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ABSTRACT

Proteinsynthesisontheribosome involvessuccessive rapidrecruitmentofcognateaminoacyl-tRNAsandrejectionofthemuch
more numerous incorrect near- or non-cognates. The principal feature of translation elongation is that at every step,many in-
correctaa-tRNAsunsuccessfullyenter theAsite foreachcognateaccepted.Normal levelsof translationalaccuracyrequire that
cognate tRNAs have relatively similar acceptance rates by the ribosome. To achieve that, tRNAs evolved to compensate for
differences in amino acid properties and codon–anticodon strength that affect acceptance. Part of that response involved
tRNA posttranscriptional modifications, which can affect tRNA decoding efficiency, accuracy, and structural stability. The
most intensively modified regions of the tRNA are the anticodon loop and structural core of the tRNA. Anticodon loopmod-
ifications directly affect codon–anticodonpairing and thereforemodulate accuracy. Coremodifications have been thought to
ensure consistent decoding rates principally by stabilizing tRNA structure to avoiddegradation; however, degradationdue to
instability appears to only be a significant issue above normal growth temperatures. We suspected that the greater role of
modification at normal temperaturesmight be to tune tRNAs tomaintain consistent intrinsic rates of acceptance and peptide
transfer and that hypomodification by altering these rates might degrade the process of discrimination, leading to increased
translational errors. Here, we present evidence that most tRNA coremodifications domodulate the frequency ofmisreading
errors, suggesting that the need to maintain accuracy explains their deep evolutionary conservation.
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INTRODUCTION

Accuracy in protein synthesis is central to the maintenance
of cellular homeostasis. Errors in the production of proteins
can result in dire effects, including loss of protein function
or toxicity resulting from protein aggregation (Drummond
and Wilke 2009). Because of the seriousness of these
effects, accuracy mechanisms have evolved to limit
errors and quality control mechanisms to limit their effect
(Wohlgemuth et al. 2011; Steiner and Ibba 2019;
D’Orazio and Green 2021). Errors can result from misinter-
pretation of genetic instructions during any step in this
process, including transcription, posttranscriptional pro-
cessing, protein synthesis, posttranslational processing,
protein folding, and protein degradation (Drummond and
Wilke 2009). Not all errors impair cellular function; in fact,
errors known or thought to expand the range of polypep-
tides produced can be exploited to the cell’s benefit
(Ribas de Pouplana et al. 2014).

Protein synthesis occurs on the ribosome, a complex ri-
bozyme that interprets each nucleic acid sense codon to
define a particular amino acid. An aminoacyl-tRNA binds
to themRNA, forming a 3-nt codon–anticodon pair placing
theaminoacid in thepeptidyl transferase centerof the ribo-
some, where it is added to the growing peptide chain.
Errors arise either when the wrong amino acid is attached
to the tRNA (misacylation) or when the ribosome accepts
a tRNA that imperfectly pairs with the codon (mistransla-
tion). Misacylation is an enzyme–substrate interaction error
between aminoacyl-tRNA synthetases and their substrates.
Synthetases have evolved active sites that preferentially
bind correct amino acids and, where structural similarity is
too high among agroupof amino acids, eliminate incorrect
ones by proofreading (Mohler and Ibba 2017).
Avoiding mistranslation errors is more problematic,

because decoding occurs at a single complex active site
in the ribosome, the decoding center, thatmust distinguish
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between one or more correct (cognate) and approximately
45 incorrect (near- or non-cognate) tRNAs. The large mass
excessof incorrect tRNAsand theobligate structural homo-
geneity of all tRNAs (for review, seeGiege et al. 2012) com-
plicate error correction. As with synthetases, the ribosome
increases accuracy by rejecting incorrect tRNA by proof-
reading. The ribosome exploits general structural rules to
distinguish between correct and incorrect complexes. In
the simplest terms, the ribosomal A site, at which succes-
sive aminoacyl-tRNAs are selected, distinguishes between
tRNAs that form codon–anticodon complexes consisting of
canonical Watson–Crick pairs or, at the third position, spe-
cific noncanonical “wobble” pairs (Rodnina et al. 2017).
Complexes requiringbase pairs deviating from these forms
tend to be nearly quantitatively rejected.

The simplicity of this description belies the complexity of
the discrimination step. Genetic and biochemical analysis
has shown that posttranscriptional modification of the
tRNA is critical for tRNA selection accuracy. Most clearly,
modifications of the tRNA anticodon and adjacent nucleo-
tides fine-tune codon–anticodon interactions to ensure ef-
ficient cognate decoding (Suzuki 2021). Counterintuitively,
some anticodon loop modifications actually increase
the frequency of misreading (El Yacoubi et al. 2011;
Lamichhane et al. 2013; Manickam et al. 2016; Joshi et al.
2018). Apparently, some modifications that have evolved
to stabilize cognate decoding also stabilize near-cognate
codon–anticodon complexes, which results in more fre-
quent errors. Presumably, selection for efficient cognate
recognition was more powerful in these cases than selec-
tion to reduce errors. So, modifications can have a variety
of effects on decoding accuracy, either increasing or de-

creasing error frequencies depending on the need to sup-
port decoding in general or to suppress errors specifically.

Recent work has demonstrated in vivo effects ofmodifica-
tions outside the anticodon loop, most of which target resi-
dues that are part of the structural core of the tRNA (Fig. 1),
withinwhich are concentratednucleotides involved in tertia-
ry interactions, or nucleotides immediately adjacent to ter-
tiary pairs (Motorin and Helm 2010; Phizicky and Alfonzo
2010; Lorenz et al. 2017). Some of these core modifications
havebeen shown to stabilize tRNAs todegradation in a tem-
perature-sensitive fashion (Alexandrov et al. 2006). For ex-
ample, at the elevated temperature of 37° the lack of two
Saccharomyces cerevisiae modification enzymes, Trm4
and Trm8, which eliminates m7G46 andm5C49, causes rapid
degradation of tRNAVal

AAC by the rapid tRNA decay (RTD)
pathway (Alexandrovet al. 2006). This temperature-sensitive
stability effect, however, is unlikely to explain the wide-
spread evolution of these modifications across all taxa.
Partly, this is because the effect is isoacceptor specific; lack
of Trm4/Trm8 has no effect on several other tRNAs sharing
the same modifications as tRNAVal

