|BC RESEARCH ARTICLE

Check for
updates

Recognition of 3’ nucleotide context and stop codon
readthrough are determined during mRNA translation

elongation

Received for publication, April 19, 2022, and in revised form, June 6, 2022 Published, Papers in Press, June 11, 2022,

https://doi.org/10.1016/}jbc.2022.102133

Nikita Biziaev', Elizaveta Sokolova'‘, Dmitry V. Yanvarev', llya Yu Toropygin’, Alexey Shuvalov'”,

1,34,% 1,3%

Tatiana Egorova , and Elena Alkalaeva

From the 'Engelhardt Institute of Molecular Biology, The Russian Academy of Sciences, Moscow, Russia; *Orekhovich Research
Institute of Biomedical Chemistry, Moscow, Russia; 3Center for Precision Genome Editing and Genetic Technologies for
Biomedicine, Engelhardt Institute of Molecular Biology, The Russian Academy of Sciences, Moscow, Russia; 4Department of
Biochemistry, Faculty of Medicine and Biology, Pirogov Russian National Research Medical University, Moscow, Russia

Edited by Karin Musier-Forsyth

The nucleotide context surrounding stop codons signifi-
cantly affects the efficiency of translation termination. In
eukaryotes, various 3’ contexts that are unfavorable for trans-
lation termination have been described; however, the exact
molecular mechanism that mediates their effects remains
unknown. In this study, we used a reconstituted mammalian
translation system to examine the efficiency of stop codons in
different contexts, including several previously described weak
3’ stop codon contexts. We developed an approach to estimate
the level of stop codon readthrough in the absence of eukary-
otic release factors (eRFs). In this system, the stop codon is
recognized by the suppressor or near-cognate tRNAs. We
observed that in the absence of eRFs, readthrough occurs in a 3’
nucleotide context-dependent manner, and the main factors
determining readthrough efficiency were the type of stop
codon and the sequence of the 3' nucleotides. Moreover, the
efficiency of translation termination in weak 3’ contexts was
almost equal to that in the tested standard context. Therefore,
the ability of eRFs to recognize stop codons and induce peptide
release is not affected by mRNA context. We propose that
ribosomes or other participants of the elongation cycle can
independently recognize certain contexts and increase the
readthrough of stop codons. Thus, the efficiency of translation
termination is regulated by the 3’ nucleotide context following
the stop codon and depends on the concentrations of eRFs and
suppressor/near-cognate tRNAs.

Protein synthesis is completed when the stop codon (UAA,
UAG, or UGA) occupies the ribosomal A site, where the
eukaryotic release factors (eRFs) decode it. In eukaryotes, the
tRNA-mimicking factor eRF1 recognizes all three stop codons
and promotes the release of the synthesized peptide from the
peptidyl-transferase center. It is stimulated by eRF3, which
resembles the elongation factor 1A (eEF1A) (1-4).
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Remarkably, positional and conformational similarities exist
between the termination eRF1-eRF3 complex and elongation
aa tRNA—eEF1 complexes (5, 6). Stop codon recognition is
implemented by the conserved TASNIKS and YxCxxxF motifs
of the N-domain of eRF1 (7, 8). The lysine of the NIKS motif
can be hydroxylated, which improves termination efficiency
(9). cryo-EM structures of mammalian ribosomal complexes
containing a stop codon at the A site have shown that binding
of eRF1 leads to changes in mRNA configuration so that the
fourth nucleotide following the three bases of the stop codon is
pulled into the A site (10-12). This configuration differs from
the shape of sense codons recognized by tRNAs and implicates
a complex three-dimensional interplay of eRF1 and 18S rRNA.
This also explains the strong impact of the identity of the 3’
nucleotide downstream of the stop codon on termination (13).

However, in some instances, the amino acid is incorporated
into the nascent polypeptide chain instead of proper trans-
lation termination. Such an event is a result of stop codon
suppression or readthrough, when the stop codon in the
ribosomal A site is interpreted as a sense codon and is
recognized by near-cognate tRNAs instead of eRF1. The basal
level of stop codon readthrough commonly has a frequency
of < 0.1% (14), although in some cases, the level of read-
through was shown to be higher than 10% (15, 16). Phyloge-
netic analysis of the 12 Drosophila species revealed more than
280 conserved stop codon readthroughs. This was confirmed
by ribosome profiling analysis, which indicated that read-
through was a relatively common event (17, 18). Subsequent
studies have identified readthrough in fungi (19), and
numerous studies have described readthrough for a large
number of transcripts in mammals (15, 16, 18, 20-23). In
addition, premature stop codons also sustain a sufficient per-
centage of readthrough (<1%) (14), which is essential for
disease therapeutics, occurring as a result of nonsense muta-
tions. These data demonstrate the importance of readthrough
events, which can be considered not only as an error during
the termination process but also as an important regulatory
mechanism.
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3’ stop codon context is recognized during elongation

It has been shown that the nucleotide context of stop
codons significantly affects the readthrough level in different
groups of eukaryotes (24—26). The nearest 5 and 3’ nucleo-
tides of stop codons can decrease and increase the translation
termination efficiency (27). Previously, the strongest influence
on translation termination was demonstrated for +4 nucleo-
tides immediately following the stop codon (13, 28-33). Few
studies investigating the influence of the 3’ context have sug-
gested that terminating signals include six nucleotides (31, 32).
Purines are preferred over pyrimidines in eukaryotic genomes
(33, 34). Additionally, nucleotide distribution up to +9 in
Saccharomyces cerevisiae and most likely in all eukaryotes is
not random. It was demonstrated that positions +4, +5, +6, +8,
and +9 were the key, and the +7 position did not have any
effect (35). The most effective suppression motif, CAA UUA
entirely conforms to the 3’ context of stop codon UAG of
tobacco mosaic virus (TMV). In mammalian cells, Cridge et al.
(36) affirmed the high impact on the readthrough of +4 and +8
nucleotides independently of the type of stop codon, and +5
and +6 positions determined the increase or decrease in
readthrough depending on the stop codon and +4 nucleotides.

There is evidence that different factors can influence read-
through levels in cooperation with the stop codon context. It
has been shown that the eukaryotic translation initiation factor
elF3 increases readthrough in weak termination contexts,
possibly promoting the incorporation of near-cognate tRNAs
(37). The posttranslational hydroxylation of prolyl in ribo-
somal protein Rps23 of the 40S subunit can also modulate
termination accuracy in a context-dependent manner (38).
However, the exact mechanism underlying the effect of the 3’
stop codon context on translation termination remains un-
known. According to our previous study (39), there is no
apparent connection between nucleotide frequencies in the 3’
stop codon context and their effect on peptide-release effi-
ciency. We investigated the effects of several 3’ stop codon
contexts on readthrough and peptide release in the recon-
stituted translation termination system and revealed the mo-
lecular mechanism of this process.

Results
Model system to study stop codon readthrough

To study the mechanism underlying stop codon read-
through, we constructed model mRNAs containing two stop
codons separated by hexanucleotide sequences (Fig. 1A4). After
the first stop codon (UAA, UAG, or UGA), we inserted several
hexanucleotide sequences reported to be preferable for read-
through (15, 29, 40). We chose the most frequent stop codon,
UAA, to be the second stop codon to exclude secondary
readthrough and estimate the level of the first stop codon
readthrough. The 3’ context of the second stop codon was A-
rich AAG CUU, which ensured efficient translation termina-
tion according to our data (39). After termination at the first
stop codon, we obtained the MVHL tetrapeptide, and after
readthrough, we obtained the heptapeptide MVHLXXX
(Fig. 1A).
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To estimate the stop codon readthrough efficiency, we
performed a fluorescent toe-printing assay of the ribosomal
complexes assembled at the model mRNA. Fluorescent
toe-printing is based on a reverse transcription reaction with
fluorescently labeled primers that anneal downstream of the
ribosomal complex (Fig. 1B). The position of the bound
ribosome on the mRNA was then determined by the length of
the fragment which extended the primer during reverse
transcription.

The consensus sequence CUAG, following the UGA stop
codon, was previously shown to stimulate readthrough in a few
mammalian genes (15). Based on this sequence, we designed a
model mRNA with a CUA GUA (Weakl) context located
between the UGA and UAA stop codons. We reconstituted
translation initiation 48S and 80S complexes on the mRNA
(Fig. 1C) in the presence of the initiator methionyl-tRNA using
an in vitro translation system (3). We then added Val-tRNA V2!
and translation elongation factors eEF1 and eEF2 in the
presence of GTP to the initiation complex (IC). We obtained
an elongation complex with dipeptidyl-tRNA (MV-tRNA)
located at the P site. The addition of His-tRNA™* moved the
ribosome to the next codon, and we obtained MVH-tRNA at
the P site. The final addition of Leu-tRNA™" caused the for-
mation of pretermination complex 1 (preTC1) with MVHL-
tRNA at the P-site and UGA stop codon at the A site.

Total rabbit aminoacylated (a.a.) tRNA moved preTCl
through the first stop codon to the second stop codon, giving
the appearance of a +9 nucleotide peak (Fig. 1C), indicating the
formation of preTC2. Intermediate peaks corresponding to
elongation complexes that stopped at the CUA and GUA
codons were also detected. Therefore, in the absence of eRFs,
stop codon could be recognized by suppressor or near-cognate
tRNAs at least in the specific 3’ nucleotide context. We suggest
that the stop codon readthrough efficiency is determined by
the presence of such tRNAs in the cell. In this experiment
rabbit tRNAs and rabbit ribosomes were used (Fig. 1C). To
determine the effect of tRNAs from different organisms on
readthrough, we compared the effects of calf, rabbit, and yeast
total tRNA (Fig. S1). It appeared that all tested total tRNA
induced UGA readthrough. This indicates that they contain a
sufficient amount of suppressor or near-cognate tRNA to
recognize the UGA stop codon. However, the calf tRNA was
less active than the others which means that it contained
smaller amounts of appropriate tRNA. It is noteworthy that
the second stop codon UAA in the strong A-rich 3’ context
(39) was not recognized by any of the tested preparations of
tRNA. Therefore, different stop codons have different read-
through potentials.

Factors influencing stop codon readthrough efficiency

To determine the factors affecting the efficiency of stop
codon readthrough in the absence of eRFs, we compared how
all three stop codons in the Standard and Weakl 3’ contexts
were decoded (Fig. 24, row data are presented in Fig. S2). The
3' context UGU GUG was chosen as the Standard. This
context has been used in all our previous studies in the
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Figure 1. An approach for determining the level of stop codon readthrough in the reconstituted eukaryotic translation system. A, the scheme of the
dual-stop mRNA used for quantification of the level of the stop codon readthrough. The mRNA contains an ORF encoding the MVHL tetrapeptide and
ending with the first stop codon (UAA, UAG, or UGA). The ORF is followed by a 3" context (6 nt) followed by the second stop codon (UAA). When read-
through on the first stop codon occurs, MVHLXXX heptapeptide is synthetized. Created with BioRender.com. B, the scheme of the toe-printing assay used to
detect ribosome position on the mRNA. AMV reverse transcriptase synthesizes cDNA on the mRNA template before colliding with the ribosome. The length
of cDNA corresponds to position of the ribosome. Created with BioRender.com. C, toe-printing analysis of the ribosomal complexes assembled at the dual-
stop mRNAs containing UGA Weak1 context. Different a.a. tRNAs (V, H, L) were added to the initiation complex. An addition of the rabbit tRNA leads to
readthrough of the first stop codon and appearance of the preTC2. IC, initiation complex; preTC1 and preTC2, pretermination complexes at the first and
second stop codons. a.a. aminoacylated; cDNA, complementary DNA; preTC, pretermination complex.

reconstituted mammalian translation system (3, 39, 41-47).
The frequencies of triplets from this sequence in the human
genome calculated earlier (1-1.8%) were close to that for
random triplet NNN 1/64 = 1.56% (39). Therefore, this
sequence can be used as a control sequence.

To exclude mistakes in all cases where we observed the
appearance of intermediate peaks between the first and second
stop codons, which indicated a lack of complementary tRNA,
we determined the efficiency of readthrough by summarizing
all the peaks appearing after the first stop codon. Thus, the
effect of deficiency of the corresponding tRNAs in the calcu-
lations was reduced.

For stop codons in the Standard context, readthrough varied
from 0.5% to 28% (Table 1 and Fig. 2A4). We observed that
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UAA was the strongest stop codon and UGA was the weakest.
We determine the weakness of the stop codon based on the
readthrough frequency. In the Standard context, the read-
through efficiency of these codons differed by a factor of 55
(Table 1). Stop codons in the Weakl context demonstrated the
same readthrough dependence: UAA was the strongest and
UGA was the weakest stop codon. However, the overall
readthrough rate was higher, ranging from 5% for UAA to 57%
for UGA. Therefore, the readthrough level of these stop
codons differed by a factor of 10 in the Weakl context
(Table 1). We revealed that the efficiency of stop codon
readthrough fits into an exponential curve for both Standard
and Weakl contexts. Thus, it is a property of the stop codons
themselves, regardless of the 3’ context. It is difficult to
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Figure 2. Stop codon readthrough on different stop codons and 3’ contexts in the absence of release factors. A, readthrough efficiency on all three
stop codons in the Standard and Weak1 contexts. Characteristics of the 3’ contexts are shown in the table. B, readthrough efficiency on the UAG and UGA
stop codons in the Standard, Weak1, Dyst, TMV, Weak2, and Weak3 contexts. For the Standard and Weak1 contexts, the data are duplicated from A. In-
dividual measurements are shown as dots, mean + SEM are shown on histogram. n = 3, *p < 0.05 and **p < 0.01. Statistically insignificant differences are not

shown. TMV, tobacco mosaic virus.

determine the cause of such an exponential dependence;
obviously, it reflects a much more efficient decoding of the
UGA stop codon by the suppressor or near-cognate tRNAs.
Regarding the influence of the sequence of the 3’ stop codon
context, we also found significant differences in readthrough
efficiency for the same codons in different contexts (Fig. 24
and Table 1). However, in this case, the difference was smaller
than that between different stop codons in the same context.
Thus, the readthrough of the UAA stop codon in the Standard
context was 10 times worse than that in the Weakl context,

and the readthrough of the UGA stop codon was 2
times worse. Thus, the main factors determining readthrough
efficiency are the type of stop codon and the sequence of the 3’
context.

The influence of the type of stop codon on readthrough is
likely determined by the availability of suppressor or near-
cognate tRNAs in the cell and by the ability of tRNA to
recognize stop codons successfully. Thus, UAA and UAG
codons, in addition to suppressor tRNAs, can be recognized by
glutamine or tyrosine tRNA, whereas the UGA codon can be

Table 1
Ratio of readthrough efficiency
Ratio to

mRNA Mean + SEM UAA UAG UGA Weakl Standard
UAA Standard 0.5+ 1.0 - 0.16 0.02 0.09 -
UAG Standard 3.2+06 6.32 - 0.11 0.31 -
UGA Standard 283 + 25 55.68 8.81 - 0.49 -
UAA Weakl 5.6 £ 0.6 - 0.55 0.10 - 11.01
UAG Weakl 10.2 + 1.0 1.83 - 0.18 - 3.18
UGA Weakl 575+ 28 10.29 5.63 - - 2.03
UAG Dyst 3.7+ 04 - - - - 1.17
UAG TMV 7.6 £ 0.4 - - - - 2.36
UGA Weak2 56.0 + 3.2 - - - - 1.98
UGA Weak3 489 + 4.7 - - - - 1.73
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recognized by cysteine and tryptophan tRNAs (48, 49). It can
be assumed that tryptophan tRNA, paired with the UGG
codon, efficiently recognizes the UGA stop codon, since the
first two nucleotides in these codons coincide, and there is a
purine in the third position of both codons. Conversely, in the
cysteine and tyrosine codons, where the first two nucleotides
(UG and UA, respectively) match the stop codons, pyrimidine
(Cor U) is in the third position, which conformationally differs
from the purine of the stop codon. In the glutamine codons
CAA and CAG, nucleotides in the second and third positions
match the UAA and UAG stop codons, but in the first posi-
tion, there is a C. Since the first nucleotide of the codon is
important for accurate pairing with the anticodon of tRNA,
pairs of stop codons and glutamine tRNA are rarely formed in
the ribosome. We believe that the similarity of the UGA stop
codon with the tryptophan (UGG) codon determines a high
percentage of its readthrough in any 3’ context (Table 1).

To ensure that readthrough differed at the same stop co-
dons in the absence of eRFs, we explored the potential of the
other 3’ contexts. For this purpose, we cloned four additional
weak 3’ contexts following the UGA and UAG stop codons
(Fig. 2A4): CUA UAC (Weak2) and CUU AAA (Weak3) con-
texts, containing a probable weak CU dinucleotide, CAA UUA
(TMV) context from the TMV (29), and GAU AAU (Dyst)
context, which corresponds to the sequence followed the
nonsense mutation 651d in the human dystrophin transcript
variant Dp4271 (40). These contexts have previously been
described as weak only for UAG or UGA stop codons. The
effects of Weakl, Dyst, and TMV contexts were compared on
the UAG stop codon, and the effects of Weakl, Weak2, and
Weak3 on the UGA stop codon (Figs. 2B and S2). We revealed
that the readthrough was more efficient on the UAG in the
Weakl context (10%) and in the TMV context (7.5%). In
dystrophin context, the readthrough of the UAG did not differ
from the Standard context (Fig. 2B and Table 1). On the UGA
stop codon, all three contexts induced a higher level of read-
through than the Standard context (Fig. 2B and Table 1).

Thus, we revealed that the readthrough on the same stop
codon in different 3’ contexts proceeded differently (Fig. 2B).
This dependence has two possible explanations: (i) presence or
absence of tRNA complementary to a certain 3’ context
(strong/weak context, respectively) and (ii) recognition of
certain 3’ contexts by other participants of the elongation cycle
(ribosome or eEFs). The possible effect of tRNA availability on
readthrough thus requires consideration. When complemen-
tary to the 3’ context, tRNA is absent, one round of elongation
with near-cognate tRNA passing through the stop codon and
accumulation of the ribosomal complex on the next sense
codon should be observed. In our experiments, we did not
observe this pattern of toe-printing when comparing the
different contexts (Fig. S2). For example, on the UAA stop
codon in the Standard context, there is practically no read-
through, but the intermediate peaks between the first and
second stop codons completely coincide with the peaks of the
Weakl context, which gives 10 times more efficient read-
through. In addition, for the UGA stop codon, the interme-
diate peaks on the Standard context, giving 28% readthrough,
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and on the Weakl context, giving 57% readthrough, are the
same. These observations allowed us to conclude that the 3’
context is recognized by the ribosome or eEFs, and its effect on
the stop codon readthrough does not depend on the presence
of the tRNAs complementary to the 3’ context.

3’ stop codon contexts do not affect translation termination
efficiency

To determine how the chosen weak 3’ contexts affected
translation termination, a complex of human release factors,
eRF1-eRF3a-GTP, was added to preTCls assembled in the
presence of individual M, V, H, and L tRNAs (Figs. 3 and S3).
During stop codon recognition by eRF1 and eRF3, the ribo-
some protects additional nucleotides on the mRNA, which can
be detected in toe-printing assays as a one- or two-nucleotide
forward shift of the ribosomal complex (3, 10, 11, 50). The
preTC1 was paused at the first stop codon, and the addition of
eRFs to this complex led to the appearance of a +2 peak
corresponding to the post-termination complex (postTC)
(Fig. S3). Translation termination efficiency was estimated
based on the appearance of the postTC peak.

In the absence of competition with suppressor or near-
cognate tRNAs, eRF1 recognized all stop codons with the
same efficiency (visible differences are not significant). We did
not find any dependence of translation termination efficiency
on either the type of stop codon or the 3’ context (Fig. 3).
However, when rabbit tRNA was added to the translation, we
observed a slight but significant decrease in the efficiency of
postTC peak formation on the UAA and UGA codons in the
Weakl context (Fig. 34). No decrease in the postTC peak was
observed for stop codons in other contexts (Fig. 3). We
interpret this result as very efficient binding of near-cognate
tRNA to the stop codon in the Weakl context, so the read-
through can compete with translation termination.

Moreover, when rabbit tRNA and eRFs were present in the
translation, toe-print peaks corresponding to preTC2 at the
second stop codon did not form (Fig. S4). This indicates that
eRFs completely suppressed the readthrough of the first stop
codon. We can conclude that translation termination is a
much more efficient process than stop codon readthrough.
The complex of release factors successfully competes with
near-cognate tRNAs for binding to stop codons, regardless of
the type of stop codon and the 3’ context. Therefore, eRFs
ensure high efficiency of translation termination in all 3’
contexts.

Influence of translation initiation factors on the stop codon
readthrough

We recently showed that several elFs, including eIF3 and
elF3j, stimulate translation termination (45). As we performed
previous experiments on readthrough and termination in the
reconstituted in vitro system in the presence of all translation
factors, the influence of elFs on these processes should be
excluded. We performed sucrose gradient centrifugation of
two preTCs assembled on the UGA stop codon after elonga-
tion with individual M, V, H, and L tRNAs in the Standard and
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the Standard, Weak1, Dyst, TMV, Weak2, and Weak3 contexts. For the Standard and Weak1 contexts, the data are duplicated from A. Individual mea-
surements are shown as dots, mean + SEM are shown on histogram. n = 3, *p < 0.05, **p < 0.01. Statistically insignificant differences are not shown. eRFs,
eukaryotic release factors; TMV, tobacco mosaic virus; postTC, post-termination complex.

Weakl contexts in parallel (Fig. 44). To control the compo-
sition of the resulting complexes, Western blotting was per-
formed with antibodies specific to elF3a, eIF4G, and His-tag,
as all recombinant proteins used in the reconstructed system
had a His-tag (Fig. 4B). Western blotting showed that under
low-salt (LS) conditions, significant amounts of elF3 remained
in the preTC(LS), which was also shown in our previous study
(45). After high-salt (HS) centrifugation, we observed a

6 J Biol. Chem. (2022) 298(7) 102133

significant decrease of elF3 in the preTC(HS). elF4G is a
scaffold protein that can contaminate ribosomes and native
proteins. This protein was not detected by antibodies in any of
the examined preTCs. Anti-His-tag antibodies revealed some
amounts of recombinant elFs in the preTC(LS), which were
completely lost in the preTC(HS). Electrophoresis with re-
combinant elF4B and elF5 showed that these factors have the
same mobility in PAAG (Fig. S5). As a control, we stained

SASBMB
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preTCs with antibodies specific to ribosomal protein L9 and
demonstrated that the amount remained unchanged in all
complexes.

After the addition of eEFs and rabbit tRNA, we analyzed the
stop codon readthrough in purified preTCs (Fig. 44). We
found that readthrough occurred on both pure preTC(HS) and
preTC(LS), containing elF3, elF5, and elF4B (Fig. 4, A and C).
We observed that the presence of elFs in the preTC(LS)
slightly decreased the readthrough in the Weakl context.
Interestingly, in the presence of all translation components,
readthrough on the UGA stop codon was approximately 30%
in the Standard context and 60% in the Weak1 context (Fig. 2);
however, on the pure preTCls, we observed 15% in the
Standard context and 35 to 45% in the Weakl context (Fig. 4).
The overall level of readthrough decreased, but the ratio of
readthrough in different 3’ contexts was the same. Thus, in a
pure system, the readthrough was two times lower, but it still
proceeded effectively in the presence of only rabbit tRNA and
eEFs. We propose that elFs are somehow involved in the
process of tRNA binding to stop codons in this in vitro system,
but they are not 3’ context-recognizing participants. Since the
ratio of levels of readthrough was preserved, it can be confi-
dently stated that the 3’ context of the stop codon is recog-
nized by one of the participants of the elongation cycle
(ribosome or eEFs) and no additional protein factors are
involved in this process.

Mechanism of stop codon readthrough

It should be noted that Weakl, Weak3, and Dyst contexts
contain stop codons that can be recognized when the reading
frame is shifted forward by one or two nucleotides (Table in
Fig. 2). Our data showed that readthrough occurred without
frameshifts (Fig. S2). Thus, during stop codon readthrough, the
reading frame is preserved, which indicates the usual elonga-
tion reaction and precise interaction between nucleotides of
the stop codon and anticodon of near-cognate tRNAs.

Retention of the reading frame and synthesis of the corre-
sponding peptides during readthrough were confirmed
through analysis of the synthesized peptides (Fig. 5). PreTCs
labeled with radioactive methionine were assembled on UAA
Standard and UGA Weakl mRNAs. They were then purified
by centrifugation in a 10 to 30% sucrose gradient. After
measuring the radioactivity in the fractions and obtaining the
results of toe-printing, the fraction with the maximum signal
of radioactivity was selected from each gradient, in which the
presence of preTC was confirmed according to the results of
toe-printing (Fig. 5A). Next, to perform termination and
peptide release, eRF1 and eRF3a were added to the complexes.
We observed the release of radiolabeled peptides in both
preTCs (Table in Fig. 54).

eRFs were also added to the remaining volume of the
preTC (130 pl), and peptides released during translation
termination were purified from the high-molecular-weight
components by centrifugation through Ultracel-10K. The
fraction of low molecular weight components was analyzed
using reverse phase HPLC. As a result, a radioactive HPLC
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profile was obtained for both the samples (Fig. 5B). The
profile of the Standard context showed only one distinct peak
(peak 1), whereas the Weakl context profile showed two
radioactive peaks (peak 1 and peak 2). Next, the fractions
corresponding to peaks 1 and 2 were analyzed by MALDI-
TOF MS (Fig. 5C; raw data are shown in Figs. S6 and S7).
As a result, we detected the tetrapeptide MVHL (in the peak
1) and two heptapeptides MVHLWLV and MVHLCLV (in
the peak 2) on the UGA Weakl template and did not detect
additional peptides except for MVHL (in the peak 1) on the
UAA Standard template. Thus, during stop codon read-
through, common translation elongation occurs and extended
peptides are formed.

Based on these data and the results obtained on purified
preTCs, we hypothesized that the ribosome, eEFs, and sup-
pressor or near-cognate tRNA are the main participants in the
process of stop codon readthrough. To verify this, we per-
formed experiments with the individual L and V tRNAs,
complementary to the codons of the Weakl context, and
synthetic Ser-tRNA®*"P on the preTC(HS) (Fig. 6). After the
addition of eEFs or rabbit tRNA to preTC(HS), we did not
observe any readthrough; however, a 35% readthrough was
observed when both components were added (Fig. 4C). Thus,
all components of translation elongation are required for
readthrough, which is a result of stop codon recognition by a
suitable tRNA. This was confirmed by the addition to
preTC(HS) of purified synthetic L and V tRNA and suppressor
tRNA in the presence of eEFs. The suppressor tRNA recog-
nizes the stop codon, the following codons are recognized by L
and V tRNA, and preTC2 is formed (Fig. 6). Thus, necessary
and sufficient participants of the stop codon readthrough are
stop codons in the correct 3’ context, the ribosome, suppressor
or near-cognate tRNAs, and eEFs.

Discussion

We conducted a study on the effect of the 3’ region of the
stop codon on the efficiency of its readthrough and translation
termination. Surprisingly, this study revealed that the “weak”
contexts did not significantly suppress translation termination,
while they induced stop codon readthrough entirely at the
elongation stage (Figs. 2 and 6). Therefore, the ability of eRFs
to recognize stop codons and cause peptide release is not
affected by mRNA context. Thus, the efficiency of translation
termination is based on equilibrium between the amount and
affinity to the stop codon of eRFs and suppressor/near-cognate
tRNAs.

During experiments on purified preTCs, we showed that the
necessary and sufficient translational components for read-
through were the ribosome with the positioned stop codon in a
certain context, suppressor or near-cognate tRNAs, and eEFs
(Fig. 6). This is another round of elongation, which takes place
if the stop codon in the ribosome is preferable for recognition
by tRNA conformation. This was confirmed through experi-
ments on the preservation of the reading frame and synthesis
of the corresponding peptides (Fig. 5). It is noteworthy that
eEFs and tRNAs are equally available to all mRNAs; therefore,

SASBMB



3’ stop codon context is recognized during elongation

12 A
A & o

UAA Standard

I
o
1
e

|

UGA Weak1

relative amount of cDNA, r.u.
o
o -
1 1

(=]
1

- - v v - v -

length of cDNA, nt

B UAA Standard

B, cpm

‘‘‘‘‘‘‘ 0437 09:15 13:52 1829 23:07 27:44 32:21
Time, mm : ss

peak 1

Peptide release, cpm

- + eRFs
UAA
Standard 4 s
UGA
Weak 1 82 849

UGA Weak1

1000

800

Br,cpm

400

Time, mm : ss

peak 1

peak 2

C
Detected peptides in peaks after Radio RP-HPLC
peak 1 peak 2
UAA Standard MVHL
MVHLCLV
UGA Weak 1 MVHL MVHLWLVY

Figure 5. Detection of the synthesized peptides during stop codon readthrough. 4, toe-printing analysis of the purified preTCs assembled on the UAA
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the question remains on how the cell determines which stop
codon will be read during readthrough. From our data, the
determining factor for triggering stop codon readthrough is
the recognition of a favorable 3’ context by the participants of
elongation cycle (ribosome or eEFs).

These data are in agreement with previous studies that
discussed the mechanism by which the 3’ context impacts
readthrough. Previously, destabilization of the ribosomal sec-
ondary structure owing to the interaction between rRNA and
mRNA was proposed, which led to an increased probability of
the stop codon binding with tRNAs than with eRF1. Two re-
gions of S. cerevisiae IRNA, potentially capable of pairing with
the 3’ context on mRNA, were revealed (32). Computational
analyses of 3’ UTRs from 14 eukaryotic species revealed 185
rRNA complementarity with the first 50 nucleotides of the 3’
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UTRs, which form an evolutionarily conserved pattern local-
ized around the ribosomal mRNA entry channel (51). Another
study conducted on mammalian cells also proposed that
translation termination efficiency is influenced by interactions
of the ribosome with six mRNA nucleotides downstream of
the stop codon, occupying the entry channel (36). Interest-
ingly, in that study, it was shown that among weak contexts,
only the UGA CUA sequence did not respond to increased
cellular levels of eRF1, although reducing the eRF1 level
through siRNAs dramatically increased the overall read-
through efficiency. This agrees with our data, which shows that
weak contexts induce high levels of readthrough in the absence
of eRFs, which is practically undetectable in the presence of
eRFs (Figs. 2 and 3). Additionally, recent studies have impli-
cated interactions between mRNA and ribosomal proteins in
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Figure 6. Stop codon readthrough reconstituted from the individual
components. Example of toe-printing analysis of the purified preTC1s after
addition of different combination of eEFs, sup tRNA, and L, V tRNAs. PreTC1
was assembled on the UGA stop codon in the Weak1 context in the high
salt concentration. ru, relative units. eEF, eukaryotic elongation factor;
preTC1, pretermination complex 1; preTC2, pretermination complex 2.

accounting for context effects in start codon selection (52, 53).
It is possible that similar interactions can also occur during
recognition of the 3’ context of the stop codon. Although we
do not have structural data demonstrating the interaction of
the stop codon 3’ context with the ribosome, our biochemical
experimental data indicate that such an interaction may exist.
In experiments with the preTC purified in the sucrose
gradient, the stop codon readthrough depended on the mRNA
3’ context (Fig. 4). In this system, there are only three partic-
ipants: preTC, a.a. tRNAs, and eEFs. Thus, one of the three
participants in this reaction recognized the 3’ context. It
cannot be a tRNA, complementary to the stop codon, since it
does not have any structural features required for this recog-
nition. Therefore, they are either ribosomes or eEFs. Consid-
ering the data on the recognition of the context of start codons
and the absence of any data on the interaction of eEFs with the
mRNA, we concluded that the weak stop codon contexts are
more likely recognized by the ribosome.

This result is interesting from the perspective of the
mechanism of the readthrough of premature termination
codons (PTCs). It is noteworthy that the local concentrations
of eRFs in various regions of the translated mRNA are
different. At the stop codon of the main reading frame, eRFs
are recruited and activated by the poly(A)-binding protein
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PABP, elF3j, and other factors (42, 45-47). The stop codons of
the upstream ORFs are recognized by eRFs recruited by elF3j
and elF3 (45). However, the local concentration of eRFs near
the PTC is low because it lacks determinants (poly(A) tail and
5" end of mRNA) for the binding of protein loading and acti-
vating eRFs. This creates favorable conditions for stop codon
readthrough, since at a reduced concentration of eRFs, sup-
pressor or near-cognate tRNAs can compete with them more
successfully. Thus, PTC readthrough should be more efficient
than the readthrough of native stop codons. According to
previous studies, the vast majority of 3’ stop codon contexts
are neutral for the ribosome, that is, the ribosome is unable to
recognize them. However, nonsense mutations occur
randomly; therefore, the context of PTC is also random and
unable to interact with the ribosome. Consequently, an
increased level of PTC readthrough is not determined by the
interaction of the 3’ context with the ribosome but depends
only on the local concentration of eRFs, which is undoubtedly
a cellular strategy to deal with emerging nonsense mutations.

In conclusion, it is noteworthy that the insensitivity of eRF1
to the 3’ context allows the ribosome to finish translation in
the majority of the 3’ stop codon contexts. Such an approach is
reasonable because any random mutation in this region leads
to the immediate cessation of protein synthesis and wasting of
cell resources. However, in some instances, a signal impairing
translation termination is required. This function is realized by
a small number of specific sequences capable of interacting
with the ribosome.

Experimental procedures
Construction of model mRNAs

MVHL-stop mRNAs containing one of the three stop co-
dons (UAA, UAG, or UGA) were described previously (3, 41).
To obtain plasmid with the desired first stop codon, 3’ stop
codon context and with the second UAA stop codon, an
amplified fragment of pET28-MVHL plasmid (with the Bgl
and mutant primers listed in the Supplementary Data Table S1
and S2) was cloned into original pET28-MVHL using Bgl
IT and Hind III restriction sites. To obtain mRNA, we amplified
fragments of the obtained plasmids using Bgl and globin_rev
primers. PCR product was transcribed by the T7 RiboMAX
Express Large Scale RNA Production System kit (Promega)
according to the manufacturer’s protocol. mRNAs were puri-
fied sequentially by isolation in acidic phenol, precipitation
with 3 M LiCl, and gel filtration on NAP-5 (Cytiva). The
resulting mRNAs contained four CAA repeats, 5UTR of 52 nt,
an MVHL coding sequence ending with the first stop codon, 3/
context of 6 nt, second stop codon (UAA), and 3'UTR of
420 nt.

Construction and aminoacylation of individual tRNAs

To obtain individual tRNAs, we linearized by BstOI
(Promega) the pUC18 plasmid, in which the human tRNA
sequences were inserted. The suppressor tRNA was obtained
from the serine tRNA sequence, in which the anticodon was
changed to the UCA complementary to the UGA stop codon.
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Sup tRNA was aminoacylated with serine. The linearized
fragment (in a final concentration of 0.1 g/l) was transcribed
with the 8 u/pl T7 RNA polymerase (Thermofisher) in the
presence of TBx1 buffer supplemented with 4 mM ATP, 4 mM
UTP, 4 mM CTP, 4 mM GTP, 20 mM MgCl,, 10 mM DTT,
2% PEG 8000, 0.68 u/pl Ribolock (Thermofisher) on 37 °C for
4 h. Then, tRNAs were purified sequentially by isolation in
acidic phenol and gel filtration on NAP-5 (Cytiva). Amino-
acylation and isolation of the aminoacyl-tRNA synthetases
were performed on the basis of the method described (54). For
aminoacylation, a mixture containing 10 uM of tRNA, 0.5 g/l
aminoacyl-tRNA synthetases from the S100 RRL fraction,
50 uM of the corresponding amino acid, 40 mM Tris—HCl pH
7.5, 15 mM MgCl,, 2 mM DTT, 10 mM ATP, 1 mM CTP,
0.5 u/ul Ribolock (Thermofisher) was incubated at 37 °C for
7 min. Then, a.a. tRNAs were purified sequentially by acidic
phenol isolation and gel filtration on NAP-5 (Cytiva).

Ribosomal subunits and translation factors

40S and 60S ribosomal subunits, eEF1, and eEF2 were pu-
rified from a RRL cell lysate, and eIF2 and eIF3 were purified
from a HelLa cell lysate, as described previously (3). Human
translