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Abstract 

Protein-protein and protein–rRNA interactions at the interface between ribosomal proteins uS4 and uS5 are thought to maintain the accuracy of 
protein synthesis by increasing selection of cognate aminoacyl-tRNAs. Selection in v olv es a major conformational change—domain closure—that 
stabilizes aminoacyl-tRNA in the ribosomal acceptor (A) site. This has been thought a constitutive function of the ribosome ensuring consistent 
accuracy . Recently , the Saccharomyces cerevisiae Ctk1 cyclin-dependent kinase was demonstrated to ensure translational accuracy and Ser238 
of uS5 proposed as its target. Surprisingly, Ser238 is outside the uS4-uS5 interface and no obvious mechanism has been proposed to explain its 
role. We show that the true target of Ctk1 regulation is another uS5 residue, Ser176, which lies in the interface opposite to Arg57 of uS4. Based 
on site specific mutagenesis, we propose that phospho-Ser176 forms a salt bridge with Arg57, which should increase selectivity by strengthening 
the interface. Genetic data show that Ctk1 regulates accuracy indirectly; the data suggest that the kinase Ypk2 directly phosphorylates Ser176. 
A second kinase pathw a y in v olving TOR C1 and Pkc1 can inhibit this effect. T he le v el of accuracy appears to depend on competitive action of 
these two pathways to regulate the level of Ser176 phosphorylation. 
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rotein synthesis is under strong selection to maximize pro-
ein yield under all physiological conditions so that ribosome
bundance or activity is regulated to match the translation
apacity of the cell to the demand for protein synthesis. This
egulation reflects the energy intensive nature of translation
 1 ,2 ). This demand to maximize protein yield competes with
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a second demand to maintain translational accuracy ( 3 ). Mis-
reading errors can replace correct amino acids during protein
synthesis with alternatives that disrupt protein function, es-
pecially for those in active sites ( 4 ), or that cause misfolding
of completed protein chains ( 5 ,6 ). Because of the potentially
disruptive effect of inaccurate translation, cells employ a pro-
teostasis network that maintains optimal accuracy of synthe-
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sis, folding and degradation of misfolded proteins ( 7 ). Failure
of this process in humans at any of these stages could lead
to protein aggregation, which can result in neurodegenerative
and neuromuscular disorders, or other diseases ( 8 ). 

The question of how the accuracy of protein synthesis can
be maintained arose very early in the study of ribosomes.
The earliest mutants with altered translational accuracy ex-
pressed mutated 40S ribosomal proteins in bacteria (reviewed
in 9). Hyperaccurate ribosomal ‘ res ’ mutants in E. coli , iden-
tified by res istance to the error-inducing aminoglycoside an-
tibiotic streptomycin, carry alterations in ribosomal protein
uS12 ( 10 ). Error prone ribosomal ambiguity, ‘ ram ’, mutants in
E. coli , identified by suppressing the streptomycin dependence
of some rpsL mutants, were originally identified in ribosomal
protein uS4 ( 11 ) and later in uS5 ( 12 ). Similar accuracy mu-
tants have been identified in uS4 and uS5 in Saccharomyces
cerevisiae ( 13 ). The identification of mutations affecting ri-
bosomal components demonstrated the ribosome has an in-
trinsic role in ensuring translational accuracy. A fundamental
aspect of the function of the uS4, uS5 and uS12 proteins is the
formation or disruption of protein-protein and protein-RNA
interfaces during the structural transition of ‘domain closure’
when a cognate aminoacyl-tRNA (aa-tRNA) is accepted in the
ribosomal A site ( 14 ). Domain closure involves rotation of the
head domain of the small subunit toward the subunit interface
and this movement both disrupts contacts at the uS4 •uS5 in-
terface and creates contacts between uS12 and two rRNA he-
lices (h27 and h44) ( 14 ). Canonical error prone uS4 and uS5
mutants alter residues in the uS4 •uS5 interface and the hy-
peraccurate uS12 mutants alter its contacts with the rRNA
emphasizing the importance of the two interfaces in modu-
lating accuracy ( 14 ). Zaher and Green ( 15 ) showed that er-
ror prone uS4 and hyperaccurate uS12 proteins alter accuracy
in mechanistically distinct ways. Ribosomes with error-prone
uS4 proteins decrease the rate of dissociation of near-cognate
aa-tRNAs during the selection step whereas hyperaccurate
uS12 proteins increase the rate of near-cognate aa-tRNA dis-
sociation during the later proofreading step. This mechanistic
difference implies that breakage of the two interfaces occur at
distinct steps in the pathway to tRNA acceptance before and
after irreversible GTP hydrolysis on elongation factor Tu ( 16 ).

Röther and Strässer ( 16 ) demonstrated a translational ac-
curacy regulating role for the transcriptional cyclin dependent
kinase Ctk1, identified for its role in transcriptional elongation
( 17 ), showing that Ctk1 associates with S. cerevisiae cytoplas-
mic ribosomes and its absence ( ctk1 Δ) increases sensitivity to
translation inhibitors and increased translational errors mea-
sured in vitro . Ctk1 phosphorylated ribosomal protein uS5
in vitro at a putative target, uS5 Serine 238 (Ser238), which
they identified as responsible for the Ctk1 accuracy effects.
The idea that loss of phosphorylation of uS5 results in an
error-prone phenotype is consistent with the role of uS5 as
a canonical error modulating ribosomal protein, but the loca-
tion of Ser238 far from the interface with uS4 implies that
a putative mechanism of increased error could not involve
destabilizing that uS4 •uS5 interface. A Ser to Ala mutation
blocking that Ser238 phosphorylation ( rps2-S238A ) increased
in vitro misreading errors about 25%, seven-fold less than the
ctk1 Δ strain ( 16 ), which suggested to us that phosphorylation
of other targets might be required to further increase accuracy.

