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Premature termination codons (PTCs) in an mRNA ORF inactivate
gene function by causing production of a truncated protein and
destabilization of the mRNA. Readthrough of a PTC allows
ribosomal A-site insertion of a near-cognate tRNA, leading to
synthesis of a full-length protein from otherwise defective mRNA.
To understand the mechanism of such nonsense suppression, we
developed a yeast system that allows purification and sequence
analysis of full-length readthrough products arising as a conse-
quence of endogenous readthrough or the compromised termina-
tion fidelity attributable to the loss of Upf (up-frameshift) factors,
defective release factors, or the presence of the aminoglycoside
gentamicin. Unlike classical “wobble” models, our analyses
showed that three of four possible near-cognate tRNAs could mis-
pair at position 1 or 3 of nonsense codons and that, irrespective of
whether readthrough is endogenous or induced, the same sets of
amino acids are inserted. We identified the insertion of Gln, Tyr,
and Lys at UAA and UAG, whereas Trp, Arg, and Cys were inserted
at UGA, and the frequency of insertion of individual amino acids was
distinct for specific nonsense codons and readthrough-inducing
agents. Our analysis suggests that the use of genetic or chemical
means to increase readthrough does not promote novel or alter-
native mispairing events; rather, readthrough effectors cause
quantitative enhancement of endogenous mistranslation events.
Knowledge of the amino acids incorporated during readthrough
not only elucidates the decoding process but also may allow pre-
dictions of the functionality of readthrough protein products.

translation termination | nonsense codon readthrough |
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The information in an mRNA ORF can be repurposed during
translation by several different types of recoding events, in-

cluding leaky scanning, initiation at noncanonical start codons,
ribosome frame-shifting, or stop codon readthrough (1). Stop
codon readthrough, or nonsense suppression, occurs when a ribo-
some positioned with a nonsense codon in its A-site incorporates
an amino acid into the nascent polypeptide chain instead of ter-
minating translation by promoting the hydrolysis and release of
that polypeptide from the P-site peptidyl-tRNA (2, 3). Two release
factors mediate termination in eukaryotes: eRF1 (eukaryotic re-
lease factor 1), a protein that directly recognizes the three non-
sense codons (UAA, UAG, or UGA), and eRF3, a GTPase that
binds eRF1 and stimulates its activity (2, 4). Although translation
termination is the kinetically favored event when a nonsense co-
don occupies the ribosomal A-site, recognition of that nonsense
codon by eRF1 is subject to competition from near-cognate ami-
noacyl-tRNAs (2). Productive binding of a near-cognate amino-
acyl-tRNA to an A-site harboring a nonsense codon bypasses
termination and results in stop codon readthrough. Readthrough
of a normal termination codon (NTC) leads to translation elon-
gation into the mRNA 3′-UTR, generating a C-terminally ex-
tended polypeptide, whereas readthrough of a premature termi-
nation codon (PTC) allows continued translation elongation in the
proper reading frame and synthesis of a full-length polypeptide.
Nonsense suppression at PTCs occurs at a much higher frequency

than at NTCs (2, 5, 6), and this difference may well be a conse-
quence of the association of termination-stimulating factors with
the 3′-UTR mRNP (messenger ribonucleoprotein) complex that
abuts the NTC, but not a PTC (7). Conditions that alter the fidelity
of translation termination or decoding by an aminoacyl-tRNA,
including the binding of small-molecule drugs to the ribosome or
mutations in the genes encoding the release factors or the nonsense-
mediated decay (NMD)-specific Upf (up-frameshift) proteins, have
all been shown to enhance nonsense suppression (2, 3, 5, 8–10).
The misreading of a nonsense codon during readthrough

