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Riboproteome remodeling during quiescence
exit in Saccharomyces cerevisiae

Clara A. Solari," Maria Clara Ortold Martinez,” Juan M. Fernandez, Christian Bates,* Gerardo Cueto,?
Marfa Pia Valacco,® Fabian Morales-Polanco,*® Silvia Moreno,? Silvia Rossi,’ Mark P. Ashe,* and Paula Portela®¢-*

SUMMARY

The quiescent state is the prevalent mode of cellular life in most cells. Saccharomyces cerevisiae is a useful
model for studying the molecular basis of the cell cycle, quiescence, and aging. Previous studies indicate
that heterogeneous ribosomes show a specialized translation function to adjust the cellular proteome
upon a specific stimulus. Using nano LC-MS/MS, we identified 69 of the 79 ribosomal proteins (RPs)
that constitute the eukaryotic 80S ribosome during quiescence. Our study shows that the riboproteome
is composed of 444 accessory proteins comprising cellular functions such as translation, protein folding,
amino acid and glucose metabolism, cellular responses to oxidative stress, and protein degradation.
Furthermore, the stoichiometry of both RPs and accessory proteins on ribosome particles is different de-
pending on growth conditions and among monosome and polysome fractions. Deficiency of different RPs
resulted in defects of translational capacity, suggesting that ribosome composition can result in changesin
translational activity during quiescence.

INTRODUCTION

The regulation of protein translation is essential for proteome adaptation to nutrient availability, cell differentiation, growth, and organismal
development.' Heterogeneity in ribosomal composition can lead to ribosome specialization contributing to translational regulation by mod-
ifications to either the ribosomal core particle or ribosome-associated proteins.” Overall, the eukaryotic ribosome is composed of a large 60S
subunit, consisting of three rRNAs (255, 5.8S, 55) and 46 different ribosomal proteins (RPs), and a small 40S subunit, consisting of 185 rRNA and
33 RPs.” Ribosomes may vary in composition at the level of core RPs and/or accessory proteins, leading to the formation of ribosomal pop-
ulations with different functions and capacities that ultimately modulate translation. Such ribosomal heterogeneity can be brought about by
changes in RP stoichiometry,” differences between RP paralogs,”” presence/absence of RPs,” presence/absence of ribosome associated-fac-
tors,” and post-translational modifications of RPs or auxiliary factors.'%"" The rRNA also provides ribosome variability, as there is substantial
diversity in the rRNA sequence and its post-transcriptional modification.'*~"

Ribosome heterogeneity, caused by the incorporation of different RP paralogs, has been observed in diverse organisms.'>'® In Saccha-
romyces cerevisiae, 37 of the 59 duplicated RP genes have one or more amino acid differences.'? Studies of ribosome heterogeneity in yeast
also demonstrate the presence of populations of ribosomes differentially assembled with non-identical ribosomal protein paralogs in
response to stress.’

In addition to modifications of the ribosome core protein composition, the ribosome has ribosome-associated proteins that also confer
specialized functions. These associated proteins interact with ribosomes through the ribosome surface and have various functions on post
and co-translational proteostasis.””?' One of these interactions is mediated by rRNA expansion segments which differ markedly between
species.”” In the eukaryotic ribosome the scaffold expansion segment ES27L (largest ESs of the 255 rRNA) recruits the N-terminal segment
of a methionine aminopeptidase enzyme which regulates translation fidelity.”® In S. cerevisiae, Asc1 (RACK1 in humans), Rps2, Rps3, and
Rps20 form an exposed point of contact in the head region of the ribosomal 40S subunit. This area interacts with protein factors involved
in several processes including the ubiquitination-deubiquitination of ribosomal proteins, clamping of inactive ribosomal subunits, mRNA sur-
veillance and vesicular transport, mMRNA degradation, autophagy, and kinase signaling.”* The importance of tissue-specific ribosome
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specialization is evident in the ribosomopathies which result from mutations in RP genes. These mutations affect ribosome abundance and/or
function producing phenotypic effects in specific tissues, such as bone marrow-derived lineages””?® and skeletal tissues.”’

In S. cerevisiae, the population of ribosomes changes according to growth conditions and metabolic state. For instance, the switch from
glucose to glycerol growth promotes an increase in 80S ribosomes lacking Rpl10, Rps1, Rps14 A/B, and Rps26 A/B.”® Moreover, the paralog
Rpl1B from the Rpl1A/B pair improves the translational efficiency of mitochondrial proteins under respiratory metabolism.® In addition, the RP
stoichiometry is dependent on the quantity of ribosomes per mRNA in response to ethanol or a low glucose content.””

The ratios between the polysomal and monosomal levels of RPs paralogs are conserved between yeast and mouse orthologs.”” During
osmotic stress, duplicated ribosomal protein genes are differentially expressed modifying the proportion of ribosomes carrying a specific
paralog.” Rps26 depleted ribosomes are produced under alkaline pH or high salt concentrations, and these ribosomes show a preference
for mRNAs with deviations at the Kozak sequence leading to changes in the proteome.™

In addition, the ribosome-associated proteins also contribute to ribosome heterogeneity and specialization. For instance, the late-anno-
tated small open reading frame (Lso2) interacts with the ribosome close to the GTPase activation core, and is required for translation activa-
tion during recovery from the stationary phase.”'

Quiescence is a reversible cellular transitory growth pause in which cells can resume cell growth and division in response to stimulation. In
yeast and mammalian cells, the quiescent state shares key characteristics including an arrest of the cell cycle, condensation of chromosomes,
reduction in the synthesis of ribosomal RNA, protein translation arrest, decrease in cell size, activation of autophagy, and an increase in resis-
tance to various stresses.”

Pioneering studies in S. cerevisiae determined that quiescent yeast cells show decreased global protein translation®® but survival in this
state requires the upregulation of proteins that function as stress protectants, such as chaperones and heat shock proteins.**° This reduction
in protein translation that occurs during quiescence could be a consequence of the decrease in the transcription of RP genes,” and also a
reduction in the translation of specific translation initiation factors such as elF4E, elF4G, and Rpg1,”’~*® although it is also possible that
signaling pathways act to dampen protein synthesis.>” Quiescent yeast cells also remodel and reorganize macromolecular structures and or-
ganelles.”” mRNA-processing enzymes relocalize to SGs and PBs and there is evidence that these foci are important for long-term survival in
the stationary phase.”’* Stationary phase mRNPs appear distinct from the PBs and SGs evoked by heat stress or glucose starvation.”>**
Closer inspection of the protein composition of mMRNP foci from the stationary phase, shows the presence of some typical PB and SG protein
components, as well as both small and large ribosomal subunit components e.g., the Rps3 and Rpl35A ribosomal proteins.® When nutrients
become available, the mRNP foci observed in quiescent cells are quickly disassembled,’® transcription is reactivated,”*"® protein translation
gradually resumes®'*® and cells re-enter a proliferative phase.*’

It is still unclear how the regulation of protein translation controls the proteome homeostasis during the transition from quiescence to
growth. Here, we analyze the composition of the riboproteome during the initial events surrounding exit from quiescence using a mass spec-
trometry-based proteomics approach in yeast cells. We show that RP stoichiometry in both monosomal and polysomal fractions changes de-
pending on growth conditions. We also identify a specific repertoire of previously reported ribosome-associated proteins including protea-
some proteins, co-translational acting chaperones, proteins for ribosome subunit stabilization, translation factors, and mRNA-binding
proteins. We further characterize how the lack of certain RP proteins affect the translational activity, suggesting that differences in ribosome
protein composition regulates the translational activity during the exit from the quiescent state in yeast.

RESULTS

Characterization of translation features in nutrient-stimulated quiescent cells

We characterized the translational state during a time course of nutrient stimulation of quiescent cells. To this end, we measured the global
translational state of the cells, the mRNA and protein levels of quiescence exit markers. The global protein translation status was measured
using polysomal profile analysis on extracts prepared from stationary phase cells (ODggo = 8; t = 72 h), after the addition of a nutrient stimulus
during 30-, 60-, and 150 min and also from cells in exponential phase (ODggo = 0.6; t = 6 h) (Figures 1A and S1A). This analysis shows that most
of the ribosomes from quiescent cells fractionated as 80S monosomes (ratio monosome/polysome = 17 £ 1.3), consistent with the described
global reduction of translation initiation, in chronologically aged yeast cells.”’**® Addition of nutrient rich media promoted a gradual increase
in global protein translation as shown by the shift of ribosomes from the monosomal to the polysomal fractions. At 30 min after the addition of
fresh media there was a slight translational reactivation (ratio monosome/polysome = 3.1 £+ 0.1), but in the following 40 or 150 min the
gradient profiles resemble those from exponential cells (ratio monosome/polysome = 0.74 + 0.01; 0.57 + 0.08; 0.16 + 0.02 respectively)
(Figure 1A).