Cells commonly use protein phosphorylation to rapidly
and reversibly regulate translational efficiency in response to
changes in cell physiology, such as the availability of nutri-
ents ( 18 ) or stress conditions ( 19 ). Examples include well-
characterized kinases Gcn2 and related proteins ( 20 ), target 
of rapamycin complex 1 (TORC1) ( 21 ) and ribosomal protein 

eS6 kinase (S6K) ( 22 ), which corresponds to Ypk3 in S. cere- 
visiae ( 23 ). Phosphorylation of translation factors can directly 
reduce or increase their intrinsic activity or indirectly regulate 
their association with inhibitory factors ( 24 ,25 ). The role of 
Ctk1 is different from these other kinases in that it controls 
translational accuracy rather than protein output, implying 
the possibility of physiological control of accuracy through 

Ctk1. 
Here we present data confirming that Ctk1 controls trans- 

lational accuracy in S. cerevisiae measured in vivo . It does 
so, however, through a different target in uS5, Ser176. Our 
data support a model whereby phosphorylation of uS5 Ser176 

within the uS4 •uS5 interface results in creation of a salt bridge 
to a nearby residue, uS4 Arg57. The increased stability of the 
interface due to the salt bridge can explain increased transla- 
tional accuracy since it would more strongly constrain the ac- 
ceptance of cognate compared with near-cognate aa-tRNAs.
Widespread conservation of necessary sequence motifs sug- 
gest that this molecular mechanism could function widely 
among eukaryotic species including fungi and metazoans. We 
identify an opposite role for the kinases TORC1 ( 26 ) and Pkc1 

( 27 ), which in the absence of Ctk1 enforce error-prone trans- 
lation. Both the Ctk1 and TORC1 / Pkc1 pathways function 

through a downstream AGC kinase, Ypk2 ( 28 ), a distant rel- 
ative of Ypk3 ( 29 ), which is the putative direct kinase of uS5 

Ser176. 

Materials and methods 

Strains and growth conditions 

The E. coli strain used in this study for cloning and plas- 
mid propagation is in DH5 α (F 

– �80lac Z �M15 �(lac ZYA- 
arg F ) U169 rec A1 end A1 hsd R17 pho A sup E44 λ– thi -1 

gyr A96 rel A1 ) ( 30 ). The S. cerevisiae strains used are deriva- 
tives of BY4742 (MAT α his3 �1 leu2 �0 lys2 �0 ura3 �0) ( 31 ) 
and are listed in Supplementary T able S1 . Y east strains were 
grown either on Yeast peptone dextrose (YPD) media (Difco) 
or, when nutritional selection was required, on Yeast minimal 
media (SD) (1.7 g yeast nitrogen base w / o amino acids, 5 g 
ammonium sulphate, 2% glucose) supplemented with any nu- 
tritional requirements, as described ( 32 ). Yeast transformation 

was carried out using a lithium acetate high efficiency trans- 
formation protocol ( 33 ). Where indicated, cells were treated 

with various inhibitors of the kinases TORC1 (rapamycin, 2.7 

nM) or protein kinase C (cercosporamide, 1.5 μM) or the in- 
ducers of oxidative stress, paraquat (750 μM) or hydrogen 

peroxide (H 2 O 2 , 1.5 mM). 

In vivo reporter assays of translational accuracy 

To determine the frequency of misreading errors in vivo we 
exploited a reporter plasmid system in which E. coli lacZ re- 
porter gene expresses β-galactosidase. Mutant forms of the 
codon specifying the essential active site amino acid Glu 537 

of β-galactosidase is replaced by any of several single nu- 
cleotide missense mutations. Misreading error frequencies for 
these codon mutants is calculated as value of the enzyme activ- 
ity expressed from the mutant gene divided by the activity ex- 
pressed from wild type gene in the same genetic background.
This ratio for most Glu 537 mutants is about 10 

−6 ; this is the 
background level of the assay system. Proteins expressed from 

other mutant genes have activities 10–100-fold higher. These 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
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igher activities result from misreading of the mutant codon
o insert the wild type Glu amino acid and the activities are
roportional to the frequency of misreading error frequency
 34 ,35 ). β-galactosidase protein assays were performed on
east strains transformed with reporter plasmids and grown
n selective minimal medium to an OD 600 of 0.8 −1.0. Trans-
ormant cells expressing wild-type β-galactosidase were di-
uted for assay 1000-fold compared to mutants and assayed
o quantify β-galactosidase activity using the Promega β-Glo
ystem according to manufacturer’s specification, using 96-
ell LUMITRAC plates (Greiner Bio One). Activities in Rela-

ive Light Units were measured using a Modulus II Microplate
ultimode Reader (Turner BioSystems) according to manu-

acturer’s directions. Assays were performed on an average of
ix biological repeats (minimum of three, maximum of 24)
f each strain tested. Each biological repeat was assayed in
riplicate technical repeats. The data reported is the mean of
ll the data for each strain with error bars representing the
tandard error of the mean. The significance of any differ-
nces in activity between matched congenic strains was as-
essed by Student’s two-tailed t -test assuming equal variance.
n cases where many samples were tested against a single con-
rol, which can result in overprediction of significance, we
sed the Bonferroni correction to compensate for the repeated
ests. We did not find evidence of false positive results. 

lasmid constructions and chromosomal gene 

diting 

o analyze the role of protein–protein interactions between
ibosomal proteins in translational accuracy, missense muta-
ions were introduced by a variation on one-step gene disrup-
ion ( 36 ). A list of oligonucleotides used to introduce muta-
ions into structural genes and target gene disruption are given
n Supplementary Table S2 . The method takes advantage of
 set of plasmids carrying drug resistance cassettes: pFA6A-
anMX (resistance to 200 μg / ml G418), pFA6a-NatMX6 (re-

istance to 100 μg / ml nourseothricin), pFA6a-HphMX6 (re-
istance to 200 μg / ml hygromycin) and pFA6a-BleMX6 (re-
istance to 50 μg / ml phleomycin) ( 37 ). To introduce a mis-
ense mutation into a chromosomal gene, the mutation of
hoice was first introduced by QuickChange mutagenesis (Ag-
lent). The mutated structural gene was amplified by PCR and
nserted between the BamHI (5 

′ end) and PacI (3 

′ end) sites of
he relevant pFA6a plasmid placing the drug resistance gene
ownstream of the structural gene in the intergenic region. A
CR fragment derived from this construct encompassing the
tructural gene, resistance gene and a sequence downstream
irecting integration into the intergenic region transformed
nto yeast inserts the drug resistance gene into the target gene,
eplacing varying amounts of the structural gene. The tar-
et gene region from candidate clones were PCR polymerized
rom total yeast DNA ( 38 ) and sequenced to demonstrate the
resence of the resistance gene and to identify those carrying
he site-directed mutation. The frequency of correct clones de-
lined with its distance from the 3 

′ end of the gene. In all cases,
 transformant carrying the resistance gene downstream of a
ild type structural gene was used as a control to test the ef-

ect of the introduced mutation. 
A deletion of the ribosomal protein gene RPS9A was cre-

ted by inserting one of the HphMX6 drug resistance gene in
lace of the chromosomal gene using one-step gene disrup-
ion ( 36 ). The desired resistance cassette was amplified from
pFA6a-HphMX6 plasmid using oligonucleotides having a
20nt region complementarity adjacent to the resistance cas-
sette at their 3 

′ end and 40 or 45nt of the region immediately
flanking the target yeast gene at their 5 

′ end; because the com-
plementarity between RPS9A and RPS9B ends in the coding
region, the transformation targets only RPS9A . The PCR frag-
ment was used to transform desired yeast strains, identifying
transformants by the resulting drug resistance. The mutations
were verified by direct sequencing of a PCR fragment derived
from the gene region. The resulting mutations replace the cod-
ing region of the targeted gene with the drug resistance cassette
flanked by 73 bp upstream and 50 bp of downstream of the
MX6 region. 

