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Individual stalling of catalytically inactive ribosomes at the start codon triggers
ubiquitination of ribosomal protein uS3 and subsequent 18S rRNA decay.
While collisions between ribosomes during translation elongation represent a
more widespread form of translation perturbation, their impact on ribosome
stability remains unknown. Here, we clarify a bifurcation in ubiquitination-
mediated ribosome turnover, identifying a collision-induced branch of uS3
ubiquitination and small subunit destabilization in yeast. This pathway elim-
inates not only non-functional ribosomes but also translationally active ones
with a prokaryotic-like decoding center, driven by competition with wild-type
ribosomes due to differing translation rates. We further show that endogenous
ribosomal subunit stoichiometry shifts toward a small-subunit-shortage state
via ubiquitination upon perturbed translation triggered by the anti-cancer
drug cisplatin and the growth phase transition. These findings reveal a
mechanism by which ribosome dynamics generally affects ribosome stability,
implicating ribosome dysfunction, heterogeneity, and stress-related transla-

tional disturbances in small subunit degradation.

Ribosome abundance control, a fundamental aspect of cellular
homeostasis in changing environmental conditions, depends on the
regulation of both biogenesis and degradation of the translational
machine. Non-functional rRNA decay (NRD)' degrades catalytically
inactive rRNAs assembled to cytosolic ribosomal subunits, represent-
ing one of the degradative pathways targeting mature ribosomes in the
budding yeast Saccharomyces cerevisiae. We previously elucidated a
connection among individual ribosome stalling, ribosome ubiquitina-
tion, and 18S NRD, which degrades inactive 18S rRNA**. The well-
characterized substrate of 18S NRD is ribosomes harboring exogen-
ously expressed 18S rRNA with a deleterious A1755C mutation in the
decoding center', which fail to stabilize the codon-anticodon interac-
tions and stall at the start codon®. Two E3 ubiquitin ligases, Mag2 and
Fapl, detect slow decoding and individual stalling, respectively, and

sequentially poly-ubiquitinate ribosomal protein uS3 of the decoding-
defective ribosomes®. This ubiquitination leads to dissociation of
ribosomal subunits by the ribosome quality control trigger (RQT)
complex and Dom34-Hbs1***, followed by rapid degradation of the
non-functional 18S rRNA in the 40S subunits, involving exonucleases
Xrnl and the exosome®. Similarly, RNF10, the human ortholog of Mag2,
ubiquitinates and destabilizes the small subunits of individually stalled
ribosomes with an 18S rRNA mutation equivalent to yeast A1755C°.
Therefore, 18S NRD is an evolutionary conserved pathway with at least
partially overlapping ubiquitination mechanisms across eukaryotes.
While previous studies have demonstrated that ribosomal small
subunit turnover occurs upon a specific mode of ribosome stalling,
recent emerging evidence in mammalian systems suggests that cel-
lular stress conditions, such as amino acid starvation, endoplasmic
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reticulum (ER) stress, and insufficiency of large ribosomal subunits,
also induce uS3 ubiquitination and small subunit tunrover’ ™. These
findings suggest that ribosome degradation might be broadly acti-
vated by cellular stress, likely as a consequence of translational defects.
However, because translational landscapes under different stress
conditions are complex and challenging to capture, the spectrum of
translational abnormalities that destabilize ribosomes remains poorly
defined. In particular, it remains an open question whether collisions
between translating ribosomes act as a trigger for uS3-ubiquitination-
mediated ribosome degradation, given that 80S-80S collisions likely
preclude binding of the yeast 18S NRD factor Fapl®.

In yeast, the E3 ubiquitin ligase Hel2 (ZNF598 in mammals) senses
ribosome collisions during translation elongation and poly-
ubiquitinates uS10 to initiate translational quality control targeting
nascent peptides (ribosome-associated quality control; RQC) and
mRNAs (No-go decay; NGD)> ', Several other ribosomal proteins,
including uS3, have also been identified as Hel2 substrates, yet their
ubiquitination is dispensable for RQC and NGD™"*, Curiously, Hel2 has
been shown to regulate uS3 ubiquitination induced by translation
elongation inhibitors and amino acid depletion®. Although only mono-
ubiquitination of uS3 was discussed under these in vivo conditions, we
previously demonstrated that Hel2 is capable of poly-ubiquitinating
uS3 in vitro in the presence of Mag2-mediated mono-ubiquitination®.
However, deletion of HEL2 only slightly stabilizes the established 18S
NRD substrate and has a minimal effect on uS3 ubiquitination of
decoding-defective ribosomes?, suggesting a minor or indirect con-
tribution of the collision sensor to canonical 18S NRD. While a recent
study reported an involvement of Hel2 in eliminating defective 18S
rRNA with mis-cleaved 3’ ends, this mechanism is independent of Mag2
and uS3 ubiquitination'. Thus, specific instances of Hel2-dependent
uS3 poly-ubiquitination remain to be explored, and whether they lead
to ribosome turnover is still unknown.

In this study, we expand the repertoire of model substrates for 18S
rRNA decay by modulating ribosome activity. We identify unstable 18S
mutants whose degradation requires Mag2 as well as either Fapl, Hel2,
or both, uncovering distinct branches of ribosomal small subunit
turnover: One associated with individual stalling and the other with
collisions. Focusing on a translationally active substrate—ribosomes
harboring a prokaryotic-like decoding center, we show that ribosome
competition during translation elongation leads to clearance of the
suboptimal ribosome population via Mag2-Hel2-mediated uS3 ubi-
quitination. In endogenous ribosomes, this ubiquitination alters ribo-
somal subunit stoichiometry in response to exacerbated 80S-80S
collisions triggered by the anti-cancer drug cisplatin and during the
transition from exponential growth to the diauxic shift. These findings
establish a general link between ribosome dynamics and stability,
positioning collision-induced ribosome destabilization as both a
ribosome quality control mechanism and a response to stress-related
translational perturbations.

Results

Mag2-Fapl- and Mag2-Hel2-mediated decay of inactive 18S rRNA
To investigate the relationship between Hel2-dependent uS3 ubiqui-
tination and ribosomal subunit degradation, we used editable and
galactose-inducible rRNA plasmids' and assessed the stability of a
series of previously untested 18S rRNA mutants. We reasoned that any
18S rRNA mutant destabilized in a Mag2-Hel2-dependent manner
would support the existence of a collision-induced ribosomal small
subunit degradative pathway associated with ribosome ubiquitination.
As a result, several 18S rRNA mutants carrying substitutions in bases
within or near the decoding center (Fig. 1A) failed to support cell
growth as the sole source of rRNA (Supplementary Fig. 1A) and were
destabilized within three hours following transcription inhibition by
glucose in wild-type (WT) cells (Fig. 1B and Supplementary Fig. 1B).
Mag2, which broadly recognizes slow ribosomes, was required for the

elimination of ten unstable mutants tested (Fig. 1B), indicating com-
promised translation as the trigger for degradation.

Among these, destabilization of 18S: A1756C and 18S: G568A was
further dependent on the individual stalling sensor Fapl (Fig. 1A, B,
orange). This suggests that ribosomes carrying these mutants are likely
stalled at the start codon due to severe decoding defects, resembling
the canonical 18S NRD substrate 18S: A1755C°. Consistently, A1756 and
A1755 (16S: A1493 and A1492 in Escherichia coli) are two of the most
critical nucleotides during decoding, which flip out from helix 44 and
interact with the first two codon-anticodon pairs upon binding of
cognate tRNA". G568 corresponds to human 18S: G617, which is pre-
dicted to form a polar contact with the 67™ arginine (R67) in the vici-
nity of the universally conserved PNSA loop of uSI12, a ribosomal
protein vital for the fidelity of translation elongation'®". A mutation of
uS12-R67 (R69 in yeast) to lysine results in mild ribosome biogenesis
defects, reduces translation fidelity in yeast and human cells, and
importantly, has been identified in a ribosomophathy patient with
intellectual disability, autism spectrum disorder, and hearing loss®.
Because the PNSA loop contacts A1492 and the third base of the codon
during decoding”, one possibility is that the mutation of G568
may disrupt accurate positioning of the PNSA motif, leading to a
complete loss of decoding activity similar to mutations in 18S: A1755
and A1756.

Notably, five mutants were strongly stabilized in cells lacking the
collision sensor Hel2 (Fig. 1A, B, green), and another three remained
unstable when either of Fapl and Hel2 was present (Fig. 1A, B, purple).
These 18S rRNA mutants carry substitutions in conserved bases near
A1756 and A1755, some of which form intramolecular base pairings".
Analogous mutations in E. coli have been linked to reduced tRNA
binding to the A- and P-sites or decreased decoding fidelity”-*
Although their effects in eukaryotic translation remain untested, the
requirement of Hel2 in their degradation suggests functional defects at
the translation elongation stage. We confirmed that the Hel2 substrate
18S: CI1641IA exhibited stronger polysome association than the
Fapl substrate 18S: A1756C, even under high-salt conditions that dis-
sociate non-translating 80S into subunits®** (Supplementary Fig. 1C).
These findings indicate that different 18S rRNA base mutants generate
ribosomes defective at distinct stages of translation: Some are indivi-
dually stalled at the start codon, while others proceed into elongation
but likely induce collisions.