To analyze whether the global protein translation reactivation upon exit from quiescence correlates with an increase in the overall ribo-
some content, the abundances of 255 and 185 rRNAs, and Rps3 (small 40S subunit RP) and Rpl35 A/B (large 60S subunit RP) ribosomal pro-
teins were measured from stationary phase cells before and after the stimulation with fresh medium. The levels of the rRNAs and the RPs
analyzed show no change following stimulation for 30 or 60 min (Figures S1B and S1C). We extended the analysis to several others RPs,
and most show no change in their level comparing pre and post stimulated quiescent cells (Figure S5). However, an increase in the levels
of these proteins was detected after 2.5 h post-stimulation (data not shown). All of the RPs expressed in quiescent and stimulated cells
are probably assembled into ribosomal particles, since no protein was detected in the non-ribosomal fractions from sucrose sedimentation
gradients. (Figure S4B; Table S1). These results suggest that the translation resumption occurring upon exit from quiescence relies upon a
preserved pool of ribosomes.
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Figure 1. Global translational state of quiescent cells before and after stimulation with nutrients

(A) Azsa nm traces show the polysome profiles of cells in exponential phase (EP), in stationary phase (SP) or after stimulation with fresh medium for 30 min (SP +
30 min SDC), 60 min (SP + 60 min SDC) and 150 min (SP + 150 min SDC). The 40S, 60S, 80S particles, and polysomes are indicated. Equal amounts of total RNA
were used in each gradient. The graph shows the 80S (M)/polysome (P) area, mean + SE n = 3 biological replicates. Statistical significance was determined with a
one-way ANOVA test and Tukey contrasts test (*p < 0.001; ****p < 0.0001). n = 3 biological replicates.

(B) mRNA levels and (C) distribution in polysomal profiles during quiescence and after fresh medium stimulation. Total mMRNAs were measured by Northern blot
from cells in the stationary phase (SP) and after 30 min (SP + 30 min SDC) or 60 min (SP + 60 min SDC) of stimulation with fresh medium. 185 rRNA was used as a
loading control. mRNA distribution in polysome profile was performed in 15-50% sucrose gradient fractions in SP, SP + 30 min SDC, or SP + 60 min SDC. Samples
were pooled depending on the ribosomal content: free are fractions with densities less than 40S (F); monosomal are fractions between 40S and 80S (M),
polysomal are fractions over 80S (P); as indicated in the example polysomal profile on the left. The percentage distribution of ENO2, PDC1, PAB1 and
NCE102 mRNAs in each fraction measured by RT-gPCR was plotted. Luciferase mRNA was used as a control. The values represent the mean + SE, n = 2
biological replicates.

(D) Protein levels of ENO2-TAP, PDC1-TAP, Pab1, and NCE102-TAP during exponential growth (EP), stationary phase (SP), and after 30 min or 60 min of
stimulation with fresh medium (SP + 30 min SDC or SP + 60 min SDC) were determined by Western blot using anti-TAP or anti-Pab1p antibodies. Ponceau
red was used as a loading control. Quantification of Western blot was performed by densitometry (mean + SE, n = 3 biological replicates). Statistical
significance for each protein was determined with a one-way ANOVA and the Tukey contrast test ****p < 0.0001.

In order to further analyze the translational reactivation in nutrient-stimulated quiescent cells, we assessed the mRNA polysome associa-
tion and protein levels of selected proteins from pre- and post-stimulated quiescent cells. NCE102, ENO2, PDC1 and PABT mRNAs were
chosen and considered as “mRNA markers” as they encode proteins that play important roles in preserving quiescence or cell proliferation
once nutrients are available.””>* As previously described,*®>> ENO2, PDC1, and PAB1 mRNA levels are low in the stationary phase and in-
crease after nutrient stimulation, while NCE102 mRNA shows the opposite behavior (Figure 1B). In addition, during quiescence, when global
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Figure 2. Riboproteome characterization during quiescence and translational recovery

(A) Experimental design of the proteomic screen. Stationary phase (SP) cells were harvested by centrifugation and resuspended in the same volume of fresh
medium for 30 min (SP + 30 min SDC), or 60 min (SP + 60 min SDC). Free (F), monosomal (M, 40S + 40S + 80S), and polysomal (P) fractions were obtained by
ultracentrifugation through sucrose gradients and analyzed by nanoLC-MS/MS (for details, see STAR Methods).

(B) Distribution of 527 total proteins detected in all 3 growth conditions through mass spectrometry. The number of proteins for each subgroup is indicated. See
also Figure S3.

translation is arrested, (Figure 1A), ENO2, PAB1 and NCE102 mRNAs are present in the ribosome-free fractions of sucrose gradients (Fig-
ure 1C). However, 60%-80% of these mRNAs are present in polysomal fractions after 30 to 60 min of nutritional stimulation, (Figure 1C).
On the other hand, the PDCT mRNA remains mainly associated with the polysome fractions both in quiescent and stimulated cells (Figure 1C).
Given that the 5 UTR (untranslated region) of PDCT mRNA is shorter than the average found in S. cerevisiae,* it is possible that PDCT mRNA
translation initiation persists under conditions of global repression, competing more effectively for limiting translation factors.

Finally, the correlation between translation, mRNA levels, and protein levels was assessed. The protein levels were evaluated by Western
blot using TAP-tagged strains™ (Figure 1D). Three protein expression patterns were observed: (i) Pab1 and Eno2 show an increase in protein
levels correlating with the increased levels of mMRNA, and the association of these mRNAs with polysomes in cells post-stimulus; (i) both PDC1
mRNA and protein levels are increased after stimulus, but the percentage of mMRNA association with polysomes remained similar to the one
observed from stationary phase cells (=80%) or nutrient stimulus cells, (i) both NCE102mRNA and protein levels decreased after fresh media
stimulation. This decrease in protein levels seems to be a consequence of changes in protein synthesis, since the protein turnover rate is
similar in quiescent and stimulated cells (t 1/2 > 120 min, Figure S2). This higher level of Nce102 protein under stationary phase conditions,
where there is a global inhibition of translational initiation, could be a consequence of post-translational mechanisms, as the protein is spe-
cifically sequestered into eisosomes.”

Overall, these results indicate that during the first 60 min after the nutrient stimulation of quiescent cells the cellular proteome changes as a
consequence of translational activation either at the global or mRNA specific level without changes in total ribosome content. Most recently,
the role of specialized ribosomes as a mechanism that controls proteome adaptation following environmental change has gained significant
attention.””®" However, variations in yeast ribosome composition during the exit from quiescence have not been examined yet.

Characterization of the riboproteome composition in quiescent cells and post-translational reactivation

To characterize ribosome heterogeneity during the exit from quiescence, the protein composition of ribosomal particles from stationary
phase and nutrient-stimulated cells was assessed. More specifically, a label-free quantitative mass spectrometry strategy was taken to
compare quiescent yeast cells with cells that had been nutrient stimulated for 30 and 60 min. To this end, crude extracts from these cells
were subjected to sucrose gradient centrifugation, and three fractions, free (F); monosome (M = 80S + 60S + 40S) and polysome (P), were
analyzed by nano-HPLC-MS/MS (Figure 2A).

Atotal of 527 proteins were identified; 45% of identified proteins had already been detected in previous proteomic assays of total protein
extracts from stationary phase yeast cells.”’ Among them, 16% of the 527 proteins were ribosomal proteins, although a number of unique and
common proteins were identified in each dataset (Figure 2B). For instance, 26 proteins were detected exclusively in monosome fractions, and
8 proteins were unique to polysome fractions.

Discriminant analysis was employed to assess the riboproteome composition obtained through mass spectrometry. Two discriminant
functions, accounting for 33% of the total variance, enabled the differentiation of the riboproteome composition among F, M, and P fractions
(Figure S3A). This result shows that in addition to the expected differences between the free fraction and ribosomal fractions, there are also
compositional differences between monosome and polysome fractions. When the data from the different growth conditions (stationary
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phase, 30 min and 60 min after stimulation, Figure S3B) are considered, samples stimulated for 30 min appear intermediate in terms of vari-
ability when compared with the stationary phase and 60 min stimulated samples. These findings imply that the protein composition of each
fraction changes in response to the nutrient stimulus. Based on these results, we decided to explore the riboproteome data from quiescent
cells and cells after 60 min of stimulation with fresh media.

Protein-protein interaction networks analysis for the proteins identified from the monosomal and polysomal fractions from stationary
phase and 60 min stimulated samples shows that ribosomal proteins conform to a cluster that is present in all of the networks (Figure S3C).
The proteins nearest to the ribosomal protein cluster are involved in protein level maintenance, such as translation and protein folding. It
should be noted that the proteasome category is only found in the monosome fractions. Groups related to other cellular processes such
as glycolysis, amino acid biosynthesis, oxidative stress, and mitochondria are also found.

From the mass spectrometric identification of proteins, the proteome from free monosome and polysomes fractions was classified into the
following 8 functional groups: 1. ribosomal particle, 2. physically associated with ribosomes (ribosome-associated proteins), 3. ribosomal
biogenesis, 4. translation, 5. proteasome, 6. protein folding, 7. carbon metabolism and 8. Miscellaneous (Table S1). Analysis of the peptides
from the mass spectrometry profiles indicated no bias in the peptide distribution across the primary sequence for individual proteins (data not
shown). This result indicates that the detected proteins are likely fully translated proteins that co-fractionate with ribosomes. Using the MS
data, we analyzed how the relative abundance of the identified proteins changed across the free, monosome, and polysome fractions during
the exit from quiescence (Table S1).

