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Abstract

Ageing is accompanied by a decline in cellular proteostasis, which underlies many age-related
protein misfolding diseases!-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 drive proteostasis collapse. Here,
we show that ageing alters the kinetics of translation elongation in both C. elegans and

S. 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)*-5. Notably, aged yeast cells exhibited
impaired clearance and increased aggregation of RQC substrates, indicating 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.
Remarkably, ageing increased the pausing and aggregation of many proteostasis components,
which could initiate a detrimental 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.

Accurately generating the nascent proteome represents a substantial burden on proteostasis
networks3:”. Compared to mature proteins, partially-folded nascent polypeptides are
metastable and more susceptible to misfolding®®. During translation elongation, the

speed of the ribosome is positionally variable1?, and these local changes impact co-
translational proteostasis!. Transient elongation slowdowns facilitate co-translational
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protein folding'2-15 assembly2®, organelle targeting”:18, and chaperone recruitment?®,
However, prolonged slowdowns can lead to ribosome collisions and degradation of

the nascent polypeptide and transcript4-6:20-22_ Disrupting translation kinetics or co-
translational processing leads to aggregation of nascent proteins, impaired cellular

fitness, and neurodegeneration23-33. Although proteostasis collapse is also a hallmark of
ageing?:3435 it remains unknown whether disrupting the tight balance between translation
elongation and co-translational flux is involved (Fig. 1a).

We used Ribo-Seq to examine whether ageing alters translation elongation in two well-
established models of post-mitotic ageing: the nematode C. e/egans and budding yeast S.
cerevisiae (Fig. 1b, Extended Data Fig. 1a). Validating our datasets, we observed age-related
reduction of translation initiation in both organisms, which was associated with lower
production of translation components, such as ribosomal proteins, and is consistent with
previous studies36-41 (Extended Data Fig. 1b-h, 2a—g). We also confirmed ageing increased
translation of genes involved in stress responses, such as GCN4 in yeast (Extended Data Fig.
1i).

To analyze ribosome pausing, we calculated a pause score for each position of a coding
sequence relative to the whole transcript. The cumulative distribution of pause scores across
the transcriptome showed no global age-related changes (Fig. 1¢), similar to previous
observations#2. Average amino acid pause scores also showed negligible differences with
age (Extended Data Fig. 1j—k, 2h—i). This indicates that the metabolic changes of ageing

do not cause a systemic change in overall elongation pausing. However, hypothesizing that
ageing might cause specific alterations in translation elongation, we adapted a statistical
metricl9 to probe elongation pausing during ageing at single codon resolution. To validate
this approach, we used Ribo-Seq of yeast treated with 3-Amino-1,2,4-triazole (3-AT)*3:44,
which inhibits histidine biosynthesis and causes ribosome pausing at histidine positions
(4344 and Extended Data Fig. 3a). Our approach identified statistically significant ribosome
pausing and found that only histidine was enriched among these sites (Extended Data Fig.
3b).

Having validated our metric for detecting specific changes in ribosome pausing, we used
our Ribo-Seq data to identify positions with significant ageing-related changes in translation
kinetics (Fig. 1d). Notably, in both worms and yeast, these changes included thousands

of positions with significantly increased ribosome occupancy during ageing, incrementally
increasing as the organism aged (Fig. 1e). We termed these positions age-dependent
ribosome pause sites (Supplementary Table 1), representing sites with increased ribosome
slowdown during ageing. These sites were enriched in genes involved in proteostasis

and translation (Extended Data Fig. 3c—d, Supplementary Table 2), suggesting multiple
mechanisms by which altered elongation may impair proteostasis (see Supplementary
Discussion). Moreover, transcripts with age-dependent pausing were enriched among
polypeptides that are co-translationally ubiquitinated (Extended Data Fig. 3e), indicating
ageing may disrupt the biogenesis of proteins that are metastable even in young cells.

To investigate the basis of age-dependent ribosome pausing in yeast, we analyzed the
sequence specificity of pauses®®. We found significant positional enrichment of certain
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amino acids, with Pro and the basic residues Arg and Lys being enriched in multiple
ribosomal active site positions (Fig. 2a—b). Examining codon frequency in age-dependent
pause sites showed that most codons for Arg, Glu, and Pro were enriched (Extended Data
Fig. 3f). This indicates that amino acid properties and not codon optimality primarily
determine age-dependent pausing. We also used an alternative approach to examine amino
acid enrichment by calculating the average pause score for all possible 8,000 tripeptide
motifs*6. This strategy again identified a particular association of Arg, Lys, and Pro with
increased ribosome pausing during ageing (Extended Data Fig. 3g—i).

Prolonged pausing leads to ribosome collisions, which are detrimental and must be cleared
by the RQC pathway*20. We noted that similar amino acid residues associated with age-
dependent pausing lead to formation of collided disomes and trisomes (Extended Data Fig.
4a and 47). As ageing further compromises decoding these residues, such as at a Trp codon
in HATZ (Extended Data Fig. 4b—c), we examined whether ageing impacts the likelihood of
ribosome collisions. We identified the position in each transcript where disomes were most
enriched over monosomes in young cells*’ and found that ageing exacerbated ribosome
collisions at these sites (Extended Data Fig. 4d). Similarly, we found ageing exacerbated
ribosome collisions at codon pairs previously shown to slow translation elongation#® and
tripeptide motifs associated with ribosome collisions*’ (Extended Data Fig. 4e-h). Polybasic
motifs such as RKK showed both increased ribosome collisions and pausing. Collectively,
these observations indicate that ageing alters translation kinetics and exacerbates ribosome
pausing and collisions at many positions in the yeast translatome, but particularly at motifs
known to cause slowdowns in young organisms, such as polybasic stretchesZ0.

We next wanted to dissect how ageing impacts translation of polybasic regions.

We identified Arg/Lys repeats of increasing length within the yeast transcriptome
(Supplementary Table 3) and used previous Ribo-Seq data from monosome- or disome-
protected MRNA*' to establish expected patterns of ribosome pausing and collisions. Longer
polybasic stretches caused increased ribosome pausing, a shift in peak ribosome occupancy
after the polybasic stretch enters the ribosome, and increased lagging ribosome peaks
indicative of disome/trisome pileup (Extended Data Fig. 5a-b). We then determined how
ageing affected ribosome occupancy at polybasic regions in yeast. Compared to young cells,
aged cells showed more severe pausing, and an additional ribosome peak was observed

~10 codons upstream of the main pause site, a signature of ribosome collision#20:43:44.47
(Fig. 2c—d, Extended Data Fig. 5¢c—€). Moreover, the age-dependent increase in pausing

and ribosome collisions was enhanced for longer polybasic tracts. We also observed age-
dependent pausing and collisions at polybasic sites without consecutive Arg/Lys, e.g. the
Hsp40 chaperone S/S1 (Extended Data Fig. 5f). The polybasic tract in Y7M1 further
highlights the impact of ageing: although disome profiling*’ showed ribosomes collide at
this region even in young cells, monosome footprinting only detects an upstream ribosome
peak in aged cells (Fig. 2e—f). Thus, ageing sufficiently increases the frequency of ribosome
collisions to make them directly detectable without isolating disomes.

Several factors in the RQC pathway help resolve collided ribosomes and degrade the nascent
protein®-6:20.47.49-51 including recognition by Hel2, C-terminal alanine and threonine
(CAT) tail formation by Rqc2, and ubiquitination by Ltn1/Rkr16:21.52-60 Disrupting this
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pathway leads to toxic aggregation of stalled nascent chains29-30, To test whether the
age-dependent increase in ribosome pausing and collisions affects the handling of stalled
nascent chains, we used RQC reporters containing polybasic stretches of either 12 Arg or
Lys (R12 or K12) inserted between GFP and RFP%22, These inserts cause ribosome pausing
and efficient degradation of stalled polypeptides in young cells22. By contrast, aged cells
exhibited dramatic accumulation of truncated, stalled nascent chains (Fig. 3a), which did not
result from changes in media composition or metabolism during yeast chronological ageing
(Extended Data Fig. 6a—c).

As further validation that ageing decreases the ability to clear stalled RQC substrates,

we used RQC mutants. Ageing exacerbated the levels of stalled truncated products seen

in /tn1A and rgc2A cells (Fig. 3a), suggesting that age-dependent accumulation of stalled
polypeptides does not simply result from impaired RQC activity. Notably, aged /tn1A4 cells
showed increased formation of high molecular weight (HMW) aggregates of the stalling
reporters but not the GFP-RFP control, and decreased CAT-tailed products presumably by
incorporation into aggregates (Fig. 3a, Extended Data Fig. 6a). Similarly, using fluorescent
microscopy, we found ageing strongly increased formation of GFP+/RFP- puncta for both
polybasic reporters, which we validated by immunoblot using a FLAG-His3 reporter (Fig.
3b, Extended Data Fig. 6d—g). Although formation of GFP+/RFP- puncta increased in aged
rqc2A cells, it was less than WT and /in1A cells, suggesting that CAT tails promote, but are
not necessary for, age-dependent aggregation of stalled truncated polypeptides.

We next extended these findings to endogenous proteins that showed increased pausing in
aged cells. First, we utilized two fusion constructs of Y7MZ having either an N-terminal or
C-terminal GFP tag to differentiate between co- and post-translational products. In contrast
to young cells, ageing increased the production of co-translational truncated products,

which were distinct from post-translational products (Extended Data Fig. 7a). Moreover,
ageing increased GFP+ puncta formation when Y7MI1 was N-terminally tagged, but not
C-terminally tagged, in both WT and /1A cells (Extended Data Fig. 7b). We also observed
accumulation of co-translational truncated products with age for N-terminally GFP-tagged
HATZ (Extended Data Fig. 7c). This confirms that ageing impairs RQC processing of stalled
polypeptides.

We further used /e/2A cells to dissect how ageing impacts RQC initiation20-51, Although
aged hel2A cells showed increased GFP+/RFP- puncta formation like the other RQC
mutants, there was also a significant increase of GFP+/RFP+ puncta using the stalling
reporters (Fig. 3b, Extended Data Fig. 6d—f, 7d). As we also observed increased production
of full-length reporter protein in aged cells of all genotypes (Fig. 3a), we hypothesized that
ageing may cause greater bypass of stalling sequences. We used Ribo-Seq of young and
aged cells containing the K12 stalling reporter and found that ageing increased ribosome
occupancy at the 3’ end of the transcript (Extended Data Fig. 7e), similar to findings in
mice®l. These data suggest that ageing has pleiotropic effects on RQC, disrupting both the
resolution of stalled ribosomes and processing of stalled polypeptides.

Upon linking ageing with increased ribosome pausing/collisions and dysfunctional RQC, we
next asked whether clearance of RQC substrates impacts lifespan (Fig. 3c). We compared
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two genome-wide screens: one measured the chronological lifespan of each strain in

the yeast deletion collection®?, and the other quantified clearance of the GFP-R12 RQC
substrateS. We grouped yeast strains based on GFP-R12 abundance, which acts as a proxy
for RQC flux: strains with high GFP levels, such as the RQC mutants, have reduced capacity
to clear stalled nascent chains. We found that strains with the highest GFP-R12 abundance
had shortened lifespans, whereas strains with the lowest GFP-R12 levels had the longest
lifespans (Fig. 3c), suggesting that RQC flux impacts longevity. Moreover, compared to
strains with impaired RQC flux, we found increased RQC flux in yeast strains that are
chronologically long-lived — including strains not involved in the TOR pathway — and strains
having extended replicative lifespan (Extended Data Fig. 8a). These analyses link defective
clearance of stalled nascent polypeptides with accelerated ageing.

