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Abstract 

Ribosome-enhanced translational miscoding of the genetic code causes protein dysfunction and loss of cellular fitness. During e v olution, open 
reading frame length increased, necessitating mechanisms for enhanced translation fidelity. Indeed, eukaryal ribosomes are more accurate than 
bacterial counterparts, despite their virtually identical, conserved active centers. During the evolution of eukaryotic organisms ribosome expan- 
sions at the rRNA and protein le v el occurred, which potentially increases the options for translation regulation and cotranslational e v ents. Here 
we tested the hypothesis that ribosomal RNA expansions can modulate the core function of the ribosome, faithful protein synthesis. We demon- 
strate that a short expansion segment present in all eukaryotes’ small subunit, ES7S, is crucial for accurate protein synthesis as its presence 
adjusts codon-specific velocities and guarantees high le v els of cognate tRNA selection. Deletion of ES7S in yeast enhances mistranslation and 
causes protein destabilization and aggregation, dramatically reducing cellular fitness. R emo v al of ES7S did not alter ribosome architecture but 
altered the str uct ural dynamics of inter-subunit bridges thus affecting A-tRNA selection. Exchanging the yeast ES7S sequence with the human 
ES7S increases accuracy whereas shortening causes the opposite effect. Our study demonstrates that ES7S pro vided eukary al ribosomes with 
higher accuracy without perturbing the structurally conserved decoding center. 
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ntroduction 

ccurate translation of the genetic code into functional pro-
eins is essential for cell viability. The machines performing
his task, ribosomes, are highly conserved in the sequence and
tructure of their functional centers. Nevertheless, during evo-
ution expansion occurred at the protein and the ribosomal
NA (rRNA) level adding further options for regulation and
odulation of cotranslational processes to the ribosome ( 1–
 ). The addition of an amino acid to the nascent polypeptide
hain, translation elongation, involves transfer RNA (tRNA)
ecognition at the ribosomal A-site, peptide bond formation
nd tRNA translocation; a cycle that is repeated until a stop
odon is reached and protein synthesis is terminated. The in-
ividual sub-steps of the elongation cycle require ribosomal
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dynamics, especially within the small subunit ( 5–7 ). Cognate
codon-anticodon interactions are recognized by base flipping
of universally conserved 18S rRNA residues within the de-
coding center, A-site tRNA accommodation in the large ri-
bosomal subunit triggers 40S subunit rolling along its long
axis and rotation with respect to the 60S subunit. Translo-
cation is achieved by back-rolling and rotation ( 6 ,7 ). The fi-
delity of each of these steps is essential for accurate protein
synthesis and perturbances are rarely tolerated as they cause
the accumulation of non-functional, possibly toxic proteins.
During evolution, mRNA decoding became increasingly ac-
curate at the cost of a decrease in translation rates ( 8 ). Bac-
terial ribosomes mis-incorporate amino acids at a frequency
of 31 × 10 

−4 whereas Saccharomyces cerevisiae ribosomes
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perform ∼4.5 times better (6.9 × 10 

−4 ) ( 8 ,9 ). Simultaneously,
the average protein length increased almost 1.5-fold from Es-
c heric hia coli to S. cerevisiae and almost 2-fold from E. coli
to Homo sapiens , thus demanding reduced translation errors
( 10 ). To date, the mechanistic details of how this increase in
accuracy was accomplished by the eukaryal translation ma-
chinery, despite the virtually identical core of the decoding
center have remained enigmatic. 

Apart from the crucial intrinsic mobility of ribosomal ele-
ments, expanded rRNA helices in eukaryal systems, expansion
segments (ES), can be highly dynamic structures at the surface
of the ribosome. While initial studies linked ES to ribosome
biogenesis ( 4 ,11 ) more recent studies further elaborated their
roles during translation. These mainly involve the recruitment
of cotranslationally acting protein factors and the preferred
association to individual transcripts ( 12–15 ). While the idea
of a preferential association to mRNA transcripts has been
challenged recently ( 16 ), further functions apart from partner
recruitment during translation have not yet been described. 

Compared to bacterial ribosomes only certain rRNA helices
expanded further. The extent to which expansions emerged
and increased in size during eukaryal evolution is highly ES-
specific. The larger ES of the large ribosomal subunit (LSU)
dramatically increased in size when comparing human and
fungal ribosomes (e.g. ES7Lb: H. sapiens : 241 bases; S. cere-
visiae 88 bases) whereas other ES maintained a similar size
(e.g. ES7S: H. sapiens : 12 bases; S. cerevisiae 12 bases) but
altered their sequence ( 17 ). Overall, ES within the small sub-
unit (SSU) did not experience such dramatic expansion. Their
potential to recruit cytosolic factors might thus be limited
compared to the LSU possibly suggesting distinct roles dur-
ing translation. 

In this study, we asked if there are ES within the SSU that
specifically modulate the core processes of translation. We hy-
pothesized that larger, very mobile ES are likely to play a
role in factor recruitment and thus focused on ES7S one of
the smallest ES in yeast and H. sapiens which should have
little possibility to recruit factors. Ablation of the ES from
S. cerevisiae ribosomes severely decreased growth rate ac-
companied by perturbed protein homeostasis and reduced
translation accuracy. Translational trajectories are altered in
a codon-specific manner with an increased velocity at usu-
ally slowly translated codons. The increase in velocity is due
to the frequent incorporation of non-cognate amino acids by
error-prone ribosomes lacking ES7S. High-resolution struc-
tural analysis of the ES7S-truncated ribosomes indicates that
the increased error rate does not result from biogenesis defects,
nor from conformational rearrangements within the decod-
ing center. Structural probing of translating ribosomes rather
suggests prolonged dwelling in the ratcheted state and thus
altered dynamics of translocation. Thus, for the first time, we
report on an ES that directly modulates the velocity and accu-
racy of translation and consequently proteome integrity. 

Materials and methods 

Strain generation and maintenance 

Strains were created as described earlier ( 14 ). Strain systems
and plasmids were kindly provided by Prof. J Dinman. Briefly,
strains were created by plasmid exchange in an SC-Uracil
medium containing 300 μg / ml of hygromycin B. After se-
lection, cells were grown and maintained at 30 

◦C in YPD
medium (1% (w / v) yeast extract, 2% (w / v) tryptone, 2% 

(w / v) glucose) containing 300 μg / ml hygromycin. 

Growth curves and antibiotic treatment 

Cells were streaked from cryo-stocks on YPD plates contain- 
ing 300 μg / ml of hygromycin and later inoculated and ex- 
panded in YPD medium containing 300 μg / ml of hygromycin.
20 ml cultures were selected for at least 24 h at 30 

◦C (220 

rpm shaking). Cells were then inoculated to YPD without hy- 
gromycin B and maintained for 20 h. Cells were then diluted 

to OD 600 = 0.1 and grown for 4 h (30 

◦C, 220 rpm shaking).
300 μl cell suspension was transferred to a prewarmed 48- 
well plate and further incubated in a prewarmed Tecan plate 
reader. OD 600 was measured in 15 min intervals for up to 72 

h at 30 C (196 rpm shaking). 
Cell growth during antibiotic treatment was measured iden- 

tically in medium containing antibiotics with the following 
stock solutions: cycloheximide (Roth) 100 ng / ml; anisomycin 

(Lucerna Chem) 16.65 μg / ml; blasticidin S (Invivogen) 200 

μg / ml; paromomycin (Abcam) 2 mg / ml; G418 (Invivogen) 
16.67 μg / ml. The compound DTT (Roth) was used as a non- 
antibiotic compound and used as a stock of 5 mM. These 
stocks were serially diluted in YPD. Per strain and antibiotic 
eight measurements were performed comprising seven serial 
antibiotic dilutions and one culture in pure YPD. For each 

growth curve, the maximum doubling time was calculated 

from a semilogarithmic plot. From these growth curves IC 50 

was calculated using the Hill equation: 

y = 

Maximum 

1 + 

(
x 

IC 50 

)Hill coe f f icient 

Each experiment was performed in biological replicates 
( n = 3–6). 

