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SUMMARY

Understanding the regulation and structure of ribo-
somes is essential to understanding protein synthe-
sis and its dysregulation in disease. While ribosomes
are believed to have a fixed stoichiometry among
their core ribosomal proteins (RPs), some experi-
ments suggest a more variable composition. Testing
such variability requires direct and precise quantifi-
cation of RPs. We used mass spectrometry to
directly quantify RPs across monosomes and poly-
somes of mouse embryonic stem cells (ESC) and
budding yeast. Our data show that the stoichiometry
among core RPs in wild-type yeast cells and ESC
depends both on the growth conditions and on the
number of ribosomes bound per mRNA. Further-
more, we find that the fitness of cells with a deleted
RP-gene is inversely proportional to the enrichment
of the corresponding RP in polysomes. Together,
our findings support the existence of ribosomes
with distinct protein composition and physiological
function.

INTRODUCTION

Ribosomes catalyze protein synthesis but have only a few char-

acterized roles in regulating it (Mauro and Edelman, 2002; Xue

and Barna, 2012). Rather, themost-studied molecular regulatory

mechanisms of translation are mediated by eukaryotic initiation

factors, RNA binding proteins, and microRNAs (Hendrickson

et al., 2009; Fabian and Sonenberg, 2012). The characterized

catalytic role of the ribosomes corresponds well to the model

of the ribosome as a single complex with a fixed stoichiometry:

four ribosomal RNAs and 80 core RPs (Warner, 1999; Ben-

Shem et al., 2011), some of which are represented by several pa-

ralogous RPs. Despite the longstanding interest in ribosome

structure and function, the exact stoichiometry and possible het-

erogeneity of the ribosomes have been challenging to measure

directly (Weber, 1972; Westermann et al., 1976; Hardy, 1975).

Such measurements are enabled by modern quantitative mass
spectrometry (MS). Indeed, MS has transformed our under-

standing of protein complexes, such as proteasomes (Wang

et al., 2007) and nuclear pore complexes (Ori et al., 2013), by

demonstrating variability among their protein subunits. Further-

more, quantitative MS has proved useful in characterizing ribo-

some biogenesis (Chen and Williamson, 2013).

Studies of eukaryotic ribosomes (Mazumder et al., 2003; Gal-

kin et al., 2007; Komili et al., 2007; Kondrashov et al., 2011;

Horos et al., 2012; Lee et al., 2013) have demonstrated that (1)

genetic perturbations to the core RPs specifically affect the

translation of somemRNAs but not others and (2) mRNAs coding

for core RPs are transcribed, spliced, and translated differentially

across physiological conditions (Ramagopal and Ennis, 1981;

Ramagopal, 1990; Parenteau et al., 2011; Slavov and Dawson,

2009; Slavov and Botstein, 2011, 2013; O’Leary et al., 2013; Sla-

vov et al., 2014; Gupta andWarner, 2014; Jovanovic et al., 2015).

These results suggest the hypothesis (Mauro and Edelman,

2002; Gilbert, 2011; Xue and Barna, 2012) that, depending on

the tissue type and the physiological conditions, cells can alter

the stoichiometry among the core RPs comprising the ribo-

somes and thus, in turn, alter the translational efficiency of

distinct mRNAs. Alternatively, differential RP-expression can

reflect extra ribosomal functions of the RPs (Mazumder et al.,

2003; Wool, 1996; Warner and McIntosh, 2009). Furthermore,

polysomes (multiple ribosomes per mRNA) from different cancer

cell lines have similar core RP stoichiometries (Reschke et al.,

2013). Thus, the variable RP stoichiometry in the ribosomes of

wild-type cells that is suggested by the ribosome specialization

hypothesis remains unproven.

We sought to test whether wild-type cells have ribosomes with

differentialRPstoichiometry. For this test,wechose twodivergent

eukaryotes: budding yeastSaccharomycescerevisiae andmouse

ESC. We chose budding yeast because of our previous observa-

tions that RPs are differentially transcribed across growth rates

(Slavov and Botstein, 2011, 2013) and that RP levels change

differentially between glucose and ethanol carbon source (Slavov

et al., 2014). To investigate whether such differential transcription

of RPs affects the ribosomal composition, we used the sameme-

dia as in our previous experiments, minimal media supplemented

with 0.2% glucose. In this media, unlike in rich media supple-

mented with 2% glucose, yeast cells have a prominent monoso-

mal peak that may reflect different translational regulation (Ashe
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et al., 2000; Castelli et al., 2011; Vaidyanathan et al., 2014). We

chose embryonic stem cells to test differential RP stoichiometry

in wild-type mammalian cells because of the interesting pheno-

types of RP deletions/knockdowns in ESC. For example, haploin-

sufficiency for Rps5, Rps14, or Rps28 interferes with ESC differ-

entiation but not with their self-renewal (Fortier et al., 2015).

Furthermore, unlike heteroploid cancer cell lines grown in culture,

ESChave a highmonosomes-to-polysomes ratio, consistentwith

the possibility of differential translational regulation (Sampath

et al., 2008; Fortier et al., 2015).

RESULTS

Differential Stoichiometry among Core RPs
in Mouse ESC
To explore whether the stoichiometry among core RPs can vary,

we first isolated monosomes and polysomes from exponentially

growing mouse embryonic stem cells (ESC), doubling every 9 hr,

Figure S1A. The ESC ribosomes were isolated by velocity sedi-

mentation in sucrose gradients (Figure 1A); see Experimental

Procedures. To confirm that the prominent monosomal peak is

reflective of ESC biology and not of poor ribosome fractionation,

we also fractionated the ribosomes of neuroprogenitor cells

derived from the ESC. Despite growing three times slower

(doubling time 29 hr) than the ESC, the neuroprogenitor cells

have a larger fraction of their ribosomes in polysomal complexes,

Figure S1B. This observation confirms earlier findings by Sam-

path et al. (2008), and thus further bolsters the conclusion that

a low polysome-to-monosomes ratio is characteristic of ESC.

Having isolated monosomes and polysomes, we sought to

quantify their protein composition. The proteins from individual

sucrose fractions were digested to peptides, labeled with tan-

dem mass tags (TMT), and quantified on Orbitrap Elite based

on the MS2 intensities of the TMT reporter ions; see Supple-

mental Information. The monosomal sample was quantified in

two replicates (1a and 1b), and the results indicate very high

reproducibility (r = 0.92; Figure 1B). To control for protease

and peptide biases, the proteins from each analyzed sucrose

fraction were digested either by trypsin (T) or by lys-C (L), and

peptides from each digestion were quantified independently.

Because of the different specificity of trypsin and lys-C, most

RP peptides (1,058) were identified and quantified only in the

trypsin or only in the lys-C digestion, while only 269 peptides

were identified and quantified in both digestions. Thus, only

very few peptide-specific biases (such as co-isolation interfer-

ence) may be shared between the two digestions.