To further examine the relationship between translation elongation and lifespan, we

used cells deleted for SCHY, the ortholog of mammalian S6K and a substrate of the

TOR pathway34. Mutation of this component is a highly conserved means of extending
lifespan®3:64. We first found that sch94 cells significantly mitigated the age-dependent
pausing observed in WT cells (Extended Data Fig. 8b—c). Moreover, sites with greater
pausing in aged WT cells versus aged sch9A4 cells showed enrichment of Arg, Pro, Gly,

and Lys (Extended Data Fig. 8d), indicating that loss of Sch9 reduces pausing at these
residues. There was also marked reduction in both pausing and collisions at polybasic tracts
in aged sch9A cells (Fig. 3d, Extended Data Fig. 8e—f). Using stalling reporters, aged sch9A
cells exhibited less accumulation of truncated polypeptides and abrogated their aggregation
during ageing (Fig. 3e, Extended Data Fig. 8g—h). We also found that ageing reduced
translation of several RQC components, which was attenuated in sch94 cells (Extended Data
Fig. 8i). Notably, L7\ translation was not changed in sch94 cells. Collectively, our data
suggest that the age-dependent increase in ribosome pausing overwhelms the RQC pathway,
contributing to dysfunctional co-translational proteostasis and the regulation of lifespan (Fig.
3f).

Extending our analysis to C. elegans, we also found enrichment of certain residues at age-
dependent pause sites (Fig. 4a—b, Extended Data Fig. 9a—f). In particular, Arg was enriched
in these sites, independent of codon usage, and in tripeptide motifs having increased pausing
during ageing. Moreover, we found a length-dependent increase in ribosome pausing in
aged worms at polybasic motifs: pausing increased at regions of four consecutive K/R

and was even higher at five and six consecutive K/R (Fig. 4c, Extended Data Fig. 99).
Increased pausing at motifs of six K/R was accompanied by the signature upstream peak

of ribosome collisions, as illustrated at a five K/R stretch in tag-342 (Fig. 4c—d). Thus,
exacerbated ribosome pausing at polybasic regions leading to increased ribosome collisions
is a conserved feature of ageing in both yeast and worms.

We next examined the relationship between age-dependent ribosome pausing and protein
aggregation during worm ageing37:65. Remarkably, we found a strong association, with
genes having age-dependent ribosome pauses being over-represented about three-fold
among proteins that aggregate with age (Fig. 4e, Extended Data Fig. 10a). Furthermore,
proteins that aggregate in aged worms were enriched for polybasic motifs, particularly

in proteins with age-dependent pausing (Extended Data Fig. 10b). We also found that
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age-dependent pausing and aggregation affected many proteins involved in translation and
proteostasis (Fig. 4f, Extended Data Fig. 10c, Supplementary Table 2). For instance, all nine
aminoacyl tRNA synthetases showing age-dependent pausing also aggregated during ageing
(Fig. 49, Extended Data Fig. 10d). In addition, several RQC components have reduced
translation and increased aggregation during worm ageing (Extended Data Fig. 10e—f). This
likely exacerbates the enhanced load on this pathway from increased ribosome collisions and
disrupts co-translational proteostasis.

Our data establish that altered ribosome pausing is a crucial conductor of the ageing process,
providing a link to protein aggregation and proteostasis dysfunction. The age-dependent
increase in ribosome pausing is conserved between worms and yeast, and is associated

with increased ribosome collisions, decreased flux through the RQC pathway, and ensuing
aggregation of truncated nascent proteins. We propose that this connection between age-
related pausing and aggregation of nascent chains precipitates a cycle of dysfunction during
ageing (Supplementary Discussion).

Elongation rate alterations likely disrupt several co-translational pathways, including folding
and organelle targeting!1:17-19.23 Here, we focused on the interplay between ribosome
pausing and RQC. Highlighting the importance of this interplay, increased stalling®2, or
dysfunctional RQC33, can cause neurodegeneration. There is likely a delicate balance
between ribosome slowdowns that facilitate protein folding/targeting and slowdowns that
lead to ribosome collisions and trigger RQC. Our data suggest that ageing disrupts

this balance by causing greater ribosome pausing (Fig. 4h), particularly at polybasic
stretches. We propose that in younger organisms, pausing at these regions seldom causes
ribosome collisions that trigger RQC, in agreement with RQC not regulating basal
positively-charged protein expression®. As a result, young organisms presumably have
adequate capacity to handle infrequent strong ribosome pauses. By contrast, impaired
resolution of ribosome pausing in aged organisms increases the frequency of ribosome
collisions, thereby overwhelming RQC. Altered translation Kinetics during ageing might also
disrupt co-translational folding of nascent polypeptides and cause additional aggregation

or stoichiometry imbalances that further disrupt proteostasis (Supplementary Discussion).
Such implications demonstrate that ribosome pausing is likely a critical driver of age-related
proteostasis decline associated with many late-onset misfolding diseases.

Strains and growth conditions.

The Bristol N2 strain of C. eleganswas grown at 20°C on nematode growth medium agar
plates seeded with Escherichia coli strain OP50, following standard methods®’. All yeast
experiments were performed using derivatives of BY4741 (MATa /his341 leu2A0 met1540
ura3A0). Ribo-Seq experiments used diploid BY4743 (WT) and homozygous sch9/A/
sch9A (YSC6275-201917395), which were obtained from GE Healthcare Dharmacon. For
immunoblotting and microscopy experiments, haploid strains of WT, /tn14, rqgc24, hel24,
and sch9A were from the Yeast Knockout Collection®8. Strains from the N-terminally

GFP tagged seamless collection® as well as from the C-terminally GFP tagged clone
collection’® were used for the Y7M1 and HAT2 experiments. Yeast cells were grown at
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30°C in variations of synthetic complete (SC) media®2 with fivefold excess of nutrients to
compensate for strain auxotrophies.

Plasmid and yeast strain construction.

Ribo-Seq.

Ribosome pausing reporter plasmids were derived from gifts from Onn

Brandman®2 and Toshifumi Inada22. The PGK1 promoter was amplified

using oligonucleotides 5’GCGGAGCTCTGTTTGCAAAAAGAACAAAAC and
5’GCGTCTAGATGTTTTATATTTGTTGTAAAAAG, digested with Sacl/Xbal, and ligated
to create p416PGK-GFP-R12-FLAG-HIS3 and p416PGK-GFP-K12(AAA)-FLAG-HIS3.
Correct clones were confirmed by colony PCR and sequencing. Experiments

using GFP-R12-RFP and GFP-K12-RFP pausing reporters were performed after
integrating these reporters into yeast. First, RFP was amplified from pTDH3-GFP-
R12-RFP52 using oligonucleotides 5’GCGACTAGTATGGTGAGCGAGCTGATTAAG and
5’GCGGAATTCTTATCTGTGCCCCAGTTTG, digested with Spel/EcoRI-HF, and ligated
to replace the FLAG-HIS3 in the plasmids above to create p416PGK-GFP-R12-RFP

and p416PGK-GFP-K12(AAA)-RFP. A Xbal/Clal digest was used to clone the reporter
into pAG306GPD-ccdB-chrl, a gift from Dan Gottschling (Addgene plasmid #41894)71,
These constructs were then digested with Notl and transformed into yeast cells using
standard methods and selected on SC-ura. Correct clones were confirmed by colony PCR,
sequencing, and microscopy.