Characterization of ribosome composition

From our proteome analysis, we identified 69 of the expected 79 ribosomal proteins that constitute the 80S ribosome,” in the monosomal and
polysomal fractions, but not in the free fraction (Table S1). Note that, in the Western blot experiment (Figure S4B), we found very faint bands
corresponding to ribosomal proteins in the free fraction, despite the fact that the free fraction had a significantly larger total protein concen-
tration than the monosome and polysome fractions. This result indicates that the majority of RPs detected in our analysis are presumably
found as part of functional and fully assembled ribosomes. We found 18 of the 20 ribosomal proteins encoded by single-copy genes and
51 of the 59 ribosomal proteins encoded by paralogous pairs of genes whose homology varies from 78 to 100%.'” We found 14 pairs of ri-
bosomal proteins paralogs with 100% identity. From non-identical paralogs, 14 pairs were identified by the presence of unique peptides and 8
were identified by peptides coming from only one of the pair of proteins. It was not possible to distinguish between the other 15 paralogs
pairs (Figures S4A and S5A). To analyze how the core ribosome composition changes during the translation activation of quiescent cells, we
first determined the protein abundance of each RP identified in our experiment (Figure S5A). We observed that all RPs are equally abundant in
both quiescent and fresh media-stimulated cells in agreement with our Western blot experiments (Figures S1C and Sé). Inspection of the
relative expression of the detectable RP paralogous pairs is shown in Figure S5B (Paralog A/B abundance ratio). The proteins of 5 paralogs
pairs, showed similar abundance ratios in the ribosome particle: Rps1A/B; Rps21 A/B; RpléA/B; Rpl7A/B and Rpl33 A/B. The other 6 detect-
able paralogous pairs showed that one of the RP proteins was overrepresented: Rps7A/B; Rps9A/B; Rpl21 A/B; Rpl26 A/B; Rpl16 A/B and the
pair Rop2A/B showed a higher proportion of B than A paralog (B is called “major protein paralog”); whereas, Rpl15 A/B; Rpl17 A/B and Rpl24
A/B showed a higher level of A than B paralog (A is called “major protein paralog”). The hierarchy of RP paralog expression during quiescent
exit shown here differs from that described in cells under normal and stress growth conditions.”

According to earlier research,” stationary phase mRNA relative levels for each of the RP paralogs in a pair, exhibit similar abundances
(Figure S5C). Taking into account the results shown in Figure S5A, we can see that not all of the RP paralogous pairs exhibit a correlation be-
tween their mRNA and protein levels in the stationary phase. We speculate that a paralog-specific post-transcriptional mechanism in both
quiescent and exit cells may be responsible for determining the expression pattern of these paralogs.

Our next aim was to investigate whether there were any obvious changes in ribosome composition. For this we analyzed the relative abun-
dance of each RP in monosome and polysome fractions in quiescent cells relative to cells that had been nutrient stimulated for 60 min (Fig-
ure 3). 69 ribosomal proteins were identified across the samples, with 25 RPs showing changes in their distribution across different fractions or
growth conditions. The results are summarized in Table 1.

For 6 of the paralogous pairs (Rpl17 A/B; Rpl21 A/B; Rps7A/B; Rpl26 A/B; Rps1A/B; Rpl15 A/B) and Rpp2A/B pair, one of the specific RP
paralogs was more associated with the ribosomes from either monosome or polysome fractions (Figure 3). There are several paralogous pairs
that, regardless of the nutrient stimulus, showed no changes in polysome or monosome fractions (Rpl24 A/B, Rpl33 A/B, Rpl7A/B, Rpl6A/B,
Rps21 A/B, and Rps9A/B) (Table S1). Figures 3 and S5B show that there is no correlation between the relative expression levels of paralogs and
their preference for polysome incorporation.

To demonstrate the coexistence of a heterogeneous population of ribosomes conformed by different paralogs, we constructed strains co-
expressing endogenously tagged Rps7A-HA and Rps7B-GST (Figure S7A) and Rpl16A-GST and Rpl16B-HA (Figure S8A). Both strains show
similar protein levels of both paralogs in quiescent and post stimulus cells (Figures S7A and S8A). To corroborate that the HA- and GST-
tagged RPs are incorporated into ribosomes resembling endogenous RPs, sucrose cushion fractions were assessed by Western blot analysis.
Both Rps7A-HA/Rps7B-GST and Rpl16A-GST/Rpl16B-HA pairs were equally incorporated into ribosomes from quiescent and post stimulus
cells (Figures S7B and S8B). Next, co-sedimentation analysis was performed across sucrose gradients using extracts from quiescent or 60 min
fresh media stimulated cells (Figures S7C and S8C). Rps7A-HA/Rps7B-GST pair principally accumulates in monosome fractions during quies-
cence, while after nutrient stimulus Rps7A-HA mainly associated with monosomes and Rps7B-GST with polysomes (Figures 3 and S7C). In
contrast, Rpl16A-GST and Rpl16B-HA accumulate in monosome fractions during quiescence, and both RP paralogs cofractionate with
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Figure 3. Analysis of the composition of core ribosomal proteins

The relative abundance distribution of the ribosomal proteins of the large and small subunit of the ribosome in monosomal (M) or polysomal (P) fractions. The
distribution of different ribosomal proteins in monosomal (M), or polysomal fractions (P) is shown. The emPAIl data obtained by nanoLC-MS/MS from stationary
phase (SP) or after 60 min of fresh medium stimulus (SP + SDC 60 min) riboproteome were used to calculate the relative protein abundance distribution. Heat
maps indicate the distribution of relative abundance between the fractions M and P in each condition. The color scale is indicated, ND = not detected. Relative
abundance distribution less than 0.8 was not considered. Ribosomal protein paralogs with 100% identity (violet) and those for which it was not possible to
distinguish between paralog pairs (green).

polysomes after stimulus (Figures 3 and S8C). To assess whether ribosomes containing both RP paralogs are present on single mRNAs, a pull-
down assay was performed from polysome fractions. The pair of paralogs Rpl16 were chosen since this protein is preferentially located at the
solvent-accessible face of ribosomes.®” Rpl16A-GST purified from nutrient stimulated quiescent cells co-purified with Rpl16B-HA, therefore
ribosomes containing Rp116A co-exist on mRNAs with ribosomes containing Rp116B. The results indicates that polysomes contain a mixed
paralog population (Figure S8E).

The relative accumulation pattern of RPs encoded by single-copy genes, RP paralogs with 100% identity and RPs paralogs that were indis-
tinguishable from the mass spectrometry analysis (violet and green labeled respectively) was also analyzed (Figure 3). The distribution of a
great number of RPs (37) is similar in monosomes and polysomes from quiescence and post-stimulus cells (Table S1). However, some sin-
gle-gene encoded RPs show differential fractionation. For example, Rpl10, Rpl32, Rpl38 and Rps20 show an enrichment in the polysome frac-
tion following the nutrient stimulus, while Rps12 is exclusively associated with polysome fraction from cells of both analyzed conditions.
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Table 1. Summary of relative abundance distribution of RP in ribosomes from quiescent exit cells

Fraction

Condition Monosome Polysome

SP Rpl158" Rps12; Rpl17A”
Rpl32; Rpl43 A/B; Rpl38; Rpl35 A/B; Rpp2A

Rpl21B; Rps28 A/B
Rpl26B; Rpl31 A/B; Rpl37A; Rps1A;
Rps26 A/B; Rps27A; Rps19 A/B
SP + Rpl158" Rps12; Rpl17A°
60 min SDC Rpl32; Rpl43 A/B; Rpl38
Rpl35 A/B; Rpl21B; Rps28 A/B
Rpp2B; Rpl16B and Rpl16A
Rps78; Rplﬁ; Rpl10; Rps20
Rps11 A/B

Mand ": RPs enriched in monosomes or polysomes in both conditions. RPs that change their abundance according to growth conditions are labeled in bold. RPs
that show a specific enrichment according to fraction or growth condition are indicated in italics. The specific RP paralog is underlined. SP: Stationary Phase;
SP+60 min SDC: stationary phase cells after stimulation with fresh medium for 60 min.

In summary, our results indicates that the RP composition of monosomes and polysomes changes during the translation reactivation that
occurs when cells exit quiescence.

Characterization of proteins that co-fractionate with ribosomes

The proteomic analysis of the ribosomes also identified 444 proteins that co-fractionated with the ribosomal proteins. These cofractionating
proteins were reclassified according to their functional gene ontology: ribosome biogenesis, translation, proteasome, protein folding, carbon
metabolism, ribosome-associated proteins, and miscellanea (Figure 4A). The relative distribution of proteins from different categories was
assessed in the free, monosome, and polysome fractions for each of the growth conditions (Table S1). Figure 4B shows the heat maps cor-
responding to representative proteins from each group. Protein distribution was confirmed using Western blotting from sucrose gradient
fractions (Figure S4B).

We identified 15 of the 33 subunits of the 26S proteasome (Table S1; Figure 4B) co-fractionating with the monosomes fractions both pre-
and post-stimulus suggesting that the proteasome almost exclusively co-fractionates with the monosome (Figures 4B and S3C). The protein
Tma17, which was detected exclusively in the monosome fraction, has been described as a proteasome assembly factor associated with 40S
and 60S subunits.®***

It has been described that proteasome assembly involves ribosome pausing and co-translational assembly of Rpt1-Rpt2.°® However, no
bias in the peptide distribution across the Rpt1 primary sequence was observed suggesting that fully translated Rpt1 protein co-fractionates
with the monosome.

The interaction between the proteasome and the 80S ribosome has been linked to ribosome associated protein quality control (RQC)
mechanisms that survey nascent peptide degradation® and/or ribophagy processes.”” However, neither the monosome nor polysome frac-
tions of quiescent cells contained RQC components. This result agrees with the observation that ribosome pausing overcomes the RQC
pathway in aging yeast cells, compromising co-translational proteostasis.’®

The heterodimers Egd1/Egd2 (polypeptide-associated complex, NAC) as well as Ssz1/Zuo1 (ribosome-associated complex, RAC) co-frac-
tionate with both monosomes and polysomes during stationary phase. Also, subunits of the TRiC complex co-fractionate with monosomes
from stimulated stationary phase cells presumably to favor the folding of newly synthesized proteins.?'*® Other factors and proteins with
chaperone activity that assist protein folding, such as Hsp26, Sgt2 and Hspé0 (partially) were enriched in the monosome fraction; whereas
Hsp31 was partially enriched in polysome fractions from quiescent cells suggesting that a small number of particular chaperones cooperates
with ribosomes to maintain protein folding in dormant cells.

