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            Abstract
Ageing is accompanied by a decline in cellular proteostasis, which underlies many age-related protein misfolding diseases1,2. Yet, how ageing impairs proteostasis remains unclear. As nascent polypeptides represent a substantial burden on the proteostasis network3, we hypothesized that altered translational efficiency during ageing could help to drive the collapse of proteostasis. Here we show that ageing alters the kinetics of translation elongation in both Caenorhabditis elegans and Saccharomyces cerevisiae. Ribosome pausing was exacerbated at specific positions in aged yeast and worms, including polybasic stretches, leading to increased ribosome collisions known to trigger ribosome-associated quality control (RQC)4,5,6. Notably, aged yeast cells exhibited impaired clearance and increased aggregation of RQC substrates, indicating that ageing overwhelms this pathway. Indeed, long-lived yeast mutants reduced age-dependent ribosome pausing, and extended lifespan correlated with greater flux through the RQC pathway. Further linking altered translation to proteostasis collapse, we found that nascent polypeptides exhibiting age-dependent ribosome pausing in C. elegans were strongly enriched among age-dependent protein aggregates. Notably, ageing increased the pausing and aggregation of many components of proteostasis, which could initiate a cycle of proteostasis collapse. We propose that increased ribosome pausing, leading to RQC overload and nascent polypeptide aggregation, critically contributes to proteostasis impairment and systemic decline during ageing.
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                    Fig. 1: Age-dependent ribosome pausing is conserved.[image: ]


Fig. 2: Ageing exacerbates ribosome pausing at polybasic regions in yeast.[image: ]


Fig. 3: Polybasic-driven age-dependent aggregation of truncated nascent polypeptides in yeast is mitigated in lifespan extension models.[image: ]


Fig. 4: Conserved mechanisms of age-dependent ribosome pausing and aggregation in worms.[image: ]
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              The datasets generated for this study have been deposited in NCBI’s Gene Expression Omnibus (GEO) under GEO Series accession number GSE152850. Additional datasets used in this study are also publicly available: GSE139036 (disome profiling), GSE69414 and GSE52968 (Ribo-seq of yeast treated with 3-amino-1,2,4-triazole), ref. 62 (yeast chronological lifespan), ref. 6 (RQC flux), and refs. 37 and 65 (protein aggregation during C. elegans ageing).

            

Code availability

              
              All customized Python or R scripts used for data processing and analysis are available from the corresponding author on request.
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Extended data figures and tables

Extended Data Fig. 1 Decreased protein synthesis and translatome changes during chronological ageing of yeast.
a, Survival curve of yeast during chronological ageing. n = 3 biological replicates with mean ± s.e.m. b – c, Average ribosome occupancy at the b, start and c, stop codons during yeast chronological ageing. The shaded region represents the 95% bootstrapped confidence interval. d, Polysome profiles of chronologically aged yeast at the indicated ages showing decreased population of polysomes during ageing. n ≥ 3 biological replicates with representative profiles shown. e, Heat map of gene expression analysis of Ribo-seq data showing Pearson’s correlation coefficient between all yeast samples. f, Volcano plot of differential gene expression shows widespread translatome changes for chronologically aged yeast. n = 2,981 total genes with 901 genes having increased ribosome occupancy (purple, > 2 fold up, adjusted P < 0.05, Benjamini-Hochberg method) and 1,033 genes having decreased ribosome occupancy (green, > 2 fold down, adjusted P < 0.05, Benjamini-Hochberg method) in Day 4 yeast cells relative to Day 0 yeast cells. g, Functional enrichment of differentially translated genes during ageing displaying representative gene ontology terms (adjusted P < 0.1, Benjamini-Hochberg method). See Supplementary Table 2 for complete, unfiltered results. h, Ribosome occupancy on ribosomal protein RPL3 showing decreased translation during yeast ageing. i, Ribosome occupancy on the 5’UTR and coding sequence of GCN4, showing decreased occupancy at upstream ORFs and increased occupancy across the coding sequence during ageing. j, Scatter plot of average pause scores for each amino acid residue in coding sequences of young Day 0 and aged Day 4 yeast. k, Scatter plots of average pause scores for each amino acid residue in coding sequences of two biological replicates of Day 0 (left) and Day 4 (right) chronologically aged yeast.