Structural analysis and modeling using UCSF 

chimera 

Structural models of S. cerevisiae 40S ribosome subunits were
derived using publicly available data at the Protein Data Bank
at the Research Collaboratory for Structural Bioinformat-
ics PDB ( 39 ). Structural models were created using UCSF
Chimera ( 40 ). To model the effect of altering amino acids, we
exploited the structure editing tool Rotamers, which predicts
all likely conformations adopted by the replacing amino acid,
testing for possible structural clashes and H-bonds among
the conformers. The conformers were chosen to avoid clashes
while forming H-bonds or salt bridges that conform to predic-
tions based on in vivo accuracy effects. Where no H-bond or
salt bridge is predicted among conformers that lack clashes,
we show the conformer predicted to have the highest proba-
bility of formation. 

Results 

Lack of Ctk1 kinase increases in vivo errors at 
error-prone codons 

We have created systems to quantitatively measure the in vivo
frequency of misreading in Saccharomyces cerevisiae by in-
dividual tRNAs ( 4 , 34 , 35 , 41 , 42 ). One such system ( 42 ) ex-
ploits an active site amino acid in the reporter protein β-
galactosidase of E. coli , Glu537, the major nucleophile in the
cleavage reaction digesting lactose to glucose and galactose
( 43 ). Altering an important active site amino acid like Glu537
can drastically reduce enzyme activity ( 34 ,42 ) but misread-
ing of the mutant codons by a tRNA encoding the wild type
amino acid generates a protein with full enzymatic activity.
These misreading events are rare, and their frequency is pro-
portional to the observed enzyme activity relative to that of
wild type protein. Enzyme assays of proteins expressed from
such mutant reporters provide highly reproducible and quan-
titative measures of misreading in vivo . Most single nucleotide
mutants affecting Glu537 have activity no higher than a back-
ground of 2 × 10 

−6 times wild type. However, four mutants
produce 10 to 100 times this background activity, indicating
that they are misread much more frequently ( 34 ,42 ). Among
these error-prone mutants, the mutant replacing GAA (Glu)
with GGA (Gly) has the highest activity. We have demon-
strated that this increased activity reflects translational mis-
reading of the mutant codon by tRNA 

Glu ( 34 ,42 ) and have
exploited this system to assess in vivo misreading frequency
in this study. 

To assess the utility of this in vivo error reporter system
we tested several reported error modulating systems. One of

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
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these was the regulation of translational errors in response
to the Ctk1 kinase, originally identified as phosphorylating
the C-terminal domain of the largest subunit of RNA poly-
merase II during transcription ( 17 , 44 , 45 ). Röther and Strässer
( 16 ) showed that it also associates with S. cerevisiae cytoplas-
mic ribosomes and its absence ( ctk1 Δ) increases sensitivity to
translation inhibitors. They demonstrated that in vitro , Ctk1
phosphorylates ribosomal protein uS5 (encoded by RPS2 ) on
Serine 238 (Ser238). A Ser to Ala mutation blocking that phos-
phorylation ( rps2-S238A ) increased in vitro misreading errors
about 25% ( 16 ). This error frequency is seven-fold less than
the ctk1 Δ strain suggesting that there might be other targets
of Ctk1 required to further increase accuracy. 

We confirmed that the lack of the Ctk1 kinase
( ctk1::KanMX ) increased misreading in the four error-
prone mutants of Glu537 relative to wild type (Figure 1 ).
Errors increased the most (3.7-fold) for the GGA mutant
but activity also increased from 2.0 to 2.9-fold for other
error-prone β-galactosidase mutants ( 34 ). By contrast,
the activities of the ten non-error prone β-galactosidase
mutants were at the background level of the assay from
extracts of wild type and ctk1::KanMX mutant background
( Supplementary Figure S1 ). These data show that measurable
translational errors are stimulated by the absence of Ctk1.
The magnitude of the accuracy effect is equivalent to that
of canonical error-prone mutations of ribosomal protein
uS4, which we previously found to be 3.0-fold on average,
or treatment with the error-inducing drug paromomycin,
2.7-fold on average ( 34 ). 

Ctk1-dependent translational accuracy requires 

only the Ser176 of ribosomal protein uS5 

To determine whether uS5 Ser238 was required for Ctk1-
dependent accuracy, we tested the effect on accuracy of a
Ser to Ala mutation in position 238 ( rps2-S238A ), which re-
places the Serine with a non-phosphorylatable Alanine. As
shown in Figure 2 and Supplementary Table S3 , the Glu537
β-galactosidase reporter in presence of either the rps2-S238A
mutant or RPS2 

+ wild type allele produced normal levels of
activity in CTK1 

+ background, and in the absence of Ctk1
( ctk1::KanMX ) we observed elevated activity indicative of in-
creased error frequency. These data demonstrate that the high
accuracy seen in the CTK1 

+ background does not require
Ser238. This result is inconsistent with Ser238 being the sole
phosphorylation target involved in Ctk1-dependent accuracy.

Ribosomal protein uS5 is phosphorylated at other serines,
including Ser176 and Ser181 ( 46 ,47 ), both of which, un-
like Ser238, lie in the uS4 •uS5 interface. Ser238 and Ser181
both match the minimal consensus for a cyclin dependent
kinase site, S / T-P ( 48 ), and Ser176 matches a protein ki-
nase A site, R-X 1-2 -S ( 49 ). We performed the same accu-
racy test in strains carrying chromosomal Ser to Ala muta-
tions of either site ( rps2-S176A or rps2-S181A ) in either a
CTK1 

+ or ctk1::KanMX background. The β-galactosidase ac-
tivity in the CTK1 

+ rps2-S176A background was significantly
higher than CTK1 

+ RPS2 

+ ( P < 9 x 10 

-5 ), and the activ-
ity was the same in the ctk1::KanMX rps2-S176A mutant
strain whereas the activities of the rps2-S181A mutants were
indistinguishable from the corresponding RPS2 

+ mutants in
either CTK1 

+ or ctk1 :: KanMX backgrounds (Figure 2 and
Supplementary Table S3 ). Because the normal high accuracy
in the CTK1 

+ background is eliminated when Ser176 is re-
placed by Ala but not Ser181 or Ser238, we conclude that 
Ser176 is necessary for the Ctk1 accuracy effect, consistent 
with Ser176 being a target of Ctk1. The rps2-S176A mutant 
phenocopies ctk1::KanMX showing that the lack of the pu- 
tative Ser176 phosphorylation is sufficient to eliminate Ctk1- 
dependent accuracy. It is therefore unnecessary to posit other 
targets of Ctk1 to regulate missense accuracy. 