These results suggest that, depending on the nutritional condition, both monosomes and polysomes interact with ribosome-associated pro-
tein complexes involved in the regulation of nascent peptides to favor co-translational protein folding, assembly, and ribosomal quality control.

Stm1 was detected in monosomes fractions from quiescent cells and in polysome fractions after stimulation with fresh media (Figure 4B).
The role of Stm1 might relate to ribosome preservation during quiescence.®’ Its presence could suggest that a population of Stm1-containing
80S particles would be free of mRNA in quiescent cells.

We identified an enrichment of enzymes that protect from oxidative stress such as Trx1 and Grx2. The association of these enzymes could
provide a protective function of ribosome particle from oxidative stress which affects translation.””

Overall, our analysis suggests that monosomal and polysomal fractions modify the associated protein pattern according to growth con-
ditions. The enrichment of proteins controlling different processes may functionally interconnect the ribosome with various cellular processes.
Further work is required to characterize the functions of ribosome-associated proteins in translation regulation during quiescence exit.

iScience 27, 108727, January 19, 2024 7




¢? CellPress iScience
OPEN ACCESS

A B Relative protein
abundance distribution

mRibosome associated protein _SP_ _SP+60minSDC
: Protein F M P F M P
M Translation
m Protein folding Ascl ‘7‘ ‘ J
¥ Proteasome Tmal9
m Carbon metabolism
Tmal7
mBiogenesis ribosomal . .
" Miscellanea Stml . .
Sis1 [ | B
Hsp70-[ Ssa1 f_"‘
Ribosome Hsp40 —
C Relative protein aspsrzct::;;zd Ssa3 . .
abundance distribution
Egdl
SP SP+60 min SDC NAC ; N
Protein FMP FMP Egd2 ]
elF3a| Rpgl B - 0l |
elF3g|Tif35 £l RAC| 7001 B
elF3i| Tif34 [ ]
. Pre5
elIF3ji Herl B — O
Pre7
eEF1A Tefl [ | i - -
re
Translation | eEF1B Tef4
eEF3 Yef3 . . Proteasome Rpt5 . .
Rpn6 [ |
elF5A Hyp2 Pup3 .
R | | Pre9 B
Mbf1 B Rono [l B
Gvp36 [ |
Adel [ Hsp31 NN
Exgl . Hsp60 .
Protein foldin
Trx1 m [ 9| Hsp26 N
Pfy1 | [ Cprl =
Yral [ | Sgt2 [ |
Bfrl B B
-1 -0.8-0.6-0.4-0.2ND 0.2 0.4 0.6
Miscellaneous Psal LR
i
proteins Metl7 . Relative protein abundance
Arfl B B
Vpsi B
Porl . .
Pdb1 B B
Kgd1 | N |
Kgd2 .

8 iScience 27, 108727, January 19, 2024



iScience ¢? CellPress
OPEN ACCESS

Figure 4. Characterization of co-fractionated proteins with the core ribosomal proteins

(A) The pie chart shows the number of unique proteins identified in this study, classified by Gene Ontology.

(B and C) The relative abundance distribution of different proteins in free (F), monosomal (M), or polysomal fractions (P) is shown. The emPAI data obtained by
nanoLC-MS/MS from stationary phase (SP) or after 60 min of fresh medium stimulus (SP + SDC 60 min) riboproteome were used to calculate the relative protein
abundance distribution. Heat maps indicate the distribution of relative abundance between the fractions F, M, and P in each condition. The color scale is
indicated, ND = not detected. Relative abundance distribution less than 0.8 was not considered. Representative proteins from proteasome, protein folding,
translation, and miscellaneous groups are shown (Table S1, Protein abundance F, M, P). Representative proteins of each category are shown, nucleotide
biosynthetic process purine (violet), amino acid biosynthesis (pink), mRNA binding (red), oxidative stress (green), cellular transport and large membranous
structures (light blue), and mitochondria (brown).

Role of ribosomal proteins on translational activity from quiescent exist cells

Based on the results above we conclude that RP stoichiometry changes during the translational activation of quiescent cells (Table 1). Next, we
evaluated the role of individual RPs, investigating cell growth and global translational activity in cells where an RP gene is deleted (Figure 5).

From the RPs encoded by a unique gene, Rps12, Rpl38, Rpp2A, and Rpp2B were chosen since RPS20, RPL10, and RPL32 are essential
genes (Table S3). For those RP paralogs with high protein sequence homology (97-99%), such as Rpl15 A/B, Rpl17 A/B, and Rpl21 A/B, dele-
tion of one of the genes can cause inviability.”'”"! Therefore, we chose the Rps7A/Rps7B, Rpl16A/Rpl16B and Rpl37A/Rpl37B paralogs, which
exhibit the most diverged amino acid sequences and individual paralog deletion is viable (Table S3).

First, we evaluated the consequences of the deletion of single RP paralog genes or deletion of non-paralog RP genes on growth fitness
during quiescence exit (Figures 5A and 5B). Figures 5A and S9A show that all of the RP gene deletion strains reach the same ODgoonm after 72 h
of growth and most of the strains exhibit similar cellular viability both in the stationary phase or after 180 min of nutrient stimulus. However, the
pairs RPP2A/B and RPS7A/B show differences in the duration of lag phase; deletion of RPP2B or RPS7A delayed cellular growth during exit
from quiescence. In contrast, the non-paralog RPL38 deletion partially reduces the lag phase length during the quiescence exit (Figure 5B).
The results suggest RP-specific effects directing the efficiency of outgrowth from quiescence.

Next, the role of RPs on the global translational activation of nutrient stimulated quiescent cells was evaluated. Puromycin incorporation
and Renilla luciferase translation reporter assays were performed (Figures 5C and 5D). Compared to wild-type cells, yeast with RPL38 deletion
show a decrease in translational activity. These findings suggest that Rpl38 enrichment into the polysome (Figure 3) positively contributes to
translation activity and accurate phase lag duration. As previously described there may be a fitness trade-off between phase lag duration,
environmental conditions and cell metabolism.”?

The single deletions of RPS7A/RPS7B, RPL16A/RPL16B, and RPL37A/RPL37 paralog genes affect translational activity during quiescence
exit. It was described that the deletion of RP genes impacts rRNA biogenesis.'”’" To verify that the deletions of RPs genes does not affect
rRNA biogenesis the 255/18S rRNA ratio in the mutant strains used in this study was assessed. Yeast cells from the stationary phase and from
180 min after stimulation with fresh medium (Figure S9D) show no change in the levels of rRNA. Therefore, the changes observed in the RP
gene-deleted mutant strains both in growth fitness and global translation are not a consequence of an imbalance in major and minor ribo-
some subunits.

From the Rps7A/B pairs, the paralog Rps7B is the most heavily expressed both in stationary phase and after nutrient stimulus (Fig-
ure S5B), which differs from expression in exponential phase cells.”' Both paralogs show a distinct distribution in monosome and polysome
fractions from stationary cells after nutrient stimulus. Rps7B is associated with polysomes whereas Rps7A remains associated with mono-
somes fractions (Figures 3 and S7C). The low levels of Rps7A in the polysome fraction suggest that translating ribosomes could be
composed of one of the two Rps7 paralogs. Figures 5C and 5D show that RPS7A deletion significantly reduced global translation activity
in comparison to RPS7B deletion. Therefore, these results suggest that both Rps7 paralogs carry out different roles in translation. Previous
work has suggested that the deletion of either gene affects the expression of the other in exponentially growing cells.”’ However, there is
no evidence that the RPS7A or RPS7B gene deletions alter the expression of the paralogous gene in quiescent cells. Therefore, it is difficult
distinguish whether the changes in global translation activity upon RPS7 gene deletion are a consequence of reduced overall gene dose or
paralog specific requirements.

The pair of paralogs Rpl16 A/B exhibit different behavior. Analysis of RP expression from strains expressing chromosomally tagged
Rpl16A-ZZ or Rpl16B-ZZ shown that Rpl16B is the main paralog across most conditions: in stationary phase, after nutrient stimulus (Fig-
ure S8D) and in the exponential growth phase (Figure S8D).” Both Rpl16 paralogs show similar distribution in polysomes upon fresh me-
dium addition to stationary phase cells (Figures 3 and S8C). Pull-down assays of Rpl16A-GST suggest that a mixed population of Rpl16A
and Rpl16B ribosomes exist on individual mMRNAs (Figure S8E). The level of the Rpl16B paralog is generally higher than Rpl16A thus some
polysomes containing only the Rpl16B paralog might be expected. A strain carrying the RPL16B deletion shows lower translational activity
than a strain lacking the RPLT6A gene suggesting a different role of these paralogs in translation (Figures 5C and 5D). Finally, another
example is the Rpl37 A/B pair, from which only the Rpl37A paralog is detected by MS. This protein associates exclusively with the mono-
some fraction in quiescent cells (Figure 3). RPL37A deletion decreases the global translational activity while RPL7B deletion has no effect
(Figures 5B and 5C). Again, this result suggests a different role of each paralog in translation. For Rpl16 A/B and Rpl37 A/B it cannot be
distinguished if the changes in global translation activity upon RP gene deletion are a consequence of gene dose or gene type
requirements.