The measured levels of a unique peptide (a peptide present in

a single RP) reflect the levels of the corresponding RP, post-

translational modifications (PTMs) of the peptide (if any), and

measurement error. We quantify on average ten distinct RP pep-

tides per RP (Figure S2A), and the levels of these peptides allow

both the estimation of the RP levels and the consistency of these

estimates. To depict both the estimates and their consistency,

we display the full distributions of relative levels of all peptides

unique to an RP as boxplots in Figures 1C and 1D. The RP levels

across the sucrose gradient (estimated as the median of the

levels of unique peptides) indicate that some RPs are enriched

in monosomes (Figure 1C), while other RPs are enriched in poly-
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somes (Figure 1D). Each RP group includes proteins from both

the large (60S) and the small (40S) subunits of the ribosomes

and thus differential loss of 40S or 60S cannot account for the

RP levels displayed in Figures 1C and 1D. Indeed, normalizing

for the total amount of 40S and 60S proteins in each fraction

does not alter significantly the results. The RP enrichment in Fig-

ure 1 is substantially higher than themeasurement noise, consis-

tent across replicates and across distinct peptides, and highly

statistically significant at false discovery rate (FDR) <10�6. The

relative levels of all RPs with quantified unique peptides are dis-

played in Figure 2 to illustrate the global pattern of RP levels

across monosomes and polysomes. This pattern shows more

RPs whose variability is consistent across replicates and enzy-

matic digestions. In contrast, the levels of RPs buried in the

core of the ribosomes remain constant, with estimates fluctu-

ating within the tight bounds of themeasurement noise, Figure 2.

This fixed stoichiometry among RPs constituting the ribosomal

core suggests that even ribosomes lacking some surface RPs

likely have the same core structure.

In principle, if only a few peptides are quantified per RP, the

measured peptide variability might reflect reciprocal variability

in corresponding PTM isoforms (if any) across the sucrose gradi-

ents; e.g., the unmodified isoform is enriched inmonosomes and

a phosphorylated isoform is enriched in polysomes. Such differ-

ential distribution of PTM isoforms (if any) is interesting since it

represents another layer of ribosome regulation but cannot

explain the data for an RP quantified by dozens of peptides

spanning the protein length and indicating highly consistent

fold changes across the sucrose gradient; see Figures 1 and

S2 and Supplemental Information.

We further tested the differential RP stoichiometry with an

independent method, western blots, and in another strain of

mouse ESC. Consistent with theMSdata in Figure 2, thewestern

blot data (Figure S3) indicate that Rps29 and Rps14 are enriched

in polysomes, Rpl11 is enriched in monosomes, and Rpl32 does

not change beyond the measurement noise.

Differential Stoichiometry among Core RPs in Yeast
Having found differential stoichiometry among mouse RPs, we

sought to further explore (1) whether such ribosome heterogene-

ity is conserved to budding yeast and (2) whether the RP stoichi-

ometry can change with growth conditions and metabolic state.

To this end, we employed sucrose gradients to separate the ribo-

somes from yeast cells grown in minimal media with either

glucose or ethanol as the sole source of carbon and energy (Sla-

vov et al., 2014); see Supplemental Information. Consistent with

previous observations that the type and the concentration of the

carbon source influence the ratio of monosomes to polysomes

(Ashe et al., 2000; Castelli et al., 2011; Vaidyanathan et al.,

2014), the ratio of monosomes to polysomes in our yeast cells

grown in 0.4% ethanol (Figure 3A) or in 0.2% glucose (Figure 3B)

is higher than is typically observed for yeast grown in rich media

containing 2% glucose. As in mouse, some RPs are enriched in

monosomes (Figure 3C) and others in polysomes (Figures 3D

and 3E). This enrichment is reproducible (correlation between

replicates r = 0.97; Figure 3F) and consistent across indepen-

dent unique peptides whose levels are shown as boxplot distri-

butions in Figures 3C and 3D.
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Figure 1. The Stoichiometry among Core RPs in Mouse Ribosomes Depends on the Number of Ribosomes per mRNA
(A) Velocity sedimentation in sucrose gradients allow separating ribosomes that are free or bound to a singlemRNA (monosomes, depicted in black) frommultiple

ribosomes bound to a single mRNA (polysomes, depicted in blue). The absorbance at 254 nm reflects RNA levels, mostly ribosomal RNA. The vertical dashed

lines indicate the boundaries of the collected fractions. Fractions are labeled at the top with numbers reflecting the number of ribosomes per mRNA.

(B) Replicates MS measurements of the monosomes (A and B) indicate reproducible estimates for RP enrichment in polysomes.

(C and D) Some RPs are enriched in monosomes (C) and others in polysomes (D). The relative levels of each RP are quantified as the median levels of its unique

peptides, and the probability that the RP levels do not change across the quantified fractions is computed from ANOVA (indicated at the top). The distributions of

levels of all unique peptides from trypsin (left panels) and from lys-C (right panels) digestions are juxtaposed as boxplots to depict the consistency of the estimates

across proteases, different peptides, and experiments.

For each fraction, the mean intensity of all RP peptides was normalized to 1. On each box, the central line is the median, the edges of the box are the 25th and 75th

percentiles, and the whiskers extend to the most extreme data points.

See also Figures S1 and S2.
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Figure 2. Global Pattern of Differential Stoichiometry among Mouse

RPs across Sucrose Gradients

The relative levels of core RPs in monosomes and polysomes were quantified

by MS and found to vary depending on the number of ribosomes bound per

mRNA. The measurement noise was estimated by (1) replica quantification of

the monosomal fraction (by using different tandem mass tags reporter ions,

126 or 131) and by (2) estimating RP levels separately using either trypsin (T) or

lys-C (L) digestion, as indicated at the bottom of each column. The log2 levels

of each RP are shown relative to their mean.

See also Figures S2 and S3 and Tables S1, S2, and S3.

4 Cell Reports 13, 1–9, November 3, 2015 ª2015 The Authors

Please cite this article in press as: Slavov et al., Differential Stoichiometry among Core Ribosomal Proteins, Cell Reports (2015), http://dx.doi.org/
10.1016/j.celrep.2015.09.056
We investigated whether the differential levels of RPs, both

in yeast and in mouse, may reflect the presence of ribosome

biogenesis complexes or other extra-ribosomal complexes con-

taining RPs. We estimated that biogenesis factors are over 200-

fold less abundant than RPs across all samples (Figure S4A),

and 80-fold less abundant even in the monosomal fractions

(Figure S4B) where ribosome biogenesis particles are enriched;

see Supplemental Information. These data suggest that the pro-

teins derived from immature ribosomes can contribute about

1%–3% to the RP fold changes, while some measured RP

fold changes exceed 100% (Figure 1). The contribution of

immature ribosomes to our RP estimates can be further tested

by using the order in which RPs are incorporated into the small

subunits. This order has been established for bacterial RPs

in vitro (Mulder et al., 2010) and confirmed in vivo (Chen and Wil-

liamson, 2013). We used this order, as well as the correspon-

dence and nomenclature between orthologous bacterial and

mammalian RPs (Jenner et al., 2012), to test the trends that

are expected if biogenesis particles are abundant enough to

influence RP quantification: RPs that are incorporated early

should be enriched in the monosomal fractions and depleted

from polysomal fractions; the late RPs should show the

converse trend. While these trends are observed for some

RPs (such as S4 and S14), the opposite trends are observed

for other RPs (such as S3, S5, S11, and S15; Figure S4C).

The overall pattern of relative RP levels in Figure 2 cannot be

fully accounted for by the order of RP incorporation during ribo-

some biogenesis (Figure S4C).

The pattern of relative RP levels shown in Figures 3C–3E indi-

cates that RP stoichiometry depends on two factors: the number

of ribosomes per mRNA (as in mouse) and the carbon source in

the growth media; the RP levels that are higher in glucose

compared to ethanol also tend to increase with the number of

ribosomes per mRNA (Figures 3C–3E). Furthermore, the ratios

between the polysomal and monosomal levels of yeast RPs

correlate to the corresponding ratios for their mouse orthologs

(Figure 3G; p value <0.03), suggesting that the RP-stoichiometry

differences between monosomes and polysomes are conserved

across yeast and mouse.