To exclude the possibility of any regulatory crosstalk be- 
tween the three serines we constructed Ser to Ala double mu- 
tants of Ser176 and either Ser181 or Ser238 and the triple 
mutant, either in the CTK1 

+ or ctk1::KanMX backgrounds.
Each of the strains had activities indistinguishable from either 
the CTK1 

+ rps2-S176A or the ctk1::KanMX RPS2 

+ mutant 
strains with one exception (Figure 2 and Supplementary Table 
S3 ). The activity of the triple mutant in the ctk1::KanMX 

background was statistically significantly higher ( P = 0.02) 
suggesting that the presence of either Ser181 or Ser238 might 
slightly increase accuracy in the absence of Ser176. Because 
the statistical significance of this result is marginal, and the 
magnitude of the effect is rather small the effect may not 
be physiologically relevant. Overall, these data suggest that 
Ser176 is essential for the normal level of accuracy, but the 
Ser238 and Ser181 show no appreciable role in maintaining 
accuracy. 

If Ser176 were the sole target of Ctk1 kinase, a phospho- 
mimetic Ser to Glu mutant (S176E) should have an accu- 
rate phenotype even in the absence of Ctk1. We constructed 

three Ser to Glu mutations (S176E, S181E and S238E) in the 
ctk1::KanMX background and tested their effects singly or in 

combination. As expected, the ctk1::KanMX rps2-S176E mu- 
tation conferred a hyperaccurate phenotype, twice as accurate 
as the CTK1 

+ RPS2 

+ control (Figure 3 and Supplementary 
Table S3 ). The activities of ctk1::KanMX rps2-S181E and 

ctk1::KanMX rps2-S238E were not statistically different from 

the ctk1::KanMX RPS2 

+ , suggesting that phosphorylation at 
these sites does not contribute significantly to translational ac- 
curacy. 

In summary, we find that uS5 Ser176, but not Ser238 or 
Ser181, is required for Ctk1-dependent accuracy suggesting 
that Ser176 is the actual target of Ctk1 on uS5. The accuracy 
of the rps2-S176A and ctk1::KanMX strains being identical 
implies that Ctk1-dependent accuracy requires no other target 
in uS5 or in any other of the over 200 direct or indirect targets 
of Ctk1 kinase ( 50 ). 

Evidence for a salt bridge between phosphorylated 

uS5 Ser176 and Arg57 of uS4. 

It is highly significant that the proposed target of Ctk1- 
regulated phosphorylation resides in the interface between ri- 
bosomal proteins uS4 and uS5. This interface was identified 

as contributing to translational accuracy; uS4 and uS5 mu- 
tants targeting residues in a close interface between these two 

proteins can alter the frequency of translational misreading 
( 9 ,15 ). A model to explain this effect derived from compar- 
ison of the bacterial ‘open’ ribosomal conformation before 
recruitment of an aminoacyl-tRNAs to the ribosomal A site 
( 51 ) to the ‘closed’ conformation adopted when an aminoacyl- 
tRNA has been successfully recruited to the A site ( 52 ). This 
comparison showed the uS4–uS5 interface dissociates during 
this transition, which was interpreted as suggesting that loss 
of stabilizing energy of this interface favors normal accurate 
selection of cognate tRNAs ( 14 ). One model for the accu- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
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Figure 1. Loss of Ctk1 causes increased translational misreading errors in vivo . The relative activity of Glu537 mutants of β-galactosidase expressed in 
a CTK1 + or ctk1::KanMX background. The relative activity is the ratio of activity of enzyme activity expressed from a gene with the indicated mutant 
form of codon 537 (e.g. GGA replacing GAA) to the activity expressed from a wild type gene (GAA codon), both forms expressed in the identical genetic 
background ( CTK1 + or ctk1::KanMX ). Statistical significance of the effect of ctk1::KanMX , calculated using the Student’s t -test to compare activities in 
the ctk1::KanMX to those in wild type (* P -value < 0.05; ** P -value < 0.01; *** P -value < 0.001). For mutants showing a significant change the 
codon–anticodon comple x es predicted f or corresponding misreading e v ents are sho wn (the upper line represents the codon, the lo w er the anticodon). 
Vertical lines represent Watson–Crick pairs, filled circles canonical wobble pairs and open circles non-Watson–Crick pairs that ha v e been sho wn to mimic 
Watson–Crick geometry. Error bars show the standard error of the mean for the data. 

Figure 2. Ser176 but not Ser181 or Ser238 is necessary for Ctk1 dependent translational accuracy in vivo . The β-galactosidase activity expressed in 
single, double and triple Ser to Ala mutants of Ser176, Ser181 and Ser238 of uS5 (shown as in Figure 1 ). The values are shown for CTK1 + strains (left) 
and ctk1::KanMX strains (right, labeled ‘ �’). Statistical significance of the RPS2 mutations are indicated as in Figure 1 showing the significance 
compared to the RPS2 + strain in each group, e x cept f or the comparison of CTK1 + rps2-S176A to the CTK1 + rps2-S176A / S181A double mutant. 
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Figure 3. Phosphomimetic mutations demonstrate a role for phosphorylation of uS5 Ser176 in increasing translational accuracy. The β-galactosidase 
activity expressed in Ser to Glu mutants of Ser176, Ser181 and Ser238 of uS5 (shown as in Figure 1 ). Those values statistically different from the 
CTK1 + RPS2 + wild type are indicated by asterisks, as in Figure 1 , except where the lack of a significant difference is indicated the comparison of 
ctk1::KanMX RPS2 + to ctk1::KanMX rps2-S181E or ctk1::KanMX rps2-S238E . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

racy effect of phosphoryl-Ser176 is that it forms a salt bridge
with one or more positively charged amino acids in uS4 (en-
coded by RPS9A and RPS9B ). Loss of this additional stabi-
lizing energy could be used to increase selectivity for correct
aminoacyl-tRNAs ( 14 ). To test the credibility of this model,
we modeled changing Ser176 to Glu using the molecular mod-
eling program UCSF Chimera ( 53 ) and available structural
data for the S. cerevisiae 80S ribosome lacking bound tRNAs
in the decoding center ( 54 ), which corresponds to the bacte-
rial ‘open’ complex. We identified a structurally favored con-
formation of Glu176 allowing a 3.0 Å salt bridge between
the negatively charged O 