Translationally active, prokaryotic-like ribosomal small sub-
units are subject to Mag2-Hel2-mediated degradation

In parallel, we constructed an 18S RNA mutant with two non-conserved
bases swapped (G1645A/A1754G; GA/AG), which mimics the prokar-
yotic decoding center (Fig. 1C). This mutant retains decoding activity
in yeast but exhibits sensitivity to aminoglycoside-induced
miscoding®. These observations were reproduced by assessing the
viability of endogenous rDNA-deleted (rdnAA) cells*® complemented
with the 18S: GA/AG plasmid (Fig. 1D). We further found that cells
expressing only 18S: GA/AG were more sensitive to heat shock at 37 °C
than those with 18S: WT, suggesting compromised performance under
stress. Unexpectedly, despite its ability to support growth at the nor-
mal temperature (30 °C), 18S: GA/AG was degraded when expressed in
WT cells in a manner dependent on Mag2, Hel2, and the uS3 ubiqui-
tination site, lysine 212 (K212) (Fig. 1E). Ribosome splitting factors
involved in the canonical 18S NRD pathway, SIh1 and Dom34, were also
required for degradation of 18S: GA/AG (Fig. 1E). Moreover, deletion of
the exonuclease Xrnl led to accumulation of shortened rRNA frag-
ments derived from 18S: GA/AG, similar in length to those observed for
18S: A1755C, which have been proposed as degradation intermediates*
(Supplementary Fig. 2A). These results indicate that degradation of
translationally active, prokaryotic-like ribosomes proceeds through a
mechanism resembling canonical 185 NRD downstream of uS3
ubiquitination.
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To further examine the involvement of uS3 ubiquitination in the
elimination of prokaryotic-like ribosomes, we performed affinity pur-
ification via an MS2 binding sequence inserted to the plasmid-encoded
18S: GA/AG (Supplementary Fig. 2B). Similar to 18S: A1755C, purified
ribosomes carrying 18S: GA/AG showed escalated uS3 ubiquitination
compared with 18S: WT (Supplementary Fig. 2C). Deletion of MAG2
completely diminished this ubiquitination (Fig. 1F), confirming the
necessity of Mag2 in initiating ubiquitination of uS3?. Notably, whereas
HEL?2 deletion had only a minimal effect on uS3 ubiquitination of 18S:

Endogenous !_.

—> 418 nt fragment (MS2 bs-)

A1755C ribosomes?, it strongly reduced the poly-ubiquitination bands
observed for ribosomes carrying 18S: GA/AG (Fig. 1F). These results
align with the multi-tiered ubiquitination process of uS3 by two E3
ligases” and provide direct evidence for a Mag2-Hel2-mediated branch
of ubiquitination-dependent ribosome turnover. The mono-
ubiquitination level of uS3 was also decreased in hel2A cells, as pre-
viously observed for fapIA in 18S: A1755C ribosomes®. Because both
Hel2 or Fapl act as ubiquitin chain elongators on uS3, their contribu-
tions to the mono-ubiquitination are likely indirect. Possible
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Fig. 1| Mag2-Fapl- and Mag2-Hel2-mediated branches of 18S rRNA decay.

A, B Schematic of the secondary structure of the yeast decoding center (A) and
northern blots analyzing the impact of uS3-related E3 ubiquitin ligase deletion on
the stability of 18S rRNAs with conserved bases substituted in or near the decoding
center (B). Northern blot analysis was performed using three biological replicates,
and representative results are shown. Time after transcription shut-off is indicated
in hours (hr). Mutants are grouped and color-coded based on changes in their
stability upon E3 ubiquitin ligase deletion. WT: wild-type; Endo: endogenous.

C Comparison between the secondary structures of yeast 18S rRNA and bacterial
16S rRNA helix 44 (h44). The two non-conserved bases in yeast 18S rRNA are
highlighted in cyan. D Spot growth assay of endogenous rDNA-deleted (rdnAA)
cells complemented with either the 18S: WT or 18S: GA/AG plasmid on YPD plates
under the indicated conditions. E Northern blots assessing the stability of plasmid-

derived 18S: GA/AG rRNA in the indicated strains. Half-lives were estimated by
fitting the band intensities and time points from three independent experiments to
a single-exponential decay model using least-squares fitting. Replicates and/or
samples from different strains were run on separate gels when needed due to lane
number limitations. All gels and blots were processed and analyzed using the same
method. The mean half-lives + standard deviation are shown. F Western blot ana-
lysis detecting 3xHA-tagged uS3 in lysates (input) or MS2-purified ribosomes
containing plasmid-derived 18S: WT or 18S: GA/AG with an MS2 binding sequence
(MS2 bs). Ub: ubiquitin. Enrichment of plasmid-derived 18S rRNA by the purifica-
tion was confirmed by RT-PCR using primers flanking the MS2 binding sequence,
comparing fragment lengths between input and MS2-purified fractions. Experi-
ments were performed using two biological replicates. Representative results are
shown. Source data are provided as a Source Data file.

explanations include that mono-ubiquitinated uS3 may be more sus-
ceptible to de-ubiquitination in the absence of poly-ubiquitination, or
that Hel2 and Fapl might indirectly affect the activity, recruitment, or
stability of Mag2.

In line with its translation elongation activity, 18S: GA/AG dis-
tributed across ribosome fractions similarly to 18S: WT, participating in
vigorous translation and forming polysomes (Supplementary Fig. 2D).
This was particularly evident in hel2A cells, where 18S: GA/AG was
stabilized. We conclude that distinct translational aberrancies caused
by 18S rRNA base substitutions bifurcate uS3 poly-ubiquitination into
two pathways: One employing the individual stalling sensor Fapl and
the other engaging the collision sensor Hel2, both requiring Mag2-
mediated mono-ubiquitination as a prerequisite (Supplementary
Fig. 2E). Importantly, ribosomes destabilized by the collision pathway
are not necessarily translationally inactive.

Prokaryotic-like ribosomes are suboptimal for yeast translation
elongation

We focused on the translationally functional 18S: GA/AG ribosomes,
considering that elucidating how they are recognized for degradation
would shed light on the mechanisms by which cells discriminate sub-
optimal ribosomes, such as those arising from heterogeneity in ribo-
somal proteins or rRNAs??%, To this end, we performed ribosome
profiling using 18S: GA/AG ribosomes isolated from WT cells to inves-
tigate potential translational aberrancies. The length distribution of
ribosome-protected mRNA fragments (RPFs) was similar between
ribosomes carrying 18S: GA/AG and those carrying 18S: WT, indicating
comparable ratios of occupied and unoccupied A-sites” (Fig. 2A).
Metagene analysis revealed that 18S: GA/AG-derived RPFs were dis-
tributed throughout the open reading frame (ORF), but with a relative
decrease at the start and stop codons compared to 18S: WT (Fig. 2B).
We further computed a pause score for each position of each ORF,
representing the relative ribosome density, and averaged the pause
scores for all instances of each of the 64 codons. This confirmed the
depletion of the AUG codon in the P-site and all three stop codons in
the A-site of 18S: GA/AG ribosomes, with no evidence of stalling specific
to a single codon elsewhere (Fig. 2C). Although the 18S: GA/AG mutant
promotes stop codon readthrough in the presence of
aminoglycosides®”, we did not detect an increase in RPFs in the 3’
untranslated region (UTR) under antibiotic-free conditions (Fig. 2D).
The loss of 18S: GA/AG ribosomes at the start and stop codons coin-
cided with a relative accumulation of RPFs in between (Fig. 2E, F, and
Supplementary Fig. 3A), suggesting altered ribosome dynamics along
coding regions rather than in UTRs. We next excluded the first and last
five codons of each ORF and analyzed individual sites exhibiting over a
two-fold change in pause scores between 18S: GA/AG and 18S: WT. Only
sites with a standard deviation less than 50% of the mean pause score
across replicates were retained. Analysis of the A/P/E-site codons did
not reveal clear motif features but instead showed a relatively
high frequency for previously established stalling sequences at posi-
tions with either higher or lower pause scores in 18S: GA/AG

(Supplementary Fig. 3B). We further computed an enrichment score by
dividing the amino acid frequency in the high-pause-score group by
that in the low-pause-score group. This indicated an enrichment or
depletion of specific codons in the 18S: GA/AG ribosomes, for example,
accumulated A-site phenylalanine, tryptophan, and proline codons
(Supplementary Fig. 3C). While these results suggest the potential in
certain amino acid motifs for influencing the dynamics of 18S: GA/AG
ribosomes, such features were observed in only a subset of ORFs
(Supplementary Fig. 3D) and appear dispensable for the overall RPF
distribution in the metagene analysis.

A plausible explanation for the depletion of 18S: GA/AG ribosomes
at the start and stop codons is that translation elongation in between
proceeds more slowly with the prokaryotic-like decoding center in
yeast. Consistently, rdnAA cells expressing only 18S: GA/AG showed
reduced puromycin incorporation than 18S: WT-only cells (Fig. 2G). To
more directly evaluate the overall elongation rate, we performed a
ribosome run-off assay using lactimidomycin (LTM), which blocks the
first round of peptide bond formation, allowing elongating ribosomes
to run off the mRNA and resulting in a gradual loss of polysomes over
time®*=2, The 18S: GA/AG-only cells maintained a higher polysome-to-
80S ratio at multiple time points after LTM treatment, indicating a
lower global translation elongation rate compared to 18S: WT-only
cells (Fig. 2H).

Ribosome competition enables clearance of suboptimal
ribosomes

Given that half-life measurements of plasmid-derived 18S rRNA were
conducted in the presence of endogenous WT rRNA (Fig. 1), we
hypothesized that general differences in elongation rates, rather than
prolonged stalling at certain positions, drive collisions between the
two active ribosome species. To test this, we employed a dual rRNA
plasmid system in rdnAA cells. One plasmid constitutively expressed
either 18S: WT or 18S: GA/AG under the control of the RNA polymerase |
promoter (POLIp). Additionally, a second plasmid with a galactose-
inducible promoter (GAL7p) was introduced, expressing a traceable
version of either 18S: WT or 18S: GA/AG. This system enabled the ana-
lysis of ribosomes in various combinations of their own or different
species. Ribosomes harboring GAL7p-derived 18S: GA/AG were
robustly ubiquitinated at uS3 when co-expressed with POLIp-derived
18S: WT but showed marginal ubiquitination with POLIp-derived 18S:
GA/AG (Fig. 3A). Consistently, the 18S: GA/AG rRNA underwent rapid
decay in the presence of 18S: WT but was stable when 18S: GA/AG was
the sole 18S rRNA species (Fig. 3B). Compared with cells harboring only
WT ribosomes, cells co-expressing 18S: GA/AG and endogenous rRNAs
exhibited a modest increase in di-, tri, and heavier polysomes
resistant to Micrococcal nuclease (MNase) treatment (Fig. 3C). This
provides evidence that collisions occur between the faster 18S: WT
and slower 18S: GA/AG ribosomes. Importantly, ribosomes with 18S:
WT were neither preferentially ubiquitinated nor degraded even
when co-existing with 18S: GA/AG (Fig. 3A, B). We infer that the
degradation system selectively acts on the suboptimal ribosome
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Fig. 2 | Ribosomes with a prokaryotic-like decoding center are translationally
active but suboptimal in yeast. A Length distribution of ribosome-protected
mRNA fragments (RPFs) in ribosome profiling libraries from MS2-purified ribo-
somes containing either 18S: WT or 18S: GA/AG. WT: wild-type. B Metagene plots
showing A-site positions of MS2-purified ribosomes around the start and stop
codons. RPM: reads per million; n=1503 transcripts (also for other metagene
analysis data shown in this figure). C Scatter plots showing the log2 pause scores for
P-site (left) or A-site (right) codons in MS2-purified ribosomes, comparing 18S: GA/
AG to 18S: WT. D Histogram showing the distribution of the ratio of RPFs mapped to
3’ untranslated region (UTR) relative to all RPFs. E Averaged distribution of RPFs
from MS2-purified 18S: WT or 18S: GA/AG ribosomes across open reading frames
(ORFs). The fraction of RPFs mapped within ORF regions, excluding the first and
last five codons, is shown. Data represent the mean of two replicates. The cartoon