Extended Data Fig. 2 Decreased protein synthesis and translatome changes during chronological ageing of worms.
a, Polysome profiles of adult worms at the indicated ages showing decreased population of polysomes during ageing. n ≥ 3 biological replicates with representative profiles shown. b – c, Average ribosome occupancy at the b, start and c, stop codons of young Day 1 and aged Day 12 worms. The shaded region represents the 95% bootstrapped confidence interval. d, Heat map of gene expression analysis of Ribo-seq data showing Pearson’s correlation coefficient between worm samples. e, Volcano plot of differential gene expression shows widespread translatome changes during worm ageing. n = 8,341 total genes with 621 genes having increased ribosome occupancy (purple, > 2 fold up, adjusted P < 0.05, Benjamini-Hochberg method) and 655 genes having decreased ribosome occupancy (green, > 2 fold down, adjusted P < 0.05, Benjamini-Hochberg method) in Day 12 adult worms relative to Day 1 adult worms. f, Functional enrichment of differentially translated genes displaying representative gene ontology terms (adjusted P < 0.1, except for categories with number of genes < 20 where adjusted P < 0.25, Benjamini-Hochberg method). See Supplementary Table 2 for complete, unfiltered results. g, Ribosome occupancy on ribosomal protein rps-3 showing decreased translation during ageing of worms. h, Scatter plot of average pause scores for each amino acid residue in coding sequences of Day 1 and Day 12 adult worms. i, Scatter plots of average pause scores for each amino acid residue in coding sequences of two biological replicates of Day 1 (left) and Day 12 (right) adult worms.


Extended Data Fig. 3 Age-dependent ribosome pausing.
a, Scatter plot of the average pause score for each amino acid residue in coding sequences of young WT yeast cells either untreated or treated with 3-amino-1,2,4-triazole (3-AT) from previously published Ribo-seq data43. b, Amino acid residue frequency in the ribosomal A-site of statistically significant ribosome pause sites enriched in yeast cells treated with 3-AT43, relative to the residue frequency in the transcriptome. c, Functional enrichment of genes with an age-dependent pause site in yeast displaying representative gene ontology terms (adjusted P < 0.1, Benjamini–Hochberg method). See Supplementary Table 2 for complete, unfiltered results. d, Functional enrichment of genes with an age-dependent pause site in worms displaying representative gene ontology terms (adjusted P < 0.1, Benjamini–Hochberg method). See Supplementary Table 2 for complete, unfiltered results. e, Investigating the association between age-dependent ribosome pausing and co-translational ubiquitination27. Population n = 937 transcripts with a pause site, 3,145 transcripts without a pause site. P = 0.002, two-sided Fisher’s exact test. f, Codon frequency in the ribosomal A-site of age-dependent ribosome pause sites relative to the codon frequency in the transcriptome. n = 271 pause sites with Day 4 pause score > 6 in 232 genes. g – i, Peptide motif associated with greater ribosome pausing in the indicated age comparisons.


Extended Data Fig. 4 Association of age-dependent ribosome pausing in yeast with disome formation.
a, Peptide motif associated with disome formation in young cells47. b, Ribosome occupancy on HAT2 with age-dependent ribosome pausing at position 188 with Trp in the A-site. c, Occupancy of monosomes and disomes on HAT2 from disome footprint profiling of young cells47. d – h, Average ribosome occupancy in young and aged yeast, with a lagging ribosome peak present in aged cells, at d, the position where disomes were most enriched in each transcript in young cells47; e, inhibitory codon pairs previously associated with ribosome pausing48 and disome formation47; and f – h, tripeptide motifs previously associated with disome formation47. The shaded region represents the 95% bootstrapped confidence interval.


Extended Data Fig. 5 Age-dependent ribosome pausing at polybasic regions.
a – b, Average ribosome occupancy at polybasic regions of a, monosomes and b, disomes in young WT yeast47 showing length-dependent pausing and collisions. c, Average ribosome occupancy at polybasic regions consisting of 3 (left) or 5 (right) consecutive Lys or Arg (K/R) for young Day 0 and aged Day 4 yeast. n = 3,729 sites of 3 K/R in 2,198 genes, and 159 sites of 5 K/R in 152 genes. The shaded region represents the 95% bootstrapped confidence interval. Arrow indicates a putative increase in ribosome collision events with age at regions with 5 K/R. d – e, Average ribosome occupancy at polybasic regions of d, young Day 0 and e, aged Day 4 yeast. Also see panel c and Fig. 2c and 2d. f, Ribosome occupancy on SIS1 with inset highlighting ribosome pausing and collision (arrow) at stretch of 6 K/R within a 10 residue window.