δ of uS5 Glu176 and the N 

ζ of uS4
Arg57 (Figure 4 A). Also shown in the figure, no salt bridge is
possible with uS4 Arg53 because it is both too distant (4.5Å)
from uS5 Glu176 and instead is involved in an H-bond with
the backbone carbonyl of uS5 Arg174. The length of the pre-
dicted bond between uS5 Glu176 and uS4 Arg57 (3.0 Å) and
the angle of the bond (156 

◦) are consistent with formation
of a salt bridge ( 55 ). We further modeled the effect of ex-
changing the Glu and Arg between these two residues to cre-
ate a charge inversion and found conformations allowing an
equivalent flipped salt bridge (Figure 4 B). We also modeled
the formation of the salt bridge in a second structure with
a tRNA in the P / E hybrid state but before elongation fac-
tor G-induced ratcheting, corresponding to the ‘closed’ com-
plex. In this conformation, the distance between O 

δ of uS5
Glu176 and N 

ζ of uS4 Arg57 has increased by 3.0–5.8 Å
(Figure 4 C), which should either preclude formation of the
salt bridge or greatly decrease the energy of interaction ( 56 ).
The increased stabilizing energy of the putative salt bridge
under this model would increase selectivity in the ribosomal 
A site. 

To test the reality of these salt bridges, we generated mu- 
tants of uS5 Ser176, uS4 Arg53 and uS4 Arg57 that exchanged 

the Arg and Glu residues between uS4 and uS5. Because uS4 is 
encoded by duplicated genes RPS9A / RPS9B , these mutations 
were introduced into RPS9B in a strain in which RPS9A was 
removed by insertion of a drug resistance cassette, HphMX6 ,
as described in Materials and Methods. Reporter enzyme ac- 
tivity was compared to a RPS9B wild type strain lacking 
RPS9A . We performed analysis in the ctk1::KanMX strain 

lacking Ctk1 to exclude confusion from any potential phos- 
phorylation by Ctk1. Our analysis of the effect of the single 
or combined mutations uS5 Ser176Arg, uS4 Arg53Glu and 

uS4 Arg57Glu confirmed the predicted charge inversion ef- 
fect (Figure 5 ). The ctk1::KanMX strains carrying these mu- 
tations singly all produced misreading levels indistinguish- 
able from ctk1::KanMX background and very significantly 
increased from CTK1 

+ wild type. This demonstrates that all 
three residues are necessary for maximal Ctk1-dependent ac- 
curacy. The uS5 Ser176Arg or uS4 Arg57Glu mutants would 

disrupt the predicted salt bridge and the uS4 Arg53Glu would 

eliminate the H-bond to the carbonyl of uS4 Arg54. Either of 
these effects could be expected to weaken the uS4 •uS5 inter- 
face. However, a double mutation combining uS5 Ser176Arg 
and uS4 Arg57Glu produced enzyme activity indistinguish- 
able from the CTK1 

+ wild type, indicating that it restores ac- 
curacy to wild type levels, and supporting the existence of a 
single salt bridge between uS5 pSer176 and uS4 Arg57 that is 
required for the Ctk1-dependent accuracy phenotype. 
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Figure 4. Molecular models of the uS4 •uS5 interface. ( A ) A molecular 
model of the uS4 •uS5 interface of an 80S ribosomal open complex 
in v olving the uS5 mutant protein in which the Glu replaces Ser176 
showing a predicted salt bridge to uS4 Arg57 (pink dotted line). The 
length of the predicted bond is shown in Ångstroms. The ribbons 
represent uS4 (cyan), uS5 (yellow) and the 5 ′ end of 18S rRNA (white). All 
residues in the region shown thought to make intermolecular contacts 
are represented in ball and stick cartoon form. ( B ) A similar open complex 
model but including a charge re v ersal mutation in v olving uS5 Ser176Arg 
and uS4 Arg57Glu. ( C ) A model of a closed complex with cognate 
aminoacyl-tRNA in the ribosomal A site in v olving the uS5 Ser176Glu 
mutant. Note the bond between the Glu and Arg residues exceeds the 
maximum for a salt bridge. 
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Figure 5. Genetic evidence for the putative uS4–uS5 salt bridge involving 
uS5 Ser176. The β-galactosidase activity of single and double mutants 
including uS5 Ser176Arg, uS4 Arg53Glu and uS4 Arg57Glu. The 
increased activity compared to wild type of the single mutants indicates 
that each is error prone. Wild type accuracy is restored by the double 
mutant of uS5 Ser176Arg with uS4 Arg57Glu but not with uS4 Arg53Glu 
(the significance of this effect shown as in Figure 1 ), supporting the salt 
bridge modeled in Figure 4 B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ORC1 and Pkc1 also control translational accuracy 

nd the effect requires uS5 Ser176. 

ur data clearly suggests that phosphorylation of uS5 Ser176
odulates translational accuracy. Phosphorylation, because it

s reversible, implies physiological control and various lines
f evidence suggest accuracy can be regulated. Misreading
is known to be stimulated to cope with various physiologi-
cal challenges ( 57–62 ) implying that the uS5–Ser176 system
might modulate accuracy in response to some physiological
change. Given the known connection between misreading and
oxidative stress ( 58 ), we tested the effect of sub-lethal concen-
trations of paraquat (750 μM) or hydrogen peroxide (H 2 O 2 ,
1.5 mM), both known to induce oxidative stress in vivo in
yeast ( 63 ). Oxidative stress had no effect on the level of mis-
reading of the E537G (GGA) mutant of β-galactosidase in ei-
ther the CTK1 

+ RPS2 

+ or CTK1 

+ rps2-S176A strains (Figure
6 ). However, the error-prone phenotype of ctk1::KanMX was
reversed to normal accuracy by oxidative stress (Figure 6 ). In
effect, oxidative stress bypasses the requirement for Ctk1 to
maintain the normal level of accuracy . Importantly , oxidative
stress failed to restore the accuracy of the ctk1::KanMX rps2-
S176A strain, indicating that this restoration requires the pu-
tative phosphorylation target, Ser176. This is the first indica-
tion that a kinase other than Ctk1 might directly phosphory-
late Ser176, suggesting that Ctk1 might control Ser176 phos-
phorylation indirectly. 