AAC (Alexandrov et al.
2006; Chernyakov et al. 2008). Because mistranslation fre-
quency sensitively responds to changes in competition be-
tween cognate and near-cognate tRNAs for the ribosomal
decoding site, core hypomodification changing the relative
abundance of cognate and near-cognate tRNAs could in-
crease or decrease misreading errors. On the other hand,
loss of coremodifications could affectmisreading frequency
byaltering relative tRNAefficiency in someotherway, for ex-
ample by changing relative aminoacylation efficiency or by
sequestering tRNAs away from the translation machinery.
Alternatively, lack of modification could alter the intrinsic

A B

FIGURE 1. (A) The location of highly conserved nucleotides shown on a cloverleaf diagram of a generic S. cerevisiae tRNAwith bases involved in
core interactions shown in black. (B) Conserved tertiary interactions shown in an L-shapediagramare indicated bydotted lines between interacting
nucleotides.Non-dashed lines indicatephosphodiester linksbetweenadjacent nucleotides in theprimary sequence. The five regionsof a standard
tRNA are indicated.
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decoding efficiency of a tRNA by altering the structure or
flexibility of the tRNA, which could alter the dynamics of its
interaction with the ribosomal A site.
We have developed sets of mutant reporter genes that

provide accurate in vivomeasuresof all possiblemistransla-
tion errors by individual tRNAs (Kramer and Farabaugh
2007; Kramer et al. 2010; Manickam et al. 2014; Joshi
et al. 2018). These reporters exploitmutations targeting ac-
tive site residues of reporter enzymes. Themutant enzymes
have activity as much as 106-fold below wild type. The mu-
tant codon includes one change from thewild-type codon,
allowing the normally decoding tRNA to misread the mu-
tant codon by near-cognate decoding involving one mis-
matched nucleotide pair, producing low amounts of fully
functional protein. We have demonstrated that the activity
of these mutant enzymes is a measure of the misreading
error frequency for the wild-type tRNA at the near-cognate
mutant codon (Kramer and Farabaugh 2007; Kramer et al.
2010; Manickam et al. 2014; Joshi et al. 2018).
The advantages of this approach are several. The error

frequencies are physiologically relevant because they oc-
cur in the living cell. The protein produced by these errors
has thewild-type structure, so the chance that errors are un-
derestimated due to degradation of the mistranslated pro-
tein is eliminated. The activities produced from the mutant
mRNAs arehighly reproducible andquantitative, providing
ahighly significantestimateof anyalterations tomisreading
frequency caused by mutations affecting various compo-
nents of the translation system. Control experiments have
demonstrated that the activities are not due to extraneous
effects, including transcriptional errors, protein modifica-
tion, or alterations in plasmid or protein stability.
In the work described here, wemade use of two reporter

systemsbased on Lys 529 of Photinus pyralis (firefly) lucifer-
ase (Fluc) and Glu 537 of Escherichia coli β-galactosidase.
Two S. cerevisiae Lys tRNAs, which have anticodons UUU
and CUU, normally decode AAA/AAG, and their most fre-
quent misreading errors occur at the stop codon UAG
(2.1× 10−3), and the Arg AGG codon (8.4 × 10−4) (Kramer
et al. 2010). These values are over 10-fold and fourfold
above the background for the assay. Errors at the Asn co-
dons AAU and AAC are 1.6×10−4 and 1.8 ×10−4 near
the background for the assay (Kramer et al. 2010).
However, various treatments that increase errors cause a
significant increase over this activity, which is not true for
non-error-prone codon mutants (Kramer et al. 2010). The
most frequent errors by GAA/GAG decoding tRNAGlu

UUC
and GAG decoding tRNAGlu

CUC in S. cerevisiae occur at the
Gly codon GGA (1.8 × 10−4), intermediate at the Asp co-
dons GAU and GAC (1.4 × 10−4 and 1.1×10−4), and least
on the Gly codon GGG (2.7 ×10−5) (Joshi et al. 2018).
However, unlike the luciferase system, the background in
the assay for β-galactosidase is very low, about 2×10−6

(Joshi et al. 2018), so all these mutants produce activities
very significantly above background.

We have used these in vivo mistranslation reporters to
directly measure errors in protein primary structure to deter-
mine if loss of core modifications can alter misreading error
frequency. We confirm that lack of the tRNA core modifica-
tions can either increase or decrease translational accuracy
depending on identity of the tRNA and the codon being
read. However, lack of modifications does so without affect-
ing tRNA stability, aminoacylation or subcellular localization.
These results show that coremodificationsmodulate intrinsic
decoding efficiency of the error-prone and their competing
cognate tRNAs tested here. The fact that the samemodifica-
tionsoccur todifferentdegreesacross the tRNAcomplement
implies that they may play a general role in maintaining nor-
mal translational accuracy at other codons. More extensive
analysis will be required to test this putative universal role.

RESULTS

Use of enzyme-based translational misreading
reporters to test the role of core tRNA modifications
on the frequency of misreading errors in vivo

To measure the effect of loss of modifications of both the
cognate and near-cognate tRNAs, we tested the effect on
accuracy of all viable mutants that eliminate modifications
of Lys, Glu, Arg, Asn, Gly, and Asp tRNAs (Fig. 2;
Supplemental Table S1). The fact that the errors occur in
competition with the cognate tRNAs for the mutant codon
is important in thinking about the effect of loss of modifica-
tion. Where the modification is missing only from either the
cognate or the error-prone near-cognate tRNA, the effect
on accuracy should reflect a change in the efficiency of de-
coding by that affected tRNA. For example, where themod-
ification is lost from the cognate tRNA, a findingof increased
misreadingmost likely results from reduced efficiency of de-
codingby thecognate tRNA,allowingmore frequentdecod-
ing by the error-prone tRNA. In a similar case where errors
are reduced, it implies increased efficiency of decoding by
the cognate tRNA. In cases where both the error-prone
near-cognateandcompetingcognate tRNAscancarry these
coremodifications, the lack ofmodificationof either of these
tRNAs could be the cause of the change in error frequency.
Changes in the efficiency of translation resulting in al-