Total RNA isolation and poisoned primer extension 

assays 

Yeast total RNA was isolated as described earlier ( 14 ). Cells 
were grown to OD 600 = 0.8 in YPD medium containing 300 

μg / ml of hygromycin B. Cells were opened by repeated cy- 
cles of beat disruptions (FastPrep24, 20 s shaking per cycle).
Cleared lysates were subjected to hot acid phenol extraction,
RNA was precipitated in > 2.5 volumes 100% ethanol and 

finally resuspended in water. 
To assess the purity of mutant rRNA, Morgan analysis 

was carried out as previously described ( 18 ) with the follow- 
ing modifications: primer 5 

′ -TTTCTCGTAAGGTGCCGA- 
3 

′ was 5 

′ -labeled with 

32 P, added along 0.5 μg of total 
RNA in a reverse transcription reaction containing 66.7 μM 

of ddATP and 833 μM of the other three nucleotides as 
dNTPs (dTTP, dGTP and dCTP), using AMV reverse tran- 
scriptase (Promega). The reaction was resolved on a 15% 

polyacrylamide-urea gel and visualized using a Typhoon 

FLA1000 phosphoimager to detect the wild-type and mutant 
cDNA products. 

rRNA northern blots 

20 μg total RNA was mixed with 2 × RNA loading dye con- 
taining ethidium bromide, denatured (3 min, 80 

◦C), loaded 

on a 1% denaturing agarose gel and electrophoresed for ∼3.5 

h at 100 V. Total RNA integrity was assessed by rRNA sig- 
nal before passive transfer to an H 

+ HYBOND nylon mem- 
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rane in 20 × SSC buffer (6 M NaCl,690 mM Tri-Natrium-
itrate, pH 7). Membranes were crosslinked and hybridized
sing described rRNA precursor-specific 32 P-labelled probes
or ITS1 (FL185: GGCC AGC AATTTC AAGTTA), 3 

′ ETS
TCCTGCCA GTA CCCA CTT) and ITS1 upstream of the A2
ut (CGGTTTT AA TTGTCCT A). Membranes were washed
hrice, and an autoradiogram was developed using Typhoon
LA1000 phosphoimager. 

ulse-chase experiments 

ive OD 600 units of cells in exponential phase were inoculated
o 5 ml SC–Met medium containing Glucose and 15 μCi / ml
5 S l-methionine. Cells were pulsed for 10 min at 30 

◦C at 220
pm shaking. After the pulse, a zero-minute sample was taken
nd cells were centrifuged (4000 × g, 3 min, room tempera-
ure (RT)). The radioactive medium was removed and cells
ere resuspended in 4 ml SC–Met medium containing 2%

lucose and 1 mg / ml methionine. Cells were incubated fur-
her (30 

◦C, 220 rpm) and 500 μl samples were taken at indi-
ated time points. Cells were centrifuged and resuspended in
00 μl ice-cold 20% TCA, stored on ice for 20 min, precipi-
ated and acetone washed. Samples were electrophoresed and
adioactive signals were scanned using the TyphoonFLA1000
hosphoimager. Quantification was performed using ImageJ
oftware. 

n vitro translation 

00 ml of yeast culture was grown to OD = 0.8. Cells were
arvested by centrifugation (5000 × g, 4 

◦C, 10 min), pel-
ets were resuspended in ice-cold Ribosome buffer (30 mM
EPES pH 7.5, 100 mM K O Ac, 2 mM Mg(O Ac) 2 , 2 mM
TT, 0.1 mM PMSF, 8.5% manitol) and centrifuged again

4000 × g, 4 

◦C, 3 min). The pellet was resuspended in Ri-
obuffer and cells were opened by glass bead homogenization
5 cycles of 20 s with intermittent cooling). Lysates were cen-
rifuged (5000 × g, 30 s, 4 

◦C) and the supernatant was trans-
erred to an ultracentrifuge tube and centrifuged (18 000 rpm,
 min, 4 

◦C). The clear layer was transferred to a new tube
nd centrifugation was repeated. Lysates were mixed with
5 

S -methionine and global translation was performed at 23 

◦C
or 0–20 min. Samples were mixed with Laemmli buffer, de-
atured (5 min, 95 

◦C) and separated on a 12% SDS-PAGE
el. Gels were stained, destained, and dried prior to expo-
ure and detection of radioactive signal in a TyphoonFLA1000
hosphoimager. 

ggregation assays 

0 ml cultures were grown in YPD to OD 600 = 0.8. In case
f heat shock, 50 ml cultures at OD 600 = 0.8 were pelleted
4000 × g, 2 min, RT), resuspended in prewarmed (37 

◦C)
PD and incubated in 50 ml for 30 min at 37 

◦C before har-
esting. Cells were quickly mixed with 250 μl 3 M Na-azide
nd centrifuged (4000 × g, 2 min, 4 

◦C). Pellets were resus-
ended in 15 mM Na-azide and centrifuged again (14 000 ×
, 1 min, 4 

◦C). The supernatant was removed and the pellets
ere snap-frozen. Pellets were resuspended in lysis buffer (20
M KH 2 PO 4 pH = 6.8, 10 mM DTT, 1 mM EDTA, pH 8.0,
.1% Tween, 2 × Easy cOmplete™ protease inhibitor (Roche),
 mM PMSF) and cells were opened by sonication (Bioruptor ®

ltrasonicator; 4 × of 20 s ON / 20 s OFF cycles, level setting:
. Lysates were passed through a 23 G needle before centrifu-
gation (500 × g, 5 min, 4 

◦C). Concentrations were adjusted to
6 mg / ml in lysis buffer and adjusted to a final volume of 770
μl. 20 μl lysates were used for total protein comparisons. The
remaining lysates were centrifuged (16 000 × g, 20 min, 4 

◦C)
and pellets were washed in wash buffer I (20 mM KH 2 PO 4

pH 6.8, 2% NP40 (Sigma), 1 × Easy cOmplete™ protease in-
hibitor (Roche), 2 mM PMSF) followed by another round of
sonification (4 × 15 s ON / 15 s OFF, level setting: H) and cen-
trifugation. Again, pellets were resuspended in wash buffer
I, sonicated (3 × 15 s ON / 15 s OFF, level setting: M) and
pelleted again as before. Pellets were then washed in wash
buffer II (20 mM KH 2 PO 4 pH 6.8, 1 × Easy cOmplete™ pro-
tease inhibitor (Roche), 2 mM PMSF), sonicated (3 × 10 s
ON / 5 s OFF, level setting: L) and centrifuged as before. The
resulting pellets were resuspended in Laemmli buffer and elec-
trophoresed (10% P AA SDS-P AGE). Proteins were stained us-
ing a colloidal Coomassie staining solution ( 19 ). 

Endogenous tagging of proteins 

We employed the pFA6a-3HA-KanMX C-terminal tagging
system. The triple HA-tag and the adjacent kanamycin cas-
sette were PCR amplified with primers containing overhangs
homologous to the region of interest. PCR products were gel
purified and 1 μg of product was transformed. Cells were
grown on G418-containing plates and clones were tested for
the correct insertion via PCR and western blotting detecting
the HA-tagged protein. 

Sucrose density centrifugation and mass 

spectrometric analysis 

Cells were grown to OD 600 = 0.8 in YPD and harvested by fil-
tration on a Nitrocellulose filter. Cell pellets were snap frozen
and mixed with 500 μl polysome buffer (20 mM Tris–HCl,
pH 7.5, 100 mM NaCl, 10 mM MgCl 2, 1% Triton X100,
100 μg / ml cycloheximide, 1 mM DTT) before grinding in
a freezer mill at liquid nitrogen temperature. Powders were
stored at −80 

◦C. Lysates were prepared by adding 500 μl
polysome buffer to powders and thawing the material for a
maximum of 2 min in a 30 

◦C water bath. Lysates were trans-
ferred to precooled tubes and centrifuged (5000 × g, 3 min,
4 

◦C). Supernatants were transferred to new tubes and cen-
trifuged again (14 000 × g, 5 min, 4 

◦C). Cleared lysates were
used for ultracentrifugation in sucrose gradients (10–40%)
supplemented with 100 μg / ml cycloheximide. Samples were
centrifuged (3 h 15 min, 4 

◦C, 39 000 rpm) in an SW-41Ti rotor
(Beckman Coulter) and fractionated. For mass spectrometric
analysis, fractions corresponding to the monosome peak or
heavy polysomes (4 or more ribosomes) were pooled and cen-
trifuged again (16 h, 4 

◦C, 39 000 rpm) in an SW-41Ti rotor.
Pellets were snap-frozen and used as input material for shot-
gun mass spectrometric protein identification / quantification
alongside a whole cell lysate sample precipitated in 10% TCA.
Trypsinized peptides were detected by LC–MS using a Fusion
Lumos ETD connected to a nano-UPLC column. Peptide in-
tensities were quantified by the MaxQuant LFQ algorithm
( 20 ). For protein detection in western blots, fractions were
mixed with TCA (f.c. 10% (w / v)) and precipitated. 

