of UFSP2 and UFM1 show no detectable expression of UFSP2 and UFM1, respectively. Cell lysates were separated via sequential detergent fractionation into, cytosolic (“C”), and membrane (“M”) fractions and analyzed by immunoblot with indicated antibodies. Non-fractionated whole cell lysate, “WC”. This fractionation distinguishes the cytosolic UFC1-UFM1 adduct (an isopeptide linked conjugate) from the co-migrating uL24-UFM1 conjugate as reported previously2,6,12. j, Additional fractionation controls as in (i) for samples used in Fig. 1d showing partitioning of ER membrane and cytosolic markers. Membrane fractions are highly enriched for membrane markers (DDRGK1 and SEC61β) and lack cytosolic contaminants (e.g., GAPDH). k, Ribosome collisions increase E3UFM1–60S association. K562 cells were treated with or without 200 nM anisomycin (ANS) for 1 h to induce ribosome collisions. Lysates were sedimented through 1 M sucrose to isolate ribosomes and analyzed by immunoblotting with the indicated antibodies. l, Quantification of mono-UFMylated uL24, UFL1, DDRGK1, and CDK5RAP3 from biological triplicates in experiment as in (k). Data show mean ± SD for n = 3 biological replicates. m, 60S ribosomes are the preferred target of UFMylation in vitro. Sucrose density sedimentation analysis of in vitro UFMylation reaction containing a 1:2 60S:80S molar ratio showing selectivity for 60S ribosome modification. n, 80S ribosomes are poor substrates of UFMylation in vitro. Sucrose density sedimentation as in (m) with the same concentration of 80S ribosomes as substrate showing strongly reduced UFMylation and E3UFM1 binding. Source data is available in Supplementary Fig. 5 (for b-e and g-n), Supplementary Table 3 (for h), and Supplementary Table 4 (for l). Data in b-e, g, k, m, and n were replicated at least twice with similar results; for detailed descriptions see “Statistics and reproducibility” section of the Methods. The mobility of molecular weight markers (in kDa) is indicated on the left hand side of the blots in panels b-e, g, i-k, m, n.


Extended Data Fig. 2 Coessential relationship between UFMylation and 60S recycling pathway genes.
a, The UFMylation pathway exhibits strong co-essentiality with genes involved in 60S ribosome biogenesis (green circles) and N-glycosylation genes (blue circles). All UFMylation pathway genes (yellow circles) were used as input for the FIREWORKS (https://mendillolab.shinyapps.io/fireworks/)68. b, Table of DEPMAP co-dependencies for UFM1 network showing strong Pearson correlations with UFM1 pathway (yellow) and with 60S biogenesis factors EFL1, SBDS, and DNAJC21 (green). c, The UFL1-CTD binding site is incompatible with EFL1 and SBDS binding. Overlay of 60S-UFM1-E3UFM1 complex in State 3 with 60S-bound SBDS and EFL1 before displacement of eIF6 (PDB 5ANB)35. Note that the CTD of UFL1 (orange) would sterically clash with SBDS and EFL1, suggesting that eIF6 eviction may not occur until E3UFM1 has dissociated.


Extended Data Fig. 3 Cryo-EM data analysis and classification of native and reconstituted 60S-UFM1-E3UFM1 complexes.
a, Data processing scheme for the native 60S-UFM1-E3UFM1 complex derived from a FLAG-UFM1 pulldown. 616,046 particles were picked from 11,658 micrographs using crYOLO. Following 2D classification in cryoSPARC, 83,447 particles corresponding to 60S ribosomal subunits were selected. A consensus refinement was performed followed by CTF refinement in RELION. The 60S particles were then subjected to several rounds of 3D classification using a soft mask focusing on regions where non-ribosomal extra density was observed. This revealed one stable class consisting of 14,144 particles (16,9% of all 60S particles) that was refined to an average resolution of 3.1 Å. b, Data processing scheme for the in vitro reconstituted 60S-UFM1-E3UFM1 complex. 1,136,353 particles were picked from 10,692 micrographs using RELION’s AutoPick LoG algorithm. 2D classification revealed 846,919 ribosomal particles. 3D classification with a focused mask around the 40S revealed a number of classes, a majority of which were 60S particles with and without a bound E-site tRNA. In addition, two classes representing empty 80S ribosomes were found. Using a soft mask focusing on regions where non-ribosomal extra density was observed, one stable class consisting of 35,935 particles (4.6% of all particles) was isolated representing the stable 60S-UFM1-E3UFM1 complex. This class was refined to an average resolution of 2.9 Å.


Extended Data Fig. 4 Overall and local resolution and angular distribution of 60S-UFM1-E3UFM1 complexes.
(Local) resolution and angular distribution was assessed in RELION for the FLAG-UFM1 pulldown and the in vitro reconstituted sample (both resulting in State 3; see Extended Data Fig. 3) and the FLAG-UFL1 pulldown sample (yielding states 1, 2 and 3; see Extended Data Fig. 7). a, Gold-standard Fourier Shell Correlation (FSC) curves (obtained from RELION) for the reconstructions of the three states obtained from the UFL1 pulldown sample (states 1–3), the in vitro reconstituted sample (state 3) and the UFM1-pulldown sample (also state 3). CC = correlation corrected; UM = unmasked maps; MM = masked maps; PRMM = phase randomized masked maps. b, Cryo-EM maps, displayed after Gaussian low-pass filtering at a standard deviation of 2 in ChimeraX and colored according to local resolution. Shown are the entire 60S-UFM1-E3UFM1 reconstructions (60S) as well as isolated densities for the E3UFM1 (E3) and the SEC61 complex (SEC61; visualized in states 1 and 2 as obtained from the FLAG-UFL1 pulldown sample). c, Original (unfiltered) cryo-EM maps and angular distribution plots for final 60S-UFM1-E3UFM1 complex reconstructions obtained from RELION. The height and color (from blue to red) of the cylinder bars is proportional to the number of particles in those views.


Extended Data Fig. 5 Models and mutational analyses of the 60S-UFM1-E3UFM1 complex.
a, Final model of the UFM1-E3UFM1 complex derived from fitting the AlphaFold model (shown in (b) into the cryo-EM map of the reconstituted 60S-UFM1-E3UFM1 complex. This conformation represents State 3. b, AlphaFold model of the UFM1-E3UFM1 complex. In this model, the C-terminal region (480–794) of UFL1 was derived from AlphaFold 2 prediction18 and an N-terminal fragment (1–389) was used for AlphaFold-Multimer modeling19. The models are colored according to a per-model confidence score (pLDDT; from 0 to 100). Blue regions display a very high confidence (pLDDT > 90), red region low confidence (pLDDT <50). c, Overlay of the initial AlphaFold model (green) with the final cryo-EM model (grey). d, Multiple sequence alignment of the DDRGK1 UFIM and flanking regions. Intensity of color (blue/violet) represents the % sequence identity. Mutated residues in UFIMmt are indicated by asterisks. Conserved residues that contact UFM1 at the C-terminal end of the DDRGK1 exit-binding helix (EBH; shown in (e) and (f) are highlighted in red. e, Close-up of the DDRGK1 UFIM and EBH interactions with UFM1 derived from AlphaFold-Multimer prediction and consistent with cryo-EM density map. Side chain interactions predicted by AlphaFold-Multimer at this interface are noted. f, Same as (e), but with the amino acids that were mutated in Figs. 4d, h and i within the UFIM highlighted in purple. g, Crystal structure of the UFIM of UBA5 in complex with UFM1 (PDB 5IA8)23. Like the DDRGK1 UFIM, the UBA5 UFIM also establishes a β-augmentation with β2 of UFM1, however, neither the sequence nor the overall conformation of these UFIMs are conserved. h, Molecular model and schematic representation of the DDRGK1 ΔEBM mutant used in Figs. 4d, h and i. The truncated regions are depicted in gray. i, Molecular model and schematic representation of UFL1 C-terminal deletion mutants used in Fig. 4c. Truncated regions are depicted in gray. UFL1(1–532) = ΔCTD.