teredmisreading frequencies canarise fromseveral causes.
Loss of modification could destabilize the tRNA by making
it subject to rapid tRNA decay resulting in reduced steady-
state levels of the affected tRNA (Alexandrov et al. 2006).
Hypomodified tRNAs may undergo retrograde transport
to the nucleus for repair; the inability to repair in the affect-
ed tRNAmay cause it to be sequestered there (Kramer and
Hopper 2013). Alternatively, lack of modification could
slow maturation or aminoacylation of the affected tRNA,
again resulting in reduced availability (Lorenz et al. 2017).
Finally, modifications are known to alter physical character-
istics of the tRNA includingaltering its overall fold, so lackof
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a modification could reduce the proportion of the tRNAs
having the stable folded structure or could alter the dynam-
ics of its flexibility (Uhlenbeck and Schrader 2018). Such ef-
fects might reduce the availability of mature functional
tRNAs or could alter the kinetics of acceptance or rejection
of the tRNA by the ribosome. Under any of these models,
loss of tRNAmodification could either increase or decrease
misreading error frequencies, depending onwhich tRNA is
more affected and the effect of the loss of modification on
the biochemical pathway. The goal of this work is to deter-
mine if hypomodification affects accuracy and which of
these effects can explain observed changes in accuracy.

Loss of core modifications generally decrease
tRNALys nonsense readthrough frequency

Misreading of termination codons, also known as nonsense
readthrough, is a special case of misreading errors. Rather
than competing against cognate tRNAs, at the termination

codon UAG a near cognate tRNA misreads in competition
with thepeptide release factors (RF) responsible for promot-
ing termination. RF efficiency is unaffected by loss of tRNA
modification, so any change in accuracy caused by loss of
modification must reflect altered efficiency of near-cognate
decoding by the error-prone tRNA. The errors measured in
our reporter system unlike other readthrough reporters re-
quire readthrough by a tRNA inserting the normal amino
acid. In the case of the dual luciferase reporter with Lys co-
don 529 replaced by UAG, that activity requires misreading
by tRNALys.

Misreading frequency, indicated by the average enzyme
activity of the mutant protein relative to wild type, was de-
termined in a wild type and 14 congenic modification mu-
tants. Misreading of UAG as Lys was reduced in 12 cases,
and ineight cases that reductionwas statistically significant.
This supports the conclusion that the presence of these
modifications generally improves near-cognate decoding
by tRNALys. The isoacceptors for Lys are tRNALys

CUU, encoded

A

FIGURE 2. Posttranscriptional modifications of tRNAs implicated in misreading of error-prone codons. (A) Cloverleaf depiction of potential mis-
reading tRNAs for the P. pyralis (firefly) luciferase Lys529 and E. coli β-galactosidase Glu537 reporter systems. The locations of all known modifi-
cations are labeled with the enzyme(s) responsible (e.g., Dus1), and the modification. The gene copy number for each tRNA, roughly
proportional to tRNA concentration (Percudani et al. 1997) is shown. (B) Cloverleaf depiction of competing cognate tRNAs for Arg, Asn, Gly,
andAsp codons subject to errors bymisreading tRNAs. Coremodification symbols: (D) dihydrouridine, (Y) pseudouridine, (m2

2G)N2,N2-dimethyl-
guanosine, (m5U) 5-methyluridine, (m5C) 5-methylcytidine, (m7G) 7-methylguanosine, (m1G) 1-methylguanosine, (m2G) 2-methylguanosine, (Cm)
2-O-methylcytidine, (m1A) 1-methyladenosine. Anticodon loop modification symbols: (mcm5s2U) 5-methoxycarbonylmethyl-2-thiouridine, (t6A)
N6-threonylcarbamoyladenosine, (m1G) 1-methylguanosine, (m3C) 3-methylcytidine.
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by 14 gene copies, and tRNALys
UUU, encoded by seven (Chan

and Lowe 2016). The steady-state level of a tRNA is roughly
proportional to its gene copy number (Percudani et al.
1997), so the ratio of the two tRNAs is expected to be ap-
proximately 2:1. The tRNA gene copy number makes
tRNALys among the most abundant tRNAs in S. cerevisiae.
The tRNAs are distinguishable by modification; two of
the tested modification enzymes (Trm4 and Trm8)
target tRNALys

UUU but not tRNALys
CUU, two enzymes (Trm10

and Trm11) target only tRNALys
CUU and eight other enzymes

target both. Trm10 modifies G9 of tRNALys
CUU to m1G

(Swinehart et al. 2013), but a second modification, m2G
(Smith et al. 1973), is introduced by a second unknown en-
zyme. We have studied the effect of lack of Trm10 on this
tRNA because its lack was shown to substantially reduce
m1G modification (Swinehart et al. 2013). Only Dus4 tar-
gets neither tRNA, providing a control for the specificity
of the effect.
Our assayofmisreadingofUAGby tRNALys showed that

nonsense readthrough errors are generally less frequent

B

FIGURE 2. Continued.
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in the absence of individual core modifications (Fig. 3A;
Supplemental Table S2). Lack of any of the four modifica-
tions that target only one of the two Lys isoacceptors sig-
nificantly reduced activity, suggesting that both tRNAs
contribute to mistranslation errors at UAG codons. Lack
of four enzymes targeting both tRNAs (Dus1, Dus2,
Dus3, and Pus1) caused a similar significant decrease in
activity. The magnitude of the effect varied from 2.0- to
4.6-fold and averaged 2.8-fold. These are highly physio-
logically relevant increases; by comparison, in a genetic
background carrying a characterized yeast ribosomal in-
accuracy mutation, RPS23A-K62R (Alksne et al. 1993), er-
rors at UAG by tRNALys increased only 40% and increased
an average of 1.9-fold on the four most error-prone co-
dons (Joshi et al. 2018). The enzyme activity in the ab-

sence of Dus4 was identical to the wild type, consistent
with its failure to modify either tRNA. We observed a ge-
netic interaction between strains lacking Trm4 and Trm8
in that lacking either significantly decreased activity, but
the double mutant had activity indistinguishable from
the congenic wild type. It may be significant that these
two enzymes modify residues 46 and 48 of the extra
loop of tRNALys

UUU, implying a functional interaction be-
tween the two modifications in this region.