could, in principle, be mediated by an incorrect tRNA with
either single (near-cognate tRNA) or multiple (noncognate
tRNA) nonstandard Watson–Crick codon/anticodon base pairs.
The mechanism that minimizes the incorporation of incorrect
aminoacyl-tRNAs during translation elongation has two compo-
nents: selection of a tRNA complexed to an elongation factor and
“kinetic proofreading” after GTP hydrolysis by the elongation
factor (11). For a given codon in the A-site of the ribosome, the
fate of an incoming aminoacyl-tRNA is based on its extent of
base pairing and the detection of that base pairing by the sur-
rounding rRNA (2, 12). A cognate tRNA is able to elicit GTP
hydrolysis, as can a near-cognate tRNA, even though doing so
introduces a translation error. However, a noncognate tRNA is
unable to elicit GTP hydrolysis, and thus cannot be “accommo-
dated” by the A-site (12). Recent crystal structures of ribosomes
have revealed that nonstandard Watson–Crick base pairs can be
tolerated in the A-site, and that it is the shape of the base pairs
that is pivotal and not the number, or types, of the hydrogen
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bonds that they form (12). Furthermore, “geometrical mimicry” by
nonstandard Watson–Crick pairing has been proposed as a mecha-
nism that favors incorporation of near-cognate tRNAs (12, 13).
To understand how translational fidelity is maintained by the

ribosome during termination, it is important to know which
mismatches are allowed, even if they occur at a low frequency.
Hence, the decoding events occurring during readthrough of
PTCs are important phenomena that need to be elucidated.
Further, from a therapeutic perspective, the identity of the
amino acids that get incorporated at PTCs may be critical in
predicting the potential functionality of the readthrough product
when readthrough is induced pharmacologically. Several pre-
vious studies have sought to identify the amino acids incor-
porated at a PTC (14–23). In vitro studies in rabbit reticulocyte
lysates identified Trp, Arg, and Cys incorporation at a UGA
codon (20). Studies addressing the insertion of amino acids at
UAA and UAG codons in viral mRNAs revealed only the
presence of Gln (20, 24). However, given the nature of these
studies, it has been difficult to judge the relative frequencies of
insertion or to conclude that the same tRNAs would be involved
during readthrough in vivo. Furthermore, the low amount of
readthrough product, together with less sensitive detection tech-
niques, could have obscured the identification of low-abundance
amino acid insertions, as in the case of the study addressing in-
sertion in place of UAA. A recent study in Saccharomyces
cerevisiae tried to address these issues in vivo (25). However,
to ensure maximal capture of the readthrough products, this
study combined two different readthrough-inducing conditions
(upf1Δ and [PSI+]). Although this approach did help to identify
the insertion of three different amino acids at all three PTCs,
the interpretation of the results was not clear-cut because the
frequencies of insertions reflected the combined effects of three
independent readthrough events, namely, endogenous readthrough,
UPF1 deletion, and a defect in eRF3.
Here, we have investigated the mechanisms of near-cognate

tRNA insertion during PTC readthrough in yeast by identifying
the amino acids that are inserted upon readthrough of each of
the three nonsense codons. First, we describe an in vivo reporter
system that allows for detection, purification, and mass spec-
trometric analyses of the endogenous unprogrammed read-
through product from WT cells without any treatment. Having
identified the amino acids that get inserted at a PTC in WT cells,
we compared and characterized the readthrough products that are
synthesized when termination fidelity is compromised (in the ab-
sence of Upf factors, loss of functional translation termination fac-
tors, or conformational change in the decoding center by gentamicin

binding). Our study provides a comprehensive analysis of termina-
tion readthrough from a PTC under different readthrough-inducing
conditions and elucidates the nature of the nonstandard base pair-
ings that are favored under physiological conditions in the cell.