Many yeast RPs are represented by two highly homologous

paralogs, and we explored whether the exchange among pa-

ralogs (one paralog substituting for the other) can account for

the measured differential stoichiometry in Figure 3E. The levels

of paralogs localized on the surface of the ribosome, such as

Rpl17aandRpl17b, arepositively correlatedand thus inconsistent

withparalogexchangeacross theanalyzed ribosomes (Figure3E).

In contrast, RPs embedded deep in the core of the ribosomes

either remain constant (the estimated fluctuations of their levels

are within error bars) or their paralogs exchange (e.g., the levels

ofRpl37aandRpl37bareanticorrelated; seeFigure 3E), indicating

that each ribosomehasacopyofRpl37. Ingeneral, theRPswhose

levels differ the most among the different fractions are located on

the surface of the yeast ribosomes, as can be seen from their 3D

color-coded rendition in File S1 (Movie S1 and PDB files).

RP Enrichment in Polysomes Correlates to Fitness
Next, we tested the differential RPs stoichiometry and its pheno-

typic consequences by independent fitness measurements. Our
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Figure 3. The Stoichiometry among Core RPs in Yeast Ribosomes Depends Both on the Number of Ribosomes per mRNA and on the

Physiological Condition
(A andB) Ribosomes fromeither ethanol (A) or glucose (B) grown yeastwere separated by velocity sedimentation in sucrose gradients. Depiction is as in Figure 1A.

(C) Rpl35b is enriched in monosomes (p < 10�3) and in ethanol carbon source (p < 10�3).

Depiction is as in Figure 1. The p value at the top is computed fromANOVA and quantifies the probability of observing the variability of Rpl35b peptides by chance.

(D) Rpl26a is enriched in polysomes (p < 10�9) and in glucose carbon source (p < 10�4).

(E) Levels of core RPs in the sucrose fractions estimated from their unique peptides quantified by MS. The RP levels vary depending on the carbon source

(glucose or ethanol) and on the number of ribosomes bound per mRNA, indicated at the top. Monosomes from ethanol grown yeast were quantified in two

biological replicates (first two columns). The log2 levels of each RP are shown relative to their mean. See File S1 (Movie S1 and PDB files) for color-coded depiction

of these data on the 3D structure of the yeast ribosome.

(F) The RP fold changes between the tetrasomes of yeast grown in glucose carbon source and themonosomes of yeast grown in ethanol carbon source are highly

reproducible. The ethanol samples were collected and processed independently and compared to the glucose tetrasomes.

(G) The log2 ratios between polysomal and monosomal levels of mouse RPs are plotted against the corresponding log2 ratios of their orthologous yeast RPs. The

significant (p value <0.03) positive correlation between these ratios suggests that the differential RP stoichiometry is conserved across yeast andmouse. The plot

includes all orthologous RP pairs with over 65% sequence identity between yeast and mouse.

See also Figures S2 and S4 and Tables S4 and S5.
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Figure 4. The Relative Levels of RPs across

Monosomes and Polysomes Correlate Sig-

nificantly to the Fitness of Yeast and

Mammalian Cells Lacking theGenes Encod-

ing These RPs

(A) The fitness of RP-deleted yeast strains (Qian

et al., 2012) is inversely proportional (p value <4 3

10–3) to the relative levels of the corresponding

RPs in tetrasomes from yeast growing on ethanol

carbon source. The RPs without paralogs are

marked with red squares.

(B) Extension of the analysis in (A) to all sucrose

fractions: correlations between the relative RP

levels from Figure 3E and the fitnesses of

strains lacking the corresponding RP genes (Qian

et al., 2012). The correlations are shown either

for all quantified RPs or only for RPs without

paralogs.

(C) Correlations between the relative levels of the

RPs from Figure 3E and the their transcriptional

growth rate responses (slopes). The growth-rate

slopes were previously computed by regressing

(R2 > 0.87) the levels of mRNAs in glucose-limited

steady-state cultures of yeast against the growth

rates of the cultures (Slavov and Botstein, 2011).

(D) Distribution of sequence identity between hu-

man RPs and their closest mouse orthologs; the

sequences and annotations for RPs are from

SWISS-PROT.

(E) Extension of the analysis for yeast in (A) and (B)

to mouse: correlations between the relative levels

of mouse RPs from Figure 2 and the fitness of

human ESC lacking the corresponding human or-

tholog (Shalem et al., 2014). The correlations are

shown either for all quantified RPs or only for RPs

whose sequence identity between mouse and

human exceeds 80%. The correlation for mono-

somes is shown in replicates (1a and 1b).

See also Figure S5. All error bars are SD from

bootstrapping.
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observation that the RP stoichiometry depends on the number of

ribosomes bound per mRNA parallels measurements of higher

translational activity of polysomes compared to monosomes

(Warner et al., 1963; Goodman and Rich, 1963); some studies

have even reported that the translational activity per ribosome in-

creases with the number of ribosomes bound per mRNA (Noll

et al., 1963; Wettstein et al., 1963), but this finding has not

been widely reproduced. We therefore hypothesized that ge-

netic deletions of RPs enriched in the more active ribosomes—

as compared to RPs enriched in less active ribosomes—may

result in a larger decrease of the translation rate and thus lower

fitness. To test this hypothesis, we computed the correlation

(Figure 4A) between the fitness of yeast strains with single RP

gene deletions (Qian et al., 2012) and the corresponding relative

RP levels measured in the tetra-ribosomal fraction (four ribo-

somes per mRNA). Consistent with our hypothesis, the fitness

of strains lacking RP genes is inversely proportional to the rela-

tive levels of the corresponding RPs in the tetra-ribosomes (Fig-

ure 4A). Extending this correlation analysis to the RP levels in all

sucrose fractions shown in Figure 3E results in a correlation
6 Cell Reports 13, 1–9, November 3, 2015 ª2015 The Authors
pattern (Figure 4B) that further supports our hypothesis by

showing the opposite dependence for fractions with fewer

ribosomes per mRNA: the fitness of strains lacking RP genes is

proportional to the relative levels of the corresponding RPs in

fractions with fewer ribosomes per mRNA (Figure 4B). This cor-

relation pattern holds both for ethanol and for glucose carbon

sources. To mitigate possible artifacts in the fitness data due

to potential chromosome duplications in the deletion strains,

we computed the correlations between the RP levels and the

fitness of the corresponding RP deletion strains only for RPs

without paralogs (thus unlikely to be affected by chromosome

duplication) and found much higher magnitudes of the correla-

tions (Figures 4A and 4B). This result suggests that the differen-

tial RP stoichiometry is not limited to paralogous RPs substitut-

ing for each other.

To further explore the functional significance of the differential

RP stoichiometry, we examined whether polysome-enriched

RPs are preferentially induced at higher growth rates. We previ-

ously found that the degree of growth-rate-dependent transcrip-

tional induction varies significantly across RPs (Brauer et al.,
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2008; Slavov and Botstein, 2011, 2013; Slavov et al., 2012). We

quantified the growth-rate responses of RPs by regressing their

mRNA levels on growth rates and computing growth rate slopes.

The magnitudes of RP growth-rate slopes range from positive

(mRNA levels increase with increasing growth rate) to negative

(mRNA levels decrease with increasing growth rate), see Fig-

ure S5. Analogously to our fitness analysis (Figure 4A), we corre-

lated the growth-rate slopes to the relative RP levels from Fig-

ure 3E. Consistent with our hypothesis, the correlation pattern

(Figure 4C) indicates that the higher the growth-rate slope of a

RP, the higher its enrichment in sucrose fractions corresponding

to increasing numbers of ribosomes per mRNA.