Overall, the conclusionof this experiment is that thepres-
ence of the core modifications of either tRNALys isoaccep-
tor improve the decoding efficiency of the error-prone
tRNA, allowing it to compete with RF to decode the non-
sense codon, resulting in increasedmisreading of the non-
sense codon in the wild-type strain.

A B

C

FIGURE 3. Effect of lack of modification on misreading errors by tRNALys. The activity of the P. pyralis (firefly) luciferase with each of three error-
prone codon mutants of the Lys529 codon; P. pyralis luciferase activity is calculated relative to a R. reniformis luciferase control. (A) Errors at the
UAG nonsense codon, (B) errors at the AGG Arg codon, (C ) errors at the AAU or AAC Asn codons. Activities, in relative light units, are shown for
the congenic wild type and all modification mutations affecting at least one of the tRNAs involved in misreading. The presence (+) or absence
(−) of each modification is indicated below each graph. Inset images above the graphs show the predicted codon–anticodon pairing of the
mRNA codon (above) and misreading tRNA anticodon (below). The pairing symbols indicate the type of nucleotide pair formed: “|”, Watson–
Crick pair; “•”, standard wobble; “°”, Watson–Crickmimicmispair. Error bars are the standard error of themean. Asterisks indicate the probability
of lack of a difference from thewild-type control-based calculated as described inMaterials andMethods, (∗) P<0.05; (∗∗) P<0.01; (∗∗∗) P<0.001.
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Presence of core modifications tends to decrease
translational errors by tRNALys at sense codons

Most misreading errors occur at sense codons and the fre-
quency of those errors may be influenced by changes in the
decoding efficiency of either the cognate or error-prone
near-cognate tRNA. To test the effect of loss of modification
enzymes on misreading at sense codons, we measured mis-
reading frequency by tRNALys at the error-prone sense co-
dons AGG, AAU, and AAC. In S. cerevisiae, the Arg codon
AGG isdecodedby tRNAArg

CCU, a lowabundance tRNAencod-
ed by a single structural gene, and the Asn codons AAU and
AAC are decoded by tRNAAsn

GUU, a high abundance tRNA en-
codedby10structuralgenes (ChanandLowe2016).Wedeter-
mined the frequencyoferrors at these three codons in thewild
type and the same 14 congenic modification mutant back-
grounds tested above (Fig. 3B,C; Supplemental Table S2).
The striking difference between these data and those for

readthrough of the UAGnonsense codon is that in general,
the loss of individual modifications tends to increase trans-
lational misreading frequency. For misreading errors by
tRNALys at theArg codonAGG, error frequencies are signif-
icantly increased in five of the 14mutant backgrounds. The
effect on errors at the synonymous AAU and AAC codons
are similar in all 14mutant backgrounds, consistentwithde-
codingby the same isoacceptor, anderrors are significantly
increased in five (for AAU) or four (for AAC) of the 14 back-
grounds. Theabsenceof amodificationenzyme in10of the
14 cases caused a significant increase in misreading of at
least one of the three sense codons tested. The increase
in enzymeactivity varied from1.4- to 3.0-fold andaveraged
1.9-fold. The error frequency at these sense codons was
slightly reduced in only several backgrounds, most notably
for trm4Δ trm8Δ (averaging1.3-fold), but these effects were
not statistically significant. However, again the lack of both
Trm4 and Trm8 reversed the significant 1.5-fold increase in
errors atAGG in the absence of Trm4alone, consistentwith
a genetic interaction between the modifications located
close together in the extra loop.
Thedata on readthroughofUAGdemonstrate clearly that

absence of core modifications generally reduced near-cog-
nate decoding efficiency by tRNALys. The data for the three
sense codons in contrast showed a general trend toward in-
creased misreading, which might seem contradictory.
However, the frequency of misreading in a mutant depends
on howmuch, if at all, the lack of amodification alters the in-
trinsic decoding efficiency of the cognate or the error-prone
near-cognate tRNAon the codonbeing tested. If the relative
activity results inan increase in theefficiencyofnear-cognate
decoding relative to cognate, then misreading errors would
increase. If the efficiency of cognate decoding relative to
near-cognate increases, errors should decrease. Our finding
a general effect of increasing errors onAGG, AAU, and AAC
in this error reporter system suggests that in general the de-
coding efficiency of tRNALys

CUU and/or tRNALys
UUU increases rel-

ative to the efficiencyof tRNAArg
CCU at theAGGArg codon and

tRNAAsn
GUU at the AAU/AACAsn codons. The competition be-

tween cognate and near-cognate decoding could be differ-
ent at other hypothetical error-prone codons. The important
point is that the coremodifications doplay a role in the result
of that competition in terms of error frequency.

Core modification either limits or promotes
misreading by tRNAGlu

We extended these results by testing the effect of core modifi-
cationsonmisreadingbytRNAGluusinganerror reportersystem
basedonanactivesiteaminoacidofE.coliβ-galactosidase,Glu
537 (Manickam et al. 2016). In S. cerevisiae, GAA/GAGdecod-
ing tRNAGlu

UUC is encoded by 14 genes and GAG decoding
tRNAGlu

CUC is encoded by two (Chan and Lowe 2016). The
tRNAGlu

UUC isoacceptor is therefore likely responsible formostde-
coding of GAA/GAG. tRNAGlu misreads the Asp codonsGAU/
GAC incompetitionwith tRNAAsp

GUC , ahighabundance tRNAen-
coded by 16 structural genes, and misreads the Gly codons
GGA/GGG in competition with tRNAGly

UCC and tRNAGly
CCC , low

abundance tRNAs encoded by three and two structural genes,
respectively. The result of this analysiswas verydifferent than for
tRNALys. The frequency of misreading errors by tRNAGlu

UUC at
these four error-prone codons variedwidely among themodifi-
cationmutant strains (Fig. 4; Supplemental TableS3), and rather
thanhavingaconsistenteffect, coremodificationsof tRNAGluei-
ther increaseordecreaseaccuracydependingonwhichcodons
are misread. We tested the effect of mutations that eliminate
each of the eleven enzymes that target tRNAGlu

UUC or at least
one of the cognate tRNAs for GGA, GGG, GAU, and GAC
(Fig. 2). Errors by tRNAGlu

UUC were significantly different from in
thecongenicwild-typestrain insevenof theelevenmodification
mutant strains tested; only the mutant strains lacking Trm4,
Trm10, Trm11, or Trm13 showed no effect. Significantly, for
each modification mutant strain showing a significant differ-
ence fromwild type, thedifferencewasalways in the samedi-
rection; innocasedid lackofaparticularmodificationresult in
opposite effects based on codon misread. Lack of four en-
zymes (Dus1, Dus4, Pus1, and Trm2) caused increased mis-
reading varying from 1.4- to 4.4-fold and averaging 2.2-
fold. The lack of three others (Dus2, Pus4, Pus7) caused de-
creasedmisreading varying from1.4- to 4.0-fold and averag-
ing 2.0-fold. Lackof five enzymes showed strongly significant
andconsistenteffectsonat least threeof the fourcodonstest-
ed (Dus4, Pus1, Pus4, Pus7, and Trm2), all of which modify
tRNAGlu

UUC but in six of 15 cases do not modify the competing
cognate tRNA.