Altogether, differential expression of RPs and their association with ribosomes might give rise to the formation of heterogeneous ribo-
somes allowing a diversity in translation functionality during quiescence exit.
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Figure 5. Deletion of specific RPs alters translational activity during quiescent exit

(A) Maximum cell density measured at Aggonm after 72 h growth (n = 6 biological replicates) and cell viability of quiescent cells evaluated by spot assay and
phloxine B incorporation. Spotted plates were photographed after 24 h and 48 h (Figure S9A).

(B) Cell growth of stationary phase cells stimulated with fresh SDC media (n = 3 biological replicates). The inset shows the lag phase length. Logistic population
growth was adjusted using Graphpad Prism 8.

(C) Global translational activity was measured by puromycin incorporation during quiescence exit. Neosynthesized proteins were labeled with puromycin and
analyzed by Western blot and quantified by densitometry (***p < 0.001; **p < 0.01; *p < 0,05, n = 3 biological replicates, Figure S10).

(D) Translation activity was evaluated with Renilla luciferase reporter (n = 3 biological replicates). For the time course data, a two-way ANOVA with Bonferroni’s
multiple comparison test was used to assess differences between time points (***p < 0.001; **p < 0.01; *p < 0,05). Control experiments shows that the Renilla
mRNA level does not differ between strains (Figure S7B).

DISCUSSION

Translational activation during quiescence exit

During quiescence in S. cerevisiae the rate of protein translation is severely reduced by coordinated events such as the downregulation of
both RP and translation factors, and the global inhibition of translation initiation. The remaining translational capacity is dedicated to the syn-
thesis of proteins necessary for cell viability during quiescence.”” Our results show that the RPs and rRNA levels remain similar in both quies-
cent cells and cells that are followed by 60 min of rich media stimulation. Following the 60 min stimulation, the increase in polysomes suggests
that global translation is reactivated. For two genes, ENOZ2 and PABT, we observed a reduction of total mRNA, polysome-associated mRNA,
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and steady state protein quantity during the stationary phase with the levels being restored upon refeeding. For another gene, NCE102, we
observed a large increase in mRNA levels in quiescent cells that appears to drive a corresponding increment in protein levels, although the
proportion of MRNA associated with polysomes was reduced. Nce102 protein level increase at the beginning of the diauxic shift and is main-
tained during the stationary phase.”’ Nce102 regulates eisosome formation, which plays important roles in regulating nutrient uptake to pre-
pare cells to enter the later stages of growth and the stationary phase.”*

The behavior of another glycolytic gene (PDC1) is quite different. The levels of polysome-associated PDCT mRNA remain high during the
stationary phase. The decrease in Pdc1 protein abundance could be a consequence of low levels of mRNA. Indeed, IRES elements promote
mRNA translation during quiescence.”” However, there is no IRES described in the PDCT mRNA sequence. Alternatively, even given the
compact nature of the PDC1 5'UTR, it is still possible that cis-acting elements in the 5’'UTR of PDCT mRNA could be necessary to improve
its translation efficiency; however, the precise mechanism involved in this mRNA translation remains to be determined.

These results showed a positive correlation between protein expression and mRNA levels during both quiescence and after translational
reactivation following stimulation with fresh media. These findings are in agreement with studies analyzing genome-wide mRNA and protein
expression level in yeast cells in response to different stresses. These experiments demonstrate that a good proportion of changes to protein
levels occur as a consequence of alterations in both mRNA levels and the degree of mRNA association with polysomes.”*”"®

Different ribosome subpopulations in both monosomes and polysomes are sensitive to nutrient stimulation

Following a nanoLC-MS/MS strategy, we observed a dynamic change in ribosome composition during quiescence exit. The relative abun-
dance of many RPs varied between monosomes and polysomes depending on the nutrient stimulus. For instance, RPs enriched in mono-
somes during quiescence were re-distributed toward polysomes upon translational activation after the addition of fresh media. However,
some RPs exhibited enrichment in monosomes from dormant cells, whilst others were more prevalent in polysome fractions following stim-
ulation (Table 1). Most strikingly perhaps is the finding, across several RP paralogous pairs, of only one paralog associated with monosomes or
polysomes under different growth conditions. The RP composition of monosomes and polysomes in both quiescent and post stimulus con-
ditions differs from that of glucose grown cells.””*' This observation suggests that quiescent exit cells have a specific RP repertoire. Ribosome
differences between monosomal and polysomal ribosomes may indicate distinct translational activity.

As previously mentioned, the RP composition of yeast grown on glucose differs from that of polysomes from stimulated quiescent cells,
|.*’ reported that RP stoichiometry correlates with growth rate. However, a similar analysis revealed no correlation between cellular
fitness’” and the RP composition of polysomes characterized in our work. We hypothesize that ribosome composition is an intermediary step
in cell adaptation to changing environments during the quiescence-growth transition.

In S. cerevisiae, 59 of the 78 RP genes are retained as two genomic copies.”” We observed several RP paralogs that are associated with the
same fraction under both growth conditions. Since it has been described that two RPs paralogs cannot assemble into the same ribosome
particle simultaneously, the detection of the two paralog proteins in the same fraction (monosome or polysome) indicates that there are sub-
populations of ribosomal particles differing in composition at the RP paralog level. Regardless of the fact that RP paralogs have nearly iden-
tical amino acid sequences, studies have demonstrated paralog-specific functions.>®?® Indeed, our results show that several RP paralogs
found in quiescent cells play a specific function in translation as a consequence of gene dose or gene type requirements.

The eukaryotic ribosome assembly pathway involves more than 200 factors and spans various subcellular compartments.” Following the
completion of maturation, the 40S and 60S ribosomal subunits are held together either on the mRNA during translation or via specific proteins
when free.? The crystal structure of the 805 ribosome from glucose-starved yeast shows that Stm1 occupies part of the mRNA channel. The
presence of Stm1 stabilizes 80S by clamping the 405 and 60S subunits and inhibits translation by excluding mRNA binding.?' Previous results
show that the ribosome-associated protein Stm1 prevents ribophagy during quiescence and thus may promote ribosome availability for
translation once nutrients become available.®” We have shown in this work that Stm1 predominantly cofractionates with monosomes during
quiescence, indicating the existence of a subpopulation of 80S ribosomes bound to Stm1. The preservation of 80S during quiescence can be
useful for ribosome recycling when nutrients trigger translational activation but no new ribosomes are already synthesized (at least for the first
60 min after stimulus). Accordingly, several RP monosomes from quiescent cells move to polysomes after stimulation with fresh media.

Substantial evidence from various biological systems suggests that ribosome remodeling or repair can occur directly on ribosomes, for
example, in response to ribophagy in the bacterial ribosome,®” hepatocyte ribosome composition remodels in response to an altered
diet,”* and in neuronal ribosomes following oxidative stress.®* In yeast, translation activation after glucose refeeding to glucose-starved expo-
nential yeast cells shows a ribosome shifting from 80S back to polysomes.®

Ribosomal biogenesis decreases during quiescence.”* Quiescent cells show an increase in ribosomal protein levels via de novo synthesis after
2 h of stimulation® and mutants with defects in ribosomal biogenesis fail to resume growth from quiescence.?” Our analysis shows that the expres-
sion level of most RPs from quiescent cells remains constant after 60 min following nutrient stimulus or refeeding and we posit that these RPs de-
tectedin pre- and post-stimulated quiescent cells are part of ribosome particles, since we did not detect them in sub-ribosomal gradient fractions.
In addition, it could also be that RPs that fail to assemble into ribosomes are rapidly ubiquitinated and degraded in the nucleus in a proteasome-
dependent manner as previously described.®® Nevertheless, since the populations of rilbosome subunits after 60 min of stimulation have different
protein composition to those seen during quiescence, it appears that another process is responsible for the diversity of ribosomes raising the
possibility that RPs could be exchanged using de novo synthesized RPs produced during quiescence exit. On the other hand, 80S ribosomes
from quiescent cells could be recycled to polysomes once translational activity is induced. Further research is required to explore the mechanism
underlying the remodeling of RP content during the first steps of the quiescence-growth transition, which results in ribosome heterogeneity.

Slavoveta
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The ribosomal fractions from quiescence exit contain proteins that belong to various functional groups such as translation, protein folding,
metabolism, and response to oxidative stress, among others. These non-ribosomal proteins could be defined as ribosome-associated pro-
teins. Proteasome components and Tma17 were associated with monosomes regardless of the stimulus. Proteasome-ribosome interaction
could imply changes in the control of the nascent peptide and/or in the homeostasis of ribosomes.®” It has been reported that Tma17 interacts
with the ribosome and proteasome, suggesting that Tma17 could be involved in the proteasome-80S crosstalk.****

In this study, a subunit of the RAC complex, Zuo1, was identified in the monosomal fraction of quiescent cells. This protein interacts with
both ribosome subunits and has a direct role in translational fidelity.” It has been described that monosome 80S particles can actively
translate mRNAs encoding low-abundance regulatory proteins in yeast”' and neurons.” Indeed, our data shows the presence of translational
elongation factors, nascent peptide chaperones (e.g., RAC, NAC), and proteasome proteins among others associated with the monosome.
However, these same factors might also be present where subpopulations of 80S stalled ribosomes accumulate.®”*

The polysomes from quiescent cells are enriched in chaperone proteins and translation elongation factors suggesting actively translating
ribosomes. Furthermore, glycolytic enzymes were detected associated with polysomes and this localization might supply the energy required
for translation and/or could direct non-canonical functions for these proteins in translation regulation. For example, mammalian muscle py-
ruvate kinase has been shown to function as an RNA-binding protein in the translation of mMRNA destined for the endoplasmic reticulum.”