We extended our fitness analysis from yeast to mouse using

the published depletion data from CRISPR knockouts in human

ESC (Shalem et al., 2014); see Supplemental Information. We

used BLAST to identify the closest mouse orthologs of each

human RP with depletion data (Figure 4D) and correlated the

fitness of human ESC lacking the human RP orthologs to the

RP levels across sucrose fractions that we measured (Figure 2).

The correlation pattern (Figure 4E) is similar to the one in yeast

(Figures 4A–4C) and highly significant (FDR <0.1%). This pattern

indicates that the fitness of ESC lacking RP genes is directly pro-

portional to the relative RP levels in monosomes and inversely

proportional to the relative RP levels in polysomes. The magni-

tude of this inverse proportionality increases with the number

of ribosomes per mRNA (Figure 4E), consistent with our hypoth-

esis. The fact that the fitness of human ESC lacking RPs corre-

lates significantly to the levels of the corresponding mouse

orthologous RPs suggests that the differential RP stoichiometry

and its biological functions are likely conserved across mouse

and human. The magnitude of this correlation increases when

the correlation is computed based only on the orthologs whose

sequences are over 80% identical between mouse and human

(Figure 4E), providing further evidence for the conserved fitness

consequences of the altered RP stoichiometry.

DISCUSSION

For decades, the ribosome has been considered the preeminent

example of a large RNA-protein complex with a fixed stoichiom-

etry among the constituent core RPs (Warner, 1999; Ben-Shem

et al., 2011). However, the direct and precise measurements of

RP levels required to support this view have been very chal-

lenging. Prior to our work, themost direct and precise quantifica-

tion of RP stoichiometry that we know of is based on measuring

the radioactivity from RPs labeled with 14C or 3H and separated

on 2D gels. Some of these studies (Weber, 1972; Westermann

et al., 1976) achieved very high precision (SE <10%) and re-

ported over 2-fold deviation from 1:1 stoichiometry for multiple

RPs. Other studies of prokaryotic ribosomes (Hardy, 1975)

achieved lower precision, and the deviation from 1:1 stoichiom-

etry was within the experimental error of the measurements. The

results reported in Weber (1972), Westermann et al. (1976), and

Hardy (1975) are all consistent with our findings, albeit our mea-

surements are limited to eukaryotic ribosomes. This prior work

and ourmeasurements reflect population averages across a het-

erogeneous pool of ribosomes and thus likely underestimate the

magnitude of the variability among RP stoichiometries.
A simple mechanism that may account for our observations is

that the rates of translation initiation and elongation depend on

the RP composition. Ribosomes whose RP composition corre-

sponds to higher ratios between the initiation and the elongation

rates are likely to be found in fractions with multiple ribosomes

permRNA. Conversely, ribosomeswhose RP composition corre-

sponds to lower ratios between the initiation and the elongation

rates are likely to be found in fractions with fewer ribosomes

per mRNA. Indeed, increased growth rate on glucose carbon

source that we find associated with altered RP stoichiometry

has been previously reported to be associatedwith faster elonga-

tion rates (Bonven and Gulløv, 1979; Young and Bremer, 1976).

Velocity sedimentation in sucrose gradients is unlikely to

perfectly separate ribosomes based on their RP composition.

For example, short mRNAs and the ribosomes translating them

can be found only in the fractions containing few ribosomes

per mRNA regardless of the efficiency of translation and the

RP composition of the ribosomes (Arava et al., 2003). Similarly,

even the most highly translated mRNA that is likely to be trans-

lated by polysome-type ribosomes will go through a stage

when only a single ribosome is loaded and thus will be found in

the monosomal fraction. Other factors may also contribute to

the mixing of different ribosomes in each sucrose fraction,

including variation in the mRNA length, any degree of ribosome

runoff, and mRNA shearing during sample handling, if any.

None of these factors, however, is likely to artifactually con-

tribute to the differential RP stoichiometry that we observe.

Rather, the presence of ribosomes with different RP composi-

tions in the same sucrose fraction would average out and

decrease the differences, resulting in underestimation of the

RP variability.

The conserved difference betweenmonosomal and polysomal

ribosomes (Figure 3G) raises the question about the activity of

monosomes, especially given the lower estimates for their

translational activity (Warner et al., 1963; Wettstein et al.,

1963). The RP levels in Figure 3E indicate that the RP composi-

tion of trisomes in ethanol is more similar to the composition of

monosomes than to tetrasomes. This observation shows that

monosomes may have similar RP composition to polysomes,

suggesting that the RP composition of monosomes is not neces-

sarily indicative of a nonfunctional state.

The correlations between RP composition and fitness can

be explained by the expectation that the higher the translational

activity of a ribosome, the higher the fitness cost of its perturba-

tion in rapidly growing stem cells. The key factor required for

this expectation is the differential RP stoichiometry that we

measured. The differential RP stoichiometry in the absence of

external perturbations suggests that cells use it as a regulatory

mechanism of protein synthesis. One such example might be

the preferential transcriptional induction of polysome-enriched

RPs at higher growth rates (Figure 4C).

Variable mammalian RPs, such as Rps4x, Rps14, Rps20,

Rpl5, Rpl10, and Rpl27, directly bind mRNAs (Castello et al.,

2012; Kwon et al., 2013), and this binding might mediate transla-

tional regulation as previously suggested (Mauro and Edelman,

2002; Landry et al., 2009; Mazumder et al., 2003). Furthermore,

deletions or overexpressions of many of the variable RPs (Figure

1B) have well-characterized phenotypes both in development
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and in cancer. For example, the knockdown or haploinsuffi-

ciency of the polysomally enriched Rps19 (Figure 1B) causes

Diamond Blackfan anemia by selectively affecting the synthesis

of some proteins but not of others (Horos et al., 2012). Interest-

ingly, our data indicate that RPs that are frequently mutated in

cancers, such as Rpl5 and Rpl10 (De Keersmaecker et al.,

2013; Lawrence et al., 2014), are enriched in the monosomes

(Figures 1A and 2). Conversely, RPswhose (over)expression pro-

motes cancer, such as Rpl30, Rps20, andRpl39 (DeBortoli et al.,

2006; Dave et al., 2014), are enriched in the polysomes (Figures

1B and 2). One interpretation, among others, of these data is that

loss of function of monosomally enriched RPs or overexpression

of polysomally enriched RPs might promote protein synthesis

and cancer cell growth.

EXPERIMENTAL PROCEDURES

All yeast experiments used a prototrophic diploid strain (DBY12007) with a

S288c background and wild-type HAP1 alleles (Slavov and Botstein, 2011).

We grew our cultures in a bioreactor (LAMBDA Laboratory Instruments) using

minimal media with the composition of yeast nitrogen base (YNB) and supple-

mented with 2 g/l D-glucose.

Mouse embryonic stem cells (E14 10th passage) were grown as adherent

cultures in 10-cm plates with 10 ml DMEM/F12 media supplemented with

10% knockout serum replacement, nonessential amino acids (NEAA supple-

ment), 0.1 mM b-mercapto-ethanol, 1% penicillin and streptomycin, leukemia

inhibitory factor (LIF; 1,000 U LIF/ml), and 2i (GSK3b and Mek1/2 inhibitors).