Time post LTM addition (min)

illustrates a possible interpretation of the loss of 18S: GA/AG RPFs at start and stop
codons. F Distribution of RPFs on two representative ORFs showing a depletion of
18S: GA/AG-derived RPFs at start and stop codons compared to 18S: WT. Results
from one replicate are shown. G Western blot assessing puromycin incorporation in
rdnAA cells complemented with 18S: WT or 18S: GA/AG plasmids. The duration of
puromycin (Puro) treatment is indicated in minutes (min). Ponceau S staining was
used as a loading control. A representative blot from four biological replicates is
shown. H Ribosome run-off assay of rdnAA cells complemented with 18S: WT or 18S:
GA/AG plasmids. Time after lacmidomycin (LTM) addition is indicated in minutes
(min). Average polysome-to-80S ratios at each time point are shown, with error
bars indicating standard deviation (n = 3 biological replicates). A two-sided Welch-
Aspin test was used to compare 18S: GA/AG and 18S: WT. P-values (p) are shown.
Source data are provided as a Source Data file.
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species (leading ribosomes during collisions), which are overtaken by
optimal ribosomes in translation, allowing the latter to resume elon-
gation and remain stable once collisions are resolved. Potential effects
of differences in expression levels between the two rRNA species in the
dual-plasmid system (Fig. 3A) and more complex collision scenarios
involving three or more ribosomes on the stability of WT ribosomes
remain to be addressed in future studies. Nevertheless, our data reveal
that competition between two functional ribosome species during
translation elongation elicits collisions and prompts the clearance of
the slower ribosome population.

Dual requirement for uS3 and uS5 ubiquitination in ribosome
turnover

While we showed that ubiquitination of uS3 is a common outcome of
individual stalling and ribosome collisions, the potential roles of other
ubiquitination events in regulating ribosome stability remain elusive in
yeast. We first examined uS35, as K54 and K58 of human uS5 (Supple-
mentary Fig. 4A) were recently identified as ubiquitination targets of
RNF10, homolog of Mag2”®. Overexpression of Mag2 gave rise to
ladder-like bands derived from uS5, likely representing its ubiquiti-
nated forms (Supplementary Fig. 4B). These bands were abolished by a
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Fig. 3 | Competition between two active ribosome species drives collision-
induced clearance of the slower ribosomes. A Western blot detecting 3xHA-
tagged uS3 of MS2-purified ribosomes from rdnAA cells expressing the POLIp- and
GAL7p-rRNA plasmids in the indicated combinations. RT-PCR using primers flank-
ing the MS2 binding sequence shows relative abundance of POLIp- and GAL7p-
derived rRNA. Experiments were performed using two biological replicates. A
representative result is shown. WT: wild-type; Ub: ubiquitin. B Northern blot
investigating the stability of GAL7p-derived 18S rRNA from rdnAA cells expressing
the indicated plasmid combinations. Time after transcription shut-off is indicated
in hours (hr). Data from three independent clones are shown. C Sucrose density
gradient profiles of hel2A cells expressing POL1p-18S: WT or 18S: GA/AG, treated
with (lower) or without (upper) MNase. Absorbance was normalized by the 80S
peak height. A representative replicate is shown. The box plot shows changes in the
polysome-to-monosome ratio upon MNase treatment, calculated from areas under
the 80S and polysome (di-some and higher) peaks of six experiments using three

clones. Box plot elements: center line, median; box limits, quartiles; whiskers,
1.5x interquartile range; points, individual data values; triangles, mean. Statistical
significance was assessed using a linear model including batch as a covariate. The p-
value (p) is indicated. Endo: endogenous. D Western blot analysis detecting 3xHA-
tagged uS10 of MS2-purified ribosomes with the indicated 18S rRNA. uL14 serves as
a ribosome abundance control. A representative blot from two independent
experiments is shown. E Western blot detecting 3xHA-tagged uS10 from cells
overexpressing (OE) HEL2, MAG2, or both, treated with anisomycin or the vehicle
(DMSO). eEF3 serves as a loading control. Experiments were performed using three
biological replicates. A representative blot is shown. F Western blot detecting
protein products from the GFP-RI2-FLAG-HIS3 reporter in cells overexpressing
MAG?2 or the empty vector (EV). eEF3 serves as a loading control. A representative
result from two experiments is shown. Source data are provided as a Source Data
file. G Model of ribosome competition leading to small subunit destabilization.

single mutation of yeast uS5-K33, equivalent to human K58, but
remained detectable in the absence of FAPI or HEL2. Notably, the uS3-
K33R mutation markedly stabilized both 18S: GA/AG and 18S: A1755C
(Supplementary Fig. 4C), and ubiquitination of uS5 was significantly
increased in ribosomes containing either of the 18S rRNA mutants
(Supplementary Fig. 4D). These observations indicate that Mag2-
dependent ubiquitination of uS5-K33, in addition to uS3-K212, is
essential for both individual-stalling-induced and collision-induced
ribosome turnover.

Differential contributions of uS10 ubiquitination to ribosome
turnover during individual stalling and collision events

The essential roles of Hel2 in ubiquitinating uS10 on collided ribo-
somes to initiate RQC and NGD led us to ask whether uS10 ubiquiti-
nation contributes to ribosomal small subunit degradation,
particularly during ribosome competition. To our surprise, the ubi-
quitination level of uS10 was similar between the prokaryotic-like
ribosomes and WT ribosomes (Fig. 3D). Mutations of K6 and K8,
known uS10 ubiquitination sites", had negligible impact on the stabi-
lity of 18S: GA/AG (Supplementary Fig. 5A). These results underscore a
selectivity of Hel2 for uS3 over uS10 as the ubiquitination target upon
collisions caused by suboptimal ribosomes, as well as the specific
requirement of uS3 but not uS10 ubiquitination for ribosome turnover.
Given that Hel2 ubiquitinates uS3 only in the presence of Mag2-
mediated mono-ubiquitination, we reasoned that prior mono-
ubiquitination on uS3 may direct Hel2 to extend the ubiquitin chain
at the same site rather than initiating a new ubiquitination event on
uS10. Supporting this model, MAG2 overexpression, which enhances
uS3 mono-ubiquitination?, partially suppressed the increase in the
cellular uS10 ubiquitination level by HEL2 overexpression, even upon
anisomycin-induced collisions (Fig. 3E). In addition, MAG2 over-
expression significantly reduced RQC efficiency, as indicated by
decreased arrest products and increased full-length proteins derived
from the road-blocking consecutive arginine reporter (R12) (Fig. 3F).
Collectively, our results indicate that ribosome competition caused by
18S: GA/AG triggers collision-induced ubiquitination of uS3 and uS5 but
not uS10 (Fig. 3G), and that Mag2-dependent priming of uS3 ubiqui-
tination dictates Hel2'’s target preference, thereby balancing ribosome
turnover and RQC upon collisions.

By contrast, uS10 ubiquitination was increased in individual stal-
led ribosomes carrying the canonical 18S NRD substrate, 18S: A1755C
(Fig. 3D), and mutations of uS10-K6/8 partially stabilized the non-
functional 18S rRNA (Supplementary Fig. 5B). The ubiquitination level
was unaffected by HEL2 deletion but was markedly reduced in FAPI-
deleted cells (Supplementary Fig. 5C), indicative of Fapl-mediated
uS10 ubiquitination upon individual stalling. Indeed, overexpression
of FAPI enhanced uS10 ubiquitination of endogenous ribosomes,
which was abolished by K6/8 R mutations (Supplementary Fig. 5D).
Moreover, ribosomes co-purified with Fapl were enriched in

ubiquitinated uS10 (Supplementary Fig. SE). In vitro, Fapl extensively
poly-ubiquitinated uS10 as the sole E3 ubiquitin ligase in the presence
of the Ubc13-Mms2 E2 ubiquitin conjugating enzyme complex but only
weakly with Ubc4 (Supplementary Fig. 5F). Interestingly, inhibition of
uS10 ubiquitination by the K6/8 mutations significantly suppressed
uS3 ubiquitination, both in whole-cell lysates without expression of
mutant 18S rRNA, and in MS2-purified 18S: A1755C ribosomes (Sup-
plementary Fig. 5G, H). Together, these results demonstrate that the
individual stalling sensor Fapl ubiquitinates uS3 and uS10, with the
latter facilitating the former to promote ribosome turnover (Supple-
mentary Fig. 51). This may be achieved by self-regulation of Fapl’'s E3
activity or a facilitative role of uS10 ubiquitination in Mag2-mediated
uS3 mono-ubiquitination. We also found that uS3 ubiquitination was
decreased even in 18S: GA/AG ribosomes isolated from uS10-K6/8R
cells. While these ribosomes are unlikely to be favored substrates for
uS10 ubiquitination (Fig. 3D) and their degradation occurs indepen-
dently of uS10 ubiquitination (Supplementary Fig. 5A), it remains
possible that basal ubiquitination of uS10 contributes to efficient Hel2-
mediated uS3 ubiquitination.