In yeasts, it has been described that ribosomal particles can present protruded rRNAs acting as scaffolds. Different functional groups of
proteins are recruited to these platforms to modify the ribosomal functions.?® We found that Asc1 exhibited partial presence in polysomes
regardless of growth conditions. Asc1 (homologous to mammalian RACK1) is thought to function as a scaffold for non-ribosomal proteins.”

In conclusion, we present evidence which indicates that the ribosomes from monosomes or polysomes present different protein composition
during quiescence exit. This protein composition is sensitive to nutrient availability. The resulting ribosomal heterogeneity is a consequence of
the replacement and the variation of stoichiometry between paralog RPs both in monosome and polysome fractions and also in quiescent and
nutrient stimulated cells. This heterogeneity may or may not imply a functional change of specialization of the ribosomes.” The role of ribosome
populations on mRNA translation selectivity on proteome adjustment during quiescence-growth transition deserves further investigation.

Limitation of the study

Using a nanoLC-MS/MS strategy, this study provides a comprehensive characterization of the dynamic of riboproteome in S. cerevisiae.
Further functional experiments to characterise the role of the diversity ribosome during quiescence exit would strengthen the results of
this study. Proteomic approaches present certain limitations: It is well known that MS data acquisition results in a significant percentage of
missing values in proteomics datasets because of the semi-stochasticity of ionization, fragmentation, and detection of peptides and frag-
ments. MS protein identification is a probabilistic technique, and even though we conducted validation studies, only a small number of targets
were validated in terms of the mass spectrometry dataset.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
(HRP)-conjugated primary antibody to Protein A Abcam Cat#: ab185%6;
RRID: AB_777481
Anti-HA (F-7) Santa Cruz Cat#: sc-7392; RRID: AB_627809
Anti-GST (B-14) Santa Cruz Cat#: sc-138;
RRID: AB_627677
Anti-Puromycin- clon 12D10 Sigma-Aldrich Cat#: MABE 343; N/A
PGK1 Monoclonal Antibody (22C5D8) ThermoFisher Scientific Cat#: 459250; RRID:AB_2532235
Anti-Rps3 Frey et al.” N/A
Anti-Rpl35 Frey et al.” N/A
Anti-Pab1 Hoyle et al.* N/A
Goat Anti-Mouse IgG (whole molecule) Polyclonal Sigma-Aldrich Cat#: A4416; RRID:AB_258167
Antibody, Horseradish Peroxidase Conjugated
Anti-Rabbit IgG (whole molecule)-Peroxidase Sigma-Aldrich Cat#: A0545
antibody produced in goat RRID:AB_257896
Chemicals, peptides, and recombinant proteins
EDTA-free protease inhibitor cocktail Calbiochem Cat: # 539134
TRIzol Reagent Invitrogen Cat#: 15596-026
Puromycin dihydrochloride Sigma-Aldrich Cat#: P9620
Coelenterazine-h Promega Cat#: 52011
Trypsin Promega Cat#: V5111
Critical commercial assays
Glucose (GO) Assay Kit Sigma-Aldrich Cat#: GAGO20-1KT
PureYield™ Plasmid Miniprep System Promega Cat#: A1223
Cycloheximide Sigma-Aldrich Cat#: 239763-M
iTag™ Universal SYBR® Green One-Step Kit Bio-Rad Cat#: 1725150

Deposited data

Proteomics Identifications (PRIDE)

This study. Project accession:
PXD047386

https://www.ebi.ac.uk/pride/
RRID:SCR_003411

Experimental models: Organisms/strains

S. cerevisiae. BY4741 (WT)

MATa his3 4 1leu2 4 0 met15 4 Oura3 4 0
S. cerevisiae. ENO2-TAP

MATa his3 4 1leu2 4 0 met15 4 Oura3 4 0
ENO2-TAP :: HIS3

S. cerevisiae. PDC1-TAP

MATa his3 4 1leu2 4 0 met15 4 Oura3 4 0
PDC1-TAP :: HIS3

S. cerevisiae. NCE102-TAP

MATa his3 4 1leu2 4 0 met15 4 Oura3 40
NCE102-TAP :: HIS3
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ATCC

https://horizondiscovery.com/en

Ghaemmaghami et al.”’

https://horizondiscovery.com/en

Ghaemmaghami et al.”’

https://horizondiscovery.com/en

Ghaemmaghami et al.”’

ATCC 201388

N/A

N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

S. cerevisiae. HSP26-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 O ura3 4 0 Ghaemmaghami et al.””

HSP26 -TAP :: HIS3

S. cerevisiae. TMA17-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1leu2 4 0 met15 40 Ghaemmaghami et al.”’

ura340

TMA17 -TAP :: HIS3

S. cerevisiae. RPS1A -TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPSTA -TAP :: HIS3

S. cerevisiae. RPS1B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPS1B -TAP :: HIS3

S. cerevisiae. RPL1A-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.””

ura3 4 0 RPL1A -TAP :: HIS3

S. cerevisiae. RPL1B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPL1B -TAP :: HIS3

S. cerevisiae. RPL24A-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPL24A -TAP :: HIS3

S. cerevisiae. RPL24B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPL24B -TAP :: HIS3

S. cerevisiae. RPL26A-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPL26A -TAP :: HIS3

S. cerevisiae. RPL26B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1leu2 4 0 met15 40 Ghaemmaghami et al.”’

ura3 4 0 RPL26B -TAP :: HIS3

S. cerevisiae. RPL8A-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPL8A -TAP :: HIS3

S. cerevisiae. RPL8B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met154 0 Ghaemmaghami et al.”’

ura3 4 0 RPL8B -TAP :: HIS3

S. cerevisiae. RPP2A-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPP2A -TAP :: HIS3

S. cerevisiae. RPP2B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1leu2 4 0 met15 40 Ghaemmaghami et al.”’

ura3 4 0 RPP2B -TAP :: HIS3

S. cerevisiae. RPL13A-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.””

ura3 4 0 RPL13A -TAP :: HIS3

S. cerevisiae. RPL13B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1leu2 4 0 met15 4 0
ura3 4 0 RPL13B -TAP :: HIS3

Ghaemmaghami et al.”’

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

S. cerevisiae. RPS26A-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 RPS26A -TAP :: HIS3

S. cerevisiae. RPS26B-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1leu2 4 0 met15 40 Ghaemmaghami et al.”’

ura3 4 0 RPS26B -TAP :: HIS3

S. cerevisiae. ASC1-TAP https://horizondiscovery.com/en N/A

MATa his3 4 1 leu2 4 0 met15 4 0 Ghaemmaghami et al.”’

ura3 4 0 ASC1-TAP :: HIS3

S. cerevisiae. Rps 7A-HA Rps7B-GST: This paper N/A

MATa leu2-3,112 trp1-1 can1-100

ura3-1 ade2-1 his3-11,15 [phi*]

RPS7A-HA::HIS3 RPS7B-GST::TRP1

S. cerevisiae. Rpl 16A-GST This paper N/A

RpléB-HA: MATa leu2-3,112 trp1-1

can1-100 ura3-1 ade2-1 his3-11,15 [phi*]

RPL16A-GST::TRP1 RPL16B-HA::HIS3

S. cerevisiae. rps12A https://horizondiscovery.com/en N/A

BY4741 rps12::KanMX4 Winzeler et al.”®

S. cerevisiae. rpl38A https://horizondiscovery.com/en N/A

BY4741 rpl38::KanMX4 Winzeler et al.”®

S. cerevisiae. rpp2al https://horizondiscovery.com/en N/A

BY4741 rpp2a::KanMX4 Winzeler et al.”®

S. cerevisiae. rpp2bA https://horizondiscovery.com/en N/A

BY4741 rpp2b::KanMX4 Winzeler et al.”

S. cerevisiae. rps7aA https://horizondiscovery.com/en N/A

BY4741 rps7a::KanMX4 Winzeler et al.”®

S. cerevisiae. rps7bA https://horizondiscovery.com/en N/A

BY4741 rps7b::KanMX4 Winzeler et al.”

S. cerevisiae. rpl16aA https://horizondiscovery.com/en N/A

BY4741 rpl16a::KanMX4 Winzeler et al.”®

S. cerevisiae. rpl16aA https://horizondiscovery.com/en N/A

BY4741 rpl1éb::KanMX4 Winzeler et al.”®

S. cerevisiae. rpl37aA https://horizondiscovery.com/en N/A

BY4741 rpl37a::KanMX4 Winzeler et al.”®

S. cerevisiae. rpl37bA https://horizondiscovery.com/en N/A

BY4741 rpl37b::KanMX4 Winzeler et al.”®

S. cerevisiae. Rpl16A-ZZ Halbeisen et al.”” N/A

BY4741 RPL16A-ZZ::HIS3

S. cerevisiae. Rpl16B-ZZ Halbeisen et al.”” N/A

BY4741 RPL16A-ZZ::HIS3

Oligonucleotides

See Table S5 for primers used in this study. N/A N/A

Recombinant DNA

pKK3700 Ferretti, Ghalei et al.* N/A

pFAba-3HA-HIS3Mx6 Dr. Frydman Lab, Stanford University Addgene
#41600

pFAba-GST-TRP1 Dr. Frydman Lab, Stanford University Addgene
#41603
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

Image J

Graphpad Prism 8

Proteome Discoverer software,

version 2.1.1.21

XCalibur 3.0.63

https://imagej.net/ij/
https://www.graphpad.com/

Thermo Scientific

Thermo Scientific

RRID:SCR_003070
RRID:SCR_002798
N/A

N/A

STRING 11.0 (https://stringdb.org/) RRID:SCR_005223
Szklarczyk et al.'®”

Biorender https://www.biorender.com/b RRID:SCR_018361

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Paula Portela
(pportela@gb.fcen.uba.ar).

