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ABSTRACT

Transfer RNAs (tRNAs) maintain translational fidelity through accurate charging by their cognate
aminoacyl-tRNA synthetase and codon:anticodon base pairing with the mRNA at the ribosome.
Mistranslation occurs when an amino acid not specified by the genetic code is incorporated into
a protein. Since alanyl-tRNA synthetase uniquely recognizes a G3:U70 base pair in tRNAA2 and
the anticodon plays no role in charging, tRNAA? variants with anticodon mutations have the
potential to mis-incorporate alanine. Our goal was to characterize the phenotypic consequences
of expressing all 60 tRNAA2 anticodon variants in Saccharomyces cerevisiae. Overall, 36
tRNAA2 anticodon variants decreased growth in single- or multi-copy. Using mass spectrometry,
we observed mistranslation for 45 of 57 variants when on single-copy plasmids. Variants with G/C
rich anticodons tend to have larger growth deficits and mistranslate at greater frequencies than
A/U rich variants. There was a weak but statistically significant correlation between mistranslation
and reduced growth. In most instances, synonymous anticodon variants impact growth differently.
We suggest that this is explained by decoding specificity, which results in different tRNAA?
variants mistranslating unique sets of peptides and proteins. Since potential mistranslating tRNAs
exist in humans, our analysis identifies features of tRNA”2 variants that influence their potential
contribution to disease.
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INTRODUCTION

Transfer RNAs (tRNAs) are adaptor molecules that decode the genetic message contained within
MRNA into protein sequence during translation (1-4). Translational fidelity and proteome
accuracy is maintained by tRNAs during two steps. First, tRNAs are recognized by their
aminoacyl-tRNA synthetase (aaRS) and charged with the cognate amino acid. Second, accurate
base pairing between the tRNA anticodon and mRNA codon during decoding at the ribosome
ensures the correct amino acid is incorporated into the growing polypeptide chain (5-7). Errors
at either step lead to mistranslation, the incorporation of an amino acid not specified by the genetic
code. Mistranslation occurs naturally in all cells, with mis-incorporation events occurring once in
every 10* to 10° codons (8-10). In addition, mistranslation frequency increases in response to
environmental conditions (11-13) or in the presence of tRNA variants (14-17).

Aminoacyl-tRNA synthetases recognize their cognate tRNAs through individual bases or
structural motifs within the tRNA called identity elements (18—20). For most tRNAs, the anticodon
is the main identity element, providing a direct link between the genetic code and amino acid
being incorporated. This is not the case for tRNA”2, tRNASe" and tRNAY, which are recognized
by identity elements outside of the anticodon (20). Specifically, the alanyl-tRNA synthetase
(AlaRS) recognizes a conserved G3:U70 base pair in the tRNAA2 acceptor stem (21-23).
Similarly, the seryl- and leucyl-tRNA synthetases recognize a uniquely long variable arm in
tRNASe" and tRNALeY positioned 3’ of the anticodon stem (24-27). Consequently, anticodon
mutations in tRNAA2 tRNASe" or tRNAY can result in mis-incorporation of alanine, serine or
leucine, respectively, at non-cognate codons (16, 17, 27, 28). Alanine mis-incorporation also
arises through the insertion of a G3:U70 base pair in non-alanine tRNAs (14, 29-31).

Elevated levels of mistranslation from tRNA variants result in mis-made proteins across the
proteome and proteotoxic stress. Protein quality control mechanisms allow cells to cope with mis-
made proteins. These include the ubiquitin-proteasome system, autophagy, induction of the heat
shock response and unfolded protein response, and the organization of protein aggregates into
inclusion bodies (32). Ruan et al. demonstrated that Escherichia coli tolerate mistranslation of
asparagine to aspartic acid at frequencies of ~ 10% (33) and we recently showed that
Saccharomyces cerevisiae tolerate mistranslation of proline to serine at frequencies below 12%
(34).

Cells also tolerate mistranslating tRNA variants by buffering their mis-incorporation potential with
multiple copies of native, wild-type tRNA genes with identical or overlapping codon specificities.
For example, S. cerevisiae contains 16 tRNAs genes that decode alanine codons, 11 with an
AGC anticodon and 5 with a UGC anticodon. These two alanine isoacceptors decode the full set
of four alanine codons (GCN) as the result of G:U wobble base pairing between base 34 and the
third position of the codon and other extended pairing achieved through modification of base 34
(35, 36). In eukaryotic tRNAs, the latter involves modification of adenosine to inosine at position
34 to allow decoding of codons ending in A, U or C (37). Furthermore, uridine at position 34 is
often modified to expand or restrict decoding potential (38, 39). Modification of bases outside the
anticodon also affect decoding. For example, position 37, immediately 3’ of the anticodon, is often
modified to Né-isopentenyladenosine and N8-threonylcarbamoyladenosine for tRNAs that decode
codons beginning in U or A, respectively (40). These modifications stabilize A:U Watson-Crick
pairs in the first codon position. Overall, modifications ensure efficient decoding of all 61 sense
codons.
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With one or two mutations to the anticodon, tRNAA2 genes are theoretically capable of mis-
incorporating alanine at any non-alanine codon. Mistranslation could increase genetic diversity
and, on a longer time scale, lead to genetic code evolution. At the organism level, mistranslation
caused by a tRNAA2 variant may result in proteotoxic stress and reduced fitness. To test the
impact of different tRNAA2 variants on cells, we engineered a collection of tRNAA? encoding
genes with all 64 possible anticodons and individually measured their impact on growth and
mistranslation frequency. Surprisingly, not all variants impact growth or mistranslate. The impact
of a variant was primarily dictated by the anticodon, as opposed to the amino acid substitution
being made. Specifically, G/C richness of the anticodon and base identity at position 34 were the
predominant features influencing mistranslation frequency by the variant, whereas cellular impact
was influenced by mistranslation frequency and the specificity of decoding. As human genomes
contain tRNA anticodon variants with the potential to mistranslate (41), our results indicate that
the impact of human tRNA”2 anticodon variants will depend on the specific anticodon of the tRNA
variant. In addition, the mistranslating tRNAs generated here have applications in synthetic
biology for making statistical proteins and proteomes (42, 43).

MATERIALS AND METHODS

Yeast strains and growth

Wild type haploid yeast strains are derivatives of BY4742 (MATa his3A1 leu2A0 lys2A0 ura3A0)
(44). The haploid strain CY8652 (MATa his3A1 leu2A0 lys2A0 ura3A0 tTA*-URA3) containing
the tet “off” activator (tTA*) marked with URAS3 was derived from R1158 (45) after crossing with
BY4741 and sporulation.