Results
Reporter System for Studying Readthrough. To identify the specific
amino acids incorporated when PTCs are subject to readthrough,
we constructed a luciferase gene (LUC) reporter system with
several key attributes, including the ability to yield highly purified
readthrough products in sufficient quantities for MS even when
those products are expressed at low levels and the ability to
derive unambiguous sequencing information from well-resolved
peptides. Starting with a codon optimized firefly LUC gene, we
inserted an in-frame 3× HA tag at the N terminus and adjacent
StrepII and FLAG (SF) tags at the C terminus of the luciferase
ORF and directed transcription of the construct with the potent
TPI1 promoter (Fig. 1A). Three separate alleles were con-
structed with each of the possible PTCs inserted at codon 20 of
the LUC ORF (Table S1), rendering each respective mRNA an
NMD substrate (Fig. 1B). Readthrough of each of the LUC
PTCs in WT [PSI−] cells resulted in the translation of full-length
luciferase that also retains activity (Fig. 2A), indicating that these
mRNAs are susceptible to basal levels of readthrough under
normal growth conditions. The efficiency of readthrough from
each PTC under different conditions known to compromise
termination fidelity (the absence of Upf factors, the presence of
defective translation termination factors, or the presence of the
aminoglycoside gentamicin) was then assessed as a measure of
luciferase activity (normalized to total protein content of the
sample as well as to the level of the LUC mRNA) (Fig. 2B). As
expected (26), readthrough was observed from all three non-
sense codons, with UGA being the most permissive (Fig. 2B).
Maximal readthrough was observed when strains were either
defective in translation termination factor eRF1 (sup45-2; for
UAA) or treated with gentamicin (for UAG and UGA) (Fig.
2B). Taken together, these results demonstrate that the HA-
LUC(PTC20)-SF constructs act as bona fide NMD reporters and
validate their use as a quantitative readthrough reporter system.

Characterization of the Endogenous Readthrough Product from PTCs.
To gain insight into the misreading events that occur when
a termination codon is present at the A-site of the ribosome, it is
important, first, to characterize these events when the ribosome
is not predisposed to any other readthrough stimulus. Accordingly,
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Fig. 1. Reporters for studying termination readthrough at PTCs. (A) Sche-
matic representation of the HA-LUC(PTC20)-SF reporter with an in-frame
N-terminal HA tag, followed by the luciferase ORF and C-terminal SF tags.
Nucleotide substitutions encoding PTCs (UAA, UAG, or UGA) were inserted
at the position of amino acid 20 of luciferase. (B) Northern blot analysis of
the HA-LUC-SF mRNA expressed in either WT [PSI−] (Left) or upf1Δ [PSI−]
(Right) cells. Blots were reprobed for CYH2 transcripts as an internal NMD
control. SCR1 RNA was used as a loading control.
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Fig. 2. Readthrough efficiency from HA-LUC(PTC20)-SF reporters. (A, Top)
Full-length luciferase readthrough products from WT [PSI−] cells expressing
HA-LUC(PTC20)-SF reporters. Samples were immunoprecipitated using the N
terminus HA tag, followed by Western blot analysis with anti-FLAG anti-
body. (A, Bottom) Readthrough products are active as observed by luciferase
assay. Luciferase activity is expressed as relative luciferase units per micro-
gram of protein/RNA units, and the activity of WT protein is set to 100%.
(B) Readthrough efficiency measured as luciferase activity from the HA-
LUC(PTC20)-SF reporters in response to various readthrough effectors. Activity
is represented as the percentage of increase of WT [PSI−] for each codon
(n = 3; error bars represent SD from the mean).
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to ensure that the readthrough observed was solely a readout of
basal readthrough events, we expressed the HA-LUC(PTC20)-SF
reporters in WT cells with a [PSI−] background [i.e., cells devoid
of the prion form of Sup35 (eRF3)]. Hence, any detectable
readthrough in these cells is unlikely to be attributable to Sup35
aggregation (27). Strep-Tactin (IBA) purification of WT luciferase
(Fig. 3A) and the readthrough products expressed from all three
PTC alleles was followed by gel electrophoretic analysis to resolve
the full-length products. Following silver staining of the gel, the
band corresponding to full-length luciferase was excised and
subjected to endo-LysC digestion and liquid chromatography-
tandem MS analysis. Analyses of the readthrough products
purified from WT [PSI−] cells showed that when UAA was the
PTC, three amino acids were incorporated at that position,
namely, Gln, Lys, and Tyr (Fig. 4A). Three independent experi-
ments revealed that the frequencies of insertion of Tyr and Gln
were similar (45.5 ± 5% and 54 ± 7%, respectively) but that Lys
was inserted at a much lower frequency (0.5 ± 0.1%) (Fig. 4A).
The same sets of amino acids were inserted when readthrough
from a UAG occurred in WT [PSI−] cells, but with different fre-
quencies. Gln was identified as the predominant amino acid, with
an insertion frequency of 80 ± 6% (Fig. 4B). Tyr (11 ± 4%) and
Lys (9 ± 2%), on the other hand, had similar insertion frequencies
(Fig. 4B). With UGA as the PTC, we identified the incorporation
of Trp, Arg, and Cys (Fig. 4C and Fig. S1). Trp was inserted at
a higher frequency (86 ± 4%) than both Arg (7 ± 3%) and Cys
(7 ± 2%) (Fig. 4C). The identification of Trp, Arg, and Cys as
a consequence of UGA readthrough confirms observations from
earlier studies (20). For UAG readthrough products, identifica-
tion of Gln as the most abundant amino acid suggests that an
earlier study with viral mRNAs that identified only Gln, and not
Lys or Tyr, might reflect the lower frequencies of insertion for the
latter two amino acids. This observation suggests that our ap-
proach for identifying the amino acids inserted during nonsense
suppression is suitable for the detection of low-frequency events.

