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            Abstract
Chemical modifications of human ribosomal RNA (rRNA) are introduced during biogenesis and have been implicated in the dysregulation of protein synthesis, as is found in cancer and other diseases. However, their role in this phenomenon is unknown. Here we visualize more than 130 individual rRNA modifications in the three-dimensional structure of the human ribosome, explaining their structural and functional roles. In addition to a small number of universally conserved sites, we identify many eukaryote- or human-specific modifications and unique sites that form an extended shell in comparison to bacterial ribosomes, and which stabilize the RNA. Several of the modifications are associated with the binding sites of three ribosome-targeting antibiotics, or are associated with degenerate states in cancer, such as keto alkylations on nucleotide bases reminiscent of specialized ribosomes. This high-resolution structure of the human 80S ribosome paves the way towards understanding the role of epigenetic rRNA modifications in human diseases and suggests new possibilities for designing selective inhibitors and therapeutic drugs.
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                    Figure 1: High-resolution structure of the human 80S ribosome.[image: ]


Figure 2: Chemical modifications of the rRNA in the human 60S ribosomal subunit.[image: ]


Figure 3: Chemical modifications of rRNA in the human 40S ribosomal subunit.[image: ]


Figure 4: Chemical modifications in the vicinity of ligand-binding pockets of the human 80S ribosome with three bound inhibitors.[image: ]


Figure 5: Role of chemical modifications and their evolutionary extension between prokaryotic and eukaryotic species.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Particle sorting scheme.
The initial dataset (top) was sorted into two main 3D classes (+/âˆ’ rotated) and particles of the non-rotated state were either split further, depending on whether tRNA is bound to the E site (absence of tRNA means CHX is bound), or subjected to focused refinement of the 60S subunit and the 40S subunit head and body parts.


Extended Data Figure 2 Focused refinement and resolution estimation.
a, Focused refinement of the 60S subunit and the 40S subunit head and body regions (left, entire 80S complex; right, central section). b, Sections through the individually refined regions during focused refinement (the individually refined areas are sharp, whereas the other regions are less ordered). c, Individually refined regions in the 80S structure. d, Resolution estimation from the FSC curves.


Extended Data Figure 3 Representative regions in the 60S and 40S ribosomal subunits.
aâ€“d, Cryo-EM map and atomic model of various regions in the 60S subunit. eâ€“h, Cryo-EM map and atomic model of various regions in the 40S subunit.


Extended Data Figure 4 Register shift examples in previously less ordered rRNA regions.
aâ€“f, Comparison of the previous map and previous atomic model23 (top), with the new map and the previous model (middle), and the new map with the refined atomic model after correction of register shifts.


Extended Data Figure 5 Specific features in the human ribosome structure.
aâ€“c, Reannotation of an rRNA region as a ribosomal protein (eL29). d, Protein modifications on two lysine residues. eâ€“h, Analysis of rRNA modifications in the 5.8S rRNA including sub-stoichiometric modification of Um14. i, j, Comparisons of neighbouring residues with and without rRNA modifications (human 60S and 40S ribosomal subunits, respectively).


Extended Data Figure 6 Annotation of chemical modifications in the 60S ribosomal subunit.
Conserved sites in E. coli and human large ribosomal subunits (magenta), predicted and found sites (cyan), unpredicted 2â€²-O-Me modification sites (blue), unpredicted base modification sites (red) and a 5.8S rRNA modification (green).


Extended Data Figure 7 Detailed views of the chemical modifications in the 60S ribosomal subunit (class I and class II).
Individual modification sites in classes I and II (magenta and cyan, respectively; cyan arrows indicate 2â€²-O-ribose methylations, black arrows indicate Î¨s validated through the specific hydrogen-bond pattern, other modifications are indicated with magenta arrows).


Extended Data Figure 8 Detailed views of the chemical modifications in the 60S ribosomal subunit (class III).
Individual modification sites in class III (red; arrow colours as in Extended Data Fig. 7).


Extended Data Figure 9 Annotation of chemical modifications in the 40S ribosomal subunit.
Conserved sites in E. coli and human (magenta), predicted and found sites (cyan), unpredicted 2â€²-O-Me modification sites (blue) and unpredicted base modification sites (red).


Extended Data Figure 10 Detailed views of the chemical modifications in the 40S ribosomal subunit (classes I, II and III).
Individual modification sites in classes I, II and III (in magenta, cyan and red, respectively; arrow colours as in Extended Data Fig. 7).


Extended Data Figure 11 rRNA modifications in E. coli and human ribosomal subunits.
a, Large ribosomal subunit (left, E. coli; right, human). b, Small ribosomal subunit (left, E. coli; right, human).


Extended Data Table 1 Data, statistics and classification of rRNA modificationsFull size table





Supplementary information
Life Sciences Reporting Summary

Supplementary Table 1
This file contains universally conserved sites (Class I) and bacteria-specific sites.


Supplementary Table 2
This file contains predicted sites (Class II) visible in the human ribosome structure and 2â€™-O-methylation (Am, Cm, Gm, Um); methylation at various at atomic positions (mn); pseudo-uridylation Î¨ (not counting other predicted sites); aminocarboxypropylation (acp).


Supplementary Table 3
This file contains unpredicted human specific modifications (Class III) and a list sorted according to increasing residue numbers (Class III):


3D video of the human ribosome structure
The 3D video of the human ribosome structure shows the overall structure with the cryo-EM map (blue mesh) and the atomic model, then the full set of rRNA modifications and some more detailed examples of the 3 classes of rRNA modifications.





PowerPoint slides
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PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4
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