Western blots 

Cells were grown in YPD to OD 600 = 0.8 and harvested
by filtration. Snap-frozen samples were mixed with 300 μl
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MNT buffer (20 mM MES, 100 mM NaCl, 30 mM Tris–HCl,
pH 7.5, 1% Triton X-100, 1 × complete protease inhibitor
(Roche)). Pellets were ground as described above. Lysates were
thawed in a 30 

◦C water bath for 1 min and cleared via cen-
trifugation (14 000 × g, 4 

◦C, 10 min). Protein content was
measured using a NanoDrop spectrophotometer and 200 mg
were diluted in a final volume of 1 × SDS loading buffer.
Samples were electrophoresed in 8–12% SDS gels. Proteins
were transferred to nitrocellulose membranes in a semi-dry
setup (0.8 mA / cm 

2 , 2 h). Membranes were blocked in 5%
Milk in TBST for 1 h at RT and incubated with anti-HA an-
tibody (12CA5, Merck) overnight at 4 

◦C according to the
manufacturer’s instructions. Membranes were then washed
in TBST and incubated with respective secondary antibod-
ies in 1% milk in TBST. Finally, membranes were washed
in TBST and dried for 1 h at RT before signal detection on
a LI-COR device. The Signal was quantified using ImageJ
software. 

Ribosome profiling 

Ribosome profiling experiments were performed as described
before ( 21 ) with minor adjustments. Briefly, 10 OD 260nm 

units
of whole cell lysates in a total volume of 100 μl were digested
(35 min, 23 

◦C, 400 rpm) using 400 units of RNase I (Ambion).
Reactions were stopped by adding 12 μl SUPERase •In™
RNase Inhibitor (Thermo Scientific) and 100 μl ice-cold
polysome buffer. Samples were ultracentrifuged, monosomes
were isolated and RNA extracted by hot acid phenol extrac-
tion. 20 μg digested RNA was diluted in a final volume of
20 μl water. In parallel, total RNA from lysates was extracted
and DNase 1 treated (30 min, 37 

◦C, supplemented with Su-
perase Inhibitor). 100 μg DNase 1 treated total RNA was sub-
jected to polyA-enrichment using the (Lexogen, Poly(A) RNA
Selection Kit) according to the manufacturer’s instructions.
PolyA-enriched RNA was immediately fragmented in alka-
line fragmentation buffer (0.5 Vol 0.5 M EDTA, 15 Vol 100
mM Na 2 CO 3 , 110 Vol 100 mM NaHCO 3 , 95 

◦C, 45 min, with
spinning down every 10 min). Fragmentation was stopped by
adding ice-cold stop-solution (60 μl 3 M Na-acetate (pH 5.5),
8 μl Glycoblue, 500 μl RNase-free H 2 O). RNA was precipi-
tated and resuspended in 20 μl water. 

Ribosome-protected fragments and fragmented RNA were
size-excluded in 15% denaturing TBE gels and fragments
ranging from 28–32 nt were cut and eluted. Fragments were
dephosphorylated before adapter ligation. Ligated RNA was
reverse transcribed (Superscript IV) and fragments corre-
sponding to the ligated product were isolated after denatur-
ing gel electrophoresis. cDNA was circularized and libraries
were PCR amplified for sequencing. Libraries were sequenced
on a (device) and libraries were obtained. Reads were mapped
to (GENOME) allowing 1 mismatch per read. Reads per fea-
ture were counted and differential expression analysis was
performed using the DESeq2 software ( 22 ). 

Ribosome A-site occupancies were calculated as described
earlier ( 23 ). Differences in velocity were calculated based on
each individual transcripts sequence. A-site-occupancies were
summed for each codon and the differences normalized to the
length of the open reading frame. Translation profiles of in-
dividual transcripts were calculated based on their sequence
using A-site occupancies from separate biological replicates
( n = 3). The values were smoothened using a 20-codon

window. 
CGA stalling assay 

Wild-type and �ES7S cells were transformed with a plas- 
mid containing the stalling reporter and a Leu2 selection 

marker and streaked to -Leucine plates. Individual colonies 
were grown in -Leucine medium and tested initially for flu- 
orescence. Positive colonies were stored as cryostocks. Cells 
were plated on -Leucine plates, colonies inoculated to 5 ml - 
Leu medium and incubated for 24 h at 30 

◦C. Cells were then 

diluted to OD 600 = 0.03 and OD 600 = 0.08 respectively in 

20 ml fresh -Leucine medium. At OD 600 = 0.8, cells were 
harvested by centrifugation (4000 x g, 2 min, 4 

◦C), pellets 
were washed in 500 μl water and pelleted again (6000 × g,
30 s, 4 

◦C) before snap freezing. Pellets were mixed with 100 

μl acid-washed glass beads and 500 μl MNT buffer (20 mM 

MES, 100 mM NaCl, 30 mM Tris–HCl, pH 7.5, 1% Triton X- 
100, 1 × complete protease inhibitor (Roche)) and opened by 
bead disruption (FastPrep24, 20 s shaking per cycle, 4 cycles).
Lysates were cleared by centrifugation (14 000 × g, 10 min,
4 

◦C) and fluorescence was measured in a Tecan plate reader. 

Double luciferase assays 

A series of plasmids containing a Firefly-Renilla double Lu- 
ciferase reporter was prepared, which carried a mutation 

at Firefly luciferase position 529 or 245 altering the active 
site lysine or histidine to different amino acids or introduc- 
ing stop codons. Plasmids further carried a Leu2 selection 

marker. Codon identity after mutagenesis was confirmed via 
Sanger sequencing. Cells were transformed and plated on - 
Leucine plates. Cells were inoculated in 5 ml -Leucine medium 

and incubated for 24 h at 30 

◦C. Cells were then diluted to 

OD 600 = 0.03 and OD 600 = 0.08 respectively in 20 ml fresh 

-Leu medium. At OD 600 = 0.8, 8 ml of the culture were har- 
vested by centrifugation (4000 × g, 2 min, 4 

◦C), pellets were 
washed in 500 μl water and pelleted again (6000 × g, 30 s,
4 

◦C) before snap freezing. Pellets were mixed with 100 μl acid- 
washed glass beads and 500 μl LAR solution and opened by 
bead disruption (FastPrep24, 20 s shaking per cycle, 4 cycles).
Lysates were cleared by centrifugation (14 000 × g, 10 min,
4 

◦C) and luminescence was measured in a Tecan plate reader 
using the Dual-Luciferase® Reporter Assay System according 
to the manufacturer’s instructions. 

Cryo-EM data collection, processing and model 
building 

Yeast cells were selected for 24 h in YPD containing hy- 
gromycin B. Cultures were expanded to 200 ml and cells were 
grown to OD 600 = 0.8. Cells were harvested by filtration and 

snap-frozen. Pellets were mixed with 500 μl EM-buffer (10 

mM Hepes-KOH, pH 7.5, 50 mM K O Ac, 10 mM NH 4 O Ac, 2 

mM DTT, 5 mM Mg(OAc) 2 ) and homogenized in a cryomill.
Powders were thawed and lysates cleared by centrifugation 

(14 000 × g, 4 

◦C, 10 min). Lysates were loaded on a 10–35% 

sucrose gradient in EM buffer and centrifuged (2 h, 40 000 

rpm, SW-41Ti rotor, 4 

◦C). 80S peaks were collected, and ribo- 
somes enriched in a centrifugational filter unit (100 kDa cut 
off, Thermo Fisher, 30 min, 4 

◦C, 4000 × g). Ribosomes were 
snap-frozen and stored at −80 

◦C. Quantifoil R3 / 3 Cu300 

grids with 3 nm holey carbon were glow discharged using the 
GloQube glow discharge system (negative charge, 25 mA, 90 

s). 4 μl of �ES7S-80S ribosomes with 10 OD 260 / ml concen- 
tration was applied to the grids, using a Vitrobot Mark IV 

