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ABSTRACT

Stop codon readthrough may be promoted by the
nucleotide environment or drugs. In such cases, ri-
bosomes incorporate a natural suppressor tRNA at
the stop codon, leading to the continuation of trans-
lation in the same reading frame until the next stop
codon and resulting in the expression of a protein
with a new potential function. However, the identity of
the natural suppressor tRNAs involved in stop codon
readthrough remains unclear, precluding identifica-
tion of the amino acids incorporated at the stop po-
sition. We established an in vivo reporter system
for identifying the amino acids incorporated at the
stop codon, by mass spectrometry in the yeast Sac-
charomyces cerevisiae. We found that glutamine, ty-
rosine and lysine were inserted at UAA and UAG
codons, whereas tryptophan, cysteine and arginine
were inserted at UGA codon. The 5’ nucleotide con-
text of the stop codon had no impact on the iden-
tity or proportion of amino acids incorporated by
readthrough. We also found that two different glu-
tamine tRNAS"" were used to insert glutamine at UAA
and UAG codons. This work constitutes the first sys-
tematic analysis of the amino acids incorporated at
stop codons, providing important new insights into
the decoding rules used by the ribosome to read the
genetic code.

INTRODUCTION

Translation corresponds to the decoding of mRNA by the
ribosome. It has four stages: initiation, elongation, termi-
nation and recycling. Translation termination occurs when
a stop codon enters the A site of the ribosome and is rec-
ognized by a complex of two factors: eRF1, which interacts

directly with the stop codon (1,2), and eRF3, a ribosome-
dependent GTPase that stimulates eRF1 in the presence
of GTP (3,4). This termination complex mediates the hy-
drolysis of P-site peptidyl-tRNA in the peptidyl-transferase
center (PTC) of the 60S subunit (5). The recycling of post-
termination complexes is mediated by ABCEI, a conserved,
essential member of the ATP-binding cassette (ABC) family
of proteins (6). Translation termination is an efficient pro-
cess, essential for the correct expression of proteins.

Termination efficiency can be influenced by a number of
factors, including the nucleotide context of the stop codon
(7), the identity of the last two amino acids incorporated
into the polypeptide chain (8), the P-site tRNA (9) and the
presence of stimulatory elements downstream from the stop
codon (10,11). These elements can greatly increase the prob-
ability of a stop codon being decoded by a tRNA rather
than a release factor, leading to the ribosome synthesizing
an elongated protein with potentially different biochemi-
cal properties. This event is called readthrough and corre-
sponds to the incorporation of a near-cognate tRNA, or
natural suppressor, at the stop codon, allowing translation
to continue in the same frame until the ribosome reaches
the next stop. This tRNA may specify the insertion of an
unusual amino acid, such as selenocysteine at UGA codons
(12) or pyrrolysine at UAG codons (13,14). However, in
most cases, the misreading of termination codons involves
various normal cellular tRNAs primary used during the
reading of their cognate sense codons. The recognition of
stop codons by these naturally occurring suppressor tRNAs
requires unconventional base pairing between the codon
and anticodon. In addition to anticodon—codon affinity, a
number of intrinsic features of the suppressor tRNA con-
tribute to the ability to read non-cognate codons. These fea-
tures include the degree of base modification within the an-
ticodon or in the vicinity of the anticodon likely to increase
or decrease the efficiency of misreading (15,16).
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Stop codon readthrough was first detected in Escherichia
coli infected with RNA phage QB and it was shown that
tRNATP 3 ACCy stimulated the readthrough of a UGA
codon at the end of the coat protein cistron that is essen-
tial for the formation of infective particles (17-19). Most of
what we know about the residues inserted by readthrough
at stop codons in eukaryotes or about the natural suppres-
sor tRNAs involved in this process was gleaned from in vitro
experiments in rabbit reticulocyte lysate (RRL) (20). For ex-
ample, tryptophan, cysteine and arginine were identified at
UGA stop codons (21) and some of these results were con-
firmed by the identification of the corresponding tRNAs
as UGA stop codon suppressors (22,23). It has also been
shown that glutamine residues may be inserted at UAA and
UAG stop codons (21). The available in vivo data for yeast
suppressor tRNAs concern only the two glutamine tRNAs
with UUG and CUG anticodons identified as UAA and
UAG suppressors, respectively (24-27). Fearon et al. has
also reported the insertion of tyrosine, lysine and trypto-
phan at UAG stop codons in yeast Ste6p (28).