Cisplatin reduces the abundance of endogenous ribosomal
small subunits in a collision-dependent manner

We went on to further explore the generality of the relationship
between ribosome dynamics and ubiquitination-mediated ribosome
turnover, focusing on endogenous ribosomes without introducing the
stalling- or collision-triggering model substrates. While overexpression
of either FAPI or HEL2 together with MAG2 enhanced uS3 ubiquitina-
tion to comparable levels (Supplementary Fig. 6A), uS3 ubiquitination
in the non-stress condition primarily relied on Mag2 and Hel2 (Sup-
plementary Fig. 6B), indicating that it mainly stems from ribosome
collisions rather than individual stalling. Mag2 and Hel2, but not Fapl,
were essential for the increase in uS3 ubiquitination observed under
previously reported collision-inducing conditions™***, such as treat-
ment with the alkylating agent methyl methanesulfonate (MMS) or the
translation elongation inhibitor cycloheximide (CHX) (Supplementary
Fig. 6C, D).

We found that cisplatin, a DNA damaging agent and widely used
anti-cancer drug®, stimulated Mag2-Hel2-mediated ubiquitination at
uS3-K212 (Fig. 4A). It also caused a moderate yet significant relative
decrease in the free 40S subunit abundance, as indicated by the
reduced area under the 40S absorbance curve at 260 nm compared to
the 60S in sucrose density gradient profiles (Fig. 4B, C). This effect was
abolished by deletion of MAG2, HEL2, or the uS3-K212R mutation
(Supplementary Fig. 7A, B), demonstrating that Mag2-Hel2-dependent
ubiquitination of uS3 alters ribosomal subunit stoichiometry in
response to cisplatin treatment. Because cisplatin binds mRNA, rRNA
and tRNA and inhibits translation in vitro®*™*, it is conceivable that it
disrupts ribosome dynamics by crosslinking RNA species. While the
metagene profile around the start and stop codons in ribosome
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profiling was unaffected by cisplatin (Supplementary Fig. 7C), com-
putation of pause scores for each sense codon revealed an accumu-
lation of ribosomes with the tryptophan UGG codon in the A-site upon
treatment (Fig. 4D). A minor pause score peak appeared 10 codons
upstream of UGG, pointing to an increased density of collided 80S
ribosomes (Fig. 4E). Analysis of individual pause sites confirmed that
the top cisplatin-dependent RPF peaks (Supplementary Fig. 7D) pre-
dominantly originated from ribosomes with the tryptophan codon in
the A-site or at the +10-codon position (Supplementary Fig. 7E, F),

corresponding to leading and colliding ribosomes, respectively. When
tryptophan-containing sites were excluded from the analysis, the motif
features of the remaining pause sites became less distinct but showed
a relatively high frequency of the glycine codons in the A-site (Sup-
plementary Fig. 7E, G). A shared characteristic of the single tryptophan
codon UGG and glycine codons GGU/GGC/GGA/GGG is the presence
of two adjacent guanines, which represent the most favorable cisplatin
binding site for adduct formation in DNA*. If a similar crosslinking
preference extends to RNA, specific stalling at tryptophan and glycine
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Fig. 4 | Collision-induced ribosome degradation responds to stress-related
translation perturbations. A Western blot detecting 3xHA-tagged uS3 in cells
treated with cisplatin (+) or the vehicle DMSO (-). eEF3 is a loading control. A
representative result from two experiments is shown. WT: wild-type; Ub: ubiquitin.
B Sucrose density gradient profiles of cisplatin or vehicle-treated cells. Absorbance
was normalized by aligning the height of the 80S peak across all samples. A
representative replicate is shown. Red arrows indicate cases where the 40S peak
height is lower than the 60S peak; gray arrows indicate the opposite.

C Quantification of the 40S-to-60S ratio based on the area under the curve in
sucrose density gradient profiles in Fig. 4B. Mean ratios in each condition are
shown. Error bars represent standard deviation, n =6 (WT) or 3 (others) biological
replicates. Statistical significance was assessed using a two-sided paired t-test. p: p-
value. D Scatter plot comparing pause scores for A-site codons from ribosome
profiling of cisplatin-treated cells and the vehicle control. n =1294 transcripts; first

and last five codons excluded. E Metagene plots depicting average pause scores in
a+50-codon window centered around the tryptophan (Trp) UGG (TGG as DNA)
codon. F, G Sucrose density gradient profiles of cells harvested at the indicated
time points after the optical density at 600 nm (OD600) reached 0.6 to 0.8 (mid-
log phase) (F), using normal or low Mg*" in lysis buffer and gradients (G). Time is
indicated in hours (hr). Representative results from two experiments are shown.
H Western blot detecting 3xHA-tagged uS3 and Ponceau S staining. A representa-
tive blot from two biological replicates is shown. I, J Sucrose density gradient
profiles of cells harvested at O hr or 18 hr after mid-log phase (I) and quantification
of the 40S-to0-60S ratio (J). Absorbance was normalized to align the height of the
80S peak within each time point. Average ratios are shown. Error bars represent
standard deviation, n=5 (WT), 2 (fapIA O hr), or 3 (others). No error bar is shown
for faplA O hr due to only two replicates. Source data are provided as a Source
Data file.

codons upon cisplatin treatment could result from adduct formation
at these guanine-rich sites on the mRNA. Interestingly, UGG-specific
stalling and collisions have been reported in fission yeast under oxi-
dative stress*. Tryptophan was also among one of the top stalling-
prone codons in prokaryotic-like ribosomes (Supplementary Fig. 3C).
These together raise the possibility that ribosome dynamics at tryp-
tophan codons, frequently located in important structural or func-
tional domains of many proteins, may serve as an important indicator
of diverse translational stress conditions.

Moreover, cisplatin did not promote ubiquitination of uS10
(Supplementary Fig. 7H), but activated the integrated stress response
(ISR), which can be triggered by collision-inducing stimuli in both yeast
and mammals***, Ribosome profiling showed that genes regulated by
Gcn4, a central ISR transcription factor*®*’, were induced by cisplatin
treatment (Supplementary Fig. 7I), accompanied by increased elF2a
phosphorylation, especially in the absence of HEL2 (Supplementary
Fig. 7)). This resembles the observations for MMS treatment*** and
supports the notion that the ISR is a critical response to large-scale
ribosome collisions. Collectively, our data suggest that cisplatin
exacerbates stalling and collisions at tryptophan codons, activating
ribosome destabilization and the ISR. In this case, Hel2 likely mitigates
the ISR by resolving collisions via the uS3 ubiquitination-mediated
ribosome turnover pathway rather than uS10 ubiquitination-
dependent quality control systems.

Collision-induced ribosomal subunit stoichiometry control
during the growth phase transition

Studies on ribosome ubiquitination and turnover have been so far
largely relying on the expression of plasmid-encoded rRNA expression
or chemical treatments. We finally sought to extend our findings to a
more physiological condition. Upon continuous incubation in liquid
medium, yeast cells transition from exponential (log) growth phase
(<1 day in rich media) to the diauxic shift (around 1 day), when
metabolism switches from glycolysis to aerobic ethanol utilization,
and finally to the stationary phase (>4 to 7 days), when carbon sources
are exhausted*. During this transition, cells experience stress from the
depletion of nutrients and the accumulation of toxic metabolites.
Ribosome abundance, evaluated by the total absorbance at 260 nm of
all ribosome fractions, was reduced after an additional 2 to 3 days of
incubation following the mid-log phase (optical density at 600 nm;
0OD600 =0.6 to 0.8) in WT cells grown in synthetic complete media
(Fig. 4F). This reduction is consistent with the downregulation of
ribosome biogenesis®**! and upregulation of autophagic turnover®*>*
in response to starvation. Interestingly, several earlier responses stood
out: Global translation repression was observed four hours after the
mid-log phase, as reflected by a robust decrease in the polysome-to-
monosome ratio. At eight hours after the mid-log phase, a relative
shortage of 40S subunits compared to 60S emerged and persisted
until 28 h (Fig. 4F). The decrease in 40S absorbance under also low
Mg conditions, which split 80S and heavier ribosomes into subunits

(Fig. 4G), confirmed a change in the 40S subunit abundance rather
than re-localization of subunits between ribosome fractions. Impor-
tantly, the 40S shortage coincided with a peak in the uS3 ubiquitina-
tion level and a temporary plateau in cell growth (Fig. 4H). We next
tested the contribution of uS3/uS5 ubiquitination in the decrease of
40S subunit abundance. Eighteen hours after mid-log phase, WT and
faplA cells showed a decrease in the 40S-to-60S ratio, whereas mag2A,
hel2A, uS3-K212R, and uS5-K33R cells exhibited an excess of 40S sub-
units (Fig. 41, ] and Supplementary Fig. 8A, B). Together, Mag2-Hel2-
dependent ubiquitination and subsequent ribosome destabilization
not only eliminate suboptimal ribosomes but also broadly respond to
stress-related collision-inducing stimuli, exemplified by cisplatin
treatment and extended growth. Particularly, this pathway may serve
as one of the first-line responses during the transition from the log
phase to the diauxic shift, playing a central role in altering ribosomal
subunit stoichiometry to a temporary small-subunit-shortage state.

Discussion

Here, we reveal a convergence of individual ribosome stalling and
collisions on ribosomal small subunit degradation through a branched
enzymatic pathway of uS3 ubiquitination. Our findings highlight a
collision-induced ribosome destabilization mechanism (CoRD)
dependent on Mag2 and Hel2, distinct from stalling-induced ribosome
destabilization (SRD) dependent on Mag2 and Fapl, as exemplified by
previously reported 18S NRD. This mechanism likely serves as both a
quality control system to eliminate suboptimal ribosomes and a gen-
eral response to large-scale translational disturbances under various
stress conditions.