Yeast strains were grown at 30°C in yeast peptone medium or in synthetic medium supplemented
with nitrogenous bases and amino acids containing 2% glucose. Transformations were performed
using the lithium acetate method as previously described (46).

Growth assays

Inducible tRNAA2 anticodon variants. Yeast strain CY8652 constitutively expressing the TetR-
VP16 protein and containing a LEU2 plasmid expressing either a control tRNAA2ccc(ale) decoding
alanine codons or the anticodon variants were grown to saturation in medium lacking uracil and
leucine without doxycycline. Strains were diluted to ODeoo of 0.1 in the same medium containing
0, 0.01 or 1.0 pg/mL of doxycycline and grown for 24 hours at 30°C with agitation. ODsoo was
measured every 15 minutes for 24 hours in a BioTek Epoch 2 microplate spectrophotometer.
Doubling time was calculated using the R package “growthcurver” (47). Doubling times were
normalized to the wild-type strain grown at the respective doxycycline concentration. Each strain
was assayed in triplicate.

2u tRNAAa anticodon variant derivatives. Yeast strain BY4742 was transformed with 1.0 ug of
plasmid expressing the control tRNA*ccc(ale) Or anticodon variant tRNAs and plated onto minimal
medium lacking uracil. Plates were imaged after 2 days of growth and quantified using the ImageJ
(48) “Watershed” package.
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DNA constructs

The construct encoding the tRNAA? variants was synthesized as a GeneString fragment
(ThermoFisher) containing a random mix of each nucleotide at anticodon positions 34, 35 and 36
and the tRNAA2 gene was flanked by approximately 300 base pairs of up- and downstream
sequence from SUP17. The synthetic gene fragment was cloned as a Hindlll/Notl fragment into
pCB4699, a LEU2 centromeric plasmid (YCplac111) containing a tetracycline regulated promoter
downstream of the tRNA gene as previously described (34). For variants that were not selected
out of the randomized anticodon pool, constructs expressing these tRNAA? variants were
engineered via two-step PCR reactions. To reduce the number of primers needed, mismatched
primer sets were used to generate two variants from a single PCR reaction. PCR fragments were
subcloned into pGEM-Teasy (Promega) and then moved as Hindlll/Notl fragments into pCB4699.
The sequences of all 64 tRNAA2 anticodon variants generated and plasmid numbers are listed in
Supplementary Table 1. The cloning approach and primers used to generate each variant (if
applicable) are listed in Supplementary Table 2.

Multicopy plasmid expressing tRNAA?2 variants were made by cloning Hindlll/EcoRI fragments
containing each tRNA variant into YEplac195. Plasmid numbers are listed in Supplemental Table
3.

Mass spectrometry

Strains were grown overnight in medium lacking leucine and uracil. Cultures were diluted to ODsoo
of 0.01 in the same medium containing 1.0 pg/mL doxycycline except for the strain expressing
tRNAA?cGGpPro) Which was diluted to ODeoo of 0.1. Cultures were harvested by washing once in 1x
yeast nitrogen base and frozen in liquid nitrogen when they reached an ODeoo between 0.8-1.0,
except for tRNAA?Gcc(ely) which due to its slow growth was harvested 36 hours after dilution at
ODes0o ~ 0.4.

Cells were lysed by bead-beating with 0.5 mm glass beads at 4°C in urea lysis buffer (8 M urea,
50 mM Tris pH 8.2, 75 mM NaCl). Lysates were cleared by centrifugation at 21,000 x g for 10
minutes at 4°C and protein concentration was determined by bicinchoninic acid assay (Pierce,
ThermoFisher Scientific). Proteins were reduced with 5 mM dithiothreitol for 30 minutes at 55°C,
alkylated with 15 mM iodoacetamide for 30 minutes at room temperature in the dark and the
alkylation was quenched with an additional 5 mM dithiothreitol for 30 minutes at room
temperature. For each sample, 50 pg of protein was diluted 4-fold with 50 mM Tris pH 8.9 and
digested for 4 hours at 37°C with 1.0 ug LysC (Wako Chemicals). Digestions were acidified to pH
2 with trifluoroacetic acid and desalted over Empore C18 stage tips (49).

For strains containing tRNA”A?yuuys) and tRNAA2cyuys) and the corresponding control strain
containing tRNAA?Gcc(aim), Samples were lysed as above in 4 M guanidine hydrochloride, 100 mM
triethylammonium bicarbonate pH 8.0. Samples were prepared as above, except after quenching
the alkylation reaction, 100 ug of protein was acetylated with 200 pg of Sulfo-NHS-acetate
(Pierce, ThermoFisher Scientific) for 1 hr at room temperature. Robotic purification and digestion
of proteins into peptides was performed on the Kingfisher Flex (ThermoFisher Scientific) using
trypsin and the R2-P1 method described by Leutert et al. (50). Digestions were acidified and
desalted as above. Peptides were resuspended in 200 mM EPPS pH 9.5 with 5% hydroxylamine
and incubated for 5 hrs at room temperature to reduce acetylation on serine, threonine and
tyrosine residues before peptides were desalted again.
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Peptide samples were resuspended in 4% acetonitrile, 3% formic acid and subjected to liquid
chromatography coupled to tandem mass spectrometry on a tribrid quadrupole orbitrap mass
spectrometer (Orbitrap Eclipse; ThermoFisher Scientific). Samples were loaded onto a 100 pm
ID x 3 cm precolumn packed with Reprosil C18 3 um beads (Dr. Maisch GmbH) and separated
by reverse-phase chromatography on a 100 pum ID x 30 cm analytical column packed with
Reprosil C18 1.9 um beads (Dr. Maisch GmbH) housed into a column heater set at 50°C.
Peptides were separated using a gradient of 7-50% acetonitrile in 0.125% formic acid delivered
at 400 nL/min over 95 minutes, with a total 120-min acquisition time. The mass spectrometer was
operated in data-dependent acquisition mode with a defined cycle time of 3 seconds. For each
cycle, one full mass spectrometry scan was acquired from 350 to 1200 m/z at 120,000 resolution
with a fill target of 3E6 ions and automated calculation of injection time. The most abundant ions
from the full MS scan were selected for fragmentation using 1.6 m/z precursor isolation window
and beam-type collisional-activation dissociation (HCD) with 30% normalized collision energy.
MS/MS spectra were acquired at 15,000 resolution by setting the AGC target to standard and
injection time to automated mode. Fragmented precursors were dynamically excluded from
selection for 60 seconds.