Extended Data Fig. 6 Age-dependent aberrant translation and aggregation of truncated nascent polypeptides in yeast.
a, Immunoblot of young Day 0 and aged Day 4 yeast of the indicated strains harboring the no-insert GFP-RFP control reporter. Truncated and full-length products are noted. n ≥ 3 biological replicates with representative example shown. For gel source data, see Supplementary Fig. 1. b, Increased formation of truncated polypeptides in chronologically aged yeast is not due to acidification of the media or respiratory conditions. Immunoblot of young Day 0 and aged Day 4 WT yeast harboring the GFP-R12-FLAG-HIS3 ribosome pausing reporter and grown in standard media containing 2% glucose as carbon source, media buffered to pH 6.0, or media containing 3% glycerol. n ≥ 3 biological replicates with representative example shown. For gel source data, see Supplementary Figure 2. c, Depletion of media nutrients during yeast chronological ageing does not increase formation of truncated polypeptides. Immunoblot of GFP-K12-FLAG-HIS3 ribosome pausing reporter from young Day 0 and aged Day 4 WT or ltn1Δ yeast, as well as after swapping media (i.e. young Day 0 yeast cells grown in “aged” media from Day 4 cells). n ≥ 3 biological replicates with representative example shown. For gel source data, see Supplementary Fig. 2. d – f, Fluorescence microscopy examining puncta formation in young (Y) Day 0 and aged (A) Day 4 yeast of WT and RQC mutant cells harboring d, GFP-RFP, or e, the ribosome pausing reporter with 12 K inserted between GFP and RFP. n ≥ 3 biological replicates with representative examples shown. Scale bar: 3 µm. f, Associated quantification of GFP+RFP− puncta from n ≥ 200 cells from 3 biological replicates with mean ± SEM. For cells harboring the K12 reporter: WT: P = 2.2e−4, ltn1Δ: P = 1.3e−4; rqc2Δ: P = 9.6e−5, hel2Δ: P = 1.7e−6, two-sided Welch’s t-test. g, Immunoblot of young Day 0 and aged Day 4 ltn1Δ yeast harboring the GFP-K12-FLAG-HIS3 ribosome pausing reporter and probed with αGFP and αFLAG antibodies. Truncated, full-length, and high-molecular weight (HMW) species are noted. n ≥ 3 biological replicates with representative example shown. An asterisk around 50 kDa indicates a non-specific band from αFLAG antibody. For gel source data, see Supplementary Fig. 2.


Extended Data Fig. 7 Age-dependent ribosome pausing, aberrant translation, and aggregation of endogenous yeast proteins and reporters.
a, Immunoblot of young Day 0 and aged Day 4 yeast harboring GFP-tagged YTM1 that is either N-terminally tagged to monitor co-translational products or C-terminally tagged to monitor post-translational degradation products. n = 3 biological replicates with representative example shown. For gel source data, see Supplementary Fig. 3. b, Fluorescence microscopy and quantification of GFP+ puncta of GFP-tagged YTM1 in young and aged WT and ltn1Δ yeast cells. n ≥ 200 cells from 3 biological replicates with representative examples shown and mean ± s.e.m. WT N-term: P = 2.0e−4; ltn1Δ N-term: P = 2.3e−5; ltn1Δ C-term: P = 2.8e−4, two-sided Welch’s t-test. Scale bar: 3 µm. c, Immunoblot of young Day 0 and aged Day 4 yeast harboring N-terminally GFP-tagged HAT2 showing increased truncated co-translational products during ageing. n = 3 biological replicates with representative example shown. For gel source data, see Supplementary Fig. 3. d, Quantification of GFP+RFP+ puncta in hel2Δ cells using the indicated reporter. n ≥ 200 cells from 3 biological replicates with mean ± s.e.m. K12: P = 7.0e−4; R12: P = 2.5e−4, two-sided Welch’s t-test. e, Ribosome occupancy across the stalling reporter GFP-K12-FLAG-HIS3 (left) and the no-insert control (right) of young Day 0 and aged Day 4 yeast, showing increased occupancy in 3’ end of the stalling reporter coding sequence during ageing.