Materials availability

This study did not generate new unique reagents. All yeast strains generated in this study are available on request to the lead contact.

Data and code availability
e The mass spectrometry proteomics data that support the findings of this study have been deposited to the ProteomeXchange Con-
sortium via the PRIDE'?" partner repository with the dataset identifier PXD04386.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Yeast strains

The experiments were performed in the Saccharomyces cerevisiae strains listed in the key resources table. Genome-edited strains were con-
structed by genomic recombination.

Growth conditions

Yeast strains were cultured at 30°C in a complete synthetic medium with 2% glucose (SDC). Growth was followed by absorbance measure-
ment at 600 nm (OD600). Cells in exponential phase were obtained when the cultures attained OD600 0.4-0.6 on SDC medium. Cells in sta-
tionary phase were obtained by growth on SDC for 72 h. Stationary phase cells were collected by centrifugation, resuspended in the same
volume of fresh SDC medium, and incubated at 30°C for different times. Aliquots were taken at indicated times after stimulation with SDC
fresh medium. Glucose concentration was determined by the enzymatic method using Glucose (GO) Assay Kit (Sigma). The growth curve was
performed in SDC medium. Logistic population growth adjustment was made with Graphpad Prism 8. Y0, initial population = OD600 0.1,
[0.043-0.16]. YM, maximum population = OD600 8.9, [8.5-9.2], k = 0.28 h', [0.24-0.31], Xine, length of lag phase= 3.6 h, [3.2-4.2]. R? = 0.99.

METHOD DETAILS
Crude extract preparation

Cells were lysed with glass beads three times for 5 min at 2 min intervals. Lysis was performed at 4 °C in PBS with EDTA-free protease inhibitor
cocktail (Calbiochem) and 1 mM phenylmethylsulfonyl fluoride (PMSF). Cell debris was removed by centrifugation. The supernatant was
treated with 4x Cracking Buffer (200 mM Tris-HCl pH 6.8, 8 % SDS 0.4 % bromophenol blue, 40 % glycerol, 400 mM 2-mercaptoethanol). Sam-
ples were denatured 5 min at 95°C, resolved by SDS-PAGE and further analyzed by Western blot.

Serial dilution assay

Same amount of yeast cells was spotted on SDC media plates by serial 10-fold dilutions and incubated at 30°C. The plates were photo-
graphed after 24 and 48 hours.
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Puromycin incorporation assay

Puromycin was added directly to stationary cultures at a final concentration of 1 mg/ml and incubated for 1 hour at 30°C. Then, cells were
pelleted and resuspended in fresh medium plus 1 mg/ml of puromycin. Post-fresh media aliquots (2 ODgoonm cells) were harvested at different
times, centrifugated and lysed by alkaline lysis. The cell pellets were suspended in 200 ul of water plus 200 pl of 0.02 M NaOH. After incubation
for 8 min. at room temperature, the extracts were centrifugated and the pellets were resuspended in SDS cracking buffer (60 mM Tris-HCI, pH
6.8, 10% glycerol, 2% SDS, 0.01% bromophenol blue, and 5% B-mercaptoethanol) and heated at 100°C for 3 min. The samples were resolved
by SDS-PAGE and Western blot.

Western blot analysis

TAP-tagged proteins were detected with a horseradish peroxidase (HRP)-conjugated primary antibody to Protein A (Abcam). HA and GST-
tagged proteins were detected with antibodies against HA and GST tags (Santa Cruz). Puromycin-label proteins were detected with
antibodies against puromycin (Sigma-Aldrich MABE 343). Equal sample loading was detected by 3-phosphoglycerate kinase level using
antibodies against Pgk1 (generously provided by Zaremberg V).

Antibodies against Rps3 and Rpl35 were obtained from Frey & Pool, 2001 and detected with an HRP-conjugated rabbit secondary
antibody. Antibodies against Pab1 were obtained from Hoyle et al.,** and detected with HRP-conjugated mouse secondary antibody. The
immunoblots shown are representative of n=2 biological replicates. Primary antibodies were detected with HRP-conjugated mouse and rab-
bit secondary antibodies, respectively. Quantification was performed by densitometry using Image J on short exposures from two indepen-
dent experiments.

Protein half-life analysis

Strains ENO2-TAP, PDC1-TAP and NCE102-TAP were used to estimate protein half-life. Cycloheximide Chase Analysis of Protein Degrada-
tion was described elsewhere.*® Briefly, 15 ODgg units were collected per time point. Cell pellets were resuspended in 5 ml of their own me-
dium. The cultures were placed at 30°C with 15 mg/ml cycloheximide (CHX). Aliquots of 950 pl were taken at different time points (0, 30, 60, 90
and 120 min) and added to tubes containing 50 ul of 20x Stop Mix (200 mM sodium azide, 5 mg/ml bovine seroalbumin) on ice. Cells were
harvested and crude extracts were made as described above. Aliquots of extracts were analyzed by SDS/PAGE and Western blot as described
above.

Strains construction

The Rps7A-HA Rps7B-GST strain was constructed using the cellular repair machinery to incorporate the PCR fragment into the RPS7A and
RPS7B gene loci. A fragment containing the C-terminal coding region of RPS7A and RPS7B genes fused to HA or GST respectively, carrying
HIS3 or TRP1 selectable markers were amplified by PCR from pFA6a-3HA-HIS3x6 and pFA6a-GST-TRP1 plasmids (generously provided by Dr.
Frydman Lab, Stanford University). The epitope tagging was confirmed by PCR and the expression of the tagged protein was monitored by
Western blot. The primers used are listed in key resources table “oligonucleotides”.

Sucrose cushions analysis

Sucrose cushions protocol were performed as described previously.”” Briefly, cells were grown at stationary phase and stimulated with fresh
media for 60 min. 0.1 mg/ml cycloheximide was added and the cells were lysed with glass beads. A total of 0.3 ml of pre-cleared lysate was
loaded onto a total of 3.5 ml of 0.5 M sucrose. After centrifugation for 1 hour at 40.000 r.p.m. using an SW55Ti rotor (Beckman), aliquots from
supernatant and pellets were solved on SDS-PAGE and the protein fractionation was evaluated by Western blot.

Ribosome co-sedimentation analysis

Analysis of ribosomal distribution in sucrose density gradients was performed as previously described.'% 120 ODgg units were used per cell
extract in stationary phase or after stimulation with SDC fresh medium for 30 min or 60 min. The cultures were added to tubes containing 8 pl/
OD unit of cold 10 mg/ml CHX and incubated on ice for 30 min. Cells were harvested by centrifugation and lysed with glass beads. Four Axo
units of pre-cleared lysate were loaded onto 15-50% linear sucrose gradients. After centrifugation for 2.5 h at 40,000 rpm using a SW41Ti rotor
(Beckman), the gradients were fractionated from the top. The Ajssnm was measured continuously generating the traces shown in the figures
using an ISCO UA6 gradient collection apparatus. Individual gradient fractions were collected and samples were used for protein precipita-
tion or RNA extractions as described previously.*®

Proteins were precipitated with 10% (v/v) trichloroacetic acid, pellets were washed twice with acetone and dried at room temperature. For
mass spectrometry, pellets were resuspended in rehydration buffer (8 M urea, 2% NP-40, bromophenol Blue and 10 mM DTT). For Western
blot, protein pellets were resuspended in cracking buffer (Tris-HCI 0.06 M pH: 6.8, SDS 2%, B-mercaptoethanol 2.5%, DTT 0.07M, bromophe-
nol blue and glycerol 10%). In both protocols, the samples were pooled according to whether they came from ribosome free fractions, mono-
somal fractions (40S, 60S and 80S) or polysomal fractions. For RNA extraction of sucrose gradient samples, a standard Trizol Reagent (Life
Technologies, Carlsbad, CA) protocol was used. 4 ng of polyadenylated luciferase control mRNA (Promega) were added per fraction.
RNA samples from ribosomal free fractions, monosomal (40S, 60S and 80S) or polysomal fractions were pooled. Samples were treated
with DNAse (Promega). The absence of DNA in the RNA samples was verified by PCR.
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Purification of ribosomes containing Rpl16A-GST

Cultures of stationary yeast cells after stimulation with SDC fresh medium for 60 min were collected and 8 pl/OD unit of cold 10 mg/ml CHX
was added and incubated on ice for 30 min. Cells were harvested by centrifugation and lysed using glass beads in a buffer containing 20 mM
HEPES pH 7.4, 2 mM magnesium acetate, 100 mM potassium acetate, 0.1 mg/ml CHX, 0.5 mM dithiothreitol. Clarified crude extracts were
incubated with GST-Sepharose 4B (Amersham, GE) on a head-over-tail rotator for 2 hours at 4°C. Beads were washed 3 times at 4°C for 5 min
with buffer (20 mM Tris pH 7.5, 200 mM NaCl, 15 mM MgCl,, 100 ng/ml CHX, 1% NP-40). After the final wash, the purified ribosomes were
eluted with 50 mM glutathione. The samples were precipitated by the addition of 20% TCA and analyzed by Western blot.