Changes in aminoacyl-tRNA abundance do not
explain the error phenotype of lack of core
modification

Previous work on coremodification has focused on their ef-
fect on tRNA stability and steady-state tRNA abundance.
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For example, in trm4Δ trm8Δ double mutant strains lacking
both m7G46 and m5C several mature tRNAs are rapidly
deacylated and degraded by the rapid tRNA decay (RTD)
pathway (Alexandrov et al. 2006; Chernyakov et al. 2008).
Degradation is accelerated at 37°C, above the optimal
growth temperature of 30°C. Selective destabilizing of nor-
mally modified tRNAs would reduce their availability for
translation, shifting the competition between cognate
and near-cognate tRNAs at an error-prone codon.
Dependingon the relative effect on cognate and near-cog-
nate tRNAs, the result could either increase or decrease
misreading. Our misreading assays were performed at
28°C where hypomodified tRNAs are minimally subject to
RTD, if at all. This implies that instabilitymightbeanunlikely
explanation of the accuracy effect. However, studies on in-
stability of hypomodified tRNAs have not been performed
on the tRNAs addressed in this work, so it is conceivable
that they are destabilized even at this lower temperature.

To determine if tRNA depletion by RTD is the cause of
the changes in misreading we have identified, we mea-
sured the steady-state levels of relevant tRNAs.We focused
this analysis on fivemutant strains that showedhighly signif-
icant effects onmisreading efficiency, including those lack-
ing Pus1, Trm2, Trm4, Trm8, and Trm4/Trm8. Pus1 and
Trm2 demonstrated the highest level of misreading at
GAU/GAC andGGA, respectively. The lack of the enzymes
Trm4andTrm8 showeda strikinggenetic interactionwhere
lackof either enzyme caused2.8- and3.4-fold reductions in
errors by tRNALys on UAG, but in the absence of both en-
zymes the error frequency was indistinguishable from the
wild type. With this level of effect, we expected to easily vi-
sualize any putative change in tRNA stability responsible.

The relevant tRNAs for these studies include threepoten-

tial misreading tRNAs (tRNAGlu
UUC , tRNALys

CUU, and tRNALys
UUU )

and six competing cognate tRNAs (tRNAArg
CCU, tRNAArg

UCU,

A

C

B

FIGURE 4. Effect of lack of modification on misreading errors by tRNAGlu shown as in Figure 3. (A) Errors at the GGA Gly codon, (B) errors at the
GGG Gly codon, (C ) errors at the GAU or GAC Asp codons.
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tRNAAsp
GUC , tRNAGly

UCC tRNAGly
CCC , and tRNAAsp

GUC ). We obtained
eight single-stranded 5′ biotin-conjugated DNA probes
specific to these tRNAs suitable for visualizationbyachemi-
luminescent detection system. The probes are comple-
mentary to the region from position 32 to 58 of the
mature tRNAs. To determine the specificity of the probes,
we performed Southern blotting against a combination of
all nine full-length DNA copies of the mature tRNAs
(Supplemental Fig. S1), finding that all probes strongly rec-
ognized the corresponding sequence with little or no cross
reaction with other targets.
Triplicate biological replicates of total RNA from the five

modification mutant strains were separated by denaturing
polyacrylamide gel electrophoresis, blotted to positively
charged nylon membranes (Amersham) and hybridized to
biotin-labeled probes specific for the nine tRNAs and 5S
rRNA as a loading control. The hybridized probes were vi-
sualized as described in Materials and Methods. As shown
in Figure 5 (and quantified in Supplemental Table S4) there
was no significant variation in steady-state amounts of any
of the tRNAs after adjusting for loading differences using
the 5S rRNA control signal. We conclude thatmRNA stabil-
ity changes cannot explain the large effect of hypomodifi-
cation on misreading frequencies in these mutant strains.
Another possible explanation for theeffect of hypomodi-

fication on misreading frequency is reduced aminoacyla-
tion of the hypomodified tRNA. Previous work has shown
that the lack of the combination of Trm4 and Trm8 modifi-
cation enzymes, which results in loss ofm5C andm2G from
positions in the extra loop, caused both a significant reduc-
tion in aminoacylation of tRNAVal

AAC at the permissive tem-
perature of 28°C and a large and rapid loss of
aminoacylation when shifted to 37°C (Alexandrov et al.
2006). However, this effect was specific to tRNAVal

AAC and
no similar effects have been demonstrated for other
tRNAs modified by both Trm4 and Trm8. We have extend-
ed that analysis tomodification by Pus1 and Trm2 and have
repeated the analysis of the effect of Trm4, Trm8 or both.
Total RNA purified in acid conditions, which maintains

the tRNA acyl bond (Chernyakov et al. 2008), were separat-
ed by acidic acrylamide gel electrophoresis, blotted, and
probed as described above. An aliquot of each acidic
RNAwas deacylated by incubation at pH 9.0, which breaks
the acyl bond (Chernyakov et al. 2008). As shown in Figure
6, deacyl-tRNA runs slightly ahead of aminoacyl-tRNA pro-
viding a marker for the location of deacyl-tRNA in the acid
purifiedRNAs. In theseexperiments, therewasnoevidence
ofdeacyl-tRNA for anyof thenine tRNAs testedeither in the
wild type or in the absence of any of the modification en-
zymes tested. The clearest results are with tRNAArg