Most of the available data concerning the nature of the
amino acids inserted by readthrough were obtained from in
vitro studies on plant tRNAs and viral mRNAs. Very few in
vivo data are available, mostly for rabbit and yeast, and these
data are not always consistent with the results obtained
in vitro. For example, Fearon et al did not find the same
amino acids inserted at UAG codons as Feng et al. (21,28).
Moreover, the relative quantification of readthrough amino
acids was never addressed. With such a diversity of ap-
proaches and of organisms studied, and the absence of a
systematic survey in a single defined organism, it is cur-
rently impossible to predict which amino acids are likely to
be incorporated during stop codon readthrough. The na-
ture of the readthrough amino acids and the efficiency with
which they are incorporated could strongly influence the
function of proteins translated from the growing number of
genes known to use programmed stop codon readthrough
(29,30). This is also important for the development of medi-
cal premature termination codon (PTC) suppression strate-
gies (31). Indeed, the restoration of protein activity depends
strongly on the identity of the amino acid inserted dur-
ing PTC readthrough. We decided to develop a new strat-
egy for the systematic study of amino-acid insertion at all
stop codons in a single eukaryotic organism. We set up an
in vivo reporter system for the production and purification
of readthrough proteins in the yeast Saccharomyces cere-
visiae. For efficient identification and quantification of the
amino acids incorporated at stop codons, we chose to an-
alyze readthrough proteins by high-resolution mass spec-
trometry (MS), which has the potential to provide the sensi-
tivity, accuracy and robustness required for reliable peptide
sequencing and a high degree of confidence in quantifica-
tion data.

By reading the yeast genetic code it is possible to predict
6, 7 and 4 natural suppressors tRNAs (i.e. unmutated tR-
NAs which can form at least 2 out of 3 pairing with the stop
codons, also named near-cognate tRNAs) for UAA, UAG
and UGA, respectively (Supplementary Figure S1). Inter-
estingly, we showed that only a subset of these tRNAs incor-
porated at the various stop codons. We found that tyrosine,
glutamine and lysine were incorporated at UAA and UAG

codons, whereas tryptophan, cysteine and arginine were in-
corporated at UGA codon. The nucleotide context around
the stop codon is known to be a major determinant of stop
codon readthrough efficiency (7). It is possible that the nu-
cleotide context exerts its effects by modifying the ability of
some natural suppressor tRNAs to decode stop codons. We
therefore tested several nucleotide contexts, but we detected
no influence on the identity of the amino acids inserted at
stop codons or on the efficiency of incorporation. We ob-
served quantitative differences in the efficiencies of incorpo-
ration for tyrosine, glutamine and lysine between UAA and
UAG stop codons. We showed that these differences were
due to the preferential use of the two 3 GUUy and 3y GUCsy
Gln isoacceptor tRNAs for the decoding of UAA and UAG
stop codons, respectively. These results provide new infor-
mation about codon—anticodon pairing, making it possible
to better understand the rules governing decoding.

MATERIALS AND METHODS
Strains and media

The [PSI*] AUPFI strain, a derivative of the 74D694
strain of Saccharomyces cerevisiae (MATa adel—14 trpl—
289 leu2-3,112 his3 A200 ura3-52 upf1:: TRPI [ PST' ]) was
used for the production and purification of readthrough
GST proteins. The UPFI gene was deleted by TRP1 from
Kluyveromyces lactis.

The strain was grown in minimal medium supplemented
with the appropriate amino acids for maintenance of the
various plasmids. Adenine was added in excess, to prevent
accumulation of the red pigment AIR, an intermediate of
the adenine biosynthesis chain that competes with GST
(glutathione S-transferase).

Plasmids

Readthrough proteins were produced from pYX24-GST.
This vector was constructed by removing the Ecl136II re-
striction site from the pY X212 vector (Ingenius MBV-028—
10), which has a TPI1 promoter, a 2. origin and URA3 se-
lectable marker, and inserting the open reading frame of the
GST gene into the filled EcoRI site. Expression was opti-
mized by inserting the GST gene (from Schistosoma japon-
icum) downstream from the promoter, the entire 5 UTR,
the ATG and the first four codons of the TPII gene, which
is strongly expressed in yeast, its protein product accounting
for about 2% of total soluble cellular protein in yeast (32). A
single Ecl136II restriction site was created during cloning,
at the junction between the TPI1 and GST sequences,
to facilitate the cloning of the different readthrough se-
quences (Table 1). The modified alanine tRNAs with UUG
or CUG glutamine anticodons were inserted into Ecl13611
site of pFL44H (corresponding to pFL44L (33) in which the
URA3 marker has been replaced by HIS3) and expressed
in the [PSI'] AUPF]1 yeast strain cotransformed with the
pYX24-GST constructs.

Western blotting

Protein samples were separated by SDS-polyacrylamide
gel electrophoresis and the bands were electroblotted onto



Table 1. Oligonucleotide sequences derived from S. cerevisiae genes with
readthrough consensus contexts

Sequence

name Oligonucleotide sequences

IXRI-TAA ATAAAAAATGAATAACAAATAAACAAC
IXRI-TAG ATAAAAAATGAATAGCAAATAAACAAC
IXRI-TGA ATAAAAAATGAATGACAAATAAACAAC
SFB-TGA ATCAACAGATGACAATCAGTC
TIP41-TAA ATTCAGTTCTAACAATCAAAT

PVDF membrane, at 16 V for 45 min. Monoclonal antibod-
ies directed against GST (Santa Cruz Biotechnology) were
hybridized with the membrane and the binding of these
antibodies was detected by incubation with secondary an-
tibodies coupled to alkaline phosphatase and NBT/BCIP
staining.