Readthrough in the Absence of Upf Factors. NMD requires the
regulatory factors, Upf1, Upf2, and Upf3 (7). In yeast, the loss
of any of these factors results in the stabilization and increased
accumulation of PTC-containing mRNAs, with little or no
effect on the abundance and stability of most WT transcripts
(7). In addition to their role in NMD, the yeast Upf factors
control the fidelity of translation termination, as manifested by
increased nonsense suppression when these factors are mutated
or deleted (10, 28). This effect on nonsense suppression is largely
attributable to NMD regulation of the uORF (upstream open
reading frame)-containing ALR1 mRNA and the altered in-
tracellular Mg+2 concentration that occurs when this mRNA has
been stabilized (29). Recent work in yeast suggests that the

nonsense suppression phenotypes of Upf-deficient cells may also
include direct effects of the Upf factors on the regulation of
translation termination (30). Thus, as expected, our analyses
showed that the loss of any of the three Upf factors led to in-
creased readthrough from the HA-LUC(PTC20)-SF constructs
(Fig. 2B). Because we observed a distinct pattern of amino acid
insertion for endogenous readthrough in WT [PSI−] cells, we
assayed the readthrough products arising in the absence of the
Upf factors for their amino acid incorporation patterns at PTCs.
Readthrough products were purified from all three PTC-
containing reporters expressed in upf1Δ (Fig. 3B and Fig. S2),
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upf2Δ, or upf3Δ cells that were also [PSI−] to ensure that the
insertions observed were due solely to loss of the Upf factors.
Readthrough from UAA in the absence of each of the Upf
factors showed the insertion of Tyr, Gln, and Lys in the position
of the PTC (Fig. 4A). The frequencies of insertion of the amino
acids were similar in all three deletion strains, with equal dis-
tribution of Tyr [upf1Δ (53 ± 3%), upf2Δ (47.2 ± 4%), and upf3Δ
(54 ± 3%)] and Gln [upf1Δ (43 ± 3%), upf2Δ (52 ± 6%), and
upf3Δ (45.4 ± 2%)] and a very low frequency of insertion for Lys
[upf1Δ (4 ± 1%), upf2Δ (0.8 ± 0.5%), and upf3Δ (0.6 ± 0.4%)]
(Fig. 4A). With UAG as a PTC, the same set of amino acids was
inserted (i.e., Tyr, Gln, Lys) (Fig. 4B). Insertion of Gln was found
to be predominant in all three strains [upf1Δ (69 ± 5%), upf2Δ
(70 ± 5%), and upf3Δ (81 ± 2%)], with Lys being the least
favored insertion [upf1Δ (5 ± 1%), upf2Δ (2 ± 0.5%), and upf3Δ
(9 ± 1%)]. However, the frequency of insertion of Tyr was lower
in the upf3Δ strain (9 ± 1%) than observed for the upf1Δ and
upf2Δ strains (26 ± 4% and 28 ± 3%, respectively). Analysis of
the readthrough products from UGA as the PTC showed the
insertion of Arg, Trp, and Cys, similar to amino acid insertions
observed from WT cells (Fig. 4C). Trp insertion was favored
[upf1Δ (71 ± 5%), upf2Δ (72 ± 3%), and upf3Δ (89 ± 1%)] over
insertion of either Arg [upf1Δ (21.1 ± 2%), upf2Δ (25 ± 2%),
and upf3Δ (6 ± 2%)] or Cys [upf1Δ (7.9 ± 2%), upf2Δ (3 ±
0.5%), and upf3Δ (5 ± 0.5%)].
The results of Fig. 4 indicate that upf1Δ and upf2Δ cells

exhibited similar amino acid insertion patterns for UAG and
UGA, which were distinct from those insertion patterns man-
ifested by upf3Δ cells (the frequencies of insertion of Tyr and
Gln at UAG and Trp and Arg at UGA differed significantly, with
P < 0.001, as determined by one-way ANOVA followed by post
hoc Tukey analyses). It is not clear why deletion of Upf3 would
affect readthrough differently than the other Upf factors, but the
observation supports the notion that enhanced readthrough in
the absence of Upf factors is not likely to be exclusively due to
increased magnesium levels in the cell. Rather, the Upf factors
might be affecting readthrough in more than one way, in-
dependently (Upf3) or in concert (Upf1 and Upf2).

Readthrough in the Presence of Defective Translation Termination
Factors. Translation termination is mediated by eRF1 and eRF3
(Sup45 and Sup35 in yeast), and defects in these factors are
known to increase readthrough at PTCs (8, 31). The sup45-2
strain is a temperature-sensitive eRF1 mutant that fails to bind
the ribosome upon a temperature shift to 37 °C, leading to in-
creased readthrough activity (8). Readthrough from the HA-
LUC(PTC20)-SF constructs in sup45-2 [PSI−] cells increased ap-
proximately fivefold after a 30-min shift to 37 °C (Fig. S3).
Readthrough in sup45-2 [PSI−] cells that were not temperature-
shifted was similar to readthrough of WT cells (Fig. S3). Char-
acterization of the readthrough products purified from sup45-2
[PSI−] cells after 30 min at 37 °C showed that when UAA was the
premature stop codon, Tyr, Gln, and Lys were inserted with fre-
quencies of 46.9 ± 5%, 53 ± 8%, and 0.03 ± 0.05%, respectively
(Fig. 4A). Gln (87.7 ± 3%) was the predominant insertion at
a UAG codon, whereas Tyr was inserted with a frequency of 12 ±
2% and Lys was the least favored insertion (0.3 ± 0.1%) (Fig. 4B).
Readthrough at a UGA resulted in the insertion of Trp (82 ±
5%), Arg (12 ± 3%), and Cys (6 ± 3%) (Fig. 4C).
Because the [PSI+] epigenetic state in yeast decreases trans-

lation termination efficiency because the prion form of Sup35
(eRF3) aggregates, we also characterized the readthrough ac-
tivity and readthrough products from [PSI+] cells. These cells
showed increased readthrough compared with [PSI−] cells (Fig.
2B), and mass spectrometric analysis of the readthrough prod-
ucts purified from [PSI+] cells showed the incorporation of
the same set of amino acids at PTCs as in [PSI−] cells. UAA
readthrough products in [PSI+] cells showed over twofold more

insertion of Gln (72 ± 3%) than Tyr (27.3 ± 5%) (Fig. 4A).
Similar to sup45-2 [PSI−] cells, Lys was the least favored in-
sertion (0.7 ± 1%). At a UAG, [PSI+] cells showed Gln insertion
at a frequency of 77 ± 6% and an equal distribution of Tyr (11 ±
2%) and Lys (12 ± 5%) (Fig. 4B). Trp was inserted at a fre-
quency of 89 ± 4% in UGA readthrough products, whereas Cys
insertion was observed at 3 ± 0.5%. Interestingly, Arg insertion
(8 ± 3%) was an order of magnitude lower than Arg insertion
found in sup45-2 [PSI−] cells (Fig. 4C).
In light of the joint roles played by eRF1 and eRF3 in ter-

mination (2) it is of interest to determine whether defects in
either factor yield comparable readthrough results. For read-
through from UAA, defects in eRF1/Sup45 resembled those
defects seen in WT [PSI−] cells, whereas [PSI+] strains exhibited
prevalent Gln insertion rather than the approximately equal ra-
tio of Tyr/Gln insertions observed under the other readthrough-
inducing conditions. Amino acid insertion frequencies at UAG
and UGA in sup45-2 strains were also similar to WT [PSI−],
whereas [PSI+] resembled the Upf factor deletion category for
UAG insertions and WT [PSI−] for UGA insertions. The re-
semblance in amino acid insertion frequencies between sup45-2,
[PSI+], and WT [PSI−] suggests that the basal level of read-
through that occurs in the WT [PSI−] cells may have its basis in
the reduced eRF binding at PTCs thought to occur because of
their distance from the normal 3′-UTR of the mRNA (7). The
[PSI+] strains resemble the WT [PSI−] readthrough profile for all
but UAA. It is not clear at this point what leads to this differ-
ence, but it should be noted that our understanding of the [PSI+]
prion form of Sup35 is just emerging (32).

Readthrough in the Presence of an Aminoglycoside. Having charac-
terized the distribution of amino acids incorporated at PTCs in
different genetic conditions that predispose the ribosome to read
through a PTC, we then compared the corresponding events when a
small-molecule drug is used to induce readthrough. Gentamicin, a
commonly used aminoglycoside, can suppress PTCs and restore
protein function in vivo by promoting readthrough (2, 3). Binding of
gentamicin to the ribosome decoding center can promote termi-
nation readthrough by induction of A-site structural changes (33).
As in previous experiments, we used WT [PSI−] cells to ensure that
the readthrough observed is solely due to gentamicin treatment.
WT [PSI−] cells treated with varying concentrations of gentamicin
showed an increase in readthrough from the HA-LUC(PTC20)-SF
reporters, as measured by luciferase activity (34) (Fig. S4). Read-
through products were purified from WT [PSI−] cells treated with
gentamicin at a final concentration of 100 μg/mL and the fre-
quencies of amino acid insertion determined as above. Amino acids
inserted at the UAA codon included Gln (64 ± 4%), Tyr (34 ±
3%), and Lys (0.5 ± 0.1%) (Fig. 4A). Gln was inserted with a fre-
quency of 67 ± 2%, Tyr with a frequency of 13 ± 4%, and Lys with
a frequency of 20 ± 5% when UAG was the PTC (Fig. 4B).
Readthrough products from UGA showed predominant insertion
of Trp (98 ± 1%), followed by Arg (1.2 ± 0.5%) and then Cys (0.4 ±
0.1%) (Fig. 4C). Even though gentamicin treatment resulted in the
insertion of the same amino acids observed in other conditions, the
relative frequencies of the respective insertions were significantly
different from any other condition (P < 0.001, as determined by
one-way ANOVA with post hoc Tukey analysis). The most dra-
matic of these differences were observed for Tyr and Gln insertion
at UAA, Lys and Gln insertion at UAG, and Trp insertion at UGA.
These observations suggest that the conformational changes at the
A-site due to gentamicin binding induce readthrough in a way that
prefers the selection of some near-cognate tRNAs over others, even
though cellular tRNA abundance should be unaffected.

Discussion
Protein synthesis is a highly efficient and accurate process that
allows an organism to translate genomic information into functional
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protein products. Despite its apparent accuracy, translation has
a misincorporation rate of 10−3–10−4 (11). Like other steps in gene
expression where the maintenance of fidelity is crucial (e.g.,
DNA replication, DNA transcription), translation relies on the
complementarity of nucleotides to choose the right substrate.
The selection of cognate aminoacyl-tRNAs is based on codon/
anticodon base pairing and is central to maintaining translation
fidelity. Although failures in translational fidelity generally lead
to nonfunctional proteins, not all mistranslation events have
deleterious effects (35). For example, the [PSI+] state in yeast
appears to increase adaptability to environmental cues in parallel
with increased readthrough of NTCs (36).
Stop codon readthrough can also be beneficial to a cell when