RT-qPCR

For Renilla mRNA level determinations, aliquots of 300 ng of RNA were reverse-transcribed into single-stranded cDNA using an oligo-dT
primer and M-MLV Reverse Transcriptase (Promega). The cDNAs were amplified by gqPCR using gene-specific primers. A SYBR Green
real-time quantitative PCR (gPCR) analysis was performed with 1 pg cDNA, 1 uM primers, and SYBR Green gPCR mix (Thermo Fisher Scien-
tific). The real-time gPCR reactions were performed on the StepOne system (Applied Biosystems). For the results shown in Figure S9C the
reactions were standardized with the endogenous control of the POLT mRNA gene.

We found a statistically significant link between the time course of nutrient stimulation of quiescent cells and the expression of MRM2,
TOMT1, and TPK3, as well as other housekeeping genes like POLT and TBP. Therefore, we used the 22CT" method.'® Renilla luciferase
mRNA levels were measured by gRT-PCR and showed to be similar in wild type and mutant yeast strains in all growth conditions analyzed
(Figures S9B and S9C). The primers used are listed in key resources table “oligonucleotides”. mRNA distribution across sucrose gradient
was analyzed by RT-gPCR performed with 300 ng of RNA with the CFx Connect Real-Time system and the iTaq Universal SYBR Green
One Step Kit (Bio-Rad). The sum of the relative abundance levels obtained in the ribosome-free, monosomal and polysomal fractions was
taken as 100%, and the percentage of distribution of each mRNA in the fractions in each condition was calculated. The experiment was carried
out in three biological replicates (Figure 1C).

Renilla luciferase assay

Cells were transformed with a plasmid encoding Renilla luciferase pKK3700* and grown on leucine minus selective media. For the Renilla
luciferase assay, stationary phase cultures were stimulated for 60, 120, and 180 min with fresh SDC media or growth to the exponential phase
of growth. Cells were harvested by centrifugation, washed once with 1 ml of ice-cold lysis buffer (PBS pH 7.4, 1 mM PMSF) and then resus-
pendedin 0.3 mL of the same buffer. Cells were lysed with glass beads and processed as described above. Protein concentrations were deter-
mined by the Bradford method. Renilla luciferase activity was measured using 0.1-2 pl of crude extract and 1 pl of coelenterazine H 50 mM
(Promega) in the Glomax Multi-detection System (Promega).

Sample preparation and mass spectrometry

27 samples corresponding to SP (stationary phase), SP+SDC 30 min (stationary phase cells incubated during 30 min with fresh SDC medium);
SP+SDC 60 min (stationary phase cells incubated during 60 min with fresh SDC medium) were fractionated in F (Free), M (monosome fractions
80S + 40S + 40S) and P (polysome fractions) n=3 biological replicates. The samples were mixed with cracking buffer and equivalent protein
amounts of each fraction were left to migrate for 1 cm into the 10% PAGE-SDS. Proteins were fixed with 30% (v/v) ethanol and 2% (v/v) phos-
phoric acid. Protein bands (1cm x 1cm) containing the whole protein fraction loaded in each well were excised from the gels and analyzed by
mass spectrometry. Protein digestion and mass spectrometry analysis were performed at the Proteomics Core Facility CEQUIBIEM, at the
University of Buenos Aires/CONICET (National Research Council). SDS-PAGE gel excised protein bands were sequentially washed and de-
stained with 50 mM ammonium bicarbonate pH=8, 25 mM ammonium bicarbonate 50% acetonitrile, and 100% acetonitrile; reduced with
10 mM DTT at 56°C 45 min and alkylated with 50 mM iodoacetamide at room temperature in the dark for 60 min, and in-gel digested
with 100 ng Trypsin (Promega V5111) in 25 mM ammonium bicarbonate overnight at 37°C. Peptides were recovered by elution with 50%
acetonitrile-0.5% trifluoroacetic acid at room temperature, including brief sonication, and further concentrated by speed-vacuum drying.
Samples were resuspended in 15 pl of water containing 0.1% Formic Acid and desalted with ZipTip C18 columns (Millipore). The digests
were analyzed by nanoLC-MS/MS in a Thermo Scientific QExactive Mass Spectrometer coupled to a nanoHPLC EASY-nLC 1000 (Thermo Sci-
entific). For the LC-MS/MS analysis, approximately 1 ng of peptides was loaded onto the column and eluted for 120 min using a reverse phase
column (C18, 2 um, 100 A, 50 um x 150 mm) Easy-Spray Column PepMap RSLC-P/N ES801) suitable for separating complex peptide mixtures
with a high degree of resolution. The flow rate used for the nano column was 300 nL.min-1 and the solvent range from 7% B (5 min) to 35%
(120 min). Solvent A was 0.1% formic acid in water and solvent B was 0.1% formic acid in acetonitrile. The injection volume was 2 pL. The MS
equipment has a high collision dissociation cell (HCD) for fragmentation and an Orbitrap analyzer (Thermo Scientific, Q-Exactive). A voltage of
3,5 kV was used for Electro Spray lonization (Thermo Scientific, EASY-SPRAY). XCalibur 3.0.63 (Thermo Scientific) software was used for data
acquisition. Equipment configuration allows peptide identification at the same time of their chromatographic separation. Full-scan mass
spectra were acquired in the Orbitrap analyzer. The scanned mass range was 400-1800 m/z, at a resolution of 70.000 at 400 m/z and the
15 most intense ions in each cycle, were sequentially isolated, fragmented by HCD and MS/MS spectra were measured in the Orbitrap
analyzer. Peptides with a charge of +1 or with unassigned charge state were excluded from MS2 fragmentation.
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Analysis of mass spectrometry spectra

Q-Exactive raw data was processed using Proteome Discoverer software (version 2.1.1.21 Thermo Scientific) and searched against Saccharo-
myces cerevisiae UP00002311 protein sequence database with trypsin specificity and a maximum of one missed cleavage per peptide. Pro-
teome Discoverer searches were performed with a precursor mass tolerance of 10 ppm and product ion tolerance to 0.05 Da. Static modi-
fications were set to carbamidomethylation of Cys, and dynamic modifications were set to oxidation of Met and protein N-terminal
acetylation. Protein hits were filtered for high confidence peptide matches, with a maximum protein and peptide false discovery rate of
1% calculated by employing a reverse database strategy.

A total of 513 proteins were identified. The list of hits was filtered with the following requirement: proteins should have at least 2 high con-
fidence peptides and should add up to, at least, 5 PSMs (Peptide spectrum Matches) among the three biological replicates of a given con-
dition. This filtering criteria is based on a previous study performed at the CEQUIBIEM facility, where three methodological replicates of
S. cerevisiae crude extract tryptic digests were injected three times each (technical replicates) in the Mass Spectrometer. This study showed
that when the sum of the PSMs of the three technical replicates is less than five for a given protein, this protein might not be detected in other
methodological replicates, due to low abundance of the protein and the stochastic nature of the technique.

For quantitative analysis Proteome Discoverer calculates the area under the curve of the 3 most intense MS peaks for each protein in each
condition. Total areas for each of the 27 samples were calculated by adding the areas of all identified proteins in each sample; and these
values were used to normalize the area value of the individual proteins.

The abundance of ribosomal proteins in stationary phase (SP) and post stimulus (SP+60 min SDC) was calculated by searching the raw files
of the free, monosome and polysome fractions together, using Proteome Discoverer. Total areas were calculated for each of the 6 samples
and these values were used to normalize the area value of the individual proteins.

To determine the change in the distribution of protein abundance between the free, monosomal, and polysomal fractions corresponding
to the quiescence conditions and 60 min after resuspension in fresh medium the exponentially modified protein abundance index (emPAl)'"*
was used. The data was used to calculate M%= [emPAl protein x / £ emPAI (sum of emPAl values for all proteins identified in each sam-
ple)]*100.

A multivariate discriminant analysis was performed to determine the discriminant variables of the riboproteome composition using the
mixOmics R package, perform partial least squares discriminant analysis (PLS-DA).'” It was differentiated based on condition (SP, SP +
30 min SDC, SP + 60 min SDC), fraction type (Free, Monosomal, or Polysomes), or both. The best possible number of variables was used
for the first two analyses. The best number of variables (normalised protean areas) for the first two analyses were chosen using the misclas-
sification error rate calculated using the leave-one-out or stratified cross-validation methods. The number of variables was maximized in the
PLS-DA where discrimination was done according to fraction and condition.'®

String analysis

The data was analyzed using STRING 11.0 (https://stringdb.org/).'”” Each node represents a protein found by nanoLC-MS / MS. The colours
of the nodes indicate the category of Gene Ontology to which the protein belongs; some belong to more than one category and therefore are
represented with more than one colour. The Gene Ontology categories that best describe the networks obtained are shown. The lines con-
necting nodes indicate protein interactions, which does not necessarily imply physical interaction between them. The thickness of the line that
joins two nodes indicates the confidence of the association. This software uses as evidence of interaction the data of: text mining, databases of
protein-protein interactions, co-expression, neighbourhood, gene fusion, and co-occurrence.

QUANTIFICATION AND STATISTICAL ANALYSIS

The results are expressed as the mean + SE. The averaged variables were compared using the unpaired t-test, the one-way ANOVA test, and
Tukey's test for multiple comparisons. Time course data were analyzed using a two-way ANOVA with a Bonferroni multiple comparison test.
P-values of less than 0.05 were considered statistically significant. The growth curves were analyzed using a logistic population growth adjust-
ment. Graphpad Prism 8 was used for statistical analysis.
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