Extended Data Fig. 6 Map quality, model fitting and molecular interactions of 60S-UFM1-E3UFM1 complexes.
Shown are fits of the E3UFM1 complex model (in ribbons) into cryo-EM maps (transparent surface) of the FLAG-UFL1 native pulldown sample (States 1–3; native) and the in vitro reconstituted sample (state 3; in vitro). a, Views highlighting the interactions of the UFL1 C-terminal regions (UFL1-C) with the 60S. The maps are shown unmodified after refinement (upper row) or low-pass filtered at 5 Å (center and bottom rows) to visualize more flexible parts. Bottom row, close-up of the UFL1-C in center row; alternate angle. UFL1, yellow; 60S, grey. b, Views highlighting the interaction network of CDK5RAP3 and DDRGK1 with the UFL1 scaffold. Upper row; central region of the E3 complex (E3) with multiple interactions between UFL1 (yellow) and CDK3RAP5 (blue) near uL13. Lower row; UFL1/DDRGK1(magenta) interface (pHW complementation). In state 1, these parts of the complex are not resolved. c, Views focusing on the DDRGK1 EBH (upper row) and close-up view on the DDRGK1 region near uL24-conjugated UFM1 (lower row; uL24, light pink; UFM1, green). Here, β-augmentation is predicted by AlphaFold formed by UFM1 and the UFIM-containing linker region between the DDRGK1 EBH and the DDRGK1 WH. The cryo-EM maps were low-pass filtered at 5 Å and show experimental evidence for predicted β-augmentation. Note that in state 1, these parts of the complex are not visualized and in states 1 and 2, the DDRGK1 EBH is not positioned. d, Views focusing on the structured PTC loop region (D416-V448) of the UFL1 disordered domain (N391-F479) identified near the peptidyl transferase center (PTC) of the 60S. In the best resolved density map for this region (State 3 from FLAG-UFL1 pulldown), a clear helical density is present that fits the α-helical part of the N-terminus of this region (State 3, upper right). We clearly observe densities for three basic residues (K417, R422 and R423); UFL1 Y443 engages in stacking interactions with 25S rRNA base A4548 (lower right; see also Fig. 3f).


Extended Data Fig. 7 Cryo-EM data analysis and classification of native 60S-E3UFM1 complexes derived from the FLAG-UFL1 pulldown.
From 50,993 micrographs, 3,017,721 particles were picked using RELION AutoPick and used for 2D classification, which yielded a total of 1,247,589 ribosomal particles. 3D classification with a mask focusing around the 40S revealed 132,004 inactive 80S ribosomes harboring eEF2 and EBP1 (ref. 55), with the remainder of particles being 60S subunits. The 60S particles were further classified with a mask focusing around the A- and P- sites of the 60S, revealing 37,714 particles corresponding to a biogenesis intermediate featuring LSG1, NMD3, and ZNF622 (PDB 6LSR58). No density corresponding to the UFMylation machinery was found in this class. The remaining particles were sorted with a mask focusing around the tunnel exit of the 60S, revealing three major subsets. One subset featured the DDRGK1 EBH and was further classified, revealing the entire E3 complex at a final resolution of 3 Å. This state was dubbed state 3. The second subset featured SEC61 bound to the 60S, and downstream classification revealed two distinct classes, one with the entire E3 bound, but with a delocalized DDRGK1 helix, and a second featuring only the C-terminal region. These states were refined to final resolutions of 3.33 and 3.27 Å, respectively, and were dubbed States 2 and 1. The last subset featured either EBP1 or no density around the tunnel exit, and further classification showed that these were empty 60S subunits.