MS/MS spectra were searched against the S. cerevisiae protein sequence database (downloaded
from the Saccharomyces Genome Database resource in 2014) using Comet (release 2015.01)
(51). The precursor mass tolerance was set to 20 ppm. Constant modification of cysteine
carbamidomethylation (57.0125 Da) and variable modification of methionine oxidation (15.9949
Da) was used for all searches. For samples containing tRNAA2yuu(Lys), tRNAA?cyywys) and the
corresponding control samples, variable modification of lysine acetylation (42.0105 Da) was
included. A variable modification of each amino acid to alanine was used for the respective
searches. A maximum of 3 of each variable modification was allowed per peptide. Search results
were filtered to a 1% false discovery rate at the peptide spectrum match level using Percolator
(52). Mistranslation frequency was calculated from the unique mistranslated peptides for which
the non-mistranslated sibling peptide was also observed. The frequency is defined as the counts
of unique mistranslated peptides, where alanine had been mis-incorporated, divided by the counts
of all peptides containing the wild-type amino acid and expressed as a percentage. At the codon
level, mistranslation frequency was determined using a custom Perl script (Supplemental File 1)
considering only peptides with one possible substitution event to allow for accurate localization of
the mistranslation event and identification of the codon being mistranslated.

The raw mass spectrometry data have been deposited to the ProteomeXchange Consortium via
the PRIDE (53) partner repository with the dataset identifier PXD038242 and an annotated list of
the file names can be found in Supplemental Table S4.

Factors used to correlate mistranslation frequency and growth
Linear regression was performed between the following factors and mistranslation frequency for
each tRNAA2 variant: wild-type tRNA gene copy number (54, 55), ribosome residence time at
each codon (56) and the Turner values describing codon:anticodon binding energetics (57, 58).
The following factors were correlated using multiple linear regression with the relative growth
impact of each variant as the dependent variable: mistranslation frequency, amino acid polarity
requirement (PR score) (59), BLOSUM substitution score (60), Kyte-Doolittle hydropathy index
(61), yeast whole genome codon usage frequency (https://www.genscript.com/tools/codon-
frequency-table) and codon usage in top 30 expressed yeast proteins (62, 63). SIFT scores for
all possible substitutions to alanine in the yeast proteome were downloaded from the mutfunc
resource (64, 65). For each codon, the number of predicted deleterious substitutions (SIFT
5


https://doi.org/10.1101/2022.11.23.517754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.23.517754; this version posted December 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

prediction score < 0.05) was determined. A weighted SIFT score was calculated for each tRNAAR
variant by multiplying the number of possible deleterious substitutions at a specific codon by the
mistranslation frequency at that codon. For tRNAA2 variants that mistranslate at multiple codons,
the weighted SIFT score for each codon was summed.

Statistical analyses

Statistical analyses were performed using R studio 1.4.1717. Representative code for all analyses
can be found in Supplemental File 2. Welch’s t-test was used to compare doubling times of strains
containing tRNAA? anticodon variants to the control tRNAAgec@i Strain and corrected for
multiple tests using the Benjamini-Hochberg method. Wilcoxon rank sum test was used to
compare median colony size of strains transformed with tRNAA”2 anticodon variants on multicopy
plasmids relative to the control tRNAA?cac(aia)and corrected for multiple tests using the Bonferroni
method. Welch’s t-test was used to compare the mistranslation frequency measured for strains
containing tRNAA2 anticodon variants to the control tRNA”?ccci) strain and corrected for
multiple tests using the Benjamini-Hochberg method. Simple linear regression was used to
correlate number of tRNA genes, ribosome residence time and turner energy for each codon with
mistranslation frequency and Pearson’s R? was determined for each correlation. Multiple linear
regression was used to correlate mistranslation frequency, amino acid polarity requirement (PR
score), BLOSUM substitution score, Kyte-Doolittle hydropathy index, yeast whole genome codon
usage frequency and codon usage in top 30 expressed yeast proteins with impact on growth.
Independent variables with p-values less than 0.05 after Bonferroni multiple test correction were
considered to contribute to growth impact of each tRNAA2 anticodon variant.
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RESULTS
The anticodon determines the phenotypic impact of tRNAAR2 variants

To investigate the impact of tRNA”2 anticodon variants on yeast growth, we engineered a
collection of plasmids expressing the 64 possible tRNAA2 anticodon derivatives (Figure 1A, Table
S1). A tetracycline inducible system (34) was used to regulate tRNA expression and control
mistranslation-associated toxicity (Figure 1B). In the absence of the tetracycline analog
doxycycline, tRNA expression is repressed. When doxycycline is added to the growth media, the
tRNA variant is expressed in a titratable manner. Since we previously found that regulation of this
system was improved with tRNASe" SUP17 flanking sequence (34), the tRNAA2 encoding gene
was positioned precisely into the SUP17 locus (Figure S1).
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Figure 1. Schematic of tRNAA2 containing a degenerate anticodon and the tetracycline
inducible tRNA expression system. (A) The structure of tRNAA2 with a degenerate anticodon.
Bases colored in blue represent the G3:U70 base pair required for recognition and charging by
AlaRS. The anticodon is shown in red. (B) tRNAA2 in the tetracycline inducible system used to
regulate tRNAA2 anticodon variant expression flanked by up- and downstream SUP17 sequence.
In the absence of the tetracycline analog doxycycline, the tet® promoter is bound by the TetR-
VP16 transcriptional activator which represses tRNA expression by driving RNA polymerase I
expression across the tRNA gene. In the presence of doxycycline, TetR-VP16 binds doxycycline
and dissociates from the promoter allowing the tRNA to be transcribed by RNA polymerase Ill.
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Plasmids containing one of 64 tRNAA2 anticodon variants were transformed into a yeast strain
constitutively expressing Tet-VP16 (CY8652) (34). Transformants were isolated and their growth
characterized in liquid minimal media containing 0, 0.01 and 1.0 pg/mL doxycycline. Growth
curves were performed in biological triplicate for each strain at 30°C over 24 hours. Figure 2A
shows representative growth curves for strains containing the control tRNA*2ccc(aia) and variants
tRNAAM3cAuvey, tRNAM3GaAPhe) and tRNAARAGG(Pro), Which show minimal, intermediate and high
impact on growth, respectively. As an example, tRNA*2agg(pro), reduces growth to 47% of the
strain containing the control tRNAA2cgc(al) at 1.0 ug/mL doxycycline. As expected, growth impact
was less severe at lower doxycycline concentrations for tRNAARGaarhey and tRNAARAGG(Pro).
Growth of the control tRNAA?Gccnia) and tRNAA2cauvey was unchanged at all doxycycline
concentrations.