the readthrough event takes place at a PTC. Ordinarily, the
occurrence of a PTC in an ORF will lead to the formation of
a truncated, nonfunctional polypeptide and a vast reduction in
the affected mRNA as a consequence of NMD, and will essen-
tially yield a null allele (37, 38). These consequences are at least
partially overridden when the PTC is translated (i.e., read
through by the ribosome), leading to in-frame elongation and
production of the full-length protein product. Stop codon read-
through at both PTCs and NTCs takes place when recognition of
the termination codon by a class I release factor is superseded by
recognition of a near-cognate aminoacyl-tRNA. Readthrough is
known to be enhanced by genetic and pharmacological effectors,
and the phenomenon has been exploited for therapeutic pur-
poses (2, 3), but the mechanism of near-cognate tRNA selection
and its enhancement by readthrough-inducing agents is un-
known. Here, we have used readthrough of PTCs in yeast re-
porter genes to determine (i) which amino acids are inserted in
place of a termination codon when the ribosome reads through
a premature stop codon, (ii) whether readthrough induced under
different conditions has varying effects on amino acid insertions,
and (iii) whether the pattern of near-cognate tRNA insertion in
response to novel readthrough effectors can be predicted.
Several important general conclusions can be drawn from our

analysis of the readthrough events in response to readthrough
effectors. First, our comparisons of the readthrough products
from WT [PSI−] cells with cells subjected to various modes of
readthrough enhancement indicate that although readthrough
efficiency is enhanced by genetic and pharmacological modu-
lations, the nature of the readthrough product is similar. The
same set of amino acids gets inserted for each of the PTCs (Tyr,
Gln, and Lys for UAA and UAG; Arg, Trp, and Cys for UGA)
regardless of the mechanism causing readthrough. Second, the
deciding factor for insertion of a near-cognate tRNA is the co-
don sequence itself, and not the readthrough effector. Increased
readthrough efficiencies do not generate any novel misreading
events. Rather, they lead to quantitative enhancement of the
basal translation remodeling events that are permitted on the
ribosome, leading us to speculate that the known effects of ter-
mination codon sequence context on readthrough efficiency will
also not affect the nature of the amino acid inserted. Third, the
frequency of insertion of the amino acids at a particular codon is
affected by the nature of the readthrough effector, independent of
tRNA abundance in the cell. Hence, changing the sequence con-
text and other parameters known to affect readthrough (e.g., the
identity of the nucleotide 3′ to the PTC) will most likely determine
the frequency with which an amino acid gets inserted at the PTC.
Our analyses of readthrough products also provided insight

into the codon positions that would tolerate mispairing during
near-cognate tRNA insertion. These studies demonstrated that
near-cognate tRNA insertion at a PTC occurs by mispairing at
either position 3 of the codon (the “wobble” position) or at
position 1, and that utilization of these two positions is compa-
rable for endogenous readthrough (Fig. 5A) or when readthrough
was enhanced by specific effectors (Fig. S5). More specifically,
under multiple conditions, readthrough of UAA led to an equal

distribution of position 1 and position 3 mispairing, whereas
readthrough of UAG favored mispairing at position 1 and read-
through of UGA favored mispairing at position 3. We did not
observe any amino acid insertions that could be a result of a co-
don position 2 mismatch (Fig. 4 and Table S2). However, we
cannot rule out the possibility that any amino acids that may have
been inserted by position 2 mispairing (e.g., Leu or Ser for UAA
and UAG or Leu, Ser, and Trp for UAG) could not be detected
because their abundance was below our detection level of 0.1%.
For codon position 3 mispairing, the incorporation of Tyr at

UAA and UAG codons (with A-G and G-G mispairing) and the
insertion of Cys and Trp (with A-G and A-C mispairing) at UGA
suggest that nonstandard Watson–Crick base pairings are
allowed in the third position of the codon, with A-C favored over
A-G and G-G (Fig. 4). In all instances with codon position 1
mispairing, the nonstandard Watson–Crick U-G mispairing was
observed to be predominant (Fig. 4). Our observation of a
prevalent U-G mispairing at codon position 1 is supported by
crystallographic studies of conformational rearrangements in the
70S ribosome decoding center (12, 13). These studies showed
that when a U-G mispairing occurs at either position 1 or posi-
tion 2 of the codon, the decoding center adopts a standard
Watson–Crick geometry resembling the Watson–Crick geometry
of C-G base pairing. High-frequency position 1 insertions ob-
served during PTC readthrough from UAA and UAG can
therefore be attributed to U-G mispairing that becomes favored
by virtue of its geometrical mimicry of a standard base-pairing
event. U-G mispairing has also been reported as a major contrib-
utor to amino acid misincorporation during translation elongation
(39). Interestingly, U-C mispairing was never observed for any of
the PTCs in our analysis, because we never observed the presence
of Gly (for UGA) or Glu (from UAA or UAG). Given that the
structure of the base pairs is a key determinant of mispairing, it is
possible that U-C mispairing at position 1 of a nonsense codon is
not geometrically favored. The absence of Glu or Gly insertion,
however, is not because of low abundance of the corresponding
tRNAs (40). Consistent with other experiments showing a lack of
correlation between absolute tRNA abundance and translation
elongation rates (41), the insertion of a near-cognate tRNA at
a PTC is determined not by tRNA abundance, but by how well the
A-site can accommodate the base pairing. Taken together, position
1 or position 3 mispairings are favored when UAA and UAG are
present at the A-site of the ribosome. Position 1 mispairings are
favored when a U-G nonstandard Watson–Crick mispairing is in-
volved, and U-C mispairing does not seem to be allowed. Position
3 mispairings were observed with multiple nonstandard Watson–
Crick pairs (A-C > G-G > A-G). Furthermore, comparison of
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Fig. 5. Readthrough from position 1 and position 3 mispairing. (A) Com-
parison of position 1 (white bar) or position 3 (black bar) mispairing for each
termination codon leading to amino acid insertion at the PTC for WT [PSI−]
cells. (B) Comparison of readthrough efficiency (measured as luciferase ac-
tivity per milligram of protein/RNA units) from either position 1 (white bar)
or position 3 (black bar) under multiple conditions. Readthrough efficiency is
represented as the percentage of increase over WT.
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readthrough efficiencies from either codon position 1 or position
3 mispairing (Fig. 5B) shows higher readthrough from position 3
mispairing events. Higher readthrough from position 3 mispair-
ing might explain why readthrough from UGA, with pre-
dominant position 3 mispairing, occurs more readily than it does
with the other two terminators. Taken together, our study shows
that the decoding center of the ribosome accommodates alter-
native noncanonical base-pairing events during termination,
allowing expansion of the genetic code.
An understanding of the decoding events taking place during

premature termination may provide useful insights into the utili-
zation of this process for therapeutic purposes. For example,
knowledge of the amino acids inserted at a specific PTC should help
to predict the likelihood of success with a readthrough-inducing
small molecule, particularly when the targeted PTC would lead to
insertion of a novel amino acid in an essential functional site of
a protein. Further, because premature termination is less efficient
than normal termination (2, 3, 7) it is plausible that some miscoding
events that are allowed in the context of a PTC may not happen
during normal termination (when there appears to be more efficient
eRF sampling and the ribosome does not pause as long) (3). It will
thus be of interest to compare the amino acid insertions at NTCs to
determine if the rules of near-cognate tRNA insertion are different.

Materials and Methods
Plasmid Construction. The wild-type (HA-LUC-SF) and the PTC-containing lu-
ciferase (HA-LUC(PTC20)-SF) constructs comprise, from 5′ to 3′: the TPI1 pro-
moter, followed by an N-terminal 3× Hemagglutinin tag fused in-frame with
the firefly LUC gene (without/with an in-frame stop codon at LUC position
20), in-frame C-terminal StrepII and FLAG tags, and the TPI1 3′-UTR. The ORF
spans from the 3×HA tag to the StrepII/FLAG tags. Plasmids harboring either
HA-LUC-SF or HA-LUC(PTC20)-SF were generated by PCR and standard mo-
lecular cloning techniques. In each case, oligonucleotides (listed in Table S1)
containing restriction sites were used for PCR amplification, and the result-
ing fragments were inserted into yEplac181 after digestion of the respective
restriction sites. Premature termination codons (UAA, UAG, or UGA) were
inserted at codon 20 of the LUC ORF using site-directed mutagenesis and
oligonucleotides described in Table S1.

RNA and Protein Analyses. Procedures for RNA analysis, protein analysis, and
luciferase assays were as described previously (29) or in SI Materials and
Methods. Readthrough products were purified according to instructions
provided by the manufacturer of Strep-Tactin resin (IBA). Details are pro-
vided in SI Materials and Methods. Procedures used for mass spectrometric
analysis are described in SI Materials and Methods.
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