Our results show that ubiquitination of two closely located ribo-
somal proteins, uS3 and uS5, is crucial for triggering both CoRD and
SRD. This ubiquitination requires Mag2, which broadly recognizes
slow decoding’. The roles of human RNF10 (Mag2 ortholog) in ubi-
quitinating uS3 and uS5 to degrade ribosomal small subunits®™ sug-
gest that yeast and humans share a fundamental mechanism of
flagging ribosomes for small subunit degradation. We infer that ubi-
quitin chains on uS3 and uS5 are jointly required for interactions with
specific ubiquitin-binding effector(s) involved in ribosome splitting
and (or) 40S degradation. Supporting this, a recent structural study
revealed that the serine/threonine-protein kinase RIOK3 contacts
ubiquitinated uS3 and uS5 and mediates 40S degradation upon amino
acid starvation in culture cells'. Although yeast lacks a RIOK3 homo-
log, the SRD and CoRD model substrates generated in this study
should serve as valuable tools for identifying ubiquitin reader(s)
in yeast.

Two key factors that extend the uS3 poly-ubiquitin chain, the
individual stalling sensor Fapl and the collision sensor Hel2, are also
conserved in mammals. However, the sequential ubiquitination pro-
cess of uS3 remains unverified beyond yeast, and evidence linking 80S-
80S collision to small subunit degradation is still absent in mammals.
This raises the question of whether a bifurcated ubiquitination
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Fig. 5 | Model of a branched enzymatic pathway of uS3 ubiquitination linking
translational perturbations to ribosomal small subunit degradation. During
translation, stalled or slow ribosomes first receive a yellow card from Mag2, marked
by mono-ubiquitination at uS3 as potential degradation substrates. These ribo-
somes remain stable unless further stalling or collisions occur. However, persistent
translational disturbances trigger additional recognition steps and extension of the
ubiquitin chain on uS3: Individual stalled ribosomes are poly-ubiquitinated by Fapl,
while collided ribosomes are poly-ubiquitinated by Hel2. Poly-ubiquitination of
uS3, along with ubiquitination of uS5 (and, depending on the context, uS10), acts as

ared card committing ribosomes to small subunit degradation. We refer to the
Mag2-Fapl-mediated pathway as stalling-induced ribosome destabilization (SRD)
and the Mag2-Hel2-mediated pathway as collision-induced ribosome destabiliza-
tion (CoRD). Ribosomes moving smoothly in translation but encounter abrupt
stalling and collisions, e.g., at mRNA sequences with strong road-blocking effects,
may bypass Mag2 binding, leading Hel2 to ubiquitinate uS10 in the absence of uS3
mono-ubiquitination and triggering RQC/NGD rather than CoRD. Ub:
ubiquitination.

pathway universally regulates ribosome stability by sensing individual
stalling and collisions independently, or if higher eukaryotes have
evolved alternative substrate selection strategies, such as RNF10
integrating the roles of Fapl and Hel2. Another yeast-specific obser-
vation is that ubiquitination of uS10 facilitates that of uS3, whereas
uS3/uS5 ubiquitination in human cells is carried out independently of
uS10%. This divergence may stem from differences in the properties of
E3 ligases between yeast and human homologs, including their
substrate-binding specificity, structural features, catalytic capacity,
and the involvement of accessory cofactors. Moreover, given that the
extent of uS3 ubiquitination required for ribosome degradation likely
differs among species (mono- vs. poly-ubiquitination), the regulatory
crosstalk between ubiquitin events could vary accordingly. Never-
theless, our findings provide pioneering insights into how distinct
translational aberrancies converge at ribosome turnover, suggesting a
general connection between ribosome dynamics and stability. Further
investigation into the potential crosstalk among uS3, uS5, and uS10
ubiquitination will be important to delineate the mechanistic diver-
gence between yeast and humans in small subunit degradation.

A striking finding is that, in collisions triggered by prokaryotic-like
suboptimal ribosomes or cisplatin, Hel2 prioritizes uS3 over uS10 as

the ubiquitination target. This leads to a key question of how cells
determine the fate of collided ribosomes—whether to direct them
toward uS3 ubiquitination for subunit degradation, or toward uS10
ubiquitination for peptide and mRNA quality control while rescuing
the ribosomes themselves. We show that Hel2-dependent uS10 ubi-
quitination and RQC are suppressed when mono-ubiquitination of uS3
is stimulated by Mag2 overexpression (Fig. 3E, F). This suggests that
Mag2-mediated priming of uS3 ubiquitination, which serves as an
indicator of previous translational performance, largely affects Hel2’s
selectivity. Generally slow, stalling-prone ribosomes may be more
frequently mono-ubiquitinated at uS3 by Mag?2 as records of transient
stalling. When such ribosomes eventually encounter collisions, this
pre-existing mono-ubiquitination likely prompts Hel2 to extend the
ubiquitin chain on uS3, rather than to initiate ubiquitination of uS10
(Fig. 5). By contrast, ribosomes moving smoothly in translation but
undergo abrupt stalling and collisions, e.g., at mRNA sequences with
strong road-blocking effects, may bypass Mag2 marking, leaving Hel2
to ubiquitinate uS10 in the absence of uS3 mono-ubiquitination. We
also cannot exclude the possibility that structural variations among
collisions caused by distinct mechanisms may shape the preference of
Hel2. In addition, because dissociation of ribosomal subunits is a
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shared outcome of uS10 and uS3 ubiquitination, CoRD-inducing col-
lisions are also expected to produce ribosomal large subunits con-
taining incomplete nascent peptides. Determining whether these
CoRD-derived 60S subunits are subsequently targeted by RQC will
provide insight into how cells coordinate multiple quality control
pathways under different collision contexts.

What are the benefits of degrading small ribosomal subunits?
Ubiquitination of uS3 under both normal and stress conditions we
tested primarily requires Mag2 and Hel2, pointing to a predominant
role of CoRD in regulating small subunit stability. Our data show that
CoRD likely eliminates ribosomes engaged in repeated stalling during
translation elongation. Without external stress, these ribosomes may
include suboptimal ones originating from heterogeneity in ribosomal
proteins or rRNAs”*, as supported by analysis of prokaryotic-like
ribosomes. This potential for ribosome turnover triggered by ribo-
some heterogeneity offers a perspective for understanding its impli-
cation in ribosomopathies®**’. Aged ribosomes accumulating damage
over time are another conceivable substrate for CoRD. In this sense,
CoRD may contribute to regulating the intrinsic lifespan of small
ribosomal subunits. A previous study on transcriptome-wide ribosome
collisions suggested that many collision events on endogenous mRNAs
are sensitive to Hel2*®, It is plausible that some of these programmed
collisions activate Mag2-Hel2-mediated uS3 ubiquitination to maintain
a steady-state degradation level of ribosomal small subunits.

Under cellular stress, a direct role of CoRD would be to resolve
stress-related ribosome collisions and restore translation, resembling
early stages of other quality control systems®. In addition, CoRD-
dependent changes in ribosomal subunit stoichiometry during the
growth phase transition imply that this pathway acts as a major reg-
ulator of cellular 40S abundance under specific stress conditions. This
raises another important question: Why do cells prioritize degradation
of small subunits over large subunits upon translational perturbations?
Several potential reasons can be considered. First, the abundance of
small subunits might be the key to efficient regulation of translation
initiation. Second, free 40S subunits could exhibit toxicity. In both
scenarios, cells would benefit from rapidly reducing the number of
available small subunits. Related but less drastic strategies include
phosphorylation of elF2a®®, and sequestration of small subunits into
stress granules®. A third possibility is that ribosomal small subunits
may serve as a nutrient reservoir or a source of specific metabolites,
such as 18S rRNA-derived modified nucleosides®, for distinct biologi-
cal processes. It is also likely that the significance and specificity of
ribosome turnover may vary based on translational demands and
cellular contexts across different conditions and organisms.

We demonstrate that cisplatin treatment and growth phase tran-
sition are two stimuli that activate CoRD. Since cisplatin is among the
most widely used anti-cancer drugs, understanding the mechanisms
and impact of cisplatin-induced codon-specific stalling and collisions
could provide valuable insights into drug efficacy and toxicity.
Although we did not examine the context of collisions during the
growth phase transition, aggravated ribosome stalling and collisions at
polybasic regions have been reported in yeast cells grown for more
than four days, corresponding to cells entering the stationary phase as
a post-mitotic ageing model®®. Overload of RQC due to increased
ribosome stalling and collisions has been linked to proteostasis
impairment during ageing in yeast and worms®. Our results here
suggest that aberrant translation may occur even at an earlier stage,
likely during the log-to-diauxic-shift transition, where multifaceted
cellular changes may enhance collisions. Potential triggers include
nutrient (e.g., amino acids) deprivation, oxidative damage from
metabolic shifts, accumulation of metabolites like ethanol, and altered
expression of genes related to translation and quality control. A
broader survey of CoRD-triggering stimuli should help strengthen the
connection between ribosome degradation and physiological stresses,
including ageing.

Methods

Yeast strains and culture

Saccharomyces cerevisiae strains used in this study were W303-1a
(ATCC stock number, 208352; genotype: MATa ade2-1 ura3-1 his3-11
trpl-1 leu2-3 leu2-112 canl-100) and its derivatives, listed in Supple-
mentary Data 1. Gene disruption strains and genomic tagged strains
were constructed by established homologous recombination strate-
gies using polymerase chain reaction (PCR)-amplified selection marker
genes KanMX4, HphMX4, NatMX4, 3HA-HphMX4, 3HA-His3MXeé, or
His6-TEV-ProteinA (HTP)-His3MX4°*%. Cells with the gene of interest
deleted or tagged were selected on plates containing G-418 (# 074-
05963, Wako), Hygromycin B (# 085-06153, Wako), or Nourseothricin
(# AB-101S, JenaBioScience), or lacking histidine. Strains lacking
endogenous essential ribosomal protein or rDNA genes were com-
plemented with plasmids carrying the wild-type or mutant alleles
through plasmid shuffling. Briefly, the target gene in the parental strain
was disrupted by the PCR-based method described above, in the pre-
sence of a helper plasmid expressing the same gene under the URA3
selection marker. Plasmids encoding the wild-type or mutant versions
of the gene with TRPI or LEU2 markers were then introduced into the
strain. Cells that had lost the URA3 + helper plasmid were selected on
plates containing 0.5 mg/mL of 5-fluoroorotic acid (5-FOA) (#F9001-8,
Zymo Research).