(FEI) and flash frozen in an ethane / propane mixture. The data 
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as collected using a 200 kV Talos Arctica (FEI) with a K2
Gatan) direct detection camera, at a pixel size of 0.783. Pro-
essing was performed using Relion 4.0 ( 24 ). Movie frames
ere aligned with MotionCor2 using 5 × 5 patches ( 25 ) as im-
lemented within RELION 4.0. The CTF of the resulting mi-
rographs was estimated using CTFFind 4 (Rohou and Grig-
rieff, 2015). Only micrographs with an estimated resolution
f 15 Å or better were retained (4578 out of 4941 micro-
raphs). 254202 particles were picked using crYOLO with
he default model (‘gmodel_phosnet_202005_N63_c17.h5’)
 26 ). The particles were then 2D classified and 251 636 par-
icles were selected for initial 3D refinement. The initial 3D
efinement was performed using a yeast 80S structure (PDB
D: 4U5O) ( 27 ), lowpass-filtered to 60 Å. From these aligned
articles the following steps of 3D classification were per-
ormed without further angular sampling. The initial 3D clas-
ification yielded 3 classes containing 80S particles contain-
ng 14.7% (class 1), 53.3% (class 2) and 32% (class 3) of
he particles. Class 1 was further sorted into two subclasses,
ne containing 80S ribosomes (11.1% particles) and one con-
aining 60S subunits (3.6% particles). The 80S subclass (sub-
lass 1) was then further sub-sorted using a mask encompass-
ng the A, P and E sites. This subclass divided into three fur-
her subclasses, one containing ABCE / RF1 (2.2%) and two
ontaining the Lso1 hibernation factor in two different states
4.3% and 4.6% particles). The class with the majority of
articles (class 2) from the initial 3D classification was fur-
her classified using a mask encompassing the P- and E-sites.
his yielded three subclasses with 2.5%, 29% and 21.8% of

he particles. The smallest class contained density for A / P-
nd P / E-tRNAs while the other two classes were nearly iden-
ical and contained density for eIF5A. For further analysis,
he two eIF5A classes were then merged. The initial 3D class,
hich contained 32% of the particles was lower resolution

nd did not split further. After 3D classification, the com-
ined eIF5A classes were 3D refined, postprocessed, 3D re-
ned, Bayesian polished, CTF refined and postprocessed to
ield a final reconstruction with an overall resolution of 2.4
. To build the model of the 80S-eIF5A containing ribosomes,
 structure of the 80S ribosome (PDB ID: 4U50) ( 27 ) and
IF5A (PDB ID: 6TNU) ( 28 ) was rigid body fitted into the
ostprocessed cryo-EM map using Chimera X ( 29 ) and man-
ally modelled into the density using Coot ( 30 ,31 ). The fi-
al model was refined using Servalcat ( 32 ) with implemented
EFMAC5 ( 33 ). All structural panels were generated using
himera X ( 29 ). 

MS labeling and reverse transcription assays 

east at OD = 0.8 (30 

◦C, 220 rpm) were treated for 10
in with antibiotics prior to addition of DMS to 109
M and further incubation for 5 min. 2 ml cell suspen-

ion were mixed with 7 ml ice-cold Stop-solution (30%
-mercaptoethanol, 25% isoamyl alcohol) and centrifuged

4000 × g, 2 min, 4 

◦C). Pellets were washed in 30% ice-
old β-mercaptoethanol and centrifuged again (4000 × g,
 min, 4 

◦C). Pellets were resuspended in ice-cold water
nd spun (6000 × g, 0.5 min, 4 

◦C). Pellets were snap
rozen and RNA isolated using a hot acid-phenol extrac-
ion. Reverse transcription was performed using the fol-
owing primers (ES7S: 5 

′ - CAAA GA CTTTGATTTCTC-3 

′ ;
-site-finger: 5 

′ -T AAGT AACAAGGACTTC-3 

′ , helix 84: 5 

′ -
CTTTTACCCTTTTG-3 

′ ) as described ( 14 ) and cDNA was
separated on a 15%-TBE / 7 M urea gel and visualized as de-
scribed before ( 14 ). 

Results 

ES7S ablation has minor consequences for 
ribosome levels and biogenesis 

Ribosomal RNA is highly conserved as is the general ribo-
somal architecture ( 34 ). ES however deviate from that notion.
Structural comparison of yeast and human ribosomes suggests
a highly conserved 18S rRNA structure in the platform region
of the SSU where ES7S is located ( Supplementary Figure S1 ).
In both species, ES7S forms a short helix ( Supplementary 
Figure S1 A) that protrudes into the cytosol ( Supplementary 
Figure S1 B). The structural similarities and the fact that ES7S
stopped expanding in more complex eukaryotes as compared
to bacteria suggest a common role of this ES amongst eu-
karyotes. We, therefore, set out to delete the entire S. cere-
visiae ES7S from the yeast 18S rRNA and closed the stem
with a tetraloop to obtain a helix resembling the bacterial
helix 26 from which ES7S emerged. To study the effects
of this truncation in a homogeneous system we employed
an rdn1 -depleted S. cerevisiae which exclusively transcribes
plasmid-born rRNA ( 35 ). In this system, all 150 copies of
the rdn1 gene which decodes rRNA were removed and ex-
pression was restored from a switchable plasmid. We posi-
tively selected the leu2 -marker on the P373 plasmid and se-
lected against the ura3 marker within the original plasmid.
First, we verified successful plasmid exchange and selection by
poisoned primer extension assays (Figure 1 A) and sequenc-
ing of isolated plasmids. Interestingly, we observed a strik-
ing growth defect in yeast exclusively expressing 18S rRNA
lacking ES7S ( �ES7S) (Figure 1 B). Because deletion of cer-
tain ES was previously linked to loss of ribosomes due to bio-
genesis defects ( 4 ), we measured steady-state rRNA levels but
could not detect large, significant changes in �ES7S rRNAs as
compared to wild-type plasmid-born rRNA ( Supplementary 
Figure S2 A, B). This result is paralleled by the identical pat-
tern of 18S rRNA precursors observed in �ES7S and wild-
type cells ( Supplementary Figure S2 C, D), suggesting that ri-
bosome biogenesis and steady-state levels are not altered dra-
matically. To further ensure that biogenesis is not affected in
the �ES7S strain, we created another deletion strain; �ES9S.
When we then probed for rRNA precursors, we observed a
more than 2-fold enrichment of 20S rRNA precursors, high-
lighting the potential of ES to contribute to SSU maturation
( Supplementary Figure S3 A, B). ES7S ablation, however, did
not cause maturation defects ( Supplementary Figure S2 C, D;
Supplementary Figure S3 A, B). Next, to learn about the ri-
bosomal capacity to produce polypeptides, in vitro transla-
tion assays were performed. As indicated by the identical
levels of newly synthesized proteins, �ES7S ribosomes per-
formed indistinguishably from wild-type ribosomes (Figure
1 C, D). These findings were supported by polysome profil-
ing revealing indistinguishable amounts of polysomes in vivo
( Supplementary Figure S2 E). Despite a slight reduction in 40S
subunits suggesting a certain biogenesis defect, polysome for-
mation was not affected ( Supplementary Figure S2 E). Im-
portantly, we did not observe reduced polysomes, suggest-
ing that translation initiation was not markedly perturbed.
This result was mirrored in the relative levels of riboso-
mal proteins in whole cell lysates; only a marginal reduc-
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Figure 1. Ribosomal activity is unaltered in slo w-gro wing �ES7S cells. ( A ) Generation of pure ribosome populations was verified by poisoned primer 
e xtension assa y s. R e v erse transcription products stop at different positions due to the successful remo v al of ES7S. T he secondary str uct ures display 
full-length ES7S on top and the truncated �ES7S at the bottom. Arrowheads indicate stops due to the poisoned nucleotide. ( B ) Growth curves of 
wild-type and �ES7S cells were measured in a Tecan plate reader and rates were calculated from the exponential growth phase. Stars indicate 
significant differences in growth rates ( n = 4, P ≤ 0.05, Wilcoxon Rank Sum test). ( C ) In vitro translation was performed for the indicated times with 
lysates obtained from wild-type and �ES7S cells. Reactions were electrophoresed and radiograms were imaged. ( D ) The radioactive signal was 
quantified and normalized to the protein loaded ( n = 4, error bars indicate the standard deviation). ( E ) The str uct ure of the small ribosomal subunit 
lacking ES7S was solved using cryo-EM. The rudimentary helix 26 is shown in red and the electron density for the helix is indicated in the zoom and 
compared to the wild-type str uct ure. 
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tion was observed (median log 2 FC = −0.17) by mass spec-
trometry, again suggesting unchanged cellular ribosome levels
( Supplementary Figure S2 F). Importantly, proteins proximal
to ES7S, eS1 and eS17, did not display high fold changes, sug-
gesting that ribosome association of these proteins was not
dramatically altered. Lastly, we solved the structure of the 80S-
�ES7S ribosomes using cryo-electron microscopy and ob-
served four distinct functional states ( Supplementary Figure 
S4 , Supplementary Table S1 ). The main population contained
the hibernation factor Stm1 and the elongation factor eIF5A
( Supplementary Figure S4 ). Stm1 binds ribosomes to pre-
serve them during starvation and is dynamically regulated by
TORC1 ( 36 ). The 80S-Stm1-eIF5A structure could be solved 

to 2.4 Å ( Supplementary Figure S5 A), while another popu- 
lation containing actively translating ribosomes bearing two 

tRNAs ( Supplementary Figure S4 ) could be refined to 3.1 Å
( Supplementary Figure S5 ). In the latter population, the tR- 
NAs were located in the P / E and A / A sites, and thus the func-
tional state corresponds to a ratcheted state (during which 

the SSU is rotated relative to the LSU and the SSU head is 
swiveled) with incomplete tRNA translocation. Analysis of all 
the maps and structures for the different states indicated that,
with the exception of density for the deleted region of ES7S 
(Figure 1 E), the 80S- �ES7S ribosomes were fully matured in 
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erms of rRNA and ribosomal protein composition. Moreover,
omparison with structures of wild-type yeast 80S ribosomes
 27 ), especially within the decoding center, indicates that dele-
ion of ES7S did not induce any detectable conformational
hanges within the 18S rRNA ( Supplementary Figure S2 G). 

Taken together, these data established, that the absence of
S7S from yeast 18S rRNA did neither strongly affect ribo-
ome levels, structure nor the ability to produce polypeptides
espite the manifested severe growth defect. 

he proteostasis network is activated by 

ES7S-induced protein instability 

ince translation quality is essential for proteomic integrity
 37 ), we wondered whether proteostasis was altered in �ES7S
ells. To test this, a 35 S-methionine pulse / chase experiment
as performed, where we labeled newly synthesized proteins

nd followed their decay over time. First, we observed de-
reased in vivo incorporation of radioactivity into newly syn-
hesized proteins in �ES7S cells (Figure 2 A). Second, and
ore strikingly, an overall ∼50% reduction in protein half-

ive in �ES7S cells was observed. In particular, larger pro-
eins decayed at higher rates, suggesting reduced cellular sta-
ility . Intriguingly , we were able to mimic this effect by treat-

ng wild-type cells with paromomycin, a ribosome-targeted
nd miscoding-inducing antibiotic ( 9 ). We observed very sim-
lar decreased protein half-lives in the presence of the drug
Figure 2 B) and again, larger proteins were more strongly
ffected. This data suggests that the destabilizing effect ob-
erved for �ES7S proteomes is as substantial as treating wild-
ype cells with ∼IC 50 concentration of paromomycin (Fig-
re 2 C) ( 13 ), which is paralleled by the doubled generation
ime (Figure 1 B). Since we also saw decreased pulse inten-
ity in �ES7S cells (Figure 2 A; t = 0) we wondered if the
low growth caused the destabilization of the proteome or
ice v er sa . To test these two options, we grew wild-type cells
n YP-medium supplemented with glycerol as a sole carbon
ource. The cells doubled markedly slower which is due to the
oss of ribosome synthesis ( 38 ). Performing pulse / chase exper-
ments in YP-glycerol, we observed reduced incorporation of
adioactivity as observed for �ES7S ( Supplementary Figure 
6 A, B), however, we did not observe a decrease in half-life
 Supplementary Figure S6 A, C). Importantly, when treating
ild-type cells with paromomycin, the capacity to incorporate
ethionine was not altered as compared to untreated cells, yet

he half-life was reduced ( Supplementary Figure S6 B, C). From
hese experiments we conclude, that reduced protein half-life
s caused by the effects of �ES7S ribosomes directly during
ranslation rather than being a result of slow growth. 

Substantial amino acid misincorporation causes destabi-
ized, aggregation-prone and possibly toxic misfolding prod-
cts which must be cleared by the proteostasis network to
aintain viability. To test whether cells adjust their proteome

o the deletion of ES7S we performed mass spectrometric
uantification of proteins from whole cell lysates. In agree-
ent with the observed increase in protein degradation (Fig-
re 2 A), subunits of the proteasome were consistently upreg-
lated in cells harboring �ES7S ribosomes further supporting
he previous observations (Figure 2 D). Furthermore, deregu-
ation of the chaperone network was evident, characterized by
ltered steady-state levels of specific chaperones (Figure 2 E).
trikingly, the Hsp104 disaggregation network was consis-
ently upregulated, suggesting that cells face aberrant protein
aggregation, attempt to resolve aggregates and finally degrade
terminally misfolded proteins. To test the proteomes’ aggre-
gation tendency, we biochemically isolated aggregated, insol-
uble proteins from wild-type and �ES7S whole-cell lysates.
These assays demonstrated the presence of qualitatively dif-
ferent aggregates in the �ES7S strain when compared to the
wild-type (Figure 2 F). First, two intense discrete bands in the
40–60 kDa range were exclusively present in aggregates iso-
lated from �ES7S cells and, second, larger proteins (60–200
kDa) were more abundant in the �ES7S aggregates (Figure
2 F, G). To resolve aggregates, Hsp104 associates with protein
aggregates to extract individual misfolded peptide chains ( 39 ).
This association with aggregates alters the sedimentation be-
havior of Hsp104 in density gradients ( 40 ). Performing mass
spectrometry and western blot analysis on different fractions
of density gradients indeed revealed increased sedimentation
of Hsp104 and its co-chaperone into denser fractions of su-
crose gradients in �ES7S lysates as compared to wild-type
(Figure 2 H, I). Our mass spectrometry analysis revealed an
up to 180-fold enrichment of Hsp104 in heavy fractions of
the gradient suggesting substantial association to sedimenting
aggregates in �ES7S cells (Figure 2 H) which was confirmed
by western blot analysis (Figure 2 I). 

These findings revealed a substantially increased protein ag-
gregation propensity if synthesized by ribosomes lacking ES7S
and demonstrated cellular attempts to resolve and degrade
proteins generated by the likely error-prone �ES7S ribosomes.

ES7S ablation accelerates translation of slow 

codons by accepting non-cognate tRNAs 

Misincorporation of amino acids could be a general feature
of �ES7S ribosomes. Alternatively, this phenomenon could
depend on the mRNA codon identity present within the
decoding A-site. To analyze whether codons (some or all)
were differentially occupied between wild-type and �ES7S
cells, ribosome profiling was performed. We confirmed the es-
tablished footprint length of 28 nucleotides in our libraries
( Supplementary Figure S7 A) and observed a very clear 3-
nucleotide periodicity ( Supplementary Figure S7 B), a hall-
mark of actively translating ribosomes. mSeq libraries, as ex-
pected, did neither display enrichment for 28nt fragments
( Supplementary Figure S7 C) nor periodicity ( Supplementary 
Figure S7 D). Importantly, the transcriptome appears unaltered
in �ES7S cells suggesting that the global codon usage is com-
parable to wild-type cells ( Supplementary Figure S7 E). Based
on the high-quality RiboSeq reads, A-site occupancies were
calculated for wild-type and �ES7S ribosomes (Figure 3 A).
While only a small number of codons showed slightly in-
creased ribosomal A-site occupancy a substantial subset dis-
played reduced occupancy. These included codons encoding
the amino acids proline, arginine, threonine and glutamine.
The strongest reduction in ribosome occupancy was observed
for the CGA codon. There is no cognate tRNA pairing to
this codon, instead, it is translated by the tRNA 

Arg (ICG). This
codon has been described to induce ribosome stalling ( 41 );
several CGA codons in a row induce disome formation which
triggers the ribosome quality control (RQC, a process re-
solving stalled ribosomes by splitting ribosomes and degrad-
ing the nascent chain) to rescue trapped ribosomes ( 41 ,42 ).
To understand the extent to which these codons are read
faster by ribosomes lacking ES7S, we extracted CGA positions
transcriptome-wide and compared ribosome accumulation in
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Figure 2. �ES7S cells display proteomic inst abilit y. W ild-t ype, �ES7S cells ( A ) and wild-t ype cells pre-treated with 1 mg / ml paromom y cin ( B ) w ere 
grown to OD = 0.8, pulsed with radioactive methionine for 10 min and chased with cold methionine for the indicated times. Samples were 
electrophoresed and radioactivity measured. ( C ) Decay rates were calculated from the radioactive signal. ( D ) Proteins constituting the proteasome were 
in v estigated via shotgun proteomics. Data are represented as a log 2 -ratio of ES7S o v er wild-type cells after quantification with the MaxQuant algorithm 

(Cox et al. , 2014). Stars indicate the significance of foldchanges as determined by Student’s t -test and corrected for multiple testing (** P ⇐ 0.01, n = 3). 
Dark grey bars indicate subunits of the 20S proteasome and light grey those of the 19S cap. ( E ) Proteins involved in different chaperone networks were 
in v estigated via shotgun proteomics. Data are represented as in A (* P ≤ 0.05, ** P ≤ 0.01, n = 3). ( F ) Cellular aggregates were isolated by repeated 
rounds of sonication and centrifugation of whole-cell lysates. Aggregates were electrophoresed in 10% polyacrylamide-sodium dodecyl sulfate gels and 
normalized to whole-cell lysates after staining with colloidal Coomassie. Lines indicate the size range normalized in (F) and arrowheads highlight unique 
intense bands in �ES7S aggregates. ( G ) Intensities of bands in F were quantified and normalized to the intensity of whole-cell lysates. Stars indicate the 
significance of differences as determined by Student’s t -test ( n = 3, * P ≤ 0.05). ( H ) Shotgun proteomics was performed on proteins separated by 
density-gradient centrifugation. Whole-cell lysates and different fractions corresponding in density to 80S ribosomes and heavy polysomes (as indicated) 
w ere analyz ed and compared f or wild-t ype and �ES7S cells. Dat a are represented as a log 2 -ratio of ES7S o v er wild-type cells after quantification with 
the MaxQuant algorithm. ( I ) Whole-cell lysates from wild-type and �ES7S cells were separated by density-gradient centrifugation and fractions were 
probed for their Hsp104 content via western blotting. Intensities were normalized to uL3 levels and differences were tested for significance by Student 
t -tests. Data is shown as foldchange ±95% confidence interval. 
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Figure 3. Slow codons are translated at a higher pace due to misincorporations of amino acids. ( A ) Ribosome profiling was performed on wild-type and 
�ES7S cells and A-site occupancies were determined as described in (Nedialkova & Leidel, 2015). Data are shown as the ratio of �ES7S over wild-type 
occupancies. Dots indicate the mean ratio and arrows indicate the standard deviation from three biological replicates. ( B ) CGA codon positions were 
extracted transcriptome-wide and occupancies surrounding the codon were measured for wild-type and �ES7S ribosomes. Local intensities within the 
region were normalized to total intensities. Light grey bars indicate the position of the A-site at position 0 and the A-site of a potentially stalled ribosome 
at position −10. ( C ) CGA dicodons were extracted transcriptome-wide and surroundings were analyzed as in ( B ). Dark grey bars indicate the P-site and 
E-site of ribosomes located on dicodons. ( D ) CGA stalling assays were performed in wild-type and �ES7S cells and mKate / GFP ratios were calculated. 
Bars indicate the mean ± SD. Individual points show the underlying data. ( E ) The relative A-site occupancy (ratio of A-site occupancy based on calibrated 
ribosome profiling data from �ES7S o v er wild-type; a ratio of 1 indicates no changes in A-site occupancy) is plotted as a function of the tRNA adaptation 
index (Chan & Lowe, 2016). Data are shown as mean ± SD. The grey dashed line indicates no difference between wild-type and �ES7S occupancies. 
Stars indicate the significance of differences as determined by Student’s t -test ( n = 6, * P ≤ 0.05). ( F ) Double-luciferase assa y s w ere perf ormed to 
quantify the mistranslation of specific codons in the active-site residues K529 and H245 of Firefly Luciferase. Relative error rates (ratio of �ES7S over 
wild-type; mean ± 95% confidence interval) are shown as a function of the tRNA adaptation index. The red, dashed line indicates no difference in error 
rates. 
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heir vicinity. In wild-type cells, clear slow-down on individual
GA codons is evident by a strong enrichment of these codons
ithin the ribosomal A-site as compared to upstream regions

Figure 3 B). In contrast, �ES7S ribosomes show no pausing,
ith ribosome occupancies at the same level as in upstream re-

ions. Next, we investigated A-site occupancies of consecutive
GA codons, very rare combinations with little coverage that

ntroduce noise in the readout (Figure 3 C). Again, �ES7S ribo-
omes displayed lower enrichment at CGA dicodons suggest-
ng faster translation of these classic roadblocks of translation.
o test the hypothesis that CGA codon patches are translated
t higher rates by �ES7S ribosomes, we created a ribosome-
talling reporter featuring a stretch of 12 Arg-codons, six of
which were CGA codons ( 41 ). This established RQC reporter
induces robust stalling in wild-type cells as evidenced by the
very low mKate / GFP ratio (Figure 3 D), which is in agreement
with earlier studies ( 41 ). In �ES7S cells, however, this ratio is
roughly two-fold increased, suggesting that more mKate was
synthesized relative to GFP than in wild-type cells. This data
further suggests that CGA codons are read faster; to an ex-
tent that translation does not pause anymore at individual
CGA codons and is decelerated to a lesser extent in poly-CGA
patches. 

Translation elongation is a diffusion-limited process with
cognate tRNA entering the A-site as the rate-limiting step
( 43 ,44 ). Since our results indicated that a feature of �ES7S
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ribosomes is incorrect codon recognition, as suggested by the
increased vulnerability to paromomycin (Figure 2 A, B), we hy-
pothesized that mistranslation can globally shorten the time
spent by the ribosome until a tRNA is accommodated. In
such a scenario, codons that encounter high numbers of usu-
ally rejected noncognate tRNAs, due to scarce cognate tR-
NAs, would be particularly vulnerable to mistranslation. To
test this hypothesis, we correlated the tRNA adaptation in-
dex (an estimate for the abundance of a given tRNA pairing
to each codon) with the change in A-site occupancy that we
observed in �ES7S cells (Figure 3 E). Indeed, we found a high
correlation ( r = 0.6731) between the two measures, which
indicated that codons decoded by very rare tRNAs are gen-
erally translated faster by �ES7S ribosomes - possibly due
to high rates of misincorporation. In contrast, codons with
abundant cognate tRNAs did not change in speed dramati-
cally. There are two possibilities: Either high translation rates
are achieved by high misincorporation rates or by more effi-
cient codon-specific translation. To distinguish between these
two scenarios we next performed a series of double luciferase
assays (Figure 3 F). In these assays, the firefly luciferase gene
carried either an active site lysine (K529) or histidine (H245)
mutation. Hence, bioluminescence can only be restored in
case of a miscoding event at these exact codons. We sampled
codons over the full range of tRNA adaptation indexes (tAI)
and observed a dependence of error rates on tRNA abundance
for both constructs (Figure 3 F). Both assays featured the two
codons with the lowest tAI, CGA and CGG encoding arginine.
These codons showed significantly higher levels of misincor-
poration, irrespective of whether a lysine or histidine is mis-
incorporated, suggesting that misincorporation is not amino
acid dependent (Figure 3 F). Further codons with very low tAI
also displayed significantly increased misincorporation rates.
Importantly, these codons also displayed decreased A-site oc-
cupancy in the RiboSeq experiment in �ES7S cells, suggest-
ing faster translation. We observed one more codon display-
ing increased misreading frequency the notoriously hard-to-
translate CCA proline codon (Figure 3 F) ( 45 ,46 ). Investigat-
ing codons with intermediate tAI and unchanged A-site oc-
cupancy (Figure 3 A), such as the ACC codon, did not reveal
differences in the misreading frequencies. Lastly, codons with
an increased A-site occupancy such as the AAG codon (Figure
3 A), which features the highest tAI, possessed very slightly,
but statistically significantly, reduced error rates in the �ES7S
ribosomes (Figure 3 F). 

In summary, our data suggest that ribosomes were more
error-prone in the absence of ES7S. Amino acid misincorpora-
tions were more frequent at codons which were slowly trans-
lated in wild-type cells, due to the increased frequency of ac-
cepting noncognate tRNAs during sampling events. This re-
sulted in a net increase in translation velocity at these codons
at the cost of decreasing decoding accuracy. This effect likely
destabilizes the proteome. The frequencies at which amino
acids are misincorporated are not extremely high in our re-
porter assays. Yet the speed at which ribosomes translate can
be altered dramatically in crucial areas of a given transcript. 

Altered local translation rates modulate levels and 

stability of ATP-cassette transmembrane proteins 

Protein folding fidelity relies on the incorporation of cor-
rect amino acids into the nascent chain, however, fine-tuned

translation rates further contribute to cotranslational fold- 
ing, especially of multi-domain proteins ( 23 , 47 , 48 ). Since 
we established translational acceleration of slowly translated 

codons upon ES7S deletion, we tested whether aberrant trans- 
lation profiles in multi-domain proteins affected protein sta- 
bility and levels. Therefore, we calculated the absolute differ- 
ence in global translation speed based on A-site occupancies 
proteome-wide (Figure 4 A). This number represents an esti- 
mate on how much faster or slower a protein would be syn- 
thesized in its entirety. The larger that number, the slower a 
protein would be translated in the ES7S deletion strain. These 
alterations in translation rates were not correlated to steady- 
state protein levels ( r 2 = 0.006). This is not surprising be- 
cause only a subset of proteins depends on accurate transla- 
tion speed for correct folding. 

Translation rates seem to play a more important role in 

local contexts supporting domain folding or membrane in- 
sertion ( 47 ,49 ). We thus focused on the translation of ABC- 
cassette transporters, for which dependence on local trans- 
lation rates has been reported ( 50 ,51 ). We calculated single 
transcript translation profiles based on A-site occupancies and 

observed regions of fast and slow local translation suggest- 
ing that translation occurs at uneven rates along these tran- 
scripts (Figure 4 B–D). Many of the ABC-cassette transporters 
display significantly altered local translation rates when com- 
paring wild-type and �ES7S cells. These positions are scarce 
along the transcripts and, more intriguingly, they cluster to- 
gether (Figure 4 B–D). These usually slowly translated regions 
are faster translated in �ES7S cells, disturbing the trajectory 
of cotranslational protein folding. Yor1, the yeast homolog 
of human CFTR, is known to rely on translation rates for 
correct folding ( 52 ). For this protein, we observed regions of 
particularly slow translation in wild-type profiles that were 
absent in �ES7S profiles (Figure 4 D). We assumed that al- 
tered local translation could alter protein stability and steady- 
state levels. To test whether steady-state levels were affected,
we genomically tagged YOR1 and determined its steady-state 
levels by western blot analysis. Strikingly we observed a re- 
duction of ∼50% in Yor1 steady-state levels in the ES7S 
deletions strain (Figure 4 E-F), suggesting that local transla- 
tion rates indeed modulated Yor1 abundance. Next, to test 
whether Yor1 was indeed destabilized, cycloheximide chase 
experiments that block novel protein biosynthesis were per- 
formed (Figure 4 G). We observed a slight but significant in- 
crease in decay rates (Figure 4 H), suggesting that the reduc- 
tion in the steady-state levels was due to the lower stability of 
Yor1. 

Taken together, this data suggested a two-layered effect of 
ES7S deletion; misincorporation of amino acids at typically 
slowly translated codons, and alteration of local translation 

rates. While here, we cannot separate the two effects, both 

factors ultimately destabilized the proteome and are likely at 
the heart of causing the striking growth defect observed in 

ES7S knock-out cells. 

ES7S modulates antibiotic sensitivity and ribosome 

dynamics 

Intrigued by the striking similarities in protein decay rates 
between paromomycin-treated wild-type cells and �ES7S 
cells (Figure 2 A), we determined the IC 50 levels of several 
ribosome-targeting antibiotics and the reducing agent dithio- 
threitol (DTT). While the IC 50 of DTT was identical between 

mutant and wild-type cells (Figure 5 A), IC 50 values for most 
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Figure 4. �ES7S-induced changes in local translation rates modulate ABC-transporter properties. Global changes in translation speed were calculated 
based on each transcript’s coding sequence. ( A ) Distribution of absolute changes in translation speed transcriptome-wide. ( B ) Translational profile of the 
ABC-transporter Vmr1. Grey bars indicate the positions of transmembrane domains. ( C ) Translational profile of the ABC-transporter Yol075C. Grey bars 
indicate the positions of transmembrane domains. ( D ) Translational profile of the ABC-transporter Yor1. Dark and light grey bars indicate the positions of 
transmembrane and nucleotide-binding domains respectively. (B–D) The lower bar indicates positions with significantly increased translation velocity in 
red and unchanged velocity in grey. The numbers give the number of accelerated positions as compared to the total number of amino acids. The 
significance was calculated based on differences in A-site occupancies from individual experiments ( n = 3). ( E ) Western blot of HA-tagged Yor1 protein. 
Steady-state protein levels of Yor1 (upper panel) and uL3 as a loading control are shown. ( F ) Quantification of western blot signal from Yor1 normalized to 
uL3 signal ( n = 4; * P ≤ 0.05, Wilco x on Rank Sum test). ( G ) Western blot analysis of Yor1 protein isolated from cycloheximide chased cells for the 
indicated times. uL3 served as a control. ( H ) Relative Yor1 decay rates of wild-type and �ES7S cells were calculated from immunoblot signals of 
cy clohe ximide chased cells in (G). 
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ibosome-targeted antibiotics were reduced in �ES7S cells.
his suggested that truncated ribosomes were more vulnerable

o these drugs. An exception to that pattern is anisomycin (Fig-
re 5 B), which inhibits peptide-bond formation on the LSU.
he IC 50 was identical suggesting a robust capability to form
eptide bonds in the absence of ES7S, a result compatible with
he in vitro translation assays (Figure 1 C, D). The most dra-
atic changes in IC 50 levels were observed for paromomycin

nd geneticin (G418) (Figure 5 C, D), two aminoglycoside-
ntibiotics that perturb the decoding step of translation by
reactivating the A-site for tRNA accommodation ( 53 ,54 ).
hey were further described to slow down the counterclock-
ise rotation and clockwise head swiveling of the SSU during

ranslocation ( 55 ). Cycloheximide, interfering with transloca-
ion by blocking the E-site (Figure 5 E) and blasticidin S which
nterferes with P-site tRNA hybrid-state formation (Figure 5 F)
( 54 ,56 ) showed lesser IC 50 reductions comparing �ES7S and
wild-type ribosomes. 

To better understand the requirements for precise ES7S-
supported translation in our yeast system we modulated its
sequence more carefully. Therefore, we compared the ES7S
sequences and secondary structures across different taxa. In-
terestingly, the structure of yeast ES7S featured an open loop
conformation unlike the human ES7S and E. coli helix 26
( Supplementary Figure S8 A). Since helix 26 is shorter in E.coli ,
we created two partial truncations in yeast ES7S. We removed
two base pairs (2 bp del ) or four base pairs (4 bp del ) from
the stem of ES7S (our prior ES7S deletion encompassed the
full expansion segment) ( Supplementary Figure S8 B). Sub-
sequently, we determined IC 50 for paromomycin and found
that reducing ES7S length by as little as 2 bp, and thus
making it more bacteria-like, resulted in strongly ( ∼10 ×)

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
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Figure 5. ES7S ablation alters ribosomal dynamics. Cells were grown in the presence of different concentrations of antibiotics and the reducing agent 
DTT. Growth curves were recorded and based on the doubling times for each concentration, IC 50 was calculated. The reagents used were ( A ) DTT, ( B ) 
anisom y cin, ( C ) geneticin, ( D ) paromom y cin, ( E ) cy clohe ximide and ( F ) blasticidin S. Cells were treated with 110 mM DMS for 5 min and total RNA 

isolated. RT assays were performed to test the dynamics of the A-site finger ( G, H ) and helix 84 ( I, J ). Lines indicate (G) the tip of the A-site finger. 
Arrowheads in G indicate the DMS reactive nucleotides C982 and C961 and in I the residues C2680 and C2675 and the asterisk indicates the DMS 
independent band used for normalization. The # in I represents the nucleotide A2678. 
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increased susceptibility to paromomycin and decreased
growth rates ( Supplementary Figure S8 C) similar to the com-
plete deletion (Figure 2 F). Similarly, a humanized ES7S was
constructed in yeast which had the identical length as com-
pared to the yeast ES but consisted of the human sequence
( Supplementary Figure S8 B). In contrast to the truncations,
the human-resembling ES7S within the yeast 18S rRNA in-
creased the resistance to paromomycin more than two-fold
( Supplementary Figure S8 C) but also lowered growth rates.
This data suggested that ES7S expansion and sequence modal-
ities increased translation accuracy. 

Mechanistically, tRNA accommodation and translocation
is an energy-driven process involving two highly conserved
GTPases (eEF-1 and eEF2) and is achieved by the motions
of the SSU in respect to the LSU. We wondered whether
ES7S contributes to or is in fact part of these ribosomal dy-
namics during translation. To test that hypothesis, we sub-
jected wild-type cells to different antibiotics, thus enrich-
ing translating ribosomes in specific translational substates.
These cells were DMS treated to probe the accessibility of 
unpaired cytosines and adenines ( Supplementary Figure S9 ).
Indeed, when treating cells with G418, which reduces the 
rate of back SSU rotation and clockwise head swiveling ( 55 ),
the labeling efficiency of two adenines within the ES7S loop 

slightly but significantly increased as compared to untreated 

cells ( Supplementary Figure S9 ). Anisomycin and Blasticidin S 
treatment however did not show an effect on ES7S accessibil- 
ity. This data suggests that during different translation states,
blocked by antibiotics, ES7S obtains slightly altered confor- 
mations that allow for different DMS labeling. 