Oxidative stress activates the MAP kinase Hog1 ( 64 )
which, in S. cerevisiae , inhibits TORC1 ( 26 ). The S. cerevisiae
protein kinase C, Pkc1 ( 27 ), is a second part of this oxida-
tive stress response pathway as a phosphorylation target of
T ORC1 ( 65 ). T ORC1 and Pkc1 are known to stimulate trans-
lational efficiency by phosphorylating translation factors and
ribosomal proteins ( 66 ,67 ), and Pkc1 binds to the small sub-
unit ribosomal protein, RACK1 ( 68 ,69 ) near to the uS4–uS5
interface. These proteins make attractive candidates for parts
of a pathway connecting oxidative stress to translational ac-
curacy. Both TORC1 and Pkc1 are essential kinases in yeast
but inhibitors are available to reduce their activity, rapamycin
for TORC1 ( 70 ) and cercosporamide for Pkc1 ( 71 ). We used
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Figure 6. Oxidative stress or inactivation of TORC1 or Pkc1 induced increased translational accuracy depends on Ser176. The effect of exposure of wild 
type and ctk1::KanMX strains to o xidativ e stress or inhibitors of a TORC1 / Pkc1 pathway. Cells were treated with concentrations of oxidative stress 
inducers (paraquat or H 2 O 2 ) or inhibitors of TORC1 (rapamycin) or Pkc1 (cercosporamide) about 2-fold less than would induce a significant decrease in 
cell growth rate. The effect of these treatments relative to the untreated wild type control on the β-galactosidase Glu537 system is shown as in Figure 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

these inhibitors to test the role of each enzyme on translational
accuracy. 

Exposure to sublethal concentrations of either rapamycin
or cercosporamide had the same effect as oxidative stress,
having no effect on misreading in either CTK1 

+ RPS2 

+ ,
CTK1 

+ rps2-S176A or ctk1::KanMX rps2-S176A , but causing
a strong increase in accuracy in ctk1::KanMX RPS2 

+ (Figure 6
and Supplementary Table S4 ). This indicates that the accuracy
resulting from inactivating TORC1 by rapamycin or Pkc1 by
cercosporamide requires Ser176 but not Ctk1. To determine
if oxidative stress, TORC1 and Pkc1 all function in the same
or parallel pathways, we combined treatments to look for ad-
ditive or synergistic effects. In the ctk1::KanMX RPS2 

+ strain
treatment with both H 2 O 2 and cercosporamide resulted in no
significant difference from either single treatment (Figure 6
and Supplementary Table S4 ), suggesting that the treatments
affect a common pathway. Our results are consistent with a
Hog1-TORC1-Pkc1 kinase pathway that controls phospho-
rylation of uS5 Ser176. We found that Pkc1 inactivation by
cercosporamide caused increased accuracy, consistent with in-
creased phosphorylation of uS5, which suggests that Pkc1 can-
not be the Ser176 kinase but instead that Pkc1 in some way
blocks Ser176 phosphorylation. 

Ypk2 kinase is downstream of the TORC1 / Pkc1 

kinase pathway and required for phosphorylation 

of uS5 Ser176 

Any kinase downstream of the Ctk1 and TORC1 / Pkc1 path-
ways should recognize the PKA consensus site motif of the
Ser176 context. We used a candidate approach to identify
the putative Ser176 kinase. Several PKA-related A or AGC
kinases are known or suspected to be regulated by Tor ki-
nase as part of TORC1 or TORC2 (reviewed by ( 72 ) includ-
ing Tpk1 / Tpk2 / Tpk3, the redundant yeast protein kinase A
( 73 ), Sch9, yeast protein kinase B ( 74 ,75 ), Rim11, yeast glyco-
gen synthase kinase 3 β ( 76 ), and the closely related A ki-
nases, Ypk3, the yeast ribosomal protein S6 kinase ( 23 ), and
Y pk1 / Y pk2, paralogous proteins similar to serum and gluco- 
corticoid regulated kinase (Sgk-like) ( 28 ). Viable single null 
mutants of each of these kinases and a double mutant lack- 
ing both Ypk2 and Ypk3 were tested for an effect on accu- 
racy in vivo using the E537G (GGA) reporter system. If any 
of these were the Ser176 kinase, the phenotype of a null mu- 
tation would be loss of phosphorylation, which would result 
in reduced accuracy. 

As shown in Figure 7 , loss of any of four of these ki- 
nases (Rim11, Sch9, Ste11 and Ypk1) showed no statisti- 
cally significant effect on accuracy as compared with the wild 

type control. Mutants lacking three others (Tpk1, Tpk2 or 
Ypk3) showed statistically significant but small effects on ac- 
curacy. None of these mutants phenocopied the effect of the 
ctk1::KanMX mutant suggesting that Ctk1 does not exert its 
effect entirely through them. The only mutants with pheno- 
types indistinguishable from the ctk1::KanMX mutant were 
those lacking Ypk2 or the double mutant lacking Ypk2 and 

Ypk3. The effect of lack of Ypk2 was not significantly differ- 
ent than loss of both kinases, suggesting that Ypk2 is primarily 
responsible for uS5 Ser176 phosphorylation. If Ypk2 is the di- 
rect Ser176 kinase then lack of that kinase should eliminate 
the effect of the Hog1-TORC1-Pkc1 pathway. We tested this 
by exposing the ypk2 � ypk3 � mutant strain to rapamycin,
finding that there was no significant difference in activity, as 
predicted ( Supplementary Table S4 ). Also, if Ypk2 targets uS5 

Ser176 then the error-prone phenotype caused by the lack 

of Ypk2 we would expect the phenotype to be reversed by 
the uS4-Ser176Glu phosphomimetic mutation. We introduced 

this phosphomimetic mutation into the ypk2 � ypk3 � back- 
ground and found that the phenotype was reversed to as accu- 
rate as the wild type (Figure 7 ). These data suggest that Ypk2 

functions downstream of Ctk1 in phosphorylating Ser176.
Ctk1 is not known to phosphorylate Ypk2. TORC2, however,
does activate Ypk2 by phosphorylating its C-terminal region 