Quantification of readthrough efficiency

The pAC derivative vectors were constructed by inserting
the fragment of interest into the single Mscl site of pAC99
(34). Luciferase and B-galactosidase activities were assayed
in the same crude extract as previously described (35). Val-
ues are reported as box plots, with median values for six
independent measurements. The significance of differences
was evaluated in non-parametric Mann—Whitney tests.

Purification of readthrough proteins

For readthrough GST purification, the [PSI"] AUPF1
strain was transformed with pYX24-GST vectors. The pel-
let of a 1 | overnight culture was resuspended in 1 x
PBS supplemented with 1 mM DTT, 0.5% Nonidet and
1 x Complete EDTA-free protease inhibitor cocktail. Cells
were disrupted in a French press and the whole-cell extract
was loaded onto a 1 ml GSTrap HP column (GE Health-
care). Proteins were purified with an AKTA purifier 10
FPLC system. GST binding was achieved in PBS buffer (1 x
phosphate-buffered saline supplemented with 1 mM dithio-
threitol) and proteins were eluted from the affinity medium
with a Tris-glutathione buffer (50 mM Tris pH 8, 10 mM
glutathione).

Mass spectrometry analyses

Sample preparation. GST-purified proteins were sepa-
rated by SDS-PAGE and stained with Coomassie Blue.
Bands corresponding to GST proteins were excised and
subjected to enzymatic digestion in the Progest robot (Ge-
nomic Solutions). Briefly, protein bands were excised and
extensively washed with CH3CN and 25 mM NH4HCO;.
The excised bands were treated with 100 wl 10 mM DTT
at 57°C for 30 min. The DTT was removed and 100
wl of 55 mM iodoacetamide was added for cysteine car-
bamidomethylation. The reaction was allowed to proceed
at room temperature for 30 min. The supernatant was re-
moved, the washing procedure was repeated and the gel
slices were dried. We added 20 pl of 20 ng/pl LysN (Seik-
agaku Biobusiness) or 10 ng/pl trypsin (Promega) di-
luted in 25 mM NH4;HCO;3, and the mixture was incu-
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bated overnight at room temperature. Peptides were ex-
tracted in 60% acetonitrile and 0.1% (v/v) formic acid,
dried under vacuum and then resuspended in 0.1% n-
octylglucopyranoside (Sigma—Aldrich) to prevent the loss
of hydrophobic peptides before LC-MS/MS analyses.

LC-MS/MS analyses. Proteolytic peptides were analyzed
with two different instruments. Nano-liquid chromatogra-
phy elution conditions were very similar for both systems,
with a flow rate of 300 nl/min and an acetonitrile gradient
of 5-35% (v/v) acetonitrile over 40 min.

Peptides were initially identified with an LTQ Orbitrap-
Velos mass spectrometer (Thermo Scientific) coupled to the
EASY nanoLC HPLC system (Proxeon). MS/MS spec-
tra were acquired by a data-dependent acquisition method
involving selection of the 20 precursors giving the most
intense signals, for Collision-Induced Dissociation (CID)
fragmentation. Raw data were processed and analyzed with
Proteome Discoverer 1.3 software, using the MASCOT al-
gorithm.

Peptides were further identified and quantified with
a Triple-TOF 4600 mass spectrometer (ABSciex) cou-
pled to the nanoRSLC system (Thermo Fisher Scientific)
equipped with a trap column (Acclaim PepMapl00C18,
75 pmi.d.x2 cm, 3 wm) and an analytical column (Ac-
claim PepMapRSLCCI18, 75 wmi.d.x 15 cm, 2 um, 100 A).
MS/MS spectra were acquired by a data-dependent acqui-
sition method involving selection of the 10 precursors giv-
ing the most intense signals, CID fragmentation with the
QI quadrupole set, at low resolution to improve sensitivity.
Raw data were processed with MS Data Converter software
and analyzed with PeakView software (ABSciex).

Protein identification. Proteins were identified with the
MASCOT algorithm and an in-house database con-
structed by merging Swissprot with user-generated GST se-
quences, each harboring one of the 20 amino acids in the
readthrough site. The other search parameters were as fol-
lows: digest reagent LysN (cleavage at the N-terminal of ly-
sine) or trypsin, cysteine carbamidomethylation was con-
sidered a complete modification and oxidation (methionine
and tryptophan) was considered variable. Peptide and frag-
ment tolerances were set at 5 ppm and 0.6 Da, respectively,
for Orbitrap data and at 10 ppm and 0.01 Da, respectively,
for Triple-TOF data. Only ions with a score higher than the
identity threshold and a false-positive discovery rate of less
than 1% (Mascot decoy option) were considered.

Relative quantification of readthrough peptides. MS
extracted-ion chromatograms (XIC) were generated for the
peptides harboring readthrough amino acids. The intensity
of each chromatographic peak was corrected by a factor
taking the ionization and digestion efficiencies of each
readthrough peptide into account. These factors were cal-
culated by producing and purifying in-frame GST proteins
with the same sequences as the readthrough proteins and
analyzing them by NanoLC-MS/MS, as described above.
Each factor was calculated as the ratio of the intensity of
the peptide peak corresponding to the readthrough peptide
sequence to the mean intensity for the three most intense
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peaks corresponding to internal peptides. The means of
four technical replicates are reported.