UCU and
tRNAArg

CCU, but the separation of acyl and deacyl species is
less clear for tRNAAsn

GUU, but even in this case there is no ev-
idence for aband in theuntreated sample corresponding to
the deacyl-tRNA in the treated sample. This experiment
confirms previous experiments showing no loss of amino-

acyl-tRNALys
UUU in the absence of Trm4 and Trm8

(Alexandrov et al. 2006). This result suggests that the
changes in error frequency in the absence of Pus1, Trm2,
Trm4, and Trm8 also does not appear to result from loss
of aminoacylation of any of the tRNAs involved in the mis-
reading studied here.
A third way that aa-tRNA availability could be altered by

modification is if hypomodified tRNAs were to become se-
questered away from the translational machinery, by retro-
grade transport to the nucleus (Shaheen and Hopper 2005;
Takanoet al. 2005). Aberrant tRNAsare imported into thenu-
cleus by a process dependent on the Mtr10 protein, a β-
importin nuclear import receptor, where they are subject to
degradation (Shaheen and Hopper 2005). Kramer and
Hopper (2013) showed that hypomodified tRNAs, including
tRNALys

UUU, accumulate in an mtr10Δ mutant background.
Despite our showing that there is no change to steady-state
levels of hypomodified tRNAs in the modification mutant
backgrounds, it could be that they undergo retrograde trans-
port but evade degradation. This could lead to a reduction in
cytoplasmic aa-tRNAs that could explain the misreading ef-
fects. Under this hypothesis, there would be no change in
tRNA amounts, just a change in subcellular location. To test
this idea, therefore, we introduced an mtr10Δ mutation into
the five strongly affectedmutant strains and repeated the re-
porter assays. Figure 7 (and as quantified in Supplemental
Table S5) shows that there is no significant effect of the
mtr10Δmutationonanyof thestrains tested, showingthat ret-
rograde transport to the nucleus does not cause aa-tRNAs to
be sequestered away from the translational machinery.
These data eliminate the hypotheses that availability of

aa-tRNAs is reduced in the modification mutants tested ei-
ther by degradation of hypomodified tRNAs, failure to fully
aminoacylate them, or sequestration in the nucleus away

FIGURE 5. Northern blotting to determine relative tRNA concentra-
tion for all tRNAs implicated in errors tested in the wild type, and five
mutant backgrounds showing highly significant error frequencies.
Each column, labeled by strain, shows the results of RNA preparations
in biological triplicate and successively probed with oligonucleotides
specific to the tRNAs identified on the left by amino acid and antico-
don. The last line represents the result of probing with an oligonucleo-
tide specific to the 5S rRNA as a loading control.
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from the translation machinery. The remaining hypothesis
to explain the effect of hypomodification is that tRNA rec-
ognitionof error-pronecodonsbycognateornear-cognate
tRNAs is reduced by hypomodification leading to changes
in competition for misreading error frequency.

DISCUSSION

Posttranscriptional modifications of tRNAs outside the anti-
codon loop are concentrated in the structural core (Fig. 1),
manyof themdirectlyalteringnucleotides involvedin tertiary
interactions (Motorin and Helm 2010; Phizicky and Alfonzo
2010). tRNA modifications, including those to the structural
core, are generally nonessential despite their deep evolu-
tionary conservation (e.g., Pichard-Kostuch et al. 2023). Of
the62S.cerevisiaegenesencodingproteins required fornu-
cleotide modification (Phizicky and Hopper 2010), however,
five are essential (Anderson et al. 1998; Gerber and Keller
1999; Gu et al. 2003); loss of five causes slow growth
(Carbone et al. 1991; Bjork et al. 2001; Pintard et al. 2002;
El Yacoubi et al. 2009) or temperature-sensitive growth
(Johansson and Bystrom 2004). Arguably, the fact that so
manygenesarenonessentialmight suggest that the function
of individual modifications is relatively unimportant during
growth under optimal conditions. The fact that lack of
some combinations ofmodification genes is synthetically le-
thal (Tong et al. 2001; Purushothaman et al. 2005) suggests
that modifications may play redundant essential roles. The
finding that tRNAs lacking coremodifications can be subject
to rapid tRNAdegradation (RTD) suggested that their essen-
tial role might be to stabilize tRNAs against degradation
(Alexandrov et al. 2006). However, high levels of RTD for

most singly hypomodified tRNAs occur at temperatures ele-
vatedbeyond normal yeast growth conditions.We speculat-
ed that some other role might help explain the durable
conservation of these modifications.

Here, we show that maintenance of translational accura-
cy is a biologically relevant effect of core modification that
could help explain their evolutionary conservation. We
found that the lackof anyof the coremodificationenzymes,
except for Trm13, altered accuracy of tRNALys or tRNAGlu

on at least one error-prone codon. Lack of some modifica-
tions affected errors on nearly all such codons and highly
significantly. Errors by tRNALys were affected on at least
one codon by lack of every enzyme and for tRNAGlu on all
but Trm4, Trm10, Trm11, and Trm13. Lack of modification
consistently decreased errors by tRNALys at the UAG non-
sense codon but tended to increase errors on the three
sense codons, AGG, AAU, and AAC, although often affect-
ing only a subset of these codons. For example, Dus2 (D20)
modifies tRNALys and the three competing cognate tRNAs,
but its absence increases errors on AGG but not AAU or
AAC. In contrast, lack of modification of tRNAGlu or of its
competing cognate tRNAs either increased or decreased
misreading, but for eachmodification the effect was consis-
tent across all codons affected. For example, lack of Pus4
(Ψ55) resulted in a highly significant decrease inmisreading
on all four error-prone codons, but lack of Pus1 (Ψ27, Ψ28)
resulted in a highly significant increase in all misreading
errors. These data suggest that the presence of modifica-
tionsof tRNALys tended to increase its near-cognatedecod-
ing to a greater extent than that of the competing cognate
tRNAs but the modifications of tRNAGlu inconsistently af-
fected this competition.

Thedifferencebetween tRNALysmisreadingof nonsense
and sense codons suggests that though the modifications
stabilize tRNALys near-cognate decoding, as shown by the
UAGdata, they stabilize cognate decoding by the compet-
ing tRNAs more strongly. The AGG-decoding tRNAArg is
extremely low abundance, which might suggest the need
to increase the stability of its association with its codon.
The AAU/AAC decoding tRNAAsn like tRNALys is a particu-
larly weak tRNA, requiring adjacent A•U codon–anticodon
pairs, again suggesting the need to stabilize cognate de-
coding. Because of the differential effect on cognate and
near-cognate tRNAs, the effect is a measurable increase
in errors as the bias against near-cognate decoding is re-
duced by hypomodification.