To construct /tni1A strains with integrated Y7MZ1 GFP fusions, L7N1 was deleted from the
knock-in strains via standard PCR-based homologous recombination. The Y7TMI-GFP ltniA
strain was constructed by replacing L7NI with LEUZ using a cassette amplified from
plasmid GTL-g (Addgene plasmid #81099) with oligonucleotides
5’GATTATGCCCCAACATGGAAAACTGAAAAATATTGATGAAGCGAGTCTGTAGGC
GAACCTAACCGG and

5’ TTTCCAGAATATCCGGGTGATGGGCTGGATTGGCAAGGTATTATATGAAGATTGT
TCTACCATTCACAACTATAT. Similarly, the GFP-YTM!I1 ltn1A strain was constructed by
replacing L7NI with URA3 using a cassette amplified from plasmid pSH100 (Addgene
plasmid #45930) with oligonucleotides
5’GATTATGCCCCAACATGGAAAACTGAAAAATATTGATGAAGCGAGCCACAGCTT
TTCAATTCAATTCATCA and

5’ TTTCCAGAATATCCGGGTGATGGGCTGGATTGGCAAGGTATCCTGATGCGGTATT
TTCTCCTTA. Both cassettes were amplified, separated by electrophoresis, gel purified and
transformed into yeast cells using the lithium acetate method. Correct transformants were
verified by standard PCR using the oligonucleotides LTN1-VF: 5’
TCCGTTTTGGATTCGTTGGAGT, LTN1-VR: 5 ACCGCCAAGCAGAAAATCC, LEU2-
VF: 5" AGCACGAGCCTCCTTTACCT, and URA3-VF: 5 CGAATGCACACGGTGTGGT.

For C. elegans samples, after passaging for at least three generations, age-synchronized
populations of L1 larvae were obtained and grown to the L4 larval stage (Day 0). The
plates of L4 animals were then washed and the collected animals were transferred to
plates containing 50 pg/mL 5-fluoro-2’-deoxyuridine (FUdR; Millipore Sigma) at ~1,000
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worms per plate. Animals were carefully monitored to ensure adequate bacteria was

in constant supply, adding concentrated stocks of bacteria as necessary. At each of the
indicated ages, ~40,000 adult worms were collected by quickly washing subsets of plates
into microcentrifuge tubes using modified lysis buffer (20 mM Tris-HCI pH 7.5, 140 mM
KCI, 1.5 mM MgCly), followed by a short centrifugation (0.3 g at room temperature for

10 sec) that minimized the number of eggs and bacteria that pelleted with the animals.
Supernatant from each tube was then aspirated and pelleted animals were dripped into
liquid nitrogen. Lysis was performed by combining 1 mL of lysis buffer containing twice
the concentration of DTT, cycloheximide (CHX), and Triton X-100 (20 mM Tris-HCI pH
7.5, 140 mM KCI, 1.5 mM MgCl,, 1 mM DTT, 200 ug mL~1 CHX, 2% Triton X-100)

to compensate for the approximate volume of lysis buffer that remained when harvesting
the animals. Worms were then pulverized using a MM-301 mixer mill at 20 Hz for 1

min, with lysate being thawed in a room temperature water bath at room temperature and
centrifuged at 15,000 g at 4°C for 10 min. After quantifying RNA concentration, 200 ug
RNA was incubated for 45 min with 0.75 pl 100 U pl=1 RNase | (Ambion), with another
200 pg RNA being kept on ice undigested to use for polysome profiles. Sucrose gradient
centrifugation and fractionation were then performed as described previouslyl’. Total RNA
was extracted from the digested 80S fraction using the hot SDS-phenol-chloroform method,
20-35 nucleotide RNA footprints were isolated, ribosomal RNA was removed using the
Ribo-Zero kit (1llumina), with remaining library preparation steps described elsewhere’2.
Barcoded samples were pooled and sequenced with a HiSeq 4000 (lllumina). For yeast
samples, overnight cultures were diluted to an ODggg of 0.05 in 500 mL SC media and
grown at 30°C. Part of each culture was harvested as Day 0 cells at an ODggg of ~0.7, with
the remaining culture placed back at 30°C for 48 and 96 hours for harvesting Day 2 and
Day 4 cells, respectively. All cells were harvested by vacuum filtration and freezing in liquid
nitrogen. Lysis was performed by combining 2 mL of lysis buffer (20 mM Tris-HCI pH 7.5,
140 mM KClI, 1.5 mM MgCl,, 0.5 mM DTT, 100 pug mL~2, 1% Triton X-100) frozen in
liquid nitrogen with cell pellets, with the remaining steps of lysis and library preparation
following that of worms described above.

Data processing and pause score calculation.

Demultiplexed sequencing reads were trimmed of adaptor sequences using Cutadapt v1.4.2,
followed by removal of the 5’ nucleotide using FASTX-Trimmer. Reads that mapped to
ribosomal RNAs using Bowtie v1.0.0 (http://bowtie-bio.sourceforge.net/index.shtml)73 were
removed. Remaining reads were aligned to reference libraries that consisted of coding
sequences containing 21 nucleotides flanking upstream of the start codon and downstream
of the stop codon, or the entire transcript sequence including untranslated regions. The

C. elegans library consisted of the longest transcript of 20,222 genes (cell / WBcel235),
and the yeast library consisted of 5,793 ORFs (sacCer3 / R64-1-1) that excluded ORFs
characterized as dubious or that overlapped with other genes. Bowtie v1.0.0 alignment

of sequencing reads to these libraries used the following parameters to allow for two
mismatches and keep only uniquely mapped reads for further analysis: -y -a-m 1 -v 2 --norc
--best --strata. For each footprint length, customized python scripts were used to sum reads
at each nucleotide. Metagene analysis was performed separately on each fragment length,
and lengths that did not exhibit the characteristic 3-nucleotide periodicity were removed.
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Remaining reads had a nucleotide offset empirically determined from the 5’ end of each
fragment length, using the characteristic large ribosome density at the start codon, so that
each read was assigned to the first A-site nucleotide. Nucleotide reads at each codon were
then summed and used for all additional analysis.

To analyze gene expression, reads were summed for each gene after excluding the first 20
and last 20 sense codons, followed by calculating tpm. Statistical significance was calculated
using DESeq274 for genes with greater than 64 reads in each biological replicate. Pause
scores at each codon position in a transcript were calculated by dividing the number of reads
at that position by the expected number of reads, which was defined as the average number
of reads across the internal part of the transcript, i.e. excluding the first 20 and last 20 sense
codons. Mathematically:

RRij

k=20
D=1 RRij
k=40

Pause score =

where RR is the number of ribosomal reads at position 7 of gene jthat has length & codons.

Age-dependent pause site identification.

To identify positions where ribosome pausing was increased during ageing, we included
genes that had an average sequencing coverage of > 0.5 reads per codon (calculated as
above), and = 64 total reads in each replicate, which included 7,200 C. e/egans genes and
4,082 yeast genes. Next, we adapted a strategy we used previouslyl® that used two-tailed
Fisher’s exact tests to identify positions where statistically significant changes in ribosome
pausing between the young (Day 1 worms and Day 0 yeast) and old (Day 12 worms and
Day 4 yeast) samples. Briefly, reads at each position and for each transcript were averaged
between replicates and rounded to the nearest integer. At each position of a transcript, 2 x
2 contingency tables were created to perform a two-tailed Fisher’s exact test to compare the
ratio of reads in the young and aged fractions at a given position to the ratio at all other
positions in that transcript (i.e. the summed reads in each fraction for the entire transcript
minus the position of interest). In other words, this compares the observed ratio of ribosome
reads from our young and aged samples at a given position to the expected ratio based on
the total number of reads that map to the transcript. At each position, this allows us to
calculate the odds ratio as a measure of enrichment, along with an adjusted p-value to test
significance, using the Benjamini-Hochberg correction for multiple hypothesis testing for
each gene. The odds ratio is:

Aij

Yij
(Zf‘z ]Aij) - Aij
(Zf: 1Yij) - Yij

Odds ratio =

where Aand Yare the ribosomal reads of the aged and young translatome fractions,
respectively, at position 7 of gene jthat has length & codons. Age-dependent pause sites
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were identified as those that had: (1) Benjamini-Hochberg adjusted p-value < 0.05, (2) 1

< odds ratio < 00, (3) pause score in the oldest sample greater than the pause score in the
intermediate aged sample (Day 6 worms and Day 2 yeast), (4) reads in the oldest sample
greater than the average number of reads across the transcript, to control for background,
and (5) a position in the internal part of the transcript (i.e. not in the first 20 or last 20 sense
codons).

Ribosome occupancy analysis.

Ribosome occupancy for individual genes was plotted using a 5-residue moving average of
the pause scores. To analyze ribosome occupancy around polybasic regions, we identified
polybasic regions in the genomes of worms and yeast as defined by a stretch of 3, 4, 5, or

6 consecutive residues that were either lysine or arginine (Supplementary Table 3). These
regions were categorized into only one group, such that regions of 6 consecutive basic
residues was not included in the analysis of the shorter regions. For metagene analysis of
ribosome pausing, reads were aligned at the ribosome A-site around the region of interest
(e.g. age-dependent pause sites, or the start of the polybasic region). We then calculated the
mean and bootstrapped 95% confidence intervals at each position. To control for differences
in gene expression and coverage, ribosome reads were normalized by dividing the reads

at each codon by the mean number of reads per codon across the analysis window. We
excluded low coverage genes that had an average reads per codon across the analysis
window less than 0.5.

Pause site sequence analysis.

To examine the enrichment of amino acids and codons associated with greater ribosome
pausing during ageing, we first calculated the average frequency of each residue/codon
across coding sequences. Using this as background, we generated logo plots to analyze
amino acid enrichment in two ways using the R package Logolas’®. First, we used the
tripeptide motifs of age-dependent pause sites in the upper rank of ribosome pausing (pause
score > 10 for Day 12 worms, or pause score > 6 for Day 4 yeast). Second, we calculated
the average pause score for each of the 8,000 possible tri-peptide motifs across coding
sequences and used the motifs that had a higher average pause score, as indicated, and
filtered by count (= 100) and pause score (average pause score in older sample > 2 in worms
and > 1.5 in yeast). We also calculated the residue and codon frequency in the ribosomal
active site and compared it to the background frequency within coding sequences.

Other computational analysis.

To examine the association of yeast chronological lifespan with the ability to clear paused,
truncated nascent polypeptides, we used previously published datasets®:62. We binned yeast
strains based on the distribution of the GFP-R12 reporter abundance, as indicated (Fig.

3c). To examine the association of age-dependent ribosome pausing and protein aggregation
(Fig. 4e and Extended Data Fig. 10a), we compared our dataset of ribosome pausing to two
previous datasets that identified age-dependent protein aggregates in C. elegans®’:5, For the
higher coverage dataset3”, we used proteins that were identified in at least three of the four
replicates of Day 1 and Day 12 worms, and had an average aggregate abundance at Day 12
higher than that at Day 1. To examine the association of age-dependent ribosome pausing
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and ubiquitination (Extended Data Fig. 3e), we compared our dataset of ribosome pausing to
a previous dataset examining co-translational ubiquitination in yeast2’.

Immunoblotting.

Microscopy.

Yeast strains were grown at 30°C in SC media containing 2% glucose (standard conditions),
3% glycerol, or buffered to pH 6.0 with citrate phosphate buffer (64.2 mM NayHPQOy,,

17.9 mM citric acid, pH 6.0)75, as indicated. Day 0 cells were harvested at an ODggq of
~0.7, and Day 4 cells were harvested 96 hours later from the same culture. For media

swap experiments, overnight cultures were diluted into either fresh SC media or the nutrient-
depleted media of the supernatant collected after pelleting Day 4 cells, and Day 0 cells
were harvested as above. Frozen cell pellets were resuspended in 200 pl of lysis buffer (50
mM Tris pH 7.5, 150mM NaCl, ImM EDTA, 5% glycerol, 0.1% Triton X-100, 0.1% SDS,
1mM PMSF, 0.5mM DTT, Roche cOmplete EDTA-free Protease Inhibitor Cocktail), and
lysed by vortexing with glass beads at 3000 rpm at 4°C for 3 min, incubating on ice for

3 min, and vortexing again at 3000 rpm at 4°C for 3 min. After clearing by centrifugation
of cell lysates at 4,000 rpm at 4°C for 30 sec, protein concentration was normalized by
Bradford Assay (Bio-Rad) and 4X NuPage™ LDS Sample Buffer (ThermoFisher) was
added. Samples were then boiled for 5 min, run on a 12% SDS-PAGE gel, and transferred
to nitrocellulose membrane. Membranes were blocked in 5% milk reconstituted in TBS (20
mM Tris pH 7.5, 150 mL NaCl, 0.1% NaN3). Primary antibodies were diluted in Antibody
Buffer (20 mM Tris pH 7.5, 150 mL NacCl, 0.1% NaNs, 5% BSA) and secondary antibodies
were prepared in 5% milk in TBS. As indicated, blots were subjected to immunblotting
using Mouse anti-GFP antibody (Millipore Sigma 11814460001, 1:1000 dilution), Rabbit
anti-FLAG antibody (Millipore Sigma F7425, 1:1000 dilution), and Rabbit anti-Histone H3
antibody (EpiCypher 13-0001, 1:2500 dilution), and visualized using the LI-COR system
IRDye® 800CW Donkey anti-Mouse 1gG (LI-COR 926-32212, 1:10,000 dilution) and
IRDye® 680RD Donkey anti-Rabbit 1gG (LI1-COR 926-68073, 1:10,000 dilution). See
Supplementary Data for uncropped immunaoblots.

Yeast cells were grown as above for immunoblotting. Upon harvesting, cells were fixed in
4% paraformaldehyde by incubating at room temperature for 15 min, and washed again

in 1X PBS. Cells were then immobilized onto polylysine coated coverslips (Neuvrito)

and mounted with ProLong™ Diamond antifade mountant with DAPI (Thermo Fisher).
Fluorescence microscopy for quantification was acquired using a Zeiss Axio observer.Z1
inverted microscope equipped with a Plan-Apochromat 100x/1.4 oil DIC M27 objective
(Zeiss), X-cite 120 LED system (Lumen Dynamics), filter set (HE) RFP/GFP/DAPI (Zeiss)
and a digital Axiocam MRm camera (Zeiss) controlled with the Zen blue software. Raw
data was collected as z-stacks and projected using ImageJ (NIH), and quantification was
performed manually. Confocal microscopy of representative cells was collected on a Leica
TCS SP8 inverted SSTED microscope equipped with a 100x/1.40 APO objective and using
the following detection mirror settings: RFP 560-630nm, GFP 470-536. DAPI staining
was detected using a blue diode 405nm laser (10%) and a photon multiplying tube. One
representative middle slide was collected, and images were subsequently deconvolved and
background subtracted using Huygens Professional (Scientific Volume Imaging).
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Statistical analysis.

All analysis was performed in R (https://www.r-project.org). Gene ontology annotations and
significance were obtained using the Database for Annotation, Visualization, and Integrated
Discovery (DAVID v6.8)’7 using as background, as indicated, the transcripts included in

the Ribo-Seq reference library or present in both this library and the mass spectrometry
datasets37:65, Statistical significance of categorical variable distributions shown in box

plots used two-sided Wilcoxon rank-sum tests (e.g. Fig. 3c). For box plots, the center

line represents the median, box limits indicate the upper and lower quartiles, whiskers
indicate the 1.5x interquartile range, and points are outliers. Significance of age-dependent
puncta formation (Fig. 3b) was assessed using two-sided Welch’s #tests. Two-sided Fisher’s
exact tests were used to calculate significance of residue and codon frequency in age-
dependent pause sites (Fig. 2, Fig. 4, Extended Data Fig. 3, and Extended Data Fig. 9),
association of ribosome pausing and ubiquitination (Extended Data Fig. 3e), association of
ribosome pausing and aggregation (Fig. 4e), and sequence enrichment of protein aggregates
(Extended Data Fig. 10b). Additional statistical details are mentioned in the figures or figure
legends, including the values of nand P. None of the experiments involved blinding or
randomization, and sample size was not predetermined.
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Extended Data Figure 1. Decreased protein synthesis and translatome changes during
chronological ageing of yeast.

a, Survival curve of yeast during chronological ageing. 7= 3 biological replicates with
mean + SEM. b — ¢, 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. /7= 3 biological replicates
with representative profile 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. 7= 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
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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 transcript during ageing. j, Scatter plot of average pause
score for each amino acid residue in coding sequences of young Day 0 and aged Day 4
yeast. k, Scatter plot of average pause score for each amino acid residue in coding sequences
of two biological replicates of Day 0 (left) and Day 4 (right) chronologically aged yeast.
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Extended Data Figure 2. Decreased protein synthesis and translatome changes during
chronological ageing of worms.
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a, Polysome profiles of adult worms at the indicated ages showing decreased population of
polysomes during ageing. 7= 3 biological replicates with representative profile shown. b —
¢, Average ribosome occupancy at the b, start and ¢, 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. /7= 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
score for each amino acid residue in coding sequences of Day 1 and Day 12 adult worms. i,
Scatter plot of average pause score for each amino acid residue in coding sequences of two
biological replicates of Day 1 (left) and Day 12 (right) adult worms.
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Extended Data Figure 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 data*3. 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 proteome. ¢, Functional enrichment of genes
with an age-dependent pause site in yeast displaying representative gene ontology terms
(adjusted p< 0.1). 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). See Supplementary Table 2 for complete, unfiltered
results. e, Investigating the association between age-dependent ribosome pausing and co-
translational ubiquitination?”. Population 7= 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
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in the ribosomal A-site of age-dependent ribosome pause sites relative to the codon
frequency in the genome. 7= 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.
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Extended Data Figure 4. Association of age-dependent ribosome pausing in yeast with disome
formation.