RESULTS

A new reporter system for identifying the amino acids incor-
porated at stop codons during readthrough

Several reporter systems have been used to identify amino
acids incorporated during stop codon readthrough in var-
ious organisms (21,28,36). However, none of these sys-
tems is appropriate for the systematic analysis of different
readthrough sequences in a single organism. Our first objec-
tive was, thus, to set up a system for the efficient purification,
in a single step, of a protein synthesized during a stop codon
readthrough event. We chose to use the GST protein, which
can be specifically and efficiently purified in a single step,
by affinity capture chromatography. The coding sequence
of GST was modified by the insertion of a restriction site
four codons downstream from the initiator AUG, for the
insertion of stop codon sequences (see the Materials and
Methods). GST was thus produced only if the ribosomes
read through the inserted stop codon.

The next step in the establishment of the reporter system
was the choice of the most appropriate yeast strain to max-
imize the yield of GST without affecting the pool of tRNA,
as our main objective was to determine which natural tR-
NAs could read through stop codons. At least two major
factors can make it difficult to obtain high levels of GST
production. First, the introduction of a stop codon close to
the AUG would be expected to induce degradation of the
mRNA via nonsense-mediated mRNA decay (NMD) (37).
We overcame this obstacle by using a strain from which the
UPFI gene, encoding a major element of the NMD path-
way (38), had been deleted. In the absence of UPFI, NMD
is completely abolished, and mRNAs carrying PTCs are sta-
ble.

The second major potential drawback concerns the effi-
ciency of stop codon readthrough. Indeed, the efficiency of
unprogrammed stop codon readthrough is generally very
low (< 0.3%) in yeast (10). We increased this efficiency
by using a strain carrying the [PSI*] prion, which corre-
sponds to the aggregated form of eukaryotic release fac-
tor 3 (eRF3). The sequestration of eRF3 in [PSI*] aggre-
gates impairs the termination activity of eRF3, thereby in-
creasing the efficiency of stop codon suppression (39). How-
ever, this increase is not sufficient to attain readthrough lev-
els sufficiently high for the production of large amounts
of GST. We previously identified a consensus readthrough
motif (CA(A/G) N(U/C/G)A) that increased stop codon
readthrough efficiency when located immediately down-
stream from the stop codon (10). In Saccharomyces cere-
visiae, at least three genes (SFB2, TIP41, IXRI) naturally
harbor this motif downstream from their stop codon. We
first checked that these sequences actually promoted high
levels of readthrough in [psi~] and [PSI*] strain, when used
in a dual reporter system (Figure 1).

The IXRI-TAG sequence was found to be the most ef-
ficient (25% of stop codon readthrough) and was therefore
used in the GST purification protocol. Cell lysates were pre-
pared as described in the Materials and Methods and GST
proteins were purified on glutathione affinity columns. For

GST-I1XRI-TAG purification, a single peak was eluted from
the column at the same position as the in-frame GST (Fig-
ure 2a). This peak corresponded to a single band at the po-
sition of the in-frame GST in the elution fractions, as re-
vealed by SDS-PAGE and Coomassie Blue staining (Fig-
ure 2b). Using an antibody specific for GST, we confirmed
that the single band observed was indeed GST (Figure 2c).
These data demonstrate that this reporter system is suitable
for the purification of readthrough GST proteins.

Nucleotides upstream of stop codons do not influence the iden-
tity of amino acids inserted during readthrough

We began our systematic analysis in the context of IXRI,
which has been shown to promote stop codon readthrough
highly efficiently, regardless of the stop codon considered
(Figure 1). After the purification and enzymatic digestion of
readthrough GST proteins, the peptides obtained were ana-
lyzed by LC-MS/MS. We found that the same three amino
acids, glutamine, tyrosine and lysine, were inserted at the
UAA and UAG codons (Table 2 and Supplementary Fig-
ures S2a—S2c¢), whereas tryptophan, cysteine and arginine
were inserted at the UGA codon (Table 2 and Supplemen-
tary Figures S2d-S2f).

We then investigated the influence of the nucleotides sur-
rounding the stop codon on the identity of the amino acids
inserted by readthrough. High readthrough levels are es-
sential to guarantee high protein purification yields, and it
was therefore not possible to use random sequences. We de-
cided to analyze the incorporation of amino acids at the
other two sequences naturally found in the S. cerevisiae
genome: SFB2, with a UGA stop codon, and TIP41, with
a UAA stop codon. These sequences differ principally in
terms of their 5’ nucleotides (Table 1), as they all have a fa-
vorable readthrough consensus motif 3’ to the stop codon.
LC-MS/MS analyses led to the identification of glutamine,
tyrosine and lysine residues at the UAA codon in the T1P41
context (Table 2) and of tryptophan, cysteine and arginine
residues at the UGA codon in the SFB2 context (Table 2).
These results suggest that the main determinant of amino-
acid incorporation by readthrough is the sequence of the
stop codon rather than the 5 nucleotide context in which
that stop codon is found, which appears to have no effect
on the choice of tRNA for stop codon decoding.