The relative growth of each strain containing one of 64 possible tRNAA variants in medium with
1.0 pg/mL doxycycline is shown in Figure 2B and relative growth at all three doxycycline
concentrations is shown in Figure S2. Of the 60 variants with non-alanine anticodons, 25
significantly decreased growth compared to the wild-type tRNAA2 (Table S7). For variants that
significantly decreased growth, we observed a range of relative growth rates indicating that
tRNAA2 variants with anticodons decoding the 19 non-alanine amino acids have diverse impacts.
For example, G/C rich variants tRNAAcga(pro), tRNAARGAcva) tRNAAGcccly) and tRNAARCAG(Lew)
resulted in the greatest growth reduction. A moderate growth reduction was observed for variants
encoding tRNAA3Gaarhe), tRNAAGUG(HIs), tIRNAAGGA(sen. Variants that had no growth reduction
include the A/U rich variants tRNAA2aaaphe), tRNAARAaue), tRNAARyAUae), tRNAAYuuLys), and
tRNAA2Ayyasn) as well as the variants decoding all three stop codons. In addition, different growth
impacts were observed for variants decoding synonymous codons. For example, tRNAA?Gu(Thn)
reduced growth to 61% of the wild-type, whereas the other three threonine decoding variants had
a minimal effect.
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Figure 2. Impact of tRNA”2 anticodon variants on yeast growth. (A) Representative growth
curves of yeast strain CY8652 containing a plasmid with a control tRNAA%Ggc@ variant, a
tRNAAcAumet) variant with no growth effect, a tRNAAgaaphe) variant with intermediate growth
impact or a tRNAA2Acgrro) variant with a severe growth impact. Black, grey and blue lines
represent strains grown in media containing 0, 0.01 and 1.0 pg/mL doxycycline, respectively. (B)
Relative growth of tRNAA2 anticodon variants in medium containing 1.0 pg/mL doxycycline was
calculated by multiplying the inverse of each variant’s doubling time by the average doubling time
of the tRNAA?GGc(aim) control (for raw data and statistical comparisons see Table S6 and S7).
Cultures were grown for 48 hours at 30°C in medium lacking uracil and leucine, diluted to an
ODsoo of 0.1 in the same medium with 1.0 uyg/mL doxycycline and grown for 24 hours at 30°C with
agitation. ODeoo was measured at 15-minute intervals and doubling time was quantified with the
‘growthcurver’ R package. Each point represents one biological replicate (n = 3).
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Increasing tRNAA anticodon variant copy number reveals growth impact

Thirty-nine variants did not show statistically slower growth when compared to the control
tRNAA3GGc (g in single copy. Since each tRNAA2 anticodon variant competes with the native
tRNA species for decoding, we tested if increasing copy number would uncover a growth
phenotype. We cloned a subset of the tRNAA? anticodon variants into a 2p multicopy plasmid.
The wild-type BY4742 strain was transformed with these plasmids and transformant colony size
quantified relative to a control transformation of tRNA*2ccc(am) on a multicopy plasmid (Figure 3,
Figure S3, Table S8). We chose to quantify colony size after transformation to minimize the
number of passages and selection pressure towards lower copy of deleterious plasmids. One of
the variants, tRNAAcaarhe), Was deleterious in single copy and overexpression produced no
visible colonies on transformation, demonstrating that overexpressing mistranslating tRNA
variants exacerbates the negative growth effect. Of the 17 low impact variants tested, 12
significantly decreased median colony size compared to the control. Four of these had mean
colony size 50% less than the control (tRNAA%uccely), tRNAA2caumer, tRNAABAGU(TH,
tRNAA2ApapPhe)) and one variant produced transformants that were too small to quantify
(tRNAAcyg(einy). These variants likely mistranslate in single copy, but at a low frequency that does
not lead to a growth phenotype. In contrast, five tRNAA2 variants showed no statistical impact on
colony size, even in high copy number (tRNAAagcacys), tRNAA2yuuLys), tRNAAaccam),
tRNAA2AuAcTyr, and tRNAARcya(stop)).
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Figure 3. Overexpressing some but not all tRNAA2 variants reduce growth. Strain BY4742
was transformed with 1.0 pg of a URA3 multicopy plasmid containing each tRNAA2 anticodon
variant, plated on medium lacking uracil and grown at 30°C. Transformants were imaged after
48 hrs (raw images are in Figure S3) and colony area was quantified using the ImageJ
‘Watershed’ package. Each point represents one colony and horizontal bars at the center of
each boxplot represent median colony size. Median colony size of each variant was compared
to the control tRNAA?cGc(ai) (shown in red) using a Wilcoxon rank sum test with Bonferroni
correction to determine significance (see Table S8 for p-values). All variants are statistically
significant (p < 0.01) unless denoted by ‘ns’.
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tRNAA2 anticodon variants mistranslate at different frequencies

Next, we estimated the mistranslation frequency for the tRNAA2 anticodon variants by analyzing
the cellular proteome using mass spectrometry after growth of each strain in medium containing
1.0 yg/mL doxycycline. We estimate mistranslation frequency as the ratio of observed unique
peptides containing alanine mis-incorporation to the number of observed unique peptides
containing the wild-type amino acid (Figure 4A, Table S9). In total, 45 of the 57 non-alanine
anticodon variants measured had statistically elevated levels of mistranslated peptides
compared to the control strain containing tRNAAcec(al) (variants decoding stop codons were
not analyzed). Similar to the effect of these variants on growth, we observed a wide range of
mistranslation frequencies. For example, tRNAAycg(pro), tRNAABGAcva)y and tRNAARGyGHis) had
the highest mistranslation with frequencies of 13.4%, 12.6% and 12.4%, respectively,
approximately 40-times above background. Conversely, tRNAAaaaphe) had the lowest
detectable mistranslation at 0.3% (2-times above background).

Many factors may contribute to the frequency with which a tRNA variant mistranslates. These
include the presence and number of native tRNA genes that compete to decode a specific
codon, stability of codon:anticodon interactions at the ribosome (57), and ribosomal decoding
rate of the decoded codon (56). To determine if any of these factors explain the frequency of
mistranslation observed for each tRNAA? variant, we correlated each factor with mistranslation
frequency (Figure S4). While there was no correlation between mistranslation frequency and
number of competing native tRNAs nor the rate of codon decoding, we found a slight correlation
with the strength of codon:anticodon interaction as measured by the Turner binding energetics
between codon and anticodon minihelicies (Pearson’s R2 = 0.15; p < 0.005) (57). As visualized
in Figure 4B by Grosjean and Westhof’s alternative representation of the genetic code (58),
‘weak anticodons’ that are A/U rich generally mistranslate at lower frequency compared to
‘strong anticodons’ that are G/C rich. However, there are exceptions to this trend such as
tRNAARGAUgle), tRNAARCAUMery and tRNAAGaarhe), Which mistranslate at relatively high
frequency. This may be attributed to these tRNA variants being the most G/C rich anticodons of
their respective synonymous anticodons, all containing a G or C base at position 34.

In addition to influencing the strength of anticodon:codon pairing, base 34 is often modified and
affects decoding specificity (66). Figure 4C shows the mistranslation frequency of synonymous
anticodon variants decoding the same amino acid and differing only at position 34. Note only
variants with statistically significant levels of mistranslation are shown. For four box anticodons
the general order of mistranslation frequency from lowest to highest was U, C, A and G at position
34. The notable exception to this is the proline decoding anticodon UGG, which has the highest
mistranslation frequency. As a further indication of reduced mistranslation for variants with U34,
no mistranslation was observed for tRNAAaucunrg), tRNAAGAude), tRNAA2yuuwys) and
tRNAARyaaLew). For the two box anticodons with either G or A at position 34, G34 variants always
mistranslated at a greater frequency than the corresponding A34 variant. Our results suggest that
tRNAA2 anticodon variants mistranslate at a frequency dependent on the anticodon identity, with
G/C rich anticodons mistranslating at a higher frequency than A/U rich anticodons.

Of the 57 possible anticodons not encoding alanine or a stop, 18 are not encoded natively in the
S. cerevisiae genome. The presence of a Watson-Crick base pairing wild-type competing tRNA
may influence the amount of mistranslation for each tRNAA2variant. However, this is not the case,
as shown in Figure 4C, where non-native and native anticodons are represented by empty and
filled in points, respectively.

11


https://doi.org/10.1101/2022.11.23.517754
http://creativecommons.org/licenses/by-nc-nd/4.0/

0O

Mistranslation (%

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.23.517754; this version posted December 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

@

Mistranslation (%)
=2

s

[Vl (U] [} Q oo 2

8 33 33 8948 32 333 g 33

Arg Asn Asp Cys GIn Glu Gly His lle Leu Lys MetPhe Pro Ser Thr  Trp Tyr  Val
tRNA"? variants

STRONG

Ala Mistranslation (%)
15
10
5
0
Yo u,,/Ser
I
Gy Cy,
1- and 3-Box 2 Box 4 Box
s 1 8 Native Anticodon
A * A ® Yes
O No
] A A n
10 10 104 A A
A A Base 34
mA
A .
5 5 5{ A o . c
¢ - A G
A o m] - ] * ” P .y
[ ]
0 * 0 A A [m] o © L4
CAU DJ.\LI RL‘JLJ RI‘JA RéU RL‘JC Rl:lG RAA v,a'm YL:G VLIIC NCG NCC NAG NGG NGA NGU NAC
Met lle Asn Tyr Ser Asp His Phe Leu Gin Glu Arg Gly Leu Pro Ser Thr Val
Anticodon Family Anticodon Family

Anticodon Family

12


https://doi.org/10.1101/2022.11.23.517754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.23.517754; this version posted December 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 4. Mistranslation frequency measured by mass spectrometry for tRNAA2 anticodon
variants. (A) Yeast strain CY8652 containing either a plasmid with control tRNA”ccc(ai) or a
plasmid containing a tRNA”2 anticodon variant were diluted into medium containing 1.0 pug/mL
doxycycline to induce tRNA expression and harvested at an ODsoo of ~ 1.0. Mass spectrometry
analysis of the cellular proteome was performed and mistranslation frequency for all variants
calculated from the number of unique peptides where alanine mis-incorporation was observed
relative to the number of unique peptides where the wild-type amino acid was observed. Each
point represents one biological replicate (n = 3). White bars indicate strains where mistranslation
is not statistically different from background levels of the same type of mistranslation measured
in the control strain (Welch’s t-test; Benjamini-Hochberg corrected p < 0.01). (B) Average
mistranslation frequency for each tRNAA variant as in (A) plotted for each anticodon on Grosjean
and Westhof’s alternative representation of the genetic code (58) where strong codon:anticodon
pairs are at the top of the circle plot and weak pairs are at the bottom. The length of each bar is
proportional to the mistranslation frequency. (C) Average mistranslation frequency for
mistranslating tRNAA2 anticodon variants decoding synonymous anticodons differing in base 34
identity. Only variants with statistically significant levels of mistranslation are shown. Variants are
grouped by number of different possible anticodons decoding a specific amino acid (1-, 2-, 3- or
4-box) with the same base at positions 35 and 36. Amino acid identity is listed below the
anticodon. Native vs non-native anticodon sequences in yeast are depicted with filled and empty
shapes, respectively. D: adenine, guanine or uracil; R: purine; Y: pyrimidine; N: any base.

Factors determining cellular impact of mistranslating tRNAA2 variants

Next, we investigated factors that determine the impact of mistranslating tRNAA2 variants on
growth. Previously, we showed that mistranslation frequency correlates with impact on growth
when modulating the mistranslation frequency of a serine tRNA variant that mis-incorporates
serine at proline codons (17). Other factors that could determine the impact of alanine mis-
incorporation include the chemical properties of the substituted amino acid relative to alanine and
how many proteins across the proteome will be affected by the mistranslation, as determined by
the abundance of each specific codon throughout the genome. To investigate if these factors
might correlate with the negative growth impact specific tRNAA2 variants have on cells, we
performed multiple linear regression considering five factors: (1) the mistranslation frequency of
each variant measured by mass spectrometry; (2) the number of codons in the genome
corresponding to each tRNAA2 anticodon; (3) the difference in polarity requirement (PR) value for
each replaced amino acid relative to alanine, which describes the biochemical relatedness of
each amino acid based on their solubility in pyridine (59); (4) the BLOSUM score for each
substitution to alanine, which is based on the evolutionary conservation of amino acids in proteins
(60); and (5) the difference in Kyte-Doolittle hydropathy value between each substituted amino
acid and alanine (61). Only mistranslation frequency correlated with impact of tRNAA2 variant on
growth (Pearson’s R2 = 0.36; p-value = 6.87 x 10°"; Figure 5). A similar correlation was observed
whether we looked at the absolute number of mistranslation events or the mistranslation
frequency observed for each tRNAA2 variant (Figure S5).
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Figure 5. Correlation between mistranslation frequency and impact on growth for tRNAA2
anticodon variants. Relative growth rate for each strain containing a tRNAA2 variant, as
calculated in Figure 2A, plotted against the mistranslation frequency determined by mass
spectrometry for each tRNAA? variant, as determined in Figure 4A (for cells grown in medium
containing 1.0 ug/mL doxycycline). The grey dashed line represents the correlation between the
two variables. The p-value is calculated from the linear regression of the dependent variable
(percent mistranslation) relative to the independent variable (relative growth).

Although mistranslation frequency and impact on growth correlated, there were several outliers.
For example, tRNA*M3cc(pro) has the greatest effect on growth but only mistranslates ~3% of
proline codons. The other anticodon variants decoding proline (GGG, AGG and UGG) all
mistranslate at ~10% and have lesser effects on growth. We hypothesized this difference might
be explained by the codon specific mistranslation frequencies for each tRNAA2 variant, as each
variant decodes a different subset of codons, which have different usages throughout the
transcriptome. The mistranslation frequency for each variant at its cognate and synonymous
codons is shown in Figure S6 (see Table S10 for raw values). Indeed, tRNAA2cGGPro) Mis-
incorporates alanine at 30% of observed CCG codons, whereas variants with AGG, UGG and
GGG anticodons mis-incorporate alanine at different subsets of proline codons at lower
frequencies (Figure 6A). Further supporting the idea that codon specific mistranslation
influences effect on growth, tRNA”A2ace(Pro) and tRNAAGGe(pro) both mistranslate CCC and CCU
codons with similar frequencies and have a similar growth effect.

As another example, tRNA”yacvay and tRNAAcacvay mistranslate alanine at valine positions
with similar frequencies of ~ 5% but their growth is reduced to 87% and 54% of the control
strain, respectively. Both tRNAA?yacvay and tRNAAcacvay mistranslate their respective Watson-
Crick pairing codons with frequencies of ~15% (Figure 6B), suggesting that codon specific
mistranslation frequency was not the main factor leading to the difference in growth impact.
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We hypothesized that the difference in growth impact of tRNAAayacvay and tRNAARcacva)y was
due to different subsets of the proteome being impacted. In agreement with this, there was
minimal overlap in the mistranslated peptides and proteins identified in strains containing these
variants (Figure 6C). In contrast, tRNAA2aacva) and tRNAAgac(va) both mistranslate at GUU and
GUC codons but with different frequencies. These variants mistranslate relatively similar sets of
peptides and proteins and their growth impacts were proportional to mistranslation frequency.

tRNA*? Pro Anticodons tRNA*? Val Anticodons
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Figure 6. tRNAA2 variants mistranslate at unique codons leading to different subsets of
the proteome experiencing mistranslation. (A) Codon specific mistranslation frequencies for
the control strain containing tRNAA?ccc(aie) and four tRNAAR variants containing synonymous
anticodons decoding proline codons. Mistranslation at each codon was estimated from mass
spectrometry data as the ratio of unique mistranslated peptides to wild-type peptides where the
proline residue is coded for by the codon indicated. Only peptides containing one proline
residue were considered. Each point represents one biological replicate (n = 4). (B) Codon
specific mistranslation frequencies for the control strain containing tRNAA?cc(aia) and four
tRNAA2 variants containing synonymous anticodons decoding valine codons. Codon specific
mistranslation was calculated as in (A) only considering peptides containing one valine residue.
Each point represents one biological replicate (n = 4). (C) Venn diagrams showing the overlap
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between the unique peptides (left) and proteins (right) where mistranslation was detected by
mass spectrometry in strains containing tRNAA2 variants that have one of four synonymous
anticodons decoding valine codons.

To consider the contribution of both the codon specific mistranslation frequency and the subset
of the proteome being mistranslated, we calculated a weighted SIFT score for each tRNAA
variant. This score is the product of the number of possible deleterious substitutions created by
each tRNA across the proteome, as predicted by the Sorting Intolerant From Tolerant (SIFT)
algorithm (65), multiplied by the amount of mistranslation occurring at each mistranslated codon
(Figure 7). When we correlated the weighted SIFT score with growth impact for each variant,
there was a similar correlation as that between growth impact and mistranslation frequency
(Pearson’s R? =0.41; p = 1.87 x 10°); however, we now could identify three groups of variants.
Ten variants fall below the line of best fit and thus have a larger impact on growth than
predicted by their weighted SIFT score. Included in this group are variants decoding the four
proline anticodons (NGG) and three leucine anticodons (CAG, GAG, CAA). Three variants fall
above the line, indicating these variants are tolerated better than predicted by their weighted
SIFT score (tRNAA2Gaarhe), tRNAAAcc(Gly), tRNAARYAcvan). The remaining 44 variants fall close
to the line of best fit correlating growth impact with weighted SIFT score. Overall, these results
suggest that the effect of a mistranslating tRNA”2 variant on growth is dependent on both the
number of mistranslation events and the extent to which the specific proteins being targeted are
affected.
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Figure 7. Correlation between weighted SIFT score and impact on growth for tRNAA!2
anticodon variants. Relative growth rate for each strain containing a tRNAA2 variant, as
calculated in Figure 2A, plotted against their weighted SIFT score which is calculated from the
total number of predicted deleterious alanine substitutions at each codon multiplied by the
frequency of mistranslation at that codon. The grey dashed line represents the correlation
between the two variables. The p-value is calculated from the linear regression of the
dependent variable (weighted SIFT score) relative to the independent variable (relative growth).

Decoding specificity of the tRNAA2 variants

Figure 8 shows the decoding specificity for variants with statistically elevated mistranslation
frequencies. In all but two cases, G at position 34 mistranslates C and the wobble U at the third
codon position. Interestingly, in these cases, the majority of mistranslation occurs at C, except
in the case of the tRNA*3gcc(cly) variant that predominantly decodes GGU codons. Variants with
A at position 34 have the potential to be modified to 134 (inosine) and decode codons ending
with U, C and A (37, 67, 68). All A34 variants mistranslate codons ending in U and C with the
exception of tRNA*acccly). This suggests these variants have expanded decoding consistent
with inosine modification; however, we only detected mistranslation at codons ending in A for
tRNAAAGG(Proy and tRNAAAAG(Leu). Variants with U at position 34 mistranslate at codons ending
in A most frequently. We only observed U:G (anticodon:codon) decoding for tRNAA?ycg(arg),
tRNAARyaG(Lewy and tRNAARyacval. For tRNAARyGGpro) and tRNAARyacvaly we also observed U:U
decoding. Finally, tRNAA2 variants with C at position 34 only mistranslate codons ending in G.
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Figure 8. Mistranslation frequency at individual codons for tRNAA2 variants differing at
base 34. For each tRNAA? anticodon variant, mistranslation frequency at each synonymous
codon was calculated from the number of unique peptides with a mistranslation event at that
codon relative to the number of unique peptides containing a wild-type residue at that specific
codon. In all cases, positions 35 and 36 formed Watson-Crick pairs with positions 2 and 1 of the
codon, respectively. To confidently localize the mistranslation event and identify the
mistranslated codon, only peptides containing a single target amino acid were used in this
analysis. Only mistranslation that is statistically above the frequency measured for the same
codon in the wild-type strain is shown (Welch’s t-test; Benjamini-Hochberg corrected p < 0.01).
Each point represents one biological replicate (n = 3).
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DISCUSSION

Our study characterized the phenotypic impact and mistranslation frequency of the 60 possible
tRNAA2 anticodon variants from which three main conclusions could be drawn. First, the impact
of a tRNA variant on growth correlates with mistranslation frequency. Second, anticodon
sequence is the primary determinant of phenotypic impact and mistranslation potential of tRNAA
variants. Generally, G/C rich anticodons are the most impactful and U34 anticodons the least
impactful. The importance of the anticodon is emphasized by the variable impact of variants
decoding synonymous codons. Third, since the extent of mistranslation and characteristics of the
amino acid substitution do not fully explain the impact on growth for some variants, we suggest
that differences in the specific codons mistranslated by each variant and the subset of proteins
that experience mistranslation are significant determinants of phenotypic impact.

Factors determining the mistranslation frequency of tRNAA®2 variants

Variants mistranslating at the highest levels have G/C bases at positions 35 and/or 36 with the
greatest mistranslation generally seen when an additional G is present at position 34. In contrast,
the A/U rich anticodon variants decoding lysine, tyrosine, isoleucine, phenylalanine and
asparagine had the lowest mistranslation frequency. We suggest this is because G/C rich
anticodons form stronger base pairs that do not require base modifications to stabilize pairing
with the mRNA codon in the A site of the ribosome (57, 69). Consistent with this, Pernod et al.
identified relatively few codon:anticodon interactions between A/U rich codons using an in vitro
system to investigate decoding interactions (70). tRNAs with A/U rich anticodons are often
modified at base 37, 3 of the anticodon, to NS-isopentenyladenosine or N©-
threonylcarbamoyladenosine to further stabilize base pairing interactions (40). tRNAA2 is modified
to 1-methylinosine at A37 (40). Since cognate tRNAA2 anticodons have G35 and C36, it is unlikely
this modification stabilizes A/U rich anticodon variants. Thus, base pairing of the A/U rich tRNAAR
variants would not be enhanced in this context, reducing variant mistranslation potential. The
finding that U34 generally results in the least mistranslation in sets of synonymous anticodons
also highlights the importance of base modification. For each amino acid a U34-containing tRNA
isoacceptor exists natively in S. cerevisiae. U34 is the site of multiple different modifications
depending on the specific native tRNA (38). These modifications are important for fidelity and
efficiency of translation and to expand decoding potential (38, 66, 71). If U34 is unmodified or
incorrectly modified, translation is impaired. It is possible that in the non-native context of tRNAA?,
U34 variants are not modified or modified incorrectly and therefore decode at lower efficiency.

We also considered other factors that could influence mistranslation frequency. Eight non-alanine
aaRSs possess editing activity to reduce mischarging (lle, Leu, Lys, Met, Phe, Ser, Thr, Val) (72).
Cross-editing by anticodon-cognate aaRSs could remove alanine from the mischarged tRNAA®2
variant (73). However, none of these editing activities are known to target the removal of alanine.
Similarly, some tRNAA? variants may be recognized and aminoacylated by the anticodon-cognate
aaRs. If this is the case, a tRNAA2 anticodon variant would be aminoacylated with the amino acid
matching its anticodon and no longer result in alanine mis-incorporation. This neutralizing
mechanism would be most likely for the 11 aaRSs that use the full anticodon as a primary identity
element for aminoacylation (Asn, Asp, Cys, GlIn, His, lle, Lys, Met, Phe, Thr and Trp) (20). Though
we cannot rule out this mechanism, there was no difference in the average amount of
mistranslation from tRNAA2 anticodon variants where their anticodons are full determinants of
aminoacylation by the cognate synthetase compared to variants where their anticodons play a
lesser role in aminoacylation (Figure S7). The mistranslation frequency of a tRNAA2 variant would
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also be diminished if it was turned over or not expressed. All variants were examined in the same
context and importantly, there is no evidence that the anticodon plays a role in the stability of
tRNAs (16).

Factors influencing the impact of the tRNAA2 variants on cell growth

Intuitively, we expected a correlation between the growth impact and mistranslation frequency.
Previously, we found this was the case when we varied the expression of a single mistranslating
tRNA variant and measured mistranslation frequency and growth (74). However, for a set of five
different tRNAS®" anticodon variants, Zimmerman et al. found that there was not a simple
correlation between growth and mistranslation (16). Here, when analyzing the entire set of
tRNAA2 variants, the correlation between the extent of mistranslation and the impact on growth
was evident but there were many outliers. The general trend suggests that as mistranslation
frequency increases, the associated increase in proteotoxic stress slows cell growth.
Furthermore, studies in mammalian cells have found that mistranslation results in reduced levels
of translation (75), which may also contribute to decreased growth.

We do note that the estimation of mistranslation frequency relies on the detection of mistranslated
peptides by mass spectrometry and that the numbers may be an underestimate due to turnover
and aggregation of mistranslated proteins. It will be interesting to perform a parallel study in
strains with compromised protein quality control pathways to detect mistranslated protein variants
that are degraded in wild-type cells.

Since the correlation between mistranslation and growth impact was not exact, we sought other
possible mechanisms that might explain the effect of each tRNA”2 variant on growth. Alanine’s
methyl side chain is small and hydrophobic. Mis-incorporating alanine for amino acids with distinct
chemical or functional properties might be expected to have a greater impact on growth. Using
several different measures of amino acid similarity, we found no correlation with the impact of
each variant on growth. Interestingly, tRNAA2variants which substitute alanine for similar aliphatic
residues such as leucine, isoleucine and valine had significant impacts on growth. Since these
aliphatic residues are often embedded in the protein core, their substitution with the smaller
alanine may disrupt hydrophobic packing. Supporting this, deep mutational scanning experiments
have demonstrated that hydrophobic residues are amongst the most sensitive to substitution (76,
77).

For certain proteins, even small changes in expression or function impact growth (78). Since
amino acid and codon composition vary from protein to protein, each tRNAA2 anticodon variant
has the potential to contribute to slow growth by decreasing the functional amount of one or
more different proteins. The ability of variants to impact distinct cellular pathways is supported
by our previous finding where two tRNAs mistranslating alanine at proline codons or serine at
arginine codons at similar frequencies had unigue sets of genetic interactions (79).
Furthermore, because codon usage is not random, synonymous anticodons target different
proteins and thus impact growth to different extents. This was seen for tRNAA? variants with
UAC and CAC valine anticodons, which mistranslate at similar frequencies but mis-incorporate
alanine into different proteins and have differences in their impact on growth. To take these
factors into account, we used SIFT to determine the number of deleterious alanine substitutions
for each codon throughout the proteome. After weighting this metric by the mistranslation
frequency there was a good correlation with growth impact for the majority of tRNA”2 variants.
Of the ten variants with a more severe impact on growth than predicted by the weighted SIFT
20
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scores, seven were proline or leucine anticodons. The reason for this is unclear but could be
caused by negative synthetic interactions occurring between multiple mistranslated proteins.
Proline may also be an exceptional case because its properties as an imino acid give it unique
functionality (80, 81).

Twenty-one tRNAAR variants mistranslate but do not have an impact on growth. It is likely that for
each substitution at a specific codon there is a threshold for the level of proteome-wide
mistranslation that is tolerated before growth is impacted. Supporting this, eight of the variants
with no effect on growth mistranslate below 1%. Other variants can tolerate higher levels of
mistranslation without a growth impact. For example, tRNAA2cauvety mistranslates at ~5%, the
highest frequency we observed without a resulting growth impact. The reason for this is unclear
but may in part reflect the relative usage of methionine and the role methionine plays within
proteins. Variants decoding stop codons also had minimal impacts on growth. These tRNAA®R
anticodons variants likely have the potential to misread stop codons since many stop codon
suppressors are tRNAs with altered anticodons (82). The minimal impact of these variants likely
results from competition with abundant and efficient translation release factors (83).

In this discussion we have restricted our consideration to the roles of tRNAs in translation.
However, many reports are continuing to expand the known roles for tRNAs in other processes.
For example, tRNAC®"cyg is important for signaling in response to poor nitrogen sources (84) and
the anticodon is required to impart this function (85). We can not exclude the possibility that these
non-translational functions contribute to the growth impairment of some of the tRNAA2 variants.

Decoding specificity of anticodon variants

In addition to decoding their Watson-Crick base pair cognate codons, tRNAA2 anticodon variants
have the potential to decode near cognate codons through expanded decoding between position
34 of the anticodon and position 3 of the codon. Expanded decoding can occur through G:U
wobble pairing or due to modification of base 34. Our dataset allowed us to investigate the in vivo
decoding specificities for mistranslating tRNAA2 anticodon variants. For most variants with G, C
or U at position 34, the Watson-Crick cognate codon was mistranslated the most frequently.
Variants with A34 mistranslated codons ending in C and U and to a lesser extent A, consistent
with A34 being modified to inosine (67, 86). Only tRNA”2acc(aly), @ non-native anticodon, did not
show evidence of inosine modification. Interestingly, the fact that A34 containing variants decode
codons ending in U more frequently than codons ending in A, despite |:A base pairs being more
stable than I:U pairs (87), suggests that there are other factors that modulate inosine base pairing
at the ribosome. This could reflect the fact that for two box tRNA families, A34 in the anticodon
would result in mistranslation across the box if I:A (anticodon:codon) pairing occurred. It is
possible I:A decoding has been minimized in non-cognate circumstances to prevent across the
box mistranslation should the A34 mutation arise in the native tRNA. Consistent with this, we did
not observe across the box alanine mis-incorporation for two-box anticodon variants with A34.

Anticodon variants with G or U at position 34 also exhibited expanded decoding. For all G34-
containing variants except tRNAA2uuasny and tRNAAgaarhe), codons ending in U were
mistranslated. Conversely, U34 variants only decoded codons ending in G for three of eight
variants. This agrees with previous reports that G:U (anticodon:codon) pairs are more favorable
than U:G pairs, unless U is modified (38, 58, 70, 88). For two U34-containing variants
(tRNAARyGG(pro) and tRNAARyac(van), we observed decoding of codons ending in U. In E. coli and
Salmonella enterica, U34 is modified to uridine-5-oxyacetate in tRNAV3uyac and tRNAPygg,
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respectively, allowing decoding of all four nucleotides in the third codon position (36, 89). In
addition, some bacterial and organellar U34 tRNAs ‘superwobble’, such that an unmodified U34
decodes codons ending in all four nucleotides (90). In S. cerevisiae, tRNAP™yce is sufficient to
decode all four proline codons (91) suggesting that U34 is modified or participates in
superwobble. Our data supports a role for expanded decoding by U34 in tRNAA2ycGrr) and
tRNAAGAC(val).

Similarities and differences with mistranslating tRNASe" variants

Previously, Zimmerman et al. investigated the growth impact of tRNAS®" variants with all 58 non-
serine anticodons in yeast using a competitive growth format (16). While their data was acquired
in pooled format, making direct comparison with our tRNAA2 results difficult, their findings of
anticodon specific differences including those between synonymous anticodons are consistent
with our tRNAA2 results. We previously analyzed some individual tRNAS®" variants (17) and found
that in general, tRNAS®" anticodon variants are more toxic than their tRNAA? counterparts.
Differences between tRNAA2 and tRNAS®" variants may arise because modifications are tRNA
specific or perhaps because the unique variable arm of tRNAS®" negates interaction with the
anticodon cognate aaRSs.

CONCLUSIONS

We have analyzed several factors that contribute to the mistranslation potential of tRNAAR
anticodon variants, with G:C content and base at position 34 being the most important when
considering the full set. The extent of mistranslation is a primary determinant of the impact of the
variant on cell growth with the specific nature of the amino acid substitution playing a minor role.
Furthermore, we suggest that decoding specificity of each variant and the resulting differences in
the proteins mistranslated is significant in determining the impact of a mistranslating tRNA.

We and others have predicted that mistranslating tRNA variants act as genetic modifiers of
disease by contributing to proteotoxic stress (32, 92, 93). In fact, tRNAA2 variants with altered
anticodons are found in the human genome (41). Our work here emphasizes that variant impact
will depend on the specific anticodon of a potentially mistranslating tRNA. Our results on the
effects of individual anticodon variants may differ somewhat between yeast and humans because
of differences in codon usage and buffering tRNAs but strong conservation of the translation
process suggests that the same rules will apply. Therefore, our study highlights attributes that
may make tRNAs more prone to mistranslation and the factors that contribute to the impact of
these variants on cells.

Personalized medicine based upon genetic polymorphism requires the identification of
deleterious mutations. Current strategies to characterize the impact of a mutation generally
involve comparative analysis of evolutionarily conserved sequences; however, there are
limitations to this approach. In vivo functional analyses are ideal but given the number of
polymorphisms, this is a daunting task using traditional mutagenesis. Extensions of the
mistranslation approach used here provide an ideal strategy to analyze the proteome on a global
scale.
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