a, Peptide motif associated with disome formation in young cells*’. b, Ribosome occupancy
on HATZ2with ribosome pausing at position 188 with Trp in the A-site. ¢, Occupancy of
monosomes and disomes on HATZ2 from disome footprint profiling of young cells*’. 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 cells*’; e, inhibitory codon pairs previously associated with ribosome pausing?®
and disome formation’; and f — h, tripeptide motifs previously associated with disome
formation’. The shaded region represents the 95% bootstrapped confidence interval.
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Extended Data Figure 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 yeast*” showing length-dependent pausing and collisions. ¢, 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 ¢ and Figure 2¢ and 2d. f, Ribosome
occupancy on S/S51 with inset highlighting ribosome pausing and collision (arrow) at stretch
of 6 K/R within a 10 residue window.
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Extended Data Figure 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 strain 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 Figure 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. ¢, Depletion of media nutrients during yeast chronological ageing does not increase
formation of truncated polypeptides. Immunoblot of GFP-K12-FLAG-HIS3ribosome
pausing reporter from young Day 0 and aged Day 4 WT or /in1A yeast, as well as after
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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 Figure 2. d — f, Fluorescence microscopy examining puncta formation in
young (YY) 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 GFPand RFP. n
= 3 hiological replicates with representative example shown. Scale bar: 3 ym. f, Associated
quantification of GFP+/RFP- puncta from 7= 200 cells from 3 biological replicates with
mean = SEM. For cells harboring the K12 reporter: WT: p=2.2e74, /tniA: p=1.3e7%;
rqc24: p=9.6e75, hel2A: p=1.7e75, two-sided Welch’s ttest. g, Immunoblot of young
Day 0 and aged Day 4 /tn1Ayeast harboring the GFP-K12-FL AG-H/S3ribosome pausing
reporter and probed with aGFP and aFLAG antibodies. Truncated, full-length, and high-
molecular weight (HMW) species are noted. /7= 3 biological replicates with representative
example shown. An asterisk around 50 kDa indicates a non-specific band from aFLAG
antibody. For gel source data, see Supplementary Figure 2.
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Extended Data Figure 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 Y7M1

that is either N-terminally tagged to monitor co-translational products or C-terminally
tagged to monitor post-translational degradation products. 7= 3 biological replicates

with representative example shown. For gel source data, see Supplementary Figure 3. b,
Fluorescence microscopy and quantification of GFP+ puncta of GFP-tagged Y7MZin
young and aged WT and /fn1A yeast cells. 7= 200 cells from 3 biological replicates

with mean + SEM; WT N-term: p= 2.0e™%; /tn1AN-term: p= 2.3e7>; /tn1A C-term: p=
2.8e™%, two-sided Welch’s £test. Scale bar: 3 um. ¢, Immunoblot of young Day 0 and aged
Day 4 yeast harboring N-terminally GFP-tagged HA72showing increased truncated co-

Nature. Author manuscript; available in PMC 2022 July 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stein et al.

Page 21

translational products during ageing. 7= 3 biological replicates with representative example
shown. For gel source data, see Supplementary Figure 3. d, Quantification of GFP+/RFP+
puncta in #e/2A cells using the indicated reporter. 7= 200 cells from 3 biological replicates
with mean = SEM; K12: p=7.0e™#; R12: p= 2.5¢74, two-sided Welch’s 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 transcript during ageing.
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Extended Data Figure 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-H/S3 ribosome pausing
reporterS. 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 collection8; 7= 39): 1) long-lived CLS strains
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(strains with a chronological lifespan greater than 1 standard deviation above the mean of
the total collection®2; 7= 150, p = 7.3e722, two-sided Wilcoxon rank-sum test), 2) genes
involved in the TOR pathway (7= 31, p= 2.8e720, two-sided Wilcoxon rank-sum test), 3)
long-lived CLS strains not involved in the TOR pathway (7= 142, p= 9.3e723, two-sided
Wilcoxon rank-sum test), and 4) long-lived RLS strains’® (7= 201, p= 1.3e72, two-sided
Wilcoxon rank-sum test). b, Heat map of gene expression analysis of Ribo-Seq data showing
Pearson’s correlation coefficient between all yeast samples. ¢, Average ribosome occupancy
at age-dependent pause sites (17 = 5,951 sites in 937 genes) in the indicated strains, with the
distribution of pause scores in aged (A) Day 4 WT and sch94 yeast cells on the right (0=
2.5 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 sch9A yeast. e, Average ribosome occupancy in WT and sch9A 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 HA7Z2 (top) and
YTMZ1 (bottom) in the indicated yeast strains around age-dependent ribosome pause sites
(HATZ2: position 188 with Trp in the A-site; Y7MLI: 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 sch9A cells harboring the indicated reporter. 7> 3 biological
replicates with representative example shown. Scale bar: 3 um. h, Immunoblot of young Day
0 and aged Day 4 yeast of WT or sch9A cells harboring the indicated reporter. Truncated
and full-length products are noted. 7= 3 biological replicates with representative example
shown. For gel source data, see Supplementary Figure 4. i, Relative gene expression of RQC
machinery in the translatome of WT or s¢h94 cells comparing aged Day 4 yeast to young
Day 0 yeast. ns = not significant; WT / sch94 cells: ASC1: p=4.1e7%0/9.8e™26, HEL2 p=
0.002/1.3e7™4, LTNZ: p=0.006/ ns, RQC2 p=1.2e72/ 2.0e720, two-sided Wald test with
Benjamini-Hochberg correction.
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Extended Data Figure 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 proteome. 7= 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 genome. /7= 587 pause sites with Day 12
pause score > 10 in 437 genes. ¢ — 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.
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Extended Data Figure 10. Association of age-dependent aggregation and ribosome pausing in
worms.
a, Investigating the association between age-dependent ribosome pausing and aggregation®®.