( 77 ) and Ctk1 interacts with the TORC2 subunit Tsc11 ( 78 ),
the yeast homologue of mammalian Rictor ( 79 ). Rictor plays 
a role in substrate selectivity that can be blocked by phos- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
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Figure 7. Only Ypk2 is required to maintain maximal accuracy. The effect of singly or multiply deleting each of ten kinases known or suspected to be 
regulated by a TORC1 pathway that are predicted to be specific for sites like that of uS5 Ser176. Note that the only mutants to phenocopy the loss of 
Ctk1 kinase in v olv e the loss of Ypk2 alone or in combination with Ypk3 and that the rps2-S176E phosphomimetic mutant completely re v erses the error 
phenotype of the ypk2 Δ ypk3 Δ strain. The effect of these mutations on the β-galactosidase Glu537 system and the statistical significance of the data 
are shown as in Figure 1 . 
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horylation ( 80 ). Therefore, a similar pathway from Ctk1 to
ORC2 may activate Ypk2. 

iscussion 

e have confirmed that S. cerevisiae Ctk1, the catalytic sub-
nit of RNA polymerase II C-terminal kinase, regulates trans-
ational accuracy by targeting phosphorylation of ribosomal
rotein uS5, encoded by RPS2 ( 16 ). Contrary to previous
ork, we demonstrate that the regulation occurs by phospho-

ylation of uS5 Ser176. This conclusion is based, first, on a
utation replacing uS5 Ser176 with Ala mutant ( rps2-S176A )

ompletely phenocopying a ctk1::KanMX null mutation. Sim-
lar replacements of two other tested putative cyclin depen-
ent kinase targets, Ser181 and Ser238, did not affect accu-
acy. Ser238 had previously been implicated as the targeted
esidue ( 16 ); the inability of the Ser181Ala mutant to pheno-
opy the loss of Ctk1 rules it out as the target of the regula-
ion. From these data we conclude that Ser176 is necessary for
he Ctk1 accuracy effect, and the others are dispensable. Sec-
nd, we show that replacing Ser176 with a phosphomimetic
mino acid, Glu, causes hyperaccuracy in the absence of Ctk1,
ut similar replacements of Ser181 and Ser238 do not. This
hows that the presence of a negative charge in place of the
olar Ser176 is sufficient for the Ctk1 accuracy effect. Third,
he identification of uS5 Ser176 as the true target supports a
olecular explanation of the accuracy effect. Ser176 is located

t the interface between uS5 and uS4, the site of canonical
ranslational accuracy mutations both in bacterial ( 11 , 12 , 81–
3 ) and yeast ( 13 ) ribosomes. The strength of the interface
nteraction is thought to ensure the selection of correct cog-
ate aminoacyl-tRNAs in the ribosomal A site ( 14 ,15 ). This
uggests that phosphoserine at uS5 Ser176 might strengthen
he uS4 •uS5 interface to reduce misreading. Molecular mod-
ling suggested that uS5 Ser176 is close enough to uS4 Arg57
o form a phosphoserine •arginine salt bridge. The existence
f this interaction in vivo was supported by the fact that a
ouble mutation exchanging the two charged residues, either
f which singly causes an error prone phenotype, restores nor-
mal wild type levels of accuracy. This is most consistent with
the double mutant recreating a charge reversed salt bridge that
restores normal function. 

The fact that normal accuracy requires phosphorylation
dependent on Ctk1 implies physiological regulation of accu-
racy. There is evidence of the opposite response to stress in
which, in the absence of active Ctk1, a second pathway reg-
ulating accuracy dependent on uS5 Ser176 phosphorylation,
TORC1 / PkC1, responds to reactive oxygen stress by induc-
ing higher accuracy. Because inhibition of TORC1 or Pkc1
has the same effect of increasing accuracy in the absence of
Ctk1, and there is no synergy between Pkc1 inhibition and
oxidative stress, we presume that oxidative stress also inhibits
the TORC1 / Pkc1 pathway. Consistent with this idea, oxida-
tive stress activates Hog1 MAP kinase which inhibits TORC1
activity ( 26 ) and in turn blocks downstream activation of pro-
tein kinase C, Pkc1 ( 27 ). We know that all these effects were
eliminated in a uS5 Ser176Ala error prone mutant, show-
ing that Ser176, and presumably its phosphorylation, is re-
quired for the accuracy phenotype. The sequence context of
uS5 Ser176 is a consensus for an A kinase and not a cyclin
dependent kinase like Ctk1. This and the fact that accuracy
can be restored in the absence of Ctk1 by inactivating the
TORC1 / Pkc1 pathway implies the existence of one or more
other kinases that directly phosphorylate Ser176. Our evi-
dence implicates the A kinase Ypk2 in maintaining accuracy.
The critical evidence is that Ypk2 genetically acts downstream
of the two kinase pathways based on lack of Ypk2 revers-
ing the accuracy phenotype either in the presence of Ctk1 or
the absence of both Ctk1 and TORC1 / Pkc1 pathways. We
are investigating the link between these pathways and Ypk2.
TORC2 can activate Ypk2 by phosphorylating its C-terminal
region ( 77 ), which may stimulate Ypk2 to phosphorylate uS5
Ser176. We envision biochemical analysis necessary to demon-
strate this pathway and genetic and biochemical analysis to
clarify how Ctk1 may modulate the interaction. 

The trans-acting factors that are required for this regulatory
system are widely conserved among eukaryotic species but
that does not mean that the system is also widely conserved.
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Figure 8. A proposed pathw a y to regulate phosphorylation of uS5 Ser176. We propose a provisional pathway to explain our data on the regulation of 
phosphorylation of uS5 Ser176. The bold, roman lettering indicates parts of the proposed pathway that we have demonstrated whereas the italic 
lettering indicates predicted intermediates in the pathw a y f or which direct e vidence has not been pro vided. Arro ws indicate positiv e interactions and 
blunt arrows indicate negative interactions. For example, Ypk2 is proposed to promote phosphorylation of uS5 Ser176 and Hog1 is proposed to inhibit 
TOR C1. T he arro ws should not be interpreted as indicating direct actions since intermediate steps ma y be missing. Asterisks indicate phosphorylation 
by a kinase (e.g. Ypk2 promoting phosphorylation of uS5 Ser176). A ‘t’ on an arrow indicates transcriptional activation of the downstream target gene. 
Dotted arrows indicate drug or small molecule activation (arrow) or inhibition (blunt arrow) of the indicated protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine how phylogenetically widespread this regulatory
system is we compared the primary sequences across the re-
gions of uS4 and uS5 in the protein-protein interface to de-
termine if the putative uS5 pSer176-uS4 Arg57 salt bridge
mechanism could be phylogenetically conserved. As expected,
these ribosomal proteins overall are highly conserved as are
specific residues implicated in the regulation. Ser or Thr are
widely present at uS5 positions 176, 181 and 238 across all eu-
karyotic taxa, although Ser176 is replaced by Ala in over half
of plants ( Supplementary Table S5 ). Similarly, the uS4 Arg57
implicated in the salt bridge with uS5 pSer176 is highly con-
served in all eukaryotic taxa ( Supplementary Table S6 ). 