Both yeast and mouse embryonic stem cells were lysed by vortexing for

10 min with glass beads in cold polysome lysis buffer (PLB) buffer. The crude

extracts obtained from this lysis procedure were clarified by centrifugation.

The resulting supernatants were applied to linear 11-ml sucrose gradients

(10%–50%) and spun at 35,000 rpm in a Beckman SW41 rotor either for 3 hr

(for yeast samples) or for 2.5 hr (for mouse samples). Twelve fractions from

each sample were collected using a Gradient Station. More details are avail-

able in the Supplemental Information.
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Supplemental Experimental Procedures

Cultivation of mouse ESC

Mouse embryonic stem cells (E14 10th passage) were grown as adherent cultures in 10 cm

plates with 10 ml DMEM/F12 media supplemented with 10 % knockout serum replacement,

nonessential amino acids (NEAA supplement), 0.1 mM β-mercapto-ethanol, 1 % penicillin and

streptomycin, leukemia inhibitory factor (LIF; 1,000 U LIF/ml), and 2i (GSK3β and Mek 1/2

inhibitors). The growth curve in Figure S1A indicates that the cells grew exponentially at a

growth rate of 0.08 per hour, which corresponds to 9 hours doubling time. During the middle of

the exponential growth period, the cells were detached from the plate by 2 min incubation with

accutase (Millipore) at 37 oC. The cells were pelleted by a 2 min centrifugation, and the pellet

was frozen immediately in liquid nitrogen.
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Cultivation of yeast

All yeast experiments used a prototrophic diploid strain (DBY12007) with a S288c background

and wild type HAP1 alleles (Hickman and Winston, 2007). We grew our cultures in a commer-

cial bioreactor (LAMBDA Laboratory Instruments) using minimal media with the composition

of yeast nitrogen base (YNB) and supplemented with 2 g/L D-glucose. Before inoculation,

the reactor was filled with 2 L of minimal media and warmed up to a working temperature of

30oC. Then cultures were started by inoculating the media with 100 µl overnight culture from

DBY12007. The overnight cultures were prepared by first streaking frozen DBY12007 on YPD

plates (YPD; 10 g of Bacto-Yeast extract, 20 g of Bacto-peptone, 20 g of Bacto-agar, and 20 g

of glucose in 1000 ml of water) and then growing a single colony in the same minimal media

used for the subsequent growth experiment in the bioreactor. The density of the culture used

for inoculation was 2 × 107 cells per ml, resulting in an initial density of 103 cells/ml for the

culture in the reactor. The cultures were grown at 30oC and continuously stirred to ensure their

homogeneity. The culture was aerated with air coming from a compressed gas cylinder (Airgas,

AI-B300 breathable air). The incoming flow of air was controlled by a thermal-based mass-flow

controller and filtered through a 0.2 µm filter to ensure sterility.

Cell density was measured on Beckman-Coulter Multisizer 4 by counting at least 20,000

single cells (Slavov et al, 2011; Slavov and Botstein, 2011). The samples were taken during

the first exponential growth phase on glucose carbon source and during the second exponential

growth phase on ethanol carbon source (Slavov et al, 2014). To take samples without disturbing

the cultures, we used a metal tube attached to silicon tubing and a syringe. The metal tube

could be inserted in and out of the cultures, and the syringe used to sample the required volume

quickly from the homogeneous cultures. The sampling tubing was kept sterile and no culture

was left in it after sampling. All samples were immediately filtered, frozen in liquid nitrogen,

and processed as described below.

Sucrose gradients and mass spectrometry work flow

Both yeast and mouse embryonic stem cells were lysed by vortexing for 10 min with glass

beads in cold PLB (20 mM HEPES-KOH at pH 7.4, 1 % Triton X–100, 2 mM Magnesium

Acetate, 100 mM Potassium Acetate, 0.1 mg/ml cycloheximide, and 3 mM DTT). The crude
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extracts obtained from this lysis procedure were clarified by centrifugation, and the resulting

supernatants were applied to linear 11 ml sucrose gradients (10 %− 50 %) and spun at 35,000

rpm in a Beckman SW41 rotor either for 3 hours (for yeast samples) or for 2.5 hours (for

mouse samples). Twelve fractions from each sample were collected using a Gradient Station

(BioComp, Cat. # 153-001). The RNA profile across the gradient was measured by Gradient

Profiler (BioComp).

Sample preparation

If ribosomes from different sucrose fractions have different stability and/or susceptibility to di-

gestion, incomplete break-down and digestion of ribosomes may influence our quantification.

While such differential stability is interesting on its own right, we wanted to clearly separate it

from differential protein content, i.e., RP stoichiometry. To achieve that, we used multiple very

harsh sample-preparation protocols that powerfully break-down and denature proteins and their

complexes. These protocols include: (i) concentrated guanidinium chloride, (ii) 2 % SDS,

(iii) SDS gel, and (iv) chloroform acetone precipitation. Samples prepared with these harsh

methods resulted in very similar estimates of RP stoichiometry, suggesting that the harsh proto-

cols succeeded in breaking down completely the ribosomes from all fractions. Furthermore, the

relative RP levels estimated from MS and western blots are very similar (Figure S3), providing

additional evidence that differential stability of ribosomes and/or partial RP digestion are not

major factors affecting our data.

The RP levels displayed in the main figures were estimated from sucrose samples broken

down by guanidinium chloride: To break-down the ribosomes completely, the analyzed volume

from each sucrose fraction was mixed with 4 volumes of 8 M guanidinium chloride and vortexed

for at least 10 min at 37 oC. This approach is simple to perform and has the advantage of

avoiding potential artifacts associated with protein precipitation. For each fraction, the rRNA

absorbance measured during sucrose gradient fractions (Figure 1A, Figure 3A, B) corresponded

well with the summed precursor-ion-areas of RP peptides, further supporting that ribosomes are

broken-down and and their proteins quantified with uniform efficiency across sucrose fractions.

The denatured proteins from each sucrose fraction were further processed via the FASP protocol

(Wiśniewski et al, 2009), and digested with either lys-C or a mixture of trypsin and lys-C

(Promega; # V5073). The digestion with the trypsin/lys-C mix resulted in more identified and
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quantified peptides, Figure S2. Subsequently each sample was labeled with TMT reagent (Prod

# 90061, Thermo Fisher, San Jose, CA) according to the manufacturer’s protocol.

Tandem Mass Tags (TMT) mass spectrometry

The labeled set–sample was injected from an auto–sampler into the trapping column (75 µm

column ID, 5 cm packed with 5 µm beads on 20 nm pores, from Michrom Bioresources, Inc.)

and washed for 15 min; the sample was eluted to analytic column with a gradient from 2 to 32

% of buffer B (0.1 % formic acid in ACN) over 180 min gradient and fed into LTQ Orbitrap

Elite (Thermo Fisher, San Jose, CA). The instrument was set to run in TOP 20 MS/MS mode

method with dynamic exclusion. After MS1 scan in Orbitrap with 60K resolving power, each

ion was submitted to an HCD MS/MS with 15K or 30K resolving power and to CID MS/MS

scan subsequently. All quantification data were derived from HCD spectra.