Relative quantification of the readthrough amino acids at the
three stop codons

Following the identification of the readthrough amino
acids, we investigated whether these amino acids were in-
corporated at the same rate at the various stop codons. We
set up a robust protocol for quantifying the relative propor-
tions of peptides harboring the various readthrough amino
acids. Intrinsic biochemical properties of peptide sequences,
such as hydrophobicity, net charge or enzymatic digestion
efficiency may strongly affect MS intensity measurements.
We adjusted MS data with corrective factors calculated
from purified in-frame GST proteins containing each of the
amino acids identified in the IJXR/ and SFB2 contexts (Ma-
terials and Methods; Supplementary Table S1), to prevent
misquantification.
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Table 2. Identification of the amino acids at readthrough sites

Sequence Retention time
name Stop condon Identified readthrough peptides Amino acids Peptide mass (Da) (min)
IXRI UAA KNEYQINNLSPILGYW Y 1950.98 39.3
IXRI UAA KNEQQINNLSPILGYW Q 1915.97 36.7
IXRI UAA KQINNLSPILGYW K 1544.83 35.3
IXRI UAG KNEYQINNLSPILGYW Y 1950.98 39.4
IXRI UAG KNEQQINNLSPILGYW Q 1915.98 36.7
IXRI UAG KQINNLSPILGYW K 1544.83 35.3
IXRI UGA KNEWQINNLSPILGYW \%% 1974.00 40.5
IXRI UGA KNECQINNLSPILGYW C 1947.95 36.8
IXRI UGA KNERQINNLSPILGYW R 1944.02 32.7
SFB UGA AREINRWQSVLSPILGYW \\% 2187.15 38.9
SFB UGA AREINRCQSVLSPILGYW C 2161.11 34.2
SFB UGA AREINRRQSVLSPILGYW R 2157.18 29.2
TIP41 UAA AREIQFYQSNLSPILGYW Y 2184.10 23.06
TIP41 UAA AREIQFQQSNLSPILGYW Q 2149.09 2225
TIP41 UAA KQSNLSPILGYW K 1404.74 20.93

This table summarizes the readthrough peptides unambiguously identified by LC-MS/MS analyses for the /XRI, SFB and T1P41 contexts. All the cysteine
residues found were carbamidomethylated. Mass accuracy was < 1 ppm for all mass measurements.

In the IXRI context, the same amino acids were found
to be incorporated at the UAA and UAG stops, but their
relative proportions differed between the two types of stop
codon (Figure 3A and B). Indeed, tyrosine and glutamine
residues were incorporated at similar frequencies at UAA
stop codons (54 and 44%, respectively), whereas lysine was
incorporated much less frequently (Figure 3A and E). In
contrast, tyrosine was the main amino acid incorporated
(92%) at the UAG stop codon, whereas glutamine and ly-
sine residues were incorporated at similar, low frequencies
(5% and 3%, respectively) (Figure 3B and E). In the T7P41
context, at the UAA stop codon, tyrosine and glutamine
residues were incorporated at similar frequencies (54% and
42%) whereas lysine was incorporated less frequently (4%).
While readthrough efficiency of the T7P4I-UAA context
was significantly lower than that of the /XRI-UAA con-
text (Figure 1), incorporation efficiency of readthrough
aminoacids was almost identical for both contexts (Sup-
plementary Figures S3 and Figure 3A). At the UGA stop
codon in the IXR/ context, tryptophan was the main amino
acid inserted (82%), followed by cysteine (14%) and then
arginine (Figure 3C and E). Very similar results were ob-
tained for the UGA stop codon in the SFB2 context (Fig-
ure 3D and E).

Together, these results indicate that readthrough amino
acids are not incorporated with the same frequency at each
stop codon and that the 5 nucleotide context has no effect
on the nature of the tRNAs used to decode stop codons or
on their proportions at the stop codon.

Anticodon identity is the principal determinant of the amino
acid used to decode the stop codon

We then investigated the molecular mechanism underlying
the different incorporation rates of tyrosine and glutamine
at UAA and UAG stops. Our results could potentially be
accounted for by differences in the decoding capacities of
natural suppressor tRNAs or the use of different isoaccep-
tor tRNAs.

There are two possible explanations for the differences
in the rates of incorporation of glutamine and tyrosine be-

tween UAA and UAG codons. First, tyrosine is more effi-
ciently incorporated at the UAG codon than at the UAA
codon. In the genetic code of S. cerevisiae, there is only one
tyrosine tRNA, with a y AW Gy anticodon. This tRNA can
engage in partial base pairing with the two stop codons,
with a G-A and a G-G mismatch at the wobble position
for UAA and UAG, respectively. None of these mismatches
is particularly favorable, and there is no obvious reason for
this tRNADT preferentially base pairing with UAG rather
than UAA.