The codon specificity of the lack of modification on er-
rors raises the question of themechanistic origin of the ef-
fect. What type of mechanism could explain that
specificity? We tested three mechanisms, all of which
could differentially affect hypomodified cognate and
near-cognate tRNAs: tRNA degradation, altered aminoa-
cylation efficiency and changes in subcellular localization
by retrograde transport of the hypomodified tRNAs to the
nucleus. We tested these models either biochemically or

FIGURE6. Northern analysis of RNApreparationsmade in acidic con-
ditions to preserve aminoacyl linkages to tRNAs. Columns labeled “+”
show separation of RNA treated with base to remove aminoacyl
groups; those labeled “−” show separation of acidic RNA aminoacyl
groups intact. Aminoacyl-tRNAs in the “−” columnsare shiftedupward
relative to deacyl-tRNAs in the “+” column. Rows are identified as in
Figure 5, and the modification enzymes that target each tRNA in the
wild-type strain are indicated on the right (“+”, modified; “−”
unmodified.)
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genetically and found no evidence supporting any of the
mechanisms. Lack of modifications are known to induce
rapid tRNA decay at 37°C, consistent with the reduction
of tRNA thermal stability (Alexandrov et al. 2006).
Consistent with this result, our northern analysis showed
unchanged steady-state levels at 28°C for all the tRNAs
relevant to hypomodification-induced misreading errors,
arguing against errors being modulated by tRNA degra-
dation. In the absence of degradation, the availability of
aminoacyl-tRNAcould vary if hypomodification interfered
with aminoacylation. Aminoacylation of some hypomodi-
fied tRNAs does decline at 37°C (Chernyakov et al. 2008);
however, as with tRNA instability, we showed that in all
modification mutants all tRNAs tested were fully aminoa-
cylated at 28°C, arguing against hypomodification ex-
plaining our misreading results. The cell has multiple
quality control mechanisms to ensure only mature
tRNAs are available for cytoplasmic protein synthesis.
Retrograde transport of 5′ and 3′ extended tRNAs or
hypomodified tRNAs could target tRNAs lacking modifi-
cations to return to the nucleus and if the defect cannot
be corrected, sequester them there. Anmtr10Δmutation
that inactivates the receptor required for retrograde trans-
port would reverse sequestration. We found mtr10Δ had
no effect in misreading modification mutant back-
grounds, so retrograde transport also cannot explain our
misreading results.

The remaining hypothesis is that the lack of core modifi-
cations directly alters the decoding efficiency of the tRNAs.
Anticodon loop modifications (Hagervall et al. 1998;
Manickam et al. 2016; Joshi et al. 2018) either decrease
or increase decoding activity of the tRNA depending on
the details of the codon•anticodon interaction. Core mod-
ifications, though they do not directly affect the codon•an-
ticodon complex,might do so aswell. Loss of tRNALys

CUU core
modifications reduced misreading of the UAG nonsense
codon, suggesting a general reduction in decoding effi-
ciency. We have no equivalent readthrough assay for
tRNAGlu

UUC sinceUAAorUAGmutantsofour tRNAGlu
UUC report-

er system shows background activity (Joshi et al. 2018). We
can, however, assess hypomodification effects on near-
cognate decoding by tRNAGlu

UUC where the competing cog-
nate tRNA is not targeted for modification. This is true for
two modifications, Pus1 (Ψ27) and Dus4 (D20a). Pus1 modi-
fies tRNAGlu

UUC but none of the competing cognates. Lack of
Ψ27 significantly increases errors by tRNAGlu

UUC on each of its
four error-prone codons, suggesting that Ψ27 reduces
tRNAGlu

UUC near-cognate decoding efficiency. Similarly, the
absence of Dus4 resulted in significantly increased mis-
reading of three codons decoded by tRNAs lacking D20a

(GAU,GAC, andGGG)but hadnoeffect onGGA,decoded
by D20a-containing tRNAGly

UCC . This again suggests that
D20a reduces tRNAGlu

UUC near-cognate decoding efficiency
on the three affected codons.

FIGURE7. Effect of lack ofMtr10 β-importin nuclear import receptor on errors inwild type and fivemutant backgrounds showing highly significant
error frequencies.Activities shown formodificationmutant strains, labeledon the x-axis, expressing (“MTR10+”) or lackingMtr10 (“mtr10Δ”).None
of the differences between matched strains with and without Mtr10 were significant.
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Core modifications are known to improve tRNA thermal
stability and stabilize the tertiary fold required for the
tRNA L-shape structure of tRNA (for reviews, see Motorin
and Helm 2010; Phizicky and Alfonzo 2010; Lorenz et al.
2017). Core hypomodification leading to RTD at elevated
temperatures presumably results from loss of these stabiliz-
ing effects of core modifications. Significantly, modifica-
tions that modulate misreading errors also affect stability
and tertiary folding. For example, the presence of each of
the errormodulatingmodifications D20A, T54, andΨ55 in-
creases the melting temperatures of E. coli tRNASer

GGA
(Nomura et al. 2016). Formation of the L-shape involves ter-
tiary interactions between the two halves of the molecule,
the D and T hairpins (for reviews, see Motorin and Helm
2010; Phizicky andAlfonzo 2010; Lorenzet al. 2017). In vitro
interaction assay between synthetic tRNA half molecules
showed that singly the core modifications T54, Ψ55, and
5mC49, all located in theThairpin, increased thebiomolec-
ular affinity constant for interaction between the two halves
(Nobleset al. 2002). Theeffect of T54may reflect the forma-
tion of the T54•m1A58 pair internal to the T loop whereas
the effect ofΨ55 is longer range, as part of the two stabiliz-
ing base pairs (Ψ55•G18, C56•G19) between the T and D
loops.