Analysis of mass spectrometry spectra

Mass/charge spectra where analyzed by MaxQuant (Cox and Mann, 2008) (version 1.4.1.2),

SEQUEST HT (Eng et al, 1994) and Mascot (Cottrell and London, 1999) (Version 2.4.1) run

via the Proteome Discover (64bit version 1.4.0.288, Thermo), and standalone Mascot. All

searches were run on a Windows server 2008 64 bit operating system with 64 CPU blades and

256 GB of RAM with the following general parameters. Parent ion mass tolerance was set to

20 ppm, mass tolerance for MS/MS ions was set to 0.02 Da for HCD and to 0.6 Da for CID

spectra. For all searches, minimal peptide length was specified as 6 amino acids and maximal

peptide length as 50 amino acids. The peptide charge state was limited to +7 for searches with

MaxQuant. Searches were performed against either the yeast or the mouse uniprot database and

common contaminants that were added to the database. Searches had trypsin or lys-C enzyme

specificity, allowing 2 missed cleavages. Asn and Gln deamidation and Met oxidation were

included as variable modifications in the search parameters.

The search results from all search engines were filtered at 1 % false discovery rate (FDR) on

both protein and on peptide levels using the Percolator (Version 2.05 Build Date May 6 2013).

The results exported for further analysis included all peptide spectrum matches (PSM) that

were assigned to one or more proteins and passed the statistical significance filter. These results
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were outputted in the “Evidence File” for MaxQuant and in a peptide–level–results text file for

Proteome Discover. The Proteome Discover files are provided as supplementary datasets.

Similar to Schwanhäusser et al (2011), we estimated the absolute abundance of proteins by

their iBAQ score, since these scores are among the simplest metrics that allow state-of-the-art

accuracy of absolute protein quantification. However, the accuracy of all methods for absolute

protein quantification, including the iBAQ score, is undermined by extraneous factors, including

protein digestion efficiency, peptide ionization efficiency, the presence of co-eluting peptides,

and chromatographic aberrations (Peng et al, 2012; Lu et al, 2006). These extraneous factors

can be averaged out in relative protein quantification, i.e., quantifying the same peptide/protein

quantified across different fractions or relative to a standard, allowing errors below 10 % (Ong

et al, 2002; Blagoev et al, 2004; Bantscheff et al, 2007; Chen and Williamson, 2013; Altelaar

et al, 2013). Throughout all main figures, we use this type of relative quantification that is de-

rived from the reporter-ion-intensities (MS2-level); the relative level of each RP is estimated as

the median of the relative reporter-ion-intensities of its unique peptides; This relative quantifi-

cation makes possible much higher accuracy than iBAQ scores do, but does not allow to directly

compare the abundances of different proteins. Thus we have chosen to limit our analysis of dif-

ferential RP stoichiometries to relative-quantification, which is the most quantitatively accurate

and unbiased data that current MS methods can provide.

Western blots

The variable RP stoichiometry indicated by our MS data is rather surprising given that for

decades the ribosome has been considered the preeminent example of a large RNA–protein

complex with a fixed stoichiometry among the constituent core RPs. Thus, we sought to use an

independent experimental method, Western blots, to test out findings. While Western blots have

lower sensitivity, specificity, and accuracy than MS (Aebersold et al, 2013), they also quantify

proteins based on an orthogonal method to MS and are thus an excellent method for further

testing the variability of the RP stoichiometry.

Because of the lower sensitivity of Western blots, the low–passage E14 ESCs used for the

MS measurements did not provide enough protein material for reliable quantification of the

polysomes by Western blots. Thus, we used higher passage–number E14 strain that grows
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faster and provides enough protein for reliable quantification. We estimated that 5 µl of the

monosomal fraction and 20 µl of the polysomal fraction having 7 − 10 ribosomes per mRNAs

have about equal amounts of total ribosomal protein, and we validated that by using Rpl32 as

the loading control.

Samples of the monosomes and polysomes were run on 16% Tris–Glycine Mini Protein

Gels (Lifetechnologies catalog number: EC6498BOX) for 100 min using the instructions of the

manufacturer. The proteins were blotted using the semi-dry method and CAPS buffer at pH 11

on PVDF membrane. The RPs were detected with antibodies from Santa Cruz Biotechnology,

Inc, Catalog Numbers: sc-25931 for Rpl11, sc-133977 for Rpl32, sc-68873 for Rps14, and

sc-133962 for Rps29. After incubation with secondary antibodies and visualization with Super-

Signal West Femto Chemiluminescent Substrate (Thermo Scientific, catalog number 34095),

all antibodies resulted in a single band at the molecular weight corresponding to the cognate

RP. The blots were imaged with AlphaImager System, and the images were quantified with

Image Studio Lite, version 4.0. Consistent with the MS data (Figure S3A), the Western Blots

data (Figure S3B) indicate that Rps29 and Rps14 are enriched in polysomes, Rpl11 is enriched

in monosomes, and Rpl32 does not change (loading control).

Correlation between relative RP levels and fitness

To explore the physiological significance (if any) of the altered RP stoichiometry, we computed

the correlation between the fitness of yeast strains with single RP-gene deletions (Qian et al,

2012) and the corresponding relative RP levels that we measured (Figure 3). In yeast, 21 pairs

of RP-genes encode proteins with identical amino acid sequences within a pair. Since the RPs

within these 21 pairs cannot be distinguished by MS, these 21 RPs were excluded from our

analysis and not used to compute correlations between RP levels and fitness of RP-delete strains.

Furthermore, some RPs that we quantified did not have RP-deletion fitness data and thus could

not be included in our correlation analysis.

6



Supplementary Discussion

Evaluation of factors that may affect the measured RP levels

The estimated RP levels (Figures 1-3) appear to vary significantly between monosomes and

polysomes and across the growth conditions. However, this variation might reflect not only

stoichiometry changes among the RPs but also other factors and artifacts, such as noise in the

MS measurements, a differential distribution of nascent RP polypeptides among monosomes

and polysomes, posttranslational modifications (PTMs) of the RPs, and the presence of 90S

ribosomal biogenesis particles. In the subsections below we describe our investigation of such

potential artifacts. The results of this investigation (Figure S2 and Figure S4), indicate that such

potential artifacts are unlikely to contribute significantly to the estimated RP levels (Figures

1-3), suggesting that the stoichiometry among the RPs can change across polyribosomes and

physiological conditions in the absence of genetic perturbations.

Noise, coisolation interference and posttranslational modifications (PTMs)

From most RPs, we quantify multiple unique peptides (whose amino acid sequence is found

only in one RP and no other protein in the proteome) both in mouse (Figure S2A, C) and

in yeast (Figure S2E). In the absence of measurement noise, post-translational modifications

(PTMs), or partial peptides (such as nascent poly-peptide chains), the fold-changes of an RP

should equal the fold-changes of each unique peptide coming from this RP. Thus the similarity

between the fold changes of unique peptides for the same RP, as quantified by the coefficient of

variation (CV; the ratio of the standard deviation to the mean), reflects the degree to which the

estimated fold–changes for an RP are influenced by post-translational modification, by noise,

and by partial protein products. To evaluate the contribution of all these factors to our RP quan-

tification (Figures 1-3), we computed the distributions of CV values for mouse (Figure S2B,

D) and for yeast (Figure S2F) for all RPs having multiple quantified unique peptides per RP.

These distributions indicate a median CV < 0.25 and thus suggest that PTMs, measurement

noise and partial RPs are not dominant factors in the quantification of most RPs. A few fold-

changes, however, have larger CVs that might reflect either PTMs or larger noise in the peptide

quantification.
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Coisolation interference in the quantification of the reporter ions results in underestimation

of the fold changes (Bantscheff et al, 2007). To reduce the influence of coisolation interference,

we filtered out the quantified peptides with large coisolation interference.