Extended Data Fig. 8 Association of extended lifespan with improved RQC flux and reduced ribosome pausing and collision.
a, RQC flux was assessed based on the abundance of the GFP-R12-HIS3 ribosome pausing reporter6. RQC flux of the following four groups of genes was compared to yeast strains with deficient RQC (i.e. strains with reporter GFP abundance greater than 3 standard deviations above the mean of the total collection;6 n = 39): 1) long-lived CLS strains (strains with a chronological lifespan greater than 1 standard deviation above the mean of the total collection;62 n = 150, P = 7.3e−22), 2) genes involved in the TOR pathway (n = 31, P = 2.8e−20), 3) long-lived CLS strains not involved in the TOR pathway (n = 142, P = 9.3e−23), and 4) long-lived RLS strains78 (n = 201, P = 1.3e−21). Statistical analysis was performed using two-sided Wilcoxon rank-sum tests. b, Heat map of gene expression analysis of Ribo-seq data showing Pearson’s correlation coefficient between all yeast samples. c, Average ribosome occupancy at age-dependent pause sites (n = 5,951 sites in 937 genes) in the indicated strains, with the distribution of pause scores in aged (A) Day 4 WT and sch9∆ yeast cells on the right (P = 2.5e−77, two-sided Wilcoxon rank-sum test). d, Peptide motif associated with positions in the translatome where ribosome pausing is greater in aged Day 4 WT yeast relative to aged Day 4 sch9∆ yeast. e, Average ribosome occupancy in WT and sch9∆ yeast at polybasic regions consisting of 6 consecutive Lys or Arg (K/R). n = 60 K/R sites in 58 genes. The shaded region represents the 95% bootstrapped confidence interval. Arrow indicates a putative increase in ribosome collision events. f, Ribosome occupancy on HAT2 (top) and YTM1 (bottom) in the indicated yeast strains around age-dependent ribosome pause sites (HAT2: position 188 with Trp in the A-site; YTM1: a stretch of 5 consecutive K/R). g, Fluorescence microscopy of GFP+RFP− puncta formation in young (Y) Day 0 and aged (A) Day 4 yeast of WT and sch9∆ cells harboring the indicated reporter. n ≥ 3 biological replicates with representative examples shown. Scale bar: 3 um. h, Immunoblot of young Day 0 and aged Day 4 yeast of WT or sch9Δ cells harboring the indicated reporter. Truncated and full-length products are noted. n ≥ 3 biological replicates with representative example shown. For gel source data, see Supplementary Fig. 4. i, Relative gene expression of RQC machinery in the translatome of WT or sch9Δ cells comparing aged Day 4 yeast to young Day 0 yeast. ns = not significant; WT / sch9Δ cells: ASC1: P = 4.1e−40 / 9.8e−26, HEL2: P = 0.002 / 1.3e−4, LTN1: P = 0.006 / ns, RQC2: P = 1.2e−9 / 2.0e−20, two-sided Wald test with Benjamini-Hochberg correction.


Extended Data Fig. 9 Sequence specificity of age-dependent ribosome pausing in worms.
a, Amino acid residue frequency in the ribosomal P- and E-sites of age-dependent ribosome pause sites relative to the residue frequency in the transcriptome. n = 587 pause sites with Day 12 pause score > 10 in 437 genes. P-site Arg: P = 0.01, E-site Arg: P = 0.04, two-sided Fisher’s exact test. b, Codon frequency in the ribosomal A-site of age-dependent ribosome pause sites relative to the codon frequency in the transcriptome. n = 587 pause sites with Day 12 pause score > 10 in 437 genes. c – e, Peptide motif associated with greater ribosome pausing in the indicated age comparisons. f, Ribosome occupancy on K12C11.6 with ribosome pausing at position 62 with Trp in the ribosomal active site. g, Average ribosome occupancy at polybasic regions consisting of 4 (left) or 5 (right) consecutive Lys or Arg (K/R). n = 1,396 sites of 4 K/R in 1,720 genes, and 369 sites of 5 K/R in 348 genes. The shaded region represents the 95% bootstrapped confidence interval.


Extended Data Fig. 10 Association of age-dependent aggregation and ribosome pausing in worms.
a, Investigating the association between age-dependent ribosome pausing and aggregation65. Population n = 742 proteins with pause site, 6,219 proteins without a pause site. P = 1.6e−23, two-sided Fisher’s exact test. b, Enrichment of polybasic regions (4 or more consecutive Lys or Arg, and 2 or more consecutive Arg) in age-dependent aggregated proteins from two different datasets37,65, and those proteins that also have age-dependent ribosome pausing. Walther, et al.: 4+ Lys/Arg: P = 0.01 (aggregate) and P = 0.03 (pause + agg.), 2+ Arg: P = 4.9e−6 (aggregate) and P = 4.8e−5 (pause + agg.); David, et al.: 4+ Lys/Arg: P = 0.05 (aggregate) and P = 0.04 (pause + agg.), 2+ Arg: P = 0.02 (aggregate) and P = 0.01 (pause + agg.), two-sided Fisher’s exact test. c, Comparing the functional enrichment within aggregated proteins65 to those that also have age-dependent ribosome pausing, displaying representative gene ontology terms (adjusted P < 0.05, Benjamini-Hochberg correction). Categories related to proteostasis are highlighted. Also see Supplementary Table 2. d, Aggregate abundance37 over time of tRNA synthetases exhibiting both age-dependent aggregation and ribosome pausing. e, Relative gene expression of worm RQC orthologs (yeast ortholog in parentheses) in the translatome in aged Day 12 adult worms compared to young Day 1 worms. ns = not significant, K04D7.1: P = 1.2e−14, K07A12.1: P = 3.9e−18, Y82E9BR.18: P = 5.4e−7, two-sided Wald test with Benjamini-Hochberg correction. f, Aggregate abundance37 over time of worm RQC orthologs.
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