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            Abstract
Eukaryotic ribosomes consist of a small 40S and a large 60S subunit that are assembled in a highly coordinated manner. More than 200 factors ensure correct modification, processing and folding of ribosomal RNA and the timely incorporation of ribosomal proteins1,2. Small subunit maturation ends in the cytosol, when the final rRNA precursor, 18S-E, is cleaved at site 3 by the endonuclease NOB13. Previous structures of human 40S precursors have shown that NOB1 is kept in an inactive state by its partner PNO14. The final maturation events, including the activation of NOB1 for the decisive rRNA-cleavage step and the mechanisms driving the dissociation of theÂ last biogenesis factors have, however, remained unresolved. Here we report five cryo-electron microscopy structures of human 40S subunit precursors, which describe the compositional and conformational progression during the final steps of 40S assembly. Our structures explain the central role of RIOK1 in the displacement and dissociation of PNO1, which in turn allows conformational changes and activation of the endonuclease NOB1. In addition, we observe two factors, eukaryotic translation initiation factor 1A domain-containing protein (EIF1AD) and leucine-rich repeat-containing protein 47 (LRRC47), which bind to late pre-40S particles near RIOK1 and the central rRNA helix 44. Finally, functional data shows that EIF1AD is required for efficient assembly factor recycling and 18S-E processing. Our results thus enable a detailed understanding of the last steps in 40S formation in human cells and, in addition, provide evidence for principal differences in small ribosomal subunit formation between humans and the model organism Saccharomyces cerevisiae.
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                    Fig. 1: Structures of human pre-40S ribosomal intermediates during final processing steps.[image: ]


Fig. 2: Conformational rearrangements of RIOK1 coordinate late steps in 40S maturation.[image: ]


Fig. 3: Association of LRRC47 and EIF1AD with 40S subunit precursors.[image: ]


Fig. 4: EIF1AD depletion leads to late cytoplasmic 40S maturation defects.[image: ]


Fig. 5: Active conformation of NOB1 for site 3 cleavage.[image: ]



                


                
                    
                
            

            
                Data availability

              
              Cryo-EM density maps have been deposited in the Electron Microscopy Data Bank under the accession codes EMD-11517, EMD-11518, EMD-11519, EMD-11520 and EMD-11521. The atomic models have been deposited in the Protein Data Bank under accession codes 6ZXD, 6ZXE, 6ZXF, 6ZXG and 6ZXH.
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Extended data figures and tables

Extended Data Fig. 1 Sample preparation and cryo-EM data analysis.
a, SDSâ€“PAGE analysis of native pre-40S complexes purified with RIOK1(D324) and NOB1(D10N). Identified protein bands are labelled. For gel source data, see Supplementary Fig. 1. b, Representative micrographs from the three data sets. Scale bar 50 nm c, Subset of 2D averages of extracted particles after initial 2D classification. d, e, Summarized classification scheme of RIOK1(D324A) (d) and NOB1(D10N) (e). Particles of final states, marked in orange, were subjected to CTF parameter refinement and Bayesian polishing before the last 3D refinement. f, Particles of state G from both NOB1(D10N) data sets were combined and classified. Final volume is marked in orange. g, Summarized classification scheme of LRRC47.


Extended Data Fig. 2 Local resolution, refinement and model statistics.
a, Local resolution distribution of states F1 â€“ H2 with their respective colour grading scheme as estimated by Relion. b, Fourier shell correlation (FSC) curve for all states. Average resolution values as stated in Fig. 1 are calculated according to the â€˜gold standardâ€™ at FSCÂ =Â 0.143. c, FSC plot of the models against their volume as provided by Phenix. d, Local resolution estimation of the â€˜headâ€™ region of state F2 after focused refinement. e, f, Model and cryo-EM density of state H1 around the post-transcriptionally modified rRNA residues C1337, G1490 (e), and A1832 (see ref. 43.) (f).