Differential distribution of nascent RP polypeptides among monosomes

and polysomes

In principle, a differential distribution of nascent RP polypeptides among monosomes and

polysomes could contribute to the measured RP changes (Figures 1-3). As discussed above,

the low CVs for protein fold-changes quantified from different unique peptides (Figure S2)

make this possibility unlikely.

We sought to test the possibility that nascent RP polypeptides contribute to our estimates of

RP levels even more directly. First, if nascent RPs contribute significant numbers of peptides

to the variation in RP levels in Figures 1-3, the MS1 precursor-area (integrated area under the

MS1 spectrum of the precursor ions that reflects peptide abundance) of N-terminal peptides

would be higher compared to the MS1 precursor-area of C-terminal peptides. We compared the

distributions of MS1 precursor-areas for N-terminal peptides and for C-terminal peptides and

found that the two distributions are statistically identical both for yeast and for mouse. This

result suggests that nascent RPs do not contribute significantly to the measured changes in the

RP stoichiometry. Second, our Western blots for Rpl11, Rps29, Rps14, and Rps32 showed

only one band at the expected molecular weight and no lower molecular weight bands that

would correspond to growing nascent chains. If present at a significant level in the sucrose

fractions, such growing nascent chains should be detected by the antibodies recognizing N-

terminal epitops. Indeed, even in the most extreme case when all mRNAs translated by the

ribosomes code for RPs, peptides contributed by the nascent chains are less than 1/80 = 1.2 %

of all RP peptides from a digested fraction. Third, some very short RPs, such as Rps29, which

is only 56 animo acids long (6.6 kDa), are highly enriched in the mouse fractions having 7-10

ribosomes per mRNA. The mRNA coding for Rps29 cannot physically fit 7-10 ribosomes, and

thus the polysomal enrichment of Rps29 and other short RPs cannot possibly be explained by

the on-going translation of nascent poly-peptides in the mouse polysomes. More generally, if

nascent proteins contribute to the measured variability, our estimates should indicate that longer
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RPs are enriched in sucrose fractions having more ribosomes per mRNA since longer mRNA

are translated by more ribosomes (Arava et al, 2003). We find no such enrichment, suggesting

that our measurements are not significantly affected by nascent polypeptide chains. This is

particularly clear in the mouse dataset where we quantified sucrose fractions corresponding to

7-10 ribosomes per mRNA.

The 90S ribosomal biogenesis particles

Sucrose gradients separate not only mature ribosomes but also other cellular organelles of

comparable size, such as the immature 90S ribosomal biogenesis particles (Granneman and

Baserga, 2004; Sykes and Williamson, 2009; Sykes et al, 2010; Chen and Williamson, 2013).

The 90S particles should have unequal distribution across the gradient, localizing closely to the

80S monosomal peak and decreasing toward the higher sedimentation-velocity region of the

polysomes. Thus if the amount of 90S particles is comparable to the amount of ribosomes, 90S

particles could contribute significantly to the changes in the RP stoichiometry in Figures 1-3.

However, in exponentially growing cells, the 90S ribosomal biogenesis particles are less abun-

dant than the mature ribosomes (Granneman and Baserga, 2004; Sykes and Williamson, 2009;

Sykes et al, 2010; Chen and Williamson, 2013), and thus unlikely to contribute substantially to

the RP peptides that we quantified.

We used our data to evaluate the extent to which immature 90S particles contribute to our

estimates of variability among the RPs. Two key factors that determine this contribution are (i)

the level and (ii) the sucrose-gradient localization of the 90S. To estimate these two factors, we

used the ribosome-biogenesis proteins that are known to be associated with the 90S particle but

not with the mature ribosomes (Granneman and Baserga, 2004). These ribosome-biogenesis

proteins provide a solid basis for estimating the abundance of the 90S particles relative to the

mature ribosomes and the distribution of the 90S particles across the sucrose fractions.

First, we estimated the abundance of the 90S particle relative to the mature ribosomes. From

the 180 proteins annotated by the gene ontology (GO:0042254) term “ribosome biogenesis,”

we have quantified unique peptides for only 14 proteins that are not core structural RPs. These

14 ribosome-biogenesis proteins are represented in our data by very few peptides (9 proteins

are represented by a single peptide), which likely reflects the low abundance of these proteins

(relative to the RPs) in our sucrose fractions. This conclusion is strongly supported by the
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low MS1 precursor-area (integrated area under the MS1 spectrum of the precursor ions) of

ribosome-biogenesis peptides compared to the MS1 precursor-area of RP peptides. To obtain

a more quantitative estimate for the abundance of 90S relative to the mature ribosomes, we

computed and compared the iBAQ scores (Schwanhäusser et al, 2011) (a popular measure for

absolute protein levels) for the RPs and for the ribosome biogenesis proteins. The iBAQ scores

indicate that the detected ribosome biogenesis proteins and thus the 90S particles are about 100

times less abundant than the RPs and thus the mature ribosomes (Figure S4A), consistent with

previous observations (Sykes et al, 2010).

The mass-spectrometry method used in our study estimates the absolute levels of a pep-

tide from MS1-level integrated-precursor-ion-area, while the relative levels of a peptide/protein

across the samples are estimated from MS2-level reporter-ion-intensities. At the MS1-level,

the peptides having the same amino-acid sequence from all samples/fractions are quantified as

one integrated-precursor-ion-area, and their relative levels across the samples can be estimated

only after fragmentation of the precursor ions, i.e., at the MS2 level. Thus the MS1 data that

allow direct absolute quantification – and thus comparing the abundances of different proteins

– quantifies the total/cumulative amount for each protein in all analyzed fractions. These data

were used to estimate iBAQ scores that reflect the absolute levels for both RPs and ribosome

biogenesis factors (Figure S4A). We further used the reporter-ion-intensities to quantify the

relative levels of all identified proteins. This relative quantification shows that, as expected,

ribosome biogenesis factors are enriched in the monosomal fractions. Combining the absolute

and the relative quantification, we estimated the absolute levels of RPs and biogenesis factors

only in the monosomal fractions (Figure S4B); specifically, the absolute level of a protein in the

monosomal fractions equals its iBAQ score times the sum of its reporter-ion-intensities from

the monosomal fractions and divided by the sum of its reporter-ion-intensities in the all frac-

tions. These estimates show that even in the monosomal fractions, biogenesis factors are much

less abundant than RPs (Figure S4B), and thus ribosome-biogenesis complexes are likely much

less abundant than mature ribosomes. The low abundance of ribosome-biogenesis complexes

makes them unlikely to contribute significantly to the quantified RP levels. More quantitatively,

the data suggest that the proteins derived from the 90S can contribute about 1− 3 % to the RP

fold-changes. Since some measured RP fold-changes exceed 100 %, 90S particles are unlikely

to be the sole factor causing the differential RP stoichiometry that we measured.

10



Second, as expected, the 90S ribosome biogenesis peptides are localized to the 80S monoso-

mal fraction and their levels are even lower and constant across the rest of the sucrose gradient.

Thus their small contribution is limited to the monosomes and cannot account for the relative

RP changes across polysomes that we observed both in yeast and in mouse (Figures 1-3).

Extra-ribosomal complexes of RPs

A few RPs have been reported to perform extra-ribosomal functions (Mazumder et al, 2003;

Wool, 1996; Warner and McIntosh, 2009). Some of these extra-ribosomal functions of RPs are

performed by small complexes containing RPs. For example a Rpl5/Rpl11/5S-rRNA preribo-

somal complex is involved in the regulation of p53 (Donati et al, 2013). Such extra-ribosomal

complexes containing RPs are smaller than the mature ribosomes and should not co-sediment

in the sucrose fractions that we analyzed (Donati et al, 2013; Warner and McIntosh, 2009).