The argument for conservation of the system is weak-
ened by the general conservation of these proteins across eu-
karyotes, but there is evidence of selection for loss of the
system in specific taxa that indirectly supports its general
conservation. In the subphylum Saccharomycotina (budding
yeast), u5 Ser176 is widely present but replaced by Lys in
five clades, creating a charge reversal from pSer; note this re-
placement in Debaryomyces hansenii and Candida dublinien-
sis in Supplementary Table S5 . This replacement, similar to
the uS5 Ser176Arg, is predicted to disrupt the proposed salt
bridge. The largest of these clade is made up predominately
by species in which CUG is frequently decoded both as Ser
and as the canonical Leu in varying ratios, as was first discov-
ered in Candida albicans ( 84 ). This ‘CUG-Ser1 Clade’ species
are mainly pathogenic and exhibit Ser / Leu ambiguity of the
canonical Leu codon CUG; this ambiguity in encoded proteins
induces the general stress response, which has been proposed
to be advantageous for life in the human body ( 85 ). The co-
incidence of CUG redefinition and the presumed error-prone
mutation to Lys176 suggest inaccuracy resulting from loss of
the uS5 pSer176–uS4 Arg57 salt bridge was selected to in-
crease misreading error generally to aid in inducing the stress
response important for survival of members of the clade. The
Ser to Lys substitution in multiple budding yeast lineages and
widespread substitution of Ala for Ser in plant lineages may
reflect a selective loss of the accuracy system as well. 

Röther and Strässer ( 16 ) showed that human Cdk9, a dis-
tant relative of yeast Ctk1, associates with the polysomes, con-
sistent with a role in regulating translation; the closest homo-
logue of human CDK9 , however, is the yeast BUR1 , which
encodes a distinct RNA polymerase CTD cyclin dependent ki-
nase, whereas CTK1 is more closely related to human CDK12
and CDK13 ( 86 ). Our preliminary evidence shows that loss of
Cdk9 in mammalian cells results in a large increase in misread-
ing suggesting that human Cdk9, like yeast Ctk1, controls an
accuracy system in mammals (G.W . and P .J.F ., unpublished).
Experiments are in progress to determine how similar that sys- 
tem may be to the Ctk1-dependent system in budding yeast. 

Phosphorylation is used to regulate translation extensively,
mainly targeting translation factors. The best characterized 

existing paradigms are the phosphorylation of eIF4E by 
Mnk1 / Mnk2 ( 87 ) and of the eIF4E binding protein (4E-BP) 
by TORC1 ( 88 ). Both events stimulate translation initiation 

by increasing the activity of eIF4E directly or indirectly. Re- 
cent progress in understanding the mechanism of these effects 
has shown that in each case phosphorylation stabilizes the 
structure of an intrinsically disordered region of the targeted 

protein, a common regulatory mechanism ( 89 ). For eIF4E,
phosphoSer209 forms intra-protein salt bridges to Lys159 

and Lys162, both of which lie in the cap-binding interface 
( 90 ). The effect is to both stabilize the normally dynamic C- 
terminus of the protein that includes Ser209 and to alter elec- 
trostatic and hydrophobic features of the cap-binding pocket.
The phosphorylated form has lower affinity for the cap based 

on electrostatic repulsion; this may increase the off rate from 

the cap, perhaps increasing the turnover number of the factor.
For 4E-BP, phosphorylation also causes an intrinsically disor- 
dered region to fold into a four-stranded β domain in which 

a normally α-helical eIF4E recognition signal is buried in one 
of the β strands ( 91 ). 

The data presented here establish another paradigm for 
phosphoregulation of protein synthesis in eukaryotes. The 
uS4 •uS5 interface is a highly structured complex combining 
surfaces of the two proteins and the rRNA sequence from 

the extreme 5 

′ end of 18S rRNA ( Supplementary Figure S2 A).
This structure is predicted to involve H-bond and salt bridge 
contacts with the rRNA from both uS4 and uS5 and direct 
contacts between uS5 pSer176 and uS4 Arg57, between the 
main chain of uS5 Arg174 and uS4 Arg53 and between uS5 

pSer181 and uS4 Arg17. This region has a critical function in 

regulating accuracy of aminoacyl-tRNA recruitment whether 
in the high or lower accuracy form. All but the interaction 

by uS4 Arg17 with pSer181 and rRNA nucleotides U3 and 

C4 are predicted to be absent in the closed complex formed 

when a cognate aminoacyl-tRNA occupies the ribosomal A 

site ( Supplementary Figure S2 B). Rather than phosphoryla- 
tion converting between a disordered and highly ordered state,
phosphoserine at uS5 176 alters the kinetics of this transient 
dissociation of the interface during cognate tRNA recruit- 
ment. A pSer •Arg salt bridge is especially strong ( 92 ) and has 
been described as ‘covalent like’ ( 93 ) but a Glu •Arg bridge 
is somewhat weaker; the hyperaccuracy seen with the Ser to 

Glu mutants, we suspect, results from the conversion of a sub- 
stoichiometric pSer to stoichiometric Glu at the site. We are 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae053#supplementary-data
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ot aware of a similar control mechanism in any other en-
yme. The proposed pSer176 is appreciably larger than Ser
 89 ) and, if present, might be evident in structural data. This
uggests that pSer is lost in preparation of ribosomes for struc-
ural analysis. Similar instances of pSer •Arg salt bridges may
ave been missed for lack of structural or genetic evidence. 
In summary, our data support the existence of two op-

osing kinase pathways that control accuracy through phos-
horylation of uS5 Ser176; the phosphorylation increases the
tability of the uS4–uS5 interface to increase accuracy (Fig-
re 8 ). The phosphorylation state of uS5 Ser176 should be
onfirmed by direct mass spectrometric or other biochemi-
al characterization and many other details of the system re-
ain to be determined including the identity of other mem-
ers of kinase / phosphatase pathways that control the level of
hosphorylation of Ser176. Having identified these enzymes
hould provide more targets for manipulating translational
ccuracy. The ability to control translational accuracy, both
o increase and decrease accuracy, may provide a means to
reat human diseases that are exacerbated by either abnor-
ally high or low translational accuracy, potentially including
eurodegenerative or neuromuscular disorders and cancer. 
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