Population /7= 742 proteins with pause site, 6,219 proteins without a pause site. p= 1.6e723,
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 datasets37-6°, and those proteins that also have age-dependent ribosome pausing.
Walther, et al 4+ Lys/Arg: aggregate / pause + agg.: p=0.01/0.03, 2+ Arg: aggregate /
pause + agg.: p = 4.9e78/ 4.8¢75; David, et al 4+ Lys/Arg: aggregate / pause + agg.: p
=0.05/0.04, 2+ Arg: aggregate / pause + agg.: p=0.02 / 0.01, two-sided Fisher’s exact
test. ¢, Comparing the functional enrichment within aggregated proteins®® 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 abundance3’ over time of tRNA
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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=1.2e714, K07A12.1: p=13.9¢718, Y82E9BR.18. p=5.4e~", two-sided Wald
test with Benjamini-Hochberg correction. f, Aggregate abundance3” over time of worm RQC
orthologs.
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Figure 1. Age-dependent ribosome pausing is conserved.
a, Investigating the impact of ageing on translation kinetics and co-translational proteostasis.

b, Procedure overview. ¢, Cumulative frequency histogram of pause scores in coding
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Distance from pause site (codons)

Page 29

sequences of worms (left) and yeast (right). d, Volcano plot of relative ribosome pausing.

Colored points indicate codon positions in Day 12 adult worms and Day 4 yeast with

significantly increased age-dependent pausing (odds ratio > 1, adjusted p < 0.05, two-sided

Fisher’s Exact test, Benjamini-Hochberg correction), all other translatome positions in grey.
e, Average ribosome occupancy at age-dependent pause sites, /7= 5,503 sites in 1,282 genes
in worms (left), 5,600 sites in 890 genes in yeast (right).
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Figure 2. Ageing exacerbates ribosome pausing at polybasic regions in yeast.
a— b, Peptide motif and b, amino acid frequencies associated with age-dependent pause

sites (=271 sites with Day 4 pause score > 6 in 232 genes). *p < 0.05, **p < 0.01, ****p
< 1e™*, two-sided Fisher’s exact test, with basic residues highlighted. ¢, Average ribosome
occupancy at polybasic regions with 4 consecutive Lys/Arg (K/R) for young (Y) Day 0

and aged (A) Day 4 yeast. 7= 738 K/R sites in 606 genes. Shaded region represents the
95% bootstrapped confidence interval. Arrow indicates putative ribosome collisions. d, As
in c, for polybasic regions with 6 consecutive K/R. 1= 60 sites in 58 genes. e, Ribosome
occupancy on Y 7M1 with inset highlighting pausing and collision (arrow) at 5 consecutive
K/R. f, Occupancy of monosomes and disomes on Y 7M1 from disome profiling of young
cells?’.
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Figure 3. Polybasic-driven age-dependent aggregation of truncated nascent polypeptides in yeast
is mitigated in lifespan extension models.

a, Immunoblot of young and aged WT and RQC mutant strains harboring reporters with

12 R or K between GFP-RFP. Truncated, full-length, and high-molecular weight (HMW)
products are noted. 7= 3 biological replicates with representative example shown. For gel
source data, see Supplementary Figure 1. b, Fluorescence microscopy and quantification of
GFP+/RFP- puncta formation in cells harboring the R12 reporter. 7= 3 biological replicates
with representative example shown, 77> 200 cells with mean + SEM. WT: p= 6.6e74, /tnlA:
p=1.6e7% rgc2A: p=8.9e73, two-sided Welch’s ttest. Scale bar: 3 um. ¢, Investigating

the association between lifespan and RQC by analyzing the lifespan distribution®? of the
yeast deletion collection based on the abundance of the GFP-R12-HIS3 reporterb. < 1 sd
(standard deviation): strains with GFP abundance < 1 sd of the total collection (n= 4,195);
1 sd: strains with GFP abundance > 1 sd and < 3 sd (n= 172); > 3 sd: strains with GFP
abundance greater than 3 sd (n= 39). Grey line indicates average lifespan of the population.
RQC mutants are noted. ****p = 6.6e713, *p= 0.05, two-sided Wilcoxon rank-sum test. d,
Average ribosome occupancy in WT and sch94 yeast at regions with 4 consecutive K/R. n
= 728 K/R sites in 598 genes. Shaded region represents the 95% bootstrapped confidence
interval. Arrow indicates putative ribosome collisions. e, Quantification of GFP+/RFP-
puncta formation in WT and sch94 cells. n= 200 cells, 3 biological replicates with mean

+ SEM,; ns: not significant, **p = 0.004, ***p = 0.0004, two-sided Welch’s #test. Scale
bar: 3 um. f, Proposed model highlighting age-dependent aggregation of truncated nascent
polypeptides after a ribosome pausing event.
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Figure 4. Conserved mechanisms of age-dependent ribosome pausing and aggregation in worms.
a— b, Peptide motif and b, ribosomal A-site amino acid frequencies associated with

age-dependent pause sites (/7= 587 sites with pause score > 10 in 437 genes). **p =

0.005, two-sided Fisher’s exact test. ¢, Average ribosome occupancy at polybasic regions
with 6 consecutive K/R. n= 109 K/R sites in 100 genes. Shaded region represents the

95% bootstrapped confidence interval. Arrow indicates putative ribosome collisions. d,
Ribosome occupancy on fag-342 with inset highlighting pausing and collision (arrow) at 5
consecutive K/R. e, Investigating the association between age-dependent ribosome pausing
and aggregation3”. Population 7= 742 proteins with a pause site, 6,219 proteins without a
pause site. p= 5.6e722, two-sided Fisher’s exact test. f, Comparing the functional enrichment
within aggregated proteins3’ to those that also have age-dependent ribosome pausing,
displaying representative gene ontology terms (adjusted p < 0.05). Categories related to
proteostasis are highlighted. See Supplementary Table 2 for unfiltered results. g, Ribosome
occupancy on wars-1 (Trp tRNA synthetase) with inset highlighting pausing at a position
with Arg in the ribosomal active site. h, Proposed model of increased ribosome pausing and
aggregation of truncated nascent polypeptides during ageing.
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