The aminoglycosides paromomycin and G418 stabilize 
classical tRNA conformations within ribosomes and thus hin- 
der translocation and have been shown to induce miscoding 
( 54 ). We, therefore, asked if perturbed inter-subunit motions 
connected to translocation in �ES7S ribosomes were at the 
base of the observed increased error rates (Figure 3 F) and 

the strong growth defect (Figure 1 B). During the translation 

elongation cycle, ribosomal subunits traverse a sequence of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
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otions relative to each other involving the reversible forma-
ion and dissolution of inter-subunit bridges. Most prominent
s the change within bridge B1a that is formed between the
-site finger (helix 38 of the 25S rRNA) and the head of the
SU. These contacts are transiently lost and reformed in the
atcheted state of the ribosome which is characterized by SSU
otation and head swiveling ( 57 ). To test for altered dynamics
f these bridges, wild-type and �ES7S cells were subjected to
n vivo DMS treatment and the accessibility of the LSU he-
ices contacting the SSU head during elongation (B1a bridge)
as probed ( 57 ). We found increased labeling intensities for

he adenines forming the tip of the A-site finger in �ES7S ri-
osomes (Figure 5 G-H). These findings suggested increased
ccessibility of the A-site finger in the ratcheted state, during
hich the B1a bridge is broken and established with new in-

eraction partners ( 57 ). To ensure that this increase in DMS-
abeling efficiency was specific, we probed the adjacent LSU
elix 84. This helix shelters the E-site but does not contribute
o the B1a bridge. We could not detect altered accessibility
o DMS (Figure 5 I-J) supporting the specific loss of the B1a
ridge in the ratcheted state. 
Taken together, our in vivo structural probing experiments

uggest a scenario in which ES7S ablation causes altered SSU
otations, specifically subunit ratcheting, thus modulating the
ranslocation trajectories during the elongation cycle and con-
equently A-site tRNA decoding accuracy. 

iscussion 

ublished studies to date, focused on the large ES in the LSU
 12–15 ,58 ), thus functional insight into the potential roles of
S within the SSU remained sparse. These earlier studies high-

ighted the great potential of ES to recruit interaction partners
ecessary for translation in the cytosol ( 13 , 14 , 59 ). As of yet,
one of the investigated ES was shown to play a direct role
n any of the core functions of translation per se . Our new
ndings, thus, provide the first evidence that a small ES, ES7S
hich faces toward the cytosol, directly affects the speed and

ccuracy of translation. In particular, yeast ribosomes lacking
S7S showed accelerated and more error-prone decoding at
lowly translated codons (e.g. CGA) (Figure 4 ). Consequently,
he proteome in these cells was vulnerable to degradation and
ggregation (Figure 3 ) thus explaining the severe growth re-
ardation phenotype (Figure 1 ). 

Ribosomal motions along the elongation cycle are often
inked to crucial translational events. Helix 26 , the rRNA moi-
ty from which ES7S expanded, is highly mobile during tRNA
ecognition and accommodation in E. coli ( 5 ). While helix 26
obility during tRNA recognition in eukaryotes remains less

learly resolved, removal of ES7S in yeast causes a decrease in
odon recognition accuracy (Figure 3 F). In accordance with
ata from bacteria ( 5 ), our structural probing suggests cer-
ain dynamics of ES7S that can be captured with ribosome-
argeted antibiotics ( Supplementary Figure S9 ). Other func-
ional elements have been described that decrease or increase
ranslational accuracy ( 60 ). Mutations in ribosomal proteins
S12 and uS4 create hyper-accurate (SmD and SmP) or error-
rone (ram) ribosomes. In both scenarios, the A-site is dis-
orted (up to 10 Å) by mutations within the ribosomal pro-
eins leading to increased or decreased accuracy ( 61 ,62 ). In
ur cryo-EM structure of the yeast �ES7S 80S ribosome, no
lterations in the global ribosome structure and in particu-
ar within the A-site were apparent, suggesting that the ar-
chitecture of the decoding center in the SSU is unchanged
(Figure 1 E, Supplementary Figure S2 G). Intriguingly, we ob-
served as a main population the ratcheted state, featuring
an A:A and a P:E tRNA, a result paralleled by our in vivo
structural probing assays (Figure 5 G, H). This state does not
correspond to the main state observed in the literature ( 57 )
and therefore likely represents a slow step in �ES7S trans-
lation. The otherwise observed structural integrity of ribo-
somes lacking ES7S places the ribosomal structural dynam-
ics into focus. We assessed dynamics with different antibiotics
and structural probing (Figure 5 ). Paromomycin and geneticin
but also blasticidin S and cycloheximide interfere with translo-
cation by blocking specific ribosomal motions ( 27 , 53 , 55 , 63 ).
Higher susceptibility to antibiotics could be a consequence of
slowed translocation where ES7S ablation perturbs one step
and the antibiotic a second one which yields the large cumu-
lative effect on growth rates observed here (Figure 5 ). This
notion is further supported by our in vivo structural prob-
ing data, showing enhanced rRNA accessibility of intersub-
unit bridge B1a and thus an enrichment of ratcheted states in
�ES7S ribosomes (Figure 5 ). Prior studies highlighted the role
of non-ribosomal proteins in translation accuracy ( 64 ). Based
on our mass spectrometry data, no differences in r-protein lev-
els or additional proteins associated with the ribosome were
detected ( Supplementary Figure S2 F). This further suggests
that alterations observed here occur exclusively due to the ES
rRNA truncation. 

Amino acid misincorporations are rare events that can
cause protein dysfunction, aggregation and toxicity ( 47 ,65 ).
The cellular machinery is thus under pressure to maintain
high synthesis accuracy and to efficiently degrade erroneous
proteins. Here, we describe the specific proteostasis compo-
nents which are activated during the constant stress of error-
prone translation as a consequence of ES7S removal (Figure
3 ). The classic heat shock response activates Hsf1, which in
turn induces the transcription of heat shock proteins (Hsps),
especially Hsp70 and Hsp90 ( 66 ). Here, however, we ob-
serve a more refined response to frequent amino acid misin-
corporation which is dominated by the Hsp104 machinery.
The misincorporation of amino acids induces protein aggrega-
tion which is resolved by the Hsp104 machinery and proteins
are degraded by the proteasome. Translation errors have fur-
ther been described to occur in clusters in E. coli with one
mistranslation event increasing the likelihood for the adja-
cent codon to be mistranslated ( 65 ). If that trend is present
in the �ES7S strain it could explain the reduced ribosomal
density downstream of CGA dicodons (Figure 3 C). Faster
mistranslation triggered by an initial mistranslation event at
CGA codons would lower A-site occupancy in adjacent down-
stream codons as observed here (Figure 3 C). Clusters of misin-
corporated amino acids are potent triggers of aggregation ( 65 )
as observed in our experiments (Figure 2 F). The translational
acceleration at slow codons further impacts the local speed at
which mRNAs are translated with possible consequences for
protein folding. Slow codons appear to be conserved to main-
tain local slow translation rates and allow cotranslational
folding of nascent chains ( 67 ). When calculating alterations
in translation profiles we observed that acceleration usually
occur in clusters of codons, rather than being spread along a
sequence (Figure 4 B–D) , which is in agreement with the clus-
tering of slow codons along coding sequences. Indeed disrup-
tion of local translation velocities has been linked to altered
protein stability and function ( 23 , 51 , 67 , 68 ). The dependence

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae067#supplementary-data
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of protein folding on translation velocity is well-documented
for ABC transporters ( 50 ,52 ). Here we observe aberrant trans-
lation trajectories for several transporters, which in the case of
Yor1 contribute to reduced protein stability and steady-state
levels (Figure 4 E–H). This finding is consistent with earlier re-
ports linking the expression of Yor1 to uL11 levels and codon-
specific translation elongation changes ( 52 ). 

While ES7S in ophistokonds modulates the elongation step
of translation, ES7S in far distant clades, namely in Try-
panosoma (Discobids), is extended and bifurcated ( 69 ). In that
configuration, it appears to be essential for eIF3 binding to
the small subunit during 43S formation. These two different
strategies of enhancement of substeps of the translation pro-
cess by expanding helix 26 highlight how one region within
the ribosome can play completely different roles in different
evolutionary contexts. During eukaryotic evolution, the av-
erage length of cellular proteins increased compared to bac-
teria, thus increasing the necessity to reduce the translation
error rate to an acceptable level ( 8 ,10 ). Given the normal er-
ror rate of 6.9 × 10 

−4 a protein of 1449 amino acids could
be faithfully translated. Any increase in error rate lowers this
value suggesting that substantial parts of the �ES7S proteome
cannot be translated without errors ( 10 ). The ribosomal core
harboring the active sites, however, remained unaltered during
evolution, suggesting that other ribosomal adaptations must
be in place to enhance accuracy. ES7S appears to be such an
element since removing or even truncating it without alter-
ing the overall ribosome structure (Figure 1 E, Supplementary 
Figure S2 G) causes increased velocities at typically slowly
translated codons and decoding defects (Figure 3 F). Our ex-
periments further suggest that modulating the ES7S sequence
towards that of more complex, multicellular eukaryotes (such
as humans) increases the resistance to miscoding-inducing an-
tibiotics substantially ( Supplementary Figure S7 C) without al-
tering the ribosomal composition or factor binding. ES7S in
eukaryal systems is thus sufficient to modulate translation ve-
locities and enhance decoding accuracy to the extent required
for the precise synthesis of longer proteins in a fashion that
guides translocation trajectories and SSU motions. 
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