Uhlenbeck and Schrader (2018) have proposed that
tRNAs have been “tuned” by evolution to minimize differ-
ences in the efficiency of their use by the translation ma-
chinery. They made this comment in the context of
design of tRNAs to insert unnatural amino acids, but the in-
sight is very relevant to the issue of translational accuracy.
They noted that tRNAs differ in two important ways. First,
each tRNA carries a different amino acid and differences
in its physical nature can affect, for example, the affinity of
the aminoacyl-tRNA with the elongation factor EF-Tu
(EF-1A in eukaryotes) (Dale et al. 2004). Below optimal
affinities basedon amino acid identity cause reduced trans-
lational efficiency. Especially weaker complexes are recruit-
ed to the A site more slowly, and for stronger complexes
dissociation of the EF-Tu after GTP hydrolysis is slower,
blocking rapid peptide transfer (Schrader et al. 2011).
Importantly for this work, because there is little modifica-
tion of the EF-1A interaction region, tRNA modifications
have little effect on the affinity of aminoacyl-tRNAs for EF-
Tu (Asahara and Uhlenbeck 2005).

A study of tRNA mutant forms of E. coli tRNAAla
GGC identi-

fied many that minimized misreading of near-cognate co-
dons (Shepotinovskaya and Uhlenbeck 2013). These
hyperaccurate tRNAs result from changes in the core of
the tRNAwhere modifications are concentrated. A canoni-
cal error-prone mutation, the G24A “Hirsh suppressor” of
E. coli tRNATrp

CCA (Hirsh 1971; Cochella and Green 2005)
also modifies the core region. Uhlenbeck and Schrader
(2018) argue that the structure of the core, including its
modifications, have coevolved with the anticodon to
“tune” tRNAs with strong or weak anticodons to achieve

a consistent efficiency of decoding. Under this model, in-
creased or decreased errors result from shifting decoding
efficiency away from that optimum.

Mutations affecting tRNA structural genes or tRNAmod-
ification enzymes have been identified as responsible for a
wide range of human diseases (Tahmasebi et al. 2018;
Suzuki 2021; Orellana et al. 2022). These are a subset of a
larger group of diseases resulting frommutations affecting
a variety of targets in the translational machinery including
ribosomes, translation factors, aminoacyl-tRNA synthetas-
es, translation elongation factors, the translation-associat-
ed integrated stress response, and the TORC1 kinase
system, a global regulator of the translation machinery
(Mills andGreen2017; Tahmasebi et al. 2018).Aclassof hu-
man diseases characterized by protein aggregation and
neurodegeneration result from a loss of proteostasis, a net-
work of factors that control protein synthesis, folding and
degradation to maintain cellular health (Klaips et al.
2018). Our work here suggests that hypomodification-in-
duced misreading results from a failure of the tuning that
ensures consistent rates of decoding by all tRNAs.

MATERIALS ANDMETHODS

Strains, media, and misreading reporter assays

Yeast cells were grown on rich YPD medium or, to maintain trans-
forming plasmids, on drop-out synthetic complete medium lack-
ing uracil (USBiological). All experiments were performed on
members of a set of S. cerevisiae congenic strains (Winston et al.
1995; Brachmann et al. 1998); they are listed in Supplemental
Table S6. Derivatives carrying various mutations eliminating
tRNA modification enzymes were obtained from commercial
sources or were generated by insertional mutagenesis using the
drug resistance cassettes, KanMX (Wach et al. 1994), NatMX,
HphMX, or BleMX (Lorenz 2015). To avoid unwanted selection
of external suppressors, mutants were obtained or created as het-
erozygous diploids fromwhich appropriate haploids were derived
by sporulation and dissection as described (Guthrie and Fink
1991). Accuracy reporter plasmids were used in this study to mea-
sure misreading error frequency by tRNALys, using the previously
described dual luciferase reporter, pDB688 (Salas-Marco and
Bedwell 2005), which comprises genes encoding Photinus pyralis
(firefly) luciferase (Fluc) expressedas a translational fusion todown-
stream Renilla reniformis luciferase (Rluc) (Kramer et al. 2010), or
misreading errors by tRNAGlu using the Escherichia coli lacZ
gene encoding β-galactosidase from a derivative of the plasmid
pMB38 (Belcourt and Farabaugh 1990), which expresses β-galac-
tosidase from a fusion of lacZ to the amino-terminal 100 bp of
the yeast HIS4 gene (Joshi et al. 2018). The generation of muta-
tions altering codon Lys 529 of Fluc (Kramer et al. 2010) and Glu
537 of β-galactosidase (Manickam et al. 2014) has been reported.
Transformation of yeast strains was performed as described (Gietz
and Schiestl 2007), and from six to 18 independently transformed
strains were assayed, each in triplicate technical replicates. The
significanceof differences in experimental results according toge-
netic background were determined by Student’s t-test.
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Northern blotting

Total RNA (nonaminoacylated) was purified from cells grown in
YPD medium to midexponential phase as described (Chatterjee
et al. 2017). To determine levels of aminoacylation, RNAwas puri-
fied in acidic conditions, to preserve the acyl group, as described
(Chernyakov et al. 2008). An amount of 20 µg of total nonamino-
acylated RNAwas separated by electrophoresis in 10% polyacryl-
amide gel (19:1 bis) containing 8 M urea and 1× TBE (0.9 M Tris-
borate, 1 mM EDTA, pH 8.3. acidic RNA was separated on 6.5%
polyacrylamide gel [19:1 bis] containing 8 M urea and 0.1 M
NaOAc, pH 5 as described [Chernyakov et al. 2008]). After separa-
tion, the RNA was transferred to a Hybond N Membrane
(Amersham Biosciences) in 1× TAE (40 mM Tris-acetate, 1 mM
EDTA, pH 8.1, from a 50× stock) at 4°C in a Bio-Rad Trans-Blot ap-
paratus for 3 h at 30 V. The RNA was then UV cross-linked to the
membrane with 120,000 mjoules at 254 nm in a Stratagene UV
cross-linker and probed as described (Wu et al. 2013) using digox-
igenin-modified probes (Genewiz). The membrane was imaged
using a C-DiGit Blot Scanner (LI-COR), and the signal intensities
of various tRNA species were quantified using ImageJ software
or by Image Studio (LI-COR) and normalized to the 5S RNA con-
trols. To visualize multiple tRNAs from one preparation, the blot
was stripped and reprobed, the last probe targeting the 5S control
rRNA.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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