The second possibility is that glutamine is less efficiently
inserted at the UAG codon than at the UAA codon. There
are two tRNAS™ in yeast (40), both of which are potential
natural suppressor tRNAs: a major tRNA witha yGUU"s
anticodon (the second U is highly modified), and a minor
tRNA (present as a single copy) with a 3 GUCs anticodon.
Regardless of the stop codon considered, both these tR-
NAs engage in the same unconventional G-U base pairing
at the first position of the codon. However, for the two re-
maining positions, the major tRNAS!" base pairs perfectly
with UAA and the minor tRNAS!" base pairs perfectly with
UAG. This may account for our findings, as glutamine was
more frequently incorporated at the UAA codon than at the
UAG codon.

The simplest way to test this hypothesis would be to delete
the single copy of the minor tRNAS™. Unfortunately, this
single copy is essential for yeast viability (27). We there-
fore investigated the importance of anticodon identity for
the decoding of UAA and UAG by tRNAS" by replac-
ing the anticodon of a non-suppressor tRNA with the an-
ticodons of the two tRNAS!™ and monitoring the incor-
poration of the amino acid loaded by the modified non-
suppressor tRNA at the UAA and UAG codons. This re-
quired the use of a tRNA for which aminoacylation is in-
dependent of the identity of the anticodon. We chose to use
the alanine tRNA (3CGUy), because the aminoacylation
of this tRNA is dependent exclusively on Gj3-Uyy pairing
(41). Modification of the anticodon of this tRNA has no
impact on the efficiency of alanine loading (42), a major ad-
vantage when assessing the ability of this modified tRNA to
decode stop codons.
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Figure 3. Relative quantification of readthrough peptides. (A)—(D) MS extracted-ion chromatograms (XIC) of readthrough peptides in the /XR/ and SFB
contexts. The X- and Y-axis correspond to LC elution time and absolute MS signal intensity, respectively. (E) Relative frequencies of the readthrough amino
acids incorporated at UAA, UAG and UGA stop codons in the JXR/ and SFB2 contexts. Quantification data were processed and adjusted as described

in the Materials and Methods.

The modified tRNAs were coexpressed with readthrough
GST in the [PST"] AUPFI yeast strain. LC-MS/MS anal-
yses were performed and showed that alanine was incorpo-
rated at the UAA codon only if the tRNAA® carried the
yGUUsy anticodon (Figure 4A and B and Supplementary
Figure S4a) Thus, this tRNAA® can decode UAA codons
only if it carries this anticodon. At the UAG codon, alanine
was detected only in the presence of the modified tRNAAR
3GUCy (Figure 4C and D and Supplementary Figure S4b).
These results clearly demonstrate that anticodon identity is

the principal determinant of stop codon decoding and that
the observed differences in glutamine incorporation are due
to differences in the relative abundance of tRNAs able to
decode the various stop codons.

DISCUSSION

We performed a systematic analysis of the amino acids
incorporated at stop codons in vivo during natural
readthrough in eukaryotes (i.e in the absence of a mutated
suppressor tRNA). We achieved this by setting up an in



10068 Nucleic Acids Research, 2014, Vol. 42, No. 15

A. IXR1 - UAA coexpressed with tRNA(Ala) 3'GUUS5’

1,8e63}
Y
1,6e6
Q 6ed’] A
1,466
1,2e6 Se4
2
3 1,0e6 > 4e4
2 ‘@
£ 805 8 3ed *
c
6,0e5 =
2e4
4,0e5
2.0 K 1ed
,0e5 /L A
0,060 0e0
355 360 365 370 375 380 385 390 395 400 376 37,7 37,8 379 380 381 382
Time, min Time, min
B. IXR1 - UAA coexpressed with tRNA(Ala) 3'GUC5’
2,29%
2,0e6 Y
Q 6ed’]
1,8¢6
1,6e6 5e4
1,4e6
2 426 > 4e4
5 2
£ 106 k5 3e4
8,0e5 £
6,065 2e4
4069 K Ted
2,0e5
0,0e0 K 0e0
355 360 365 370 375 380 385 390 395 400 405 37,6 37,8 38,0 38,2
Time, min Time, min

C.IXR1 - UAG coexpressed with tRNA(Ala) 3'GUU5’

2
4,0e6 Y
2

3,5e6 4e4
3,066
2,5¢6 3e4
2,0e6 !

2e4
1,5e6
1,0e6 K Q 1e4
0,060 0e0

355 360 365 370 375 380 385 390 395 40,0 37,5 37,6 37,7 37,8 37,9 38,0
Time, min Time, min

D. IXR1 - UAG coexpressed with tRNA(Ala) 3'GUC5’

Intensity
Intensity

4,0e6}
3,5e6 Y 2 A
3,066 4ed
2,5e6
-‘E‘ 3e4
8 20e8 %‘
= 5
1,566 z 2e4
1,0e6 K
1e4
0,0e0 0e0

355 360 365 370 375 380 385 390 395 400 405 37,5 37,6 37,7 37,8 37,9 38,0
Time, min Time, min