In general, yeast cells were grown in yeast extract peptone (YP) or
synthetic complete (SC) medium with 2% glucose. Cells carrying
GAL7p-rDNA plasmids were grown in SC medium containing 2%
galactose to induce transcription from the GAL7 promoter. Cells were
incubated with shaking at 30 °C to the log phase (optical density at
600 nm; OD600=0.5 to 0.8), harvested by centrifugation at room
temperature, and flash frozen in liquid nitrogen unless other-
wise noted.

To evaluate the stability of rRNA derived from the GAL7p-rDNA
plasmids, cells were grown in SC medium containing 2% galactose to
an OD600 of 0.3. A 10 mL culture was centrifuged at 3500 x g for
2 min, and the cell pellet was re-suspended in 15 mL of pre-warmed SC
medium containing 2% glucose to shut off transcription from the GAL7
promoter. The re-suspended culture was continuously incubated, and
1.5 mL was harvested at various timepoints for northern blot analysis.
Cells harvested immediately after transcription shut-off were desig-
nated as the O min samples.

To test the effects of chemicals on translation, ribosome ubiqui-
tination, and ribosome stability, cells were treated as follows when
0OD600 reached 0.5. Anisomycin (# HY-18982, MedChemExpress): SC
medium; 20 pg/uL, 30 min. Cisplatin (# 033-20091, Wako): SC medium;
500 pg/mL, 90 min for western blot analysis; 600 uM, 4 hr for sucrose
density gradient centrifugation; 600 uM, 1hr for ribosome profiling.
Methanesulfonate (MMS; # 129925, Sigma-Aldrich): YP medium; 0.1%,
30 min. Cycloheximide (CHX; # 06741-04, nacalai tesque): SC medium;
0.1, 1, 10, or 100 pg/mL, 30 min for western blot analysis.

For analysis using yeast cells in different growth phases, cells were
grown in liquid SC medium at 30 °C to an OD600 of 0.6 to 0.8. A
portion of the culture was harvested at this point as mid-log phase
samples, while the remaining cells were continuously grown at 30 °C
for up to 3 days, with cells harvested at multiple timepoints during this
period.

Construction of plasmids

Plasmids used in this study are listed in Supplementary Data 2. DNA
cloning and plasmid propagation were performed using Escherichia
coli DH5a. DNA fragments of interest were generated by PCR amplifi-
cation using gene-specific primers and PrimeSTAR HS DNA poly-
merase (# RO10B, Takara-bio), and inserted into linearized vectors by
Gibson assembly or ligation using T4 DNA ligase (# M0202L, NEB)
according to standard procedures. PCR primers were purchased from
FASMAC. Mutagenic primers for site-directed mutagenesis are listed in
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Supplementary Data 3. All cloned DNA fragments were verified by
sequencing.

Spot growth assay

Overnight cultures in YP medium with 2% glucose were diluted to an
0D600 of 0.3. Four ten-fold serial dilutions of each culture were pre-
pared, and 5 pl of each dilution was spotted onto YP plates containing
2% glucose, with or without 10 ug/mL kanamycin (# 113-00343, Wako).
Plates were incubated at 30 °C or 37 °C and scanned using GT-X900
(EPSON). The assay was conducted in biological triplicate to ensure
reproducibility.

Sucrose density gradient centrifugation (SDG)

Unless otherwise noted, cells were treated with 100 ug/mL CHX on ice
for 5 min before harvesting. Cells were ground in liquid nitrogen and
suspended on ice in SDG lysis buffer (20 mM HEPES-KOH pH 7.4,
100 mM KOAc, 2 mM Mg(OAc)2, 100 pg/mL CHX, 1 mM dithiothreitol
(DTT), 1mM phenylmethanesulfonyl fluoride (PMSF), cOmplete
Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)
1 tablet/I0O mL) at a volume proportional to (OD600/0.6) x culture
volume (mL) x 5-10 pL. After centrifugation at 20,000 x g for 30 min at
4 °C, the clear supernatants were collected as cell lysates. Lysates (total
RNA amount equivalent to 5-10 OD260 units) were layered onto
10%-40% sucrose gradients in 10 mM Tris-acetate pH 7.5, 70 mM
NH40Ac, and 4 mM Mg(OAc)2, prepared in 14 x 95 mm Seton Poly-
Clear™ tubes (# 151-514B) using a Gradient Master (Biocomp). Cen-
trifugation was performed at 283,807 x g (40,000 rpm) in a P40ST
rotor (HITACHI) for 2 hr or 2 hr 25 min at 4 °C. Fractions were collected
from the top of the gradient using a Piston Gradient Fractionator™
(BioComp) while continuously monitoring absorbance at 260 nm with
a single path UV-1 optical unit (ATTO Biomini UV-monitor) connected
to a chart recorder (ATTO digital mini-recorder).

To investigate time-dependent changes in sucrose density gra-
dient profiles during extended growth, 40 mL of culture was harvested
at multiple time points after reaching the mid-log phase (see also yeast
strains and culture). SDG lysis buffer was added at a volume propor-
tional to (OD600/0.6) x culture volume (mL) x 6 uL. Equal volumes of
lysates (250 pL) from each sample were loaded onto sucrose gradients.

For Micrococcal Nuclease (MNase) treatment experiments, SDG
lysis buffer was added at a volume proportional to (OD600/
0.6) x culture volume (mL) x 7 uL. The RNA amount was adjusted to 17
0D260 units in 800 pL of lysate. The lysate was divided into two tubes
of 400 uL each and treated with or without Micrococcal Nuclease (#
2910 A, TaKaRa) at a final concentration of 40 y/mL in the presence of
0.8 mM CacCl2 for 6 min at 25 °C. The reaction was stopped by adding
2 mM EGTA. Equal volumes of lysates (350 pL) from each sample were
then loaded onto sucrose gradients.

For SDG under high-salt conditions, cell lysates and sucrose gra-
dients were prepared in high-salt buffer (10 mM Tris-HCI, pH 7.5,
400 mM KCI, 5mM MgCI2). Lysis buffer was further supplemented
with 6 mM 2-mercaptoethanol, 100 uyg/mL CHX, and cOmplete Mini
EDTA-free Protease Inhibitor Cocktail 1 tablet/10 mL. For the control
group (normal KCI), the KCI concentration was 100 mM in both the
lysis buffer and sucrose gradients.

For SDG under low-Mg* conditions, cell lysates were prepared
using low-Mg** SDG lysis buffer (50 mM Tris-HCI, pH 7.5, 100 mM KClI,
0.1mM Mg(0OAc)2, 100 pg/mL CHX, 1 mM DTT, 1 mM PMSF, cOmplete
Mini EDTA-free Protease Inhibitor Cocktail 1 tablet/10 mL). The
Mg(OAc)2 concentration in sucrose gradients was also adjusted to
0.1mM. For the control group (normal Mg* ), Mg(OAc)2 concentra-
tions were 12 mM in the lysis buffer and 4 mM in sucrose gradients.

Western blot
Preparation of protein samples from affinity purification and in vitro
ubiquitination is described in the corresponding sections.

Whole cell lysate samples for detection of ribosomal proteins
were prepared as follows: Cells harvested from 10 mL of culture were
re-suspended in ice-cold IXA-100 buffer (S0 mM Tris-HCI pH 7.5,
100 mM KCl, 12 mM Mg(OAc)2, 0.01% NP-40, 1mM DTT, 1 mM PMSF,
cOmplete Mini EDTA-free Protease Inhibitor Cocktail 1 tablet/10 mL) at
a volume proportional to OD600x90uL on ice. Approximately
50-100 L of 0.5mm dia. ZIRCONIA/SILICA beads (BioSpec) were
added, and cells were lysed by vortexing 6 times for 10 sec each, with
intermittent cooling on ice. Lysates were clarified by centrifugation at
20,000 x g for 20 min at 4 °C, and the clear supernatants were col-
lected. Laemmli sample buffer was added to a final concentration of 1x
(2% SDS, 10% glycerol, 50mM Tris-HCI, pH 6.8, 25mM DTT, 0.1%
Bromophenol Blue).

Protein samples used for detection of R12 reporter products were
as follows: Cells from 10 ml of culture were re-suspended in 500 pl of
ice-cold TCA buffer (20 mM Tris-HCI pH 8.0, 50 mM NH40Ac, 2 mM
EDTA, 1 mM PMSF), and mixed with 500 pl of 0.5 mm dia. zirconia/
silica beads and 500 pl of ice-cold 20% trichloroacetic acid (TCA). Cells
were vortexed 3 times for 30 sec each, with intermittent cooling on ice,
and centrifuged at 20,000 x g, 4 °C for 10 min. The supernatant was
discarded, and the pellet was dissolved in TCA sample buffer (120 mM
Tris, 3.5% SDS, 14% glycerol, 8 mM EDTA, 120 mM DTT and 0.01% BPB)
at a volume proportional to OD600 x 250 ulL.

Samples were heated at 79 °C for the detection of ubiquitinated
proteins or at 95°C for 10 min for other proteins, followed by cen-
trifugation at 16,000 x g for 10 min at room temperature. Proteins
were separated on 10% SDS-polyacrylamide gels and transferred onto
PVDF membranes (Immobilon-P, Millipore) using a semi-dry transfer
system. Membranes were blocked with 5% skim milk and incubated
with antibodies. After washing, membranes were treated with Immo-
bilon Western Chemiluminescent HRP Substrate (# WBKLS0500, Mil-
lipore) or ImmunoStar LD (# 290-69904, Wako), and
chemiluminescence was detected by ImageQuant LAS4000 mini (GE
Healthcare). The following primary and secondary antibodies were
used: Anti-HA-Peroxidase (# 12013819001, Roche, RRID: AB_390917), 1/
5000 dilution; Anti-RPL23 (uL14) (# abl12587, Abcam, RRID:
AB_10866400), 1/1000 dilution; Anti-Puromycin (# MABE343, Milli-
pore, RRID: AB_2566826), 1/5000 dilution; Anti-GFP (# sc9996, Santa
Cruz Biotechnology, RRID: AB_627695), 1/5000 dilution; Homemade
polyclonal anti-eEF3, 1/25,000 dilution; Anti-phospho-elF2« (Ser51), 1/
2500 dilution (# 3398, Cell Signaling, AB_2096481); Anti-PGK1 (#
GTX107614, GeneTex, RRID: AB_2037666), 1/1,000 dilution; ECL Anti-
Rabbit IgG (# NA934, GE Healthcare, RRID:AB_772206) and ECL Anti-
Mouse IgG (# NA931, GE Healthcare, RRID: AB_772210) conjugated with
horseradish Peroxidase (HRP), 1/5000 dilution. Total protein on
membranes was visualized by Ponceau S staining of membranes using
a homemade Ponceau S solution. Membranes were scanned using GT-
X900. All western blot experiments were conducted with a minimum
of two biological replicates.

Northern blot

Total RNA was isolated from frozen cells using the hot phenol RNA
extraction method as follows: Cells were re-suspended with 200 pL of
RNA buffer (Tris-HCI pH 7.5, 300 mM NaCl, 10 mM EDTA, 1% SDS) on
ice and mixed with 200 pL of water-saturated phenol. The mixture was
incubated at 65 °C for 5 min, vortexed for 10 sec, and then chilled on
ice for 5 min. Following centrifugation at 16,000 x g for 5 min at room
temperature, 200 pL of the aqueous phase was collected and mixed
with 200 pL of water-saturated phenol/chloroform/isoamylalcohol
(25:24:1). After a second centrifugation at 16,000 x g for 5 min at room
temperature, 180 pL of the aqueous phase was collected, combined
with 18 pL of 3 M NaOAc pH 5.2 and 450 pL of ice-cold ethanol, and
incubated at - 80 °C for 30 min. RNA was precipitated by centrifuga-
tion at 20,000 x g for 15min at 4 °C, and re-suspended in 30 uL of
DEPC-treated water.
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RNA isolation from sucrose density gradient fractions was per-
formed using the guanidine-HCI method as follows: Immediately after
fractionation, 226 uL of each fraction was mixed with 500 uL of 8 M
guanidine-HCI and 750 uL of ethanol, then incubated at —30 °C over-
night. RNA was precipitated by centrifugation at 20,000 x g for 20 min
at 4 °C, washed with ice-cold 75% ethanol, re-suspended in 200 pL of
RNA buffer, and mixed with 20 pL of 3 M NaOAc pH 5.2 and 600 uL of
ice-cold ethanol. After incubation at — 30 °C for 1 hr and centrifugation
at 20,000 x g for 20 min at 4 °C, RNA pellets were washed with ice-cold
75% ethanol and re-suspended in 60 L of DEPC-treated water.

For RNA sample preparation, 6 ul of RNA solution was mixed with
12.5pL of deionized formamide, 2.5 uL of 10 x MOPS buffer pH 7.0
(0.2 MMOPS, 10 MM EDTA, 50 mM NaOAc), 4 pL of 37% formaldehyde,
and 2.5 pL of RNA dye (50% glycerol, 10 mM EDTA pH 8.0, 0.05% bro-
mophenol blue, 0.05% xylene cyanol). RNA samples were heated
at 65°C for 5min, then chilled on ice for 5min. Samples were
separated on 1.2% agarose-formaldehyde gels, transferred to Hybond-
N+ membranes (GE healthcare) using a capillary system, and cross-
linked to membranes using a CL-1000 ultraviolet crosslinker (UVP) at
120 m)/cm* Membranes were pre-incubated with DIG Easy Hyb Gran-
ules (# 11796895001, Roche) and hybridized with 5-DIG-labeled LNA
probes (GeneDesign). After hybridization, membranes were washed,
blocked with Blocking Reagent (# 11096176001, Roche), and incubated
with Anti-Digoxigenin-AP, Fab fragments (# 11093274910, Roche).
Membranes were then washed, equilibrated to pH 9.5, and treated with
CDP-star (# 11759051001, Roche). Chemiluminescence was detected
using ImageQuant LAS4000 mini. Sequences of the LNA probes used
are shown in Supplementary Data 3. All northern blot experiments
were conducted using a minimum of two biological replicates. Band
intensities were quantified using Multi Gauge v3.0 (Fujifilm).

Puromycin incorporation assay

Puromycin Dihydrochloride (# 166-23153, Wako) was added to 15 mL
cultures at an 0D600 of 0.4-0.6 to a final concentration of 500 uM. At
5 min, 15 min, and 30 min after puromycin addition, cells (5 mL culture
each) were pelleted by centrifugation, flash frozen, and proceeded to
whole cell lysate preparation followed by western blot (see the Wes-
tern blot section).

Ribosome run-off assay

Lactimidomycin (LTM; # 5.06291, Sigma-Aldrich) was added to 200 mL
cultures at an OD600 of 0.5-0.6 to a final concentration of 1uM. At
0 min, 4 min 30 sec, 8 min 30 sec, and 12 min 30 sec after LTM addi-
tion, 50 mL aliquots of culture were treated with 100 ug/mL CHX onice
for 3min and harvested by centrifugation at 4 °C. Cell pellets were
flash frozen and proceeded to sucrose density gradient centrifugation
(see the SDG section). Ratios of 80S to polysomes were calculated
from the areas under the 80S and polysome (from di-some to the last
fraction) absorbance curves in sucrose density gradient profiles. For
each strain, average 80S-to-polysome ratios at each time point were
calculated from three independent experiments conducted using two
clones.

Affinity purification of MS2-tagged ribosomes

IXA buffer (50 mM Tris-HCI pH 7.5, 100 mM to 300 mM KCI, 12 mM
Mg(OAc)2, 0.01% NP-40, 1mM DTT, 100 pg/mL CHX, 1mM PMSF,
cOmplete Mini EDTA-free Protease Inhibitor Cocktail 1 tablet/10 mL)
was used throughout the purification. Cells were ground in liquid
nitrogen, suspended in IXA buffer, and centrifuged at 40,000 x g for
30 min at 4 °C. The clear supernatants were used as cell lysates. First,
50 uL of anti-DYKDDDDK tag antibody beads (# 016-22784, Wako)
were incubated with 1 mL of lysate prepared from 330 mL of culture
expressing FLAG-tagged MS2 coat protein (MCP) at 4 °C for 1 hr. The
beads were then washed 5 times and subsequently incubated with 1 mL
of lysate from 330 mL of culture expressing GAL7p-rDNA with an MS2

binding site in the 18S region at 4 °C for 1.5 hr. Following 7 washes,
ribosomes were eluted with 250 pg/mL FLAG peptide (GenScript) in
300 uL of IXA buffer. RNA concentrations of the elution were mea-
sured using a Nanodrop (Thermal Fisher Scientific) and adjusted to the
same levels across samples. Purification was performed with at least
two biological replicates.

To confirm the enrichment of MS2-tagged 18S rRNA in the elution,
total RNA was isolated from 5puL of the elution or the GAL7p-rDNA-
expressing cell lysate (input) with equal RNA concentrations using
ISOGEN II (NIPPON GENE), following the manufacturer’s instructions.
RNA was recovered in 20 uL of DEPC-treated water and subjected to
RT-PCR using the QIAGEN OneStep RT-PCR Kit with primers flanking
the MS2 binding site. The RT-PCR products were separated on 2%
agarose gels containing ethidium bromide and visualized using a Gel
Doc EZ Imager (Bio-Rad).

For western blot analysis, TCA was added to the elution at a final
concentration of 15%. After thorough mixing, samples were chilled on
ice for 15-30 min. Proteins were precipitated by centrifugation at
20,000 x g for 15 min at 4 °C, washed with acetone, and re-suspended
in 1x Laemmli sample buffer. Input protein samples were prepared by
mixing SpPL of GAL7p-rDNA-expressing cell lysate with 45uL of
1x Laemmli Sample Buffer.

For ribosome profiling, the KCI concentration in the buffer was
gradually reduced from 300 mM to 100 mM during the washing steps
of MCP-bound beads. Elution fractions from 2 to 3 purifications were
pooled and concentrated using 100 K MWCO centrifugal filter units
(Millipore) until the RNA concentration reached 10 pg/300 pL, then
subjected to RNase I treatment (see the Ribosome profiling section).

Affinity purification of Mag2- or Fapl-bound ribosomes

Cells with genomically integrated His6-TEV-ProteinA (HTP)-tagged
Mag?2 or Fapl were grown in 6 L of culture. After harvesting, cells were
ground in liquid nitrogen and suspended in 30 mL of lysis buffer
(50 mM Tris-HCI, pH 7.5,100 mM Nacl, 10 mM MgCI2, 0.0075% NP-40,
2 mM -ME, 1 mM PMSF, cOmplete Mini EDTA-free Protease Inhibitor
Cocktail 1 tablet/10 mL). After centrifugation at 40,000 x g for 30 min
at 4 °C, the clear supernatants were collected at cell lysates. Lysates
were incubated with 250 uL of magnetic IgG-conjugated Dynabeads
M-270 Epoxy (Invitrogen) at 4 °C for 1hr. Beads were then washed 7
times with lysis buffer, followed by elution with 400 pL of lysis buffer
containing homemade GST-tagged TEV protease. TEV protease was
depleted by further incubating the elution fraction with Glutathione
Sepharose™ 4B (# 17-0756-05, GE Healthcare). RNA concentrations of
the elution were measured using a Nanodrop and adjusted to uniform
levels across samples. Proteins were precipitated from the eluate using
TCA as described for the purification of MS2-tagged ribosomes. Input
samples were prepared by mixing 10 pL of cell lysate with 20 uL of lysis
buffer and 10 pL of 4x Laemmli Sample Buffer. Purification was per-
formed with at least two biological replicates.

In vitro ubiquitination assay
Ribosomes were purified from hel2A cells with genomically 3xHA-
tagged uS10, further expressing plasmid-derived FLAG-tagged ulL23,
using a one-step purification method®®. Cells from 1L of culture were
lysed in 10 mL of LB300 buffer (50 mM Tris-HCI, pH 7.5, 300 mM Nacl,
10 mM MgClI2, 0.01% NP-40, 1mM DTT, 1mM PMSF, cOmplete Mini
EDTA-free Protease Inhibitor Cocktail 1 tablet/10 mL) and incubated
with 200 uL of anti-DYKDDDDK tag antibody beads for 1 hr at 4 °C. The
beads were washed 7 times while gradually reducing NaCl concentra-
tion to 100 mM and removing the detergent. Ribosomes were eluted
with 100 uL of LB100 buffer (50 mM Tris-HCI pH 7.5, 100 mM Nacl,
10 mM MgCI2, 1 mM DTT) containing 250 pg/mL FLAG peptide at 4 °C
for 2 hr.

The E3 ubiquitin ligase Fapl with a C-terminal FLAG tag was pur-
ified from yeast cells expressing a GPDp-FAPI-FLAG plasmid. Cells from
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1L of culture were lysed in ice-cold LB500 buffer (50 mM Tris-HCI pH
7.5,500 mM NaCl, 10 mM MgCI2, 0.01% NP-40,1 mM DTT, 1 mM PMSF,
cOmplete Mini EDTA-free Protease Inhibitor Cocktail 1 tablet/10 mL).
The lysate was incubated at 4 °C with 100 pL of anti-DYKDDDDK tag
antibody beads for 1hr at 4 °C. The beads were washed 7 times while
gradually reducing NaCl concentration to 100 mM and removing the
detergent. Ribosomes were eluted with 100 uL of LB100 buffer (50 mM
Tris-HCI pH 7.5, 100 mM NaCl, 10 mM MgCI2, 1 mM DTT) containing
250 pg/mL FLAG peptide at 4 °C for 1hr.

E2 ubiquitin-conjugating enzymes were purified as GST-fused
recombinant proteins from E. coli Rossetta-gami 2 (DE3) (#71351,
Novagen) harboring GEX6PI-based plasmids'. E. coli cells were cul-
tured in 1L of Luria-Bertani (LB) medium supplemented with 50 pg/mL
ampicillin and 35 pg/mL chloramphenicol at 37 °C until OD600 = 0.3,
and then induced with 0.2 mM Isopropyl -D-Thiogalactopyranoside
(IPTG; #19742-94, nacalai tesque) at 30 °C for 6 hr. Cells were har-
vested by centrifugation and lysed in 10 mL of LB500 buffer. The lysate
was incubated with 1 mL of Glutathione Sepharose 4B for 1hr at 4 °C.
The resin was washed 7 times while gradually reducing NaCl con-
centration to 100 mM and removing the detergent. Recombinant
proteins were eluted at 4 °C for 16 hr with 1 mL of LB100 buffer con-
taining 80 pL of PreScission protease (# 27084301, GE Healthcare).

In vitro ubiquitination was conducted as follows. First, 50 uM His-
ubiquitin, 100 nM UBEI1 (# B1100, UBPBio), 200 nM E2 (for Ubc13-Mms2,
200 nM Ubcl3 + 200 nM Mms2), and energy-regenerating source (1 mM
ATP (# 11140965001, Roche), 10 mM creatine phosphate (# 030-04584,
Wako), 20 pg/mL creatine kinase (# 10127566001, Roche)) were mixed
in reaction buffer (50 mM Tris-HCI pH 7.5,100 mM NacCl, 10 mM MgCl2,
1mM DTT) at room temperature. Afterward, 2 A260 units of ribosomes
and 150 nM Fapl-FLAG were added and incubated at 28 °C for 90 min.
The reaction was stopped by adding Laemmli sample buffer (final
concentration 1x), and samples were analyzed by western blot. The
assay was performed with two technical replicates.

Ribosome profiling (Ribo-seq)

To generate ribosome profiling libraries from whole cell lysates, cells
were collected by rapid filtration through 0.45 pum membrane filters
using a glass holder filter assembly, scrapped with a spatula, and flash
frozen in liquid nitrogen together with ribo-seq lysis buffer (20 mM
Tris-HCI pH 7.5, 150 mM NacCl, 5 mM MgCI2, 1% Triton-X, 1mM DTT,
100 pg/mL CHX, 25u/mL TURBO™ DNase (# AM2238, Invitrogen)).
Cells were cryoground using a mixer mill (Retsch), and spun at
3000 x g at 4 °C for 5 min. The supernatants were transferred to a new
tube and further centrifuged at 20,000 x g at 4 °C for 10 min. The clear
supernatants were collected as cell lysates.

Purified MS2-tagged ribosomes for ribosome profiling were pre-
pared as described in the corresponding section (see Affinity pur-
ification of MS2-tagged ribosomes).

Library preparation was performed following the published
method®” with several modifications. RNA concentrations of either cell
lysates or purified ribosomes were measured using a Quantus™ Fluo-
rometer (Promega). Samples were diluted to 10 pg RNA/300 pL with
nuclease-free water and treated with RNase I (# N690IK, Epicenter) at
10 p/uL at 23 °C for 45 min. The reaction was quenched by placing the
samples on ice and adding 10 uL of SUPERase-In™ RNase Inhibitor
(# AM2696, Ambion). Ribosomes were sedimented through a sucrose
cushion (1M sucrose, 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 5mM
MgCI2, 1ImM DTT, 100 pg/mL CHX, 20 y/mL SUPERase:In™ RNase
Inhibitor) and re-suspended in 120uL of splitting buffer (20 mM
Tris-HCI pH 7.5, 300 mM Nacl, 1% Triton-X, 5mM EDTA, 1mM DTT,
100 pg/mL CHX, 20 u/mL SUPERase-In™ RNase Inhibitor). After passing
through a 100 K MWCO centrifugal filter unit, the flow-through frac-
tion was collected and mixed with 300uL of TRIzol reagent
(# 15596018, Thermo Fisher Scientific). RNA was purified using the
Direct-zol Microprep Kit (# R2061, ZYMO RESEARCH) following the

manufacturer’s instructions. RNA fragments of 19-34 nt were extrac-
ted from 15% TBE-Urea gels (# EC68852BOX, Invitrogen) and depho-
sphorylated with T4 Polynucleotide Kinase (# M0201, NEB). Linker
oligonucleotides were pre-adenylated using the 5’ DNA Adenylation Kit
(# E2610, NEB) and ligated to the dephosphorylated RNA fragments
using T4 RNA Ligase 2, Truncated (# M0242, NEB). RNA fragments
were recovered from gels and mixed with customized biotinylated
oligos against specific rRNA regions. Fragments from noncoding
RNA were captured with Hydrophilic Streptavidin Magnetic Beads
(# S1421S, NEB) and discarded. The noncoding-RNA-depleted RNA
fragments were then subjected to reverse transcription using Proto-
Script Il Reverse Transcriptase (# M0368, NEB), circularization with
CircLigase™ Il ssDNA Ligase (# CL9025K, Epicenter), and subsequent
PCR amplification using Phusion High-Fidelity DNA Polymerase
(# MO0530, NEB) to generate libraries. Oligo Clean & Concentrator
(# D4061, ZYMO RESEARCH) was used throughout the library pre-
paration to purify RNA/DNA fragments from each reaction. Libraries
were sequenced on a HiSeq X or NovaSeq X Plus platform (Illumina) at
Macrogen, Japan. Ribosome profiling was performed in replicates.
Sequences of oligonucleotides used for library preparation are listed in
Supplementary Data 3.

Sequencing data were trimmed with Cutadapt®® v2.6 and demul-
tiplexed using FASTX-toolkit v0.0.14. Processed data are available at
Gene Expression Omnibus (GEO): GSE288673. Reads were first filtered
by mapping to noncoding RNA genes using Bowtie2®’ v2.3.5. Unaligned
reads were then mapped to the SacCer3 genome sequence using
STAR’® v2.7.1a. Statistics are summarized in Supplementary Data 4.
Changes in the read counts for each gene between conditions were
analyzed using DESeq2"' v1.44.0. The distance from the 5’ ends of reads
to the P-sites and A-sites was estimated for each read length using
riboWaltz’> v2.0. The positions and counts of P-sites and A-sites on
each transcript were analyzed using RiboPlot v0.3.1. A-site density for
each open reading frame (ORF) was calculated as the number of A-sites
divided by the length (in codons) of the ORF. ORFs with an A-site
density lower than 0.5 were excluded from further analysis.

Pause scores were calculated for each codon within an ORF as the
number of A-sites at a specific codon divided by the A-site density of
the corresponding ORF. Average A-site pause scores for each of the 64
codons were obtained by averaging pause scores across all instances of
the codon. P-site pause scores were computed similarly. Metagene
profiles of reads per million (RPM) or pause scores around the start,
stop codons, or a specific codon were generated as follows: For each
occurrence of the codon of interest, RPM or A-site pause scores within
a defined window around the codon were extracted and averaged at
each position relative to the codon of interest. Regions shorter than
the defined window length were excluded from the analysis.

Positions meeting the following criteria were included in the ana-
lysis of individual pause sites: The A-site pause score exceeded 5 under
either the conditions of interest or the corresponding control, with a
standard deviation among replicates less than 0.5 times the mean pause
score at that position. For motif analysis, positions showing a fold
change greater than 2 in A-site pause scores between the condition of
interest and the control were used. Amino acid sequences within a
defined window surrounding these individual pause sites were extrac-
ted, and the frequency of each amino acid at each position relative to
the pause sites was calculated. Regions shorter than the defined window
length were excluded from the analysis.

Statistics information

Ribosome profiling data displayed in this study represent the average
from two replicates unless otherwise noted in the figure legends. All
details on quantification and statistical analysis of experiments can be
found in the figure legends. All statistical tests were performed using
RStudio. Further details are provided above for each type of experi-
ment in the corresponding sections.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Uncropped and unprocessed scans of all blots and gels, quantification
results, and raw data for sucrose density gradient profiles are provided
in the Source Data file. Ribosome profiling data generated in this study
have been deposited in the Gene Expression Omnibus (GEO) under
accession number GSE288673. Source data are provided in this paper.
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