Extended Data Fig. 8 SEC61 model fitting in States 1 and 2.
a, Three views of the SEC61 complex density from State1, low-pass filtered at 5 Å (transparent grey) with fitted model of SEC61 in closed state (PDB 6W6L)26. Left and center views at the C-terminal half of SEC61α including the ribosome anchor (loops 6-7 and 8-9) and the amphipathic helix of SEC61γ. This region is usually well-resolved in ribosome-SEC61 cryo-EM reconstructions and we observe helical density for transmembrane helices 5–9 of SEC61α and the N-terminal amphipathic helix of SEC61γ. Right; View at the N-terminal half of SEC61α and SEC61β. Here, the density is expectedly rather weak and only visible at very low contour levels. The N-terminal half is more flexible, especially in case the complex is not engaged with a nascent peptide substrate. b, c, Close-up views at the ribosome binding site of SEC61α, consisting of loops L6-7 and L8-9 (unfiltered density map). Here, density for these loops could be unambiguously fitted. d-f, same as (a-c), but for state 2.


Extended Data Fig. 9 UFMylation of 60S promotes SEC61 displacement.
a, b, Two views showing steric clashes between the N-terminal tip of the DDRGK1 EBH with SEC61 at the 60S tunnel exit site. Shown is an overlay of the DDRGK1 helix from State 3 (pink) with SEC61 from State 2 (model shown as transparent surface; SEC61α, light green; SEC61γ light blue). c, Mutation of the DDRGK1 UFIM reduces ribosome E3UFM1-60S association. Representative immunoblot analysis of ribosome pellets or inputs from DDRGK1KO HEK293 cells transiently replaced with indicated DDRGK1 variants. UFMylation was stimulated with anisomycin to enhance the detection of the low abundance E3-ribosome association. d, Quantification of UFL1 and CDK5RAP3 band intensities of ribosome pellets as in (c) from biological triplicates. Data show mean ± SD relative to DDRGK1KO HEK293 rescued with WT DDRGK1. P values in plots for the indicated comparisons were derived from one-way ANOVA and Dunnett’s multiple comparison tests for n = 3 biological replicates. e, f, 60S-UFM1-E3UFM1 complexes sterically clash with the outer leaflet of the ER membrane. Cryo-EM maps for State 2 (e) and State 3 (f) 60S-UFM1-E3UFM1 complexes were fitted into cryo-ET maps of mammalian ER-membrane-bound 80S ribosomes (EMD-0084)24 to obtain an outline of the lipid bilayer (gray dashed lines). The observed position of UFM1 and the bound E3UFM1 would partially clash with the ER membrane in State 2 requiring a slight tilt of the ribosome at the SEC61-ribosome junction to accommodate stable E3 association. In State 3, the DDRGK1 EBH would reach deep into the lipid bilayer and could only be accommodated with a substantial tilt or full dissociation of the ribosome from the SEC61 complex. g, Quantification of SEC61α band intensities in ribosome pellets, as in Fig. 4e. Data show mean ± SD relative to untreated and p values from indicated comparisons derived from a two-way ANOVA followed by uncorrected Fisher’s LSD for n = 2 biological replicates. h, Quantification of SEC61α band intensities in ribosome pellets, as in 4f. Data show mean ± SD relative to untreated and p values from indicated comparisons derived from a two-way ANOVA followed by uncorrected Fisher’s LSD for n = 3 biological replicates. i, UFMylation is required for timely dissociation of 60S from translocon following translation termination. Immunoblot analysis of ribosome pellets or inputs from WT or UFM1KO HEK293 cells treated with 3.75 µM harringtonine for the indicated times. Quantification of SEC61α or SEC61β band intensities in ribosome pellets, as in 4e,f. Data show mean ± SD relative to untreated and p values from indicated comparisons derived from a two-way ANOVA followed by uncorrected Fisher’s LSD for n = 3 biological replicates. Source data is available in Supplementary Fig. 6 (for c-d and g-i) and Supplementary Tables 5, 6, 7 and 8 (for d, g, h and i, respectively). All experiments were replicated at least twice; for p values and detailed descriptions of data replications see “Statistics and reproducibility” section of the Methods. The mobility of molecular weight markers (in kDa) is indicated on the left hand side of the blots in panels c and i.


Extended Data Table 1 Cryo-EM data collection, refinement and model validationFull size table
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