Extended Data Fig. 3 Details on RIOK1 binding to the pre-40S particle.
a, Superposition of models of RIOK1 and RIOK2 after alignment of state D (PDB-6G51) and H1 highlight the overlapping binding site at the decoding centre and the rotation of their central RIO domain by approximately 15Â°. b, Cartoon representation of eL41 (PDB-6G5H), as well as the C terminus of LTV1 (PDB-6G51) and RIOK1 relative to the top of the matured h44 in state H1. Overlaps in binding sites highlight mutually exclusive binding. c, Models of state F1, F2 and H1 with focus on RIOK1 position. Unaccounted density within the mRNA entry tunnel in states F1 and F2 (yellow) is likely the flexible N terminus of RIOK1, which overlaps with the two helices of factor X present in state E (marked with a red cross, see ref. 4.). d, Surface representation of state D (PDB-6G51) with RBF TSR1 in cartoon representation. Models of RIOK1 (left) and LRRC47 (right) of state F1 after alignment of the particles emphasize the overlaps in binding sites around h44. e, Post-transcriptional modification of U1248 leads to formation of 1-methyl-3-Î±-amino-Î±-carboxypropyl pseudouridine (m1acp3Î¨). Modifying enzymes and their contribution to the structure are indicated by colours. f, Cartoon representation showing the coordination of m1acp3Î¨1248 by RIOK1.


Extended Data Fig. 4 Structural details of novel factors LRRC47 and EIF1AD.
a, Overall structure of the two domains of LRRC47. Leucine residues, secondary structure elements and position of h44 are highlighted. b, Low-resolution cryo-EM reconstruction of a sample using N-terminally tagged LRRC47 (left) and state H1 filtered at 7 Ã… (right). The leucine-rich domain of LRRC47 (blue) binds simultaneously with TSR1, while the C-terminal domain remains delocalized and is therefore not visible. c, Models of LRRC47, h44 and parts of TSR1 show the conformational changes in h44 that accompany the transition between the states. A central part of h44 moves after release of TSR1, enabled by the lack of its N-terminal helix (left). The B3/4 domain of LRRC47 would clash with both displayed helices of TSR1. LRRC47 continues to bind in an almost unchanged position after maturation of h44 (right). d, Structure of EIF1AD with its N-terminal helix and residues N36, R58, K59 and W62 labelled. e, Cartoon representation of rRNA segments and ribosomal proteins surrounding EIF1AD in state H1. Model of yeast eIF1A (PDB-6GSN) after alignment of a pre-48S translation initiation complex to the pre-40S particle shows a shifted binding location. f, Sequence alignment of human EIF1AD and eIF1A. Conserved residues that bind to rRNA are coloured blue and the IDDI motif of eIF1A in red. The conserved C-terminal stretch that binds to uS13 and uS19 is marked with a blue box. g, Model of state H1 with cryo-EM volume of EIF1AD and eS25 Gaussian filtered at 1.5 standard deviations. Additional density extends from well resolved parts of the C terminus of EIF1AD. Detailed views on eS25 N terminus and EIF1AD C terminus are shown in boxes A and B.


Extended Data Fig. 5 EIF1AD but not LRRC47 depletion affects late 40S subunit maturation.
a, Western blot analysis of the experiment shown in Fig. 4 confirming the effectiveness of siRNA treatments for EIF1AD and RIOK2. b, Western blot analysis for the experiment in c confirming the depletion of LRRC47 or RIOK2 upon siRNA treatment. For gel source data of a and b, see Supplementary Fig. 1. c, Immunofluorescence analysis of HeLa cells treated with siRNAs against LRRC47 or RIOK2 using antibodies against the indicated RBFs. For immunofluorescence analysis of NOB1, cells were treated with 20 nM leptomycin B (LMB) for 90 min. Note that only RIOK2 but not LRRC47 depletion leads to cytoplasmic recycling defects of the tested RBFs. Scale bar, 20 Î¼m. d, FISH analysis of experiment in b, revealing cytoplasmic accumulation of 18S-E pre-rRNA upon RIOK2 but not LRRC47 depletion. FISH pictures were processed in parallel, using a gamma correction of 1.5. All experiments were done in triplicates (nÂ =Â 3).


Extended Data Fig. 6 Structural details of rRNA 3â€²end maturation.
a, Cartoon representation of the 3â€²Â end of 18S-E rRNA with PNO1, NOB1 and eS26 throughout the maturation process in states F2, G and H1. Panel of eS26 with 18S rRNA in state H1 has been shifted slightly upwards as indicated by the line to the right. b, Detailed view of NOB1(D10N) active site with its substrate. Dashed circle marks site 3 cleavage site. Electron density around ITS1 and the 3â€²end shown in blue. c, Stick representation of NOB1 residues that interact with the ITS1 and 3â€² end with electron density shown in blue.


Extended Data Table 1 Data collection and refinement statisticsFull size table
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Supplementary Figure 1 This file contains a figure with the uncropped SDS-PAGE and western blot images. Related to Extended Data Figs. 1 and 5.
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