This expectation is strongly supported by our MS data: the non ribosomal proteins identified by

our MS analysis included translation factors and protein-folding chaperones, but not proteins

known to be involved in extra-ribosomal complexes of RPs. Thus, the levels of extra-ribosomal

complexes of RPs that may be present in the analyzed sucrose fractions were too low to be

detected by and to affect our analysis.

Stoichiometry among RPs

Our data show that while the levels of some RPs increase, the levels of other RPs decrease.

These opposite trends indicate that the ratios (stoichiometries) among RPs making up mono-

somes and polysomes vary. However, our population–average measurements do not indicate

the number of distinct ribosomes in each sucrose fraction or the exact RP composition of such

distinct ribosomes.

RPs of the small (40S) and the large (60S) subunits are about equally represented among

the subset of RPs that increase or decrease across monosomes and polysomes, Figures 1-3.

Therefore, preferential enrichment of 40S or 60S in some fractions is very unlikely to contribute

to the variation among RPs that we observe.
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Supplemental Figures
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Figure S1. Growth curve of mouse ESCs and a sucrose gradient of neuroprogenitor cells,
Related to Figure 1
(A) Growth curve of mouse ESCs. At time 0h, 15 ESC cultures were started, and at each time
point indicated on the x-xis, one culture was harvested to determine the cell number (y-axis).
The cell number is plotted on a log-scale. The data indicate rapid exponential growth at a dou-
bling time of about 9 hours. The ESCs used for our analysis were harvested during the middle
of the curve, 35 h after starting the cultures.
(B) Sucrose gradient of neuroprogenitor cells (NPCs). The ESCs used in our experiments were
differentiated to NPCs, and the ribosomes of the NPCs were fractionated by velocity sedimen-
tation using identical protocol and treatment as those used with ESCs; see the Methods and
Extended Appendix for detailed description of the velocity sedimentation.
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Figure S2. Multiple unique peptides per RP provide consistent fold–change estimates for
most RPs, Related to Figures 1-3
(A) Number of unique peptides quantified per mouse RP digested by trypsin.
(B) Distribution of coefficients of variation (CVs) of the measured fold–changes for mouse RPs
digested by trypsin.
(C) Number of unique peptides quantified per mouse RP digested by lys-C.
(D) Distribution of coefficients of variation (CVs) of the measured fold–changes for mouse RPs
digested by lys-C.
(E) Number of unique peptides quantified per yeast RP digested by trypsin.
(F) Distribution of coefficients of variation (CVs) of the measured fold–changes for yeast RPs
digested by trypsin.
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Mass–Spec Western Blots
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Figure S3. Comparison of relative RP quantification by MS and Western Blots, Related
to Figures 1-2.
(A) Polysomal enrichment of RPs quantified by MS.
(B) Polysomal enrichment of RPs quantified by Western blots. RPs were quantified by Western
blots in monosomes and polysomes from high passage–number E14 mouse ESCs. Rpl32 was
used as a loading control and the boxplots summarize data from 9 ratios for each quantified RP.
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Figure S4. RPs are about 100 fold more abundant that ribosome biogenesis proteins in
the sucrose gradients, Related to Figures 1-3
(A) Distributions of iBAQ scores for RPs and for ribosome biogenesis proteins. The iBAQ
score of a protein estimates its absolute level based on the number of unique peptides for that
proteins and their corresponding integrated-precursor-ion-areas. The iBAQ scores are for the
total/cumulative amount in all analyzed fractions. The levels of ribosome biogenesis proteins
likely reflect the levels of the 90S preribosomal particles in our sucrose gradients.
(B) The data from panel (A) was scaled by the reporter-ion intensities to estimate the abun-
dances of RPs and ribosome biogenesis proteins in the monosomal fractions only.
(C) The relative levels of mouse RPs are plotted as in Figure 2 but the RPs are arranged in
the order in which they are incorporated into the small subunits, as determined by Mulder et al
(2010); RPs at the top are incorporated first and RPs as the bottom last. Mouse and bacterial RPs
were matched based on the correspondence suggested by Jenner et al (2012), and the suggested
universal ID is listed after the colon.
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Figure S5. Different RPs have different magnitudes of their growth-rate responses, i.e.,
transcriptional induction or repression with increasing growth rate, Related to Figure 4.
The heatmap displays transcript levels of RPs in yeast cultures growing at steady-state in
glucose-limited minimal media at the growth-rates (µ) indicated by the bars on the top. To
emphasize the growth-rate trends, the mRNA levels of each RP are displayed on a log2 scale
relative to their mean across all six growth rates. The RPs are sorted by their growth-rate slopes
to emphasize the variability of their slopes, from highly positive to negative. All data are from
(Slavov and Botstein, 2011; Brauer et al, 2008).
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Supplemental Tables

Table S1. Normalized protein levels (on a log2 scale) that are displayed in Figure 2
To facilitate comparison between orthologous RPs, we include the names from the nomencla-
ture suggested by Jenner et al (2012).

Table S2. MS data for mouse peptides from the trypsin digestion, Figure 1 and Figure 2
The map of the reporter ions and their corresponding samples from the sucrose gradients is as
follows:
TMT-126 – Sucrose fraction corresponding to 1 ribosome per mRNA;
TMT-127 – Sucrose fraction corresponding to 3 ribosome per mRNA;
TMT-129 – Sucrose fraction corresponding to 5-6 ribosome per mRNA;
TMT-130 – Sucrose fraction corresponding to 7-10 ribosome per mRNA;
TMT-131 – Sucrose fraction corresponding to 1 ribosome per mRNA;

Table S3. MS data for mouse peptides from the lys-C digestion, Figure 1 and Figure 2
The map of the reporter ions and their corresponding samples from the sucrose gradients is as
follows:
TMT-126 – Sucrose fraction corresponding to 1 ribosome per mRNA;
TMT-127 – Sucrose fraction corresponding to 3 ribosome per mRNA;
TMT-129 – Sucrose fraction corresponding to 5-6 ribosome per mRNA;
TMT-130 – Sucrose fraction corresponding to 7-10 ribosome per mRNA;
TMT-131 – Sucrose fraction corresponding to 1 ribosome per mRNA;

Table S4. Normalized protein levels (on a log2 scale) that are displayed in Figure 3
To facilitate comparison between orthologous RPs, we include the names from the nomencla-
ture suggested by Jenner et al (2012).
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Table S5. MS data for yeast peptides from the lys-C digestion, Figure 3
The map of the reporter ions and their corresponding samples from the sucrose gradients is as
follows:
TMT-131 – Ethanol: Sucrose fraction corresponding to 1 ribosome per mRNA; Biological repli-
cate 1a
TMT-128N – Ethanol: Sucrose fraction corresponding to 1 ribosome per mRNA; Biological
replicate 1b
TMT-128C – Ethanol: Sucrose fraction corresponding to 3 ribosome per mRNA;
TMT-129N – Ethanol: Sucrose fraction corresponding to 4 ribosome per mRNA;
TMT-129C – Glucose: Sucrose fraction corresponding to 1 ribosome per mRNA;
TMT-130N – Glucose: Sucrose fraction corresponding to 3 ribosome per mRNA;
TMT-130C – Glucose: Sucrose fraction corresponding to 4 ribosome per mRNA;
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