Figure 4. Alanine insertion at stop codons after the coexpression of IXR1-UAA and IXR1-UAG readthrough proteins with modified y GUUs and
yGUCy tRNAsA, MS extracted-ion chromatograms (XIC) of readthrough peptides with lysine, glutamine, tyrosine and alanine incorporated at the
UAA and UAG stop codons are shown in left panels. To better visualize alanine incorporation at UAA and UAG stop codons, a zoom of the elution re-
gion is shown on the right side of each XIC. The alanine incorporated readthrough peptide (KNEAQINNLSPILGYW) is detected only when IXR1-UAA

and IXR1-UAG are coexpressed with tRNAA2;, GUUy (panel A) or tRNAA2, GUCy (panel D), respectively. The asterisk (*) indicates a peak corre-
sponding to the alanine isobaric peptide with alanine incorporated at the glutamine site downstream from the stop codon (KNEQAINNLSPILGYW).



vivo reporter system for the production and purification
of proteins from readthrough in the yeast Saccharomyces
cerevisiae. To this aim we used a strain carrying the prion
[PSI*]. This prion stimulates stop codon readthrough by
partially depleting cells of termination complex, without af-
fecting tRNA abundance. Therefore we believe that identity
and relative incorporation frequencies of the amino acids
inserted at stop codons will be the same in both the [PSI*]
and wild type strains. The proteins were analyzed by MS
to identify the readthrough peptides and the residues in-
serted at the stop codon. We first investigated insertions
at the three stop codons in the same nucleotide context,
that of the /XRI gene. We identified the same three amino
acids—glutamine, tyrosine and lysine—at both UAA and
UAG codons. This is the first time that tyrosine and lysine
have been found at a UAA stop codon. At the UGA stop
codon, we observed the insertion of tryptophan, cysteine
and arginine, confirming previous results obtained in vitro
(RRL) (21) (Table 2).

Previous reports have reported the surrounding nu-
cleotide context to have a major effect on termination effi-
ciency (7,9,10,43). One interesting possibility was the me-
diation of this effect by the selection of specific suppres-
sor tRNAs. Indeed, high-resolution X-ray structures of the
prokaryotic ribosome have revealed interactions between
the elbow base U47 of P-site tRNA and the elbow base
D16 of A-site tRNA (44), raising the possibility that the P-
site tRNA plays a role in the selection of the near-cognate
tRNA incorporated at the stop codon. We tested this hy-
pothesis by using two other contexts, differing principally in
terms of their 5 nucleotides. The results obtained (Table 2)
clearly indicated that the same amino acids were inserted at
a given type of stop codon, regardless of the 5’ nucleotide
context. We then investigated whether the nucleotide con-
text affected the relative frequencies with which the different
residues were inserted at the stop codon. We set up a rigor-
ous method of relative quantification by MS and showed
that, for a given stop codon, readthrough aminoacids were
inserted in similar proportions in different nucleotide envi-
ronments (Figure 3E and Supplementary Figure S3). Thus,
5" nucleotide context has no impact on the nature of the
amino acids inserted by readthrough or their proportion.
These results suggest that upstream nucleotides are not in-
volved in the selection of the near-cognate tRNA.

We found that tyrosine, glutamine and lysine residues
were incorporated at both UAA and UAG stop codons. We
quantified the insertion of these three amino acids at these
two stop codons. We found that tyrosine and glutamine
were inserted with similar frequencies (54% and 44%) at
UAA codons, whereas lysine incorporation rates at this stop
codon were very low (2%). However, the proportions were
different for UAG stop codons, at which tyrosine was the
main amino acid inserted (92%), with glutamine incorpo-
rated much less frequently (5%) than at UAA codons. Ly-
sine was also incorporated at UAA codons, but at a low
frequency (3%). We can, therefore, conclude that the iden-
tity of the stop codon affects not only the nature of the
residues incorporated by readthrough, but also their rela-
tive frequencies at stop codons. In yeast, glutamine is car-
ried by two tRNAs (40). One bears a y GUU+ anticodon
and is present as nine gene copies; the other has a y GUCy
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anticodon and is present as a single gene copy that is es-
sential for yeast viability (27). We investigated the roles of
these two tRNAs in the insertion of glutamine at UAA and
UAG codons, by developing a strategy for assessing the im-
pact of codon-anticodon pairing in stop codon suppres-
sion. For this experiment, we needed to use a tRNA that
is not naturally able to recognize stop codons, with an eas-
ily modifiable anticodon and carrying an amino acid with a
mass significantly different from the amino acids usually in-
corporated by readthrough. We selected the alanine tRNA
yGUCy, which satisfies all these criteria and for which an-
ticodon modification has no significant impact on alanine
loading (41). We replaced the anticodon of this tRNA with
anticodons from both tRNAS™. At the UAA codon, the
incorporation of alanine was detected only when tRNAAIR
vyGUUs was present in the cell. At the UAG codon, alanine
was incorporated in the presence of the tRNAA® with the
vGUCy anticodon.

Thus, the major tRNAS™ with the y GUUs anticodon is
responsible for the insertion of glutamine at UAA codons,
whereas the minor tRNAS™ with the 3 GUCs anticodon
is principally responsible for the insertion of glutamine at
UAG codons. These results are consistent with the possibil-
ities for base pairing between these anticodons and the two
stop codons (Figure 5A).

This work clearly demonstrates that not all near-cognate
tRNAs are actually used in vivo for the decoding of UAA
and UAG codons in yeast. Indeed, we found no glutamate
at UAA or UAG sites, despite the presence of 14 and 2
copies of the tRNA bearing 3y CUSs and 3y CUCsy, respec-
tively. Modifications of tRNAs, which are frequently as-
sociated with various decoding properties, cannot explain
these results, as all the potential near-cognate tRNAs with
a mismatch at the first position of the codon involved in
the decoding of UAA codons carry the same mem’S? Ujy
modification. The two tRNAS" not used during stop codon
readthrough have a single non-standard Watson—Crick pair
(C-U) at the first position of the codon, whereas the tRNA
used to decode UAA and UAG stop codons have either a G-
U (for Gln) or a U-U (for Lys) non-standard Watson—Crick
pair at the first position of the codon (Figure SA and B). We
cannot rule out the possibility that glutamate is incorpo-
rated at levels below the detection threshold. However, our
findings may reflect a more fundamental property of genetic
decoding, according to which the non-standard Watson—
Crick pair C-U in the first position is more detrimental than
U-U base pairing. Recent studies based on the crystalliza-
tion of the prokaryotic ribosome with a near-cognate tRNA
at the A-site have revealed that the most important param-
eter for the acceptance of the near-cognate tRNA by the ri-
bosome is not the number of hydrogen bonds, but the shapes
of the base pairs (45-47). We therefore suggest that the ge-
ometry of the C-U pair is not accepted by the ribosome,
whereas the geometry of the U-U pair is acceptable (albeit
with a low efficiency).

Tyrosine is the only amino acid incorporated at UAA
and UAG codons by a tRNA with a non-standard Watson—
Crick pair (G-A or G-G) at the wobble position of the
codon—anticodon triplet (in yeast there is only one tyro-
sine tRNA with a 3y AWGsy anticodon). Tyrosine is the
amino acid most frequently incorporated at UAA and UAG
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codons. The same observation is true for cysteine and tryp-
tophan, which were both efficiently incorporated at UGA
codon, despite the G-A and C-A pairs, respectively, in the
wobble position (Figure 5C). This implies that G-A, G-G
and C-A pairs are well accepted by the ribosome when in
the third position of the codon—anticodon triplet. However,
this is probably not true for all codons, as it would imply,
for example that the tRNAHS 3 GUGy would also be able
to decode CAA or CAG glutamine codons. We cannot for-
mally exclude the possibility of very low levels of histidine
incorporation at glutamine codons, but this seems unlikely,
as the only reported case of such substitution is related to
E. coli in conditions of glutamine starvation and tRNAHS
overexpression (48). The main difference between the incor-
poration of tyrosine at stop codons and that of histidine at
glutamine codons is that, in the first case, there is no cognate
tRNA to compete with the near-cognate tRNA. As demon-
strated in several studies, translation termination is slower
than elongation (11,49). The cognate tRNA therefore prob-
ably decodes its codon more efficiently than release factors
decode stop codon. We suggest that these differences in the
kinetics of the two reactions result in better incorporation
of the near-cognate tRNA at a stop codon than at a sense
codon.

Moreover, tRNAC" 5 GUCs did not decode the UAA
codon, despite the presence of a C-A pair in the wobble
position (Figure 5A). This indicates that the ribosome can-

not tolerate two unconventional pairings. If a G-U pair is
already present in the first position of the codon, then a
second unconventional pair will not be accepted. This hy-
pothesis also seems to be confirmed for the other tRNAC™
yGUUs, which is not accepted by the ribosome at the UAG
codon (Figure SA). It appeared possible that two G-U pairs
(one in the first position, and the other in the third position
of the codon) might be accepted by the ribosome, due to
the similarity in the shapes of this unconventional pair and
a G-C pair. However, this was found not to be the case, sug-
gesting that the geometry of the G-U pair exerts too strong a
constraint on the codon-anticodon interaction, preventing
the formation of a second G-U pair. We identified no amino
acids corresponding to a tRNA recognizing stop codons
with a non-standard Watson—Crick pair in the second posi-
tion of the codon (leucine, serine for UAA and UGA, and
leucine, serine and tryptophan for UAG). This strongly sug-
gests that the second position of the codon is under very
tight selection by the ribosome for the acceptance or rejec-
tion of the tRNA from the A site.

These conclusions highlight the power of our approach
and its usefulness for further studies on the decoding prop-
erties of tRNAs in vivo in yeast. It will be particularly in-
teresting to focus on the role of tRNA modifications in the
fidelity of decoding for stop and sense codons. This system
will also be useful for the rationalization of translational
PTC suppression strategies. Indeed, such therapeutic ap-



proaches are dependent on the re-expression of an active
protein through the use of aminoglycosides. This activity
may be strongly affected by the identity of the amino acid
inserted at the stop codon. Using this system, we should be
able to determine whether the amino acids inserted in the
presence of aminoglycosides are the same as those inserted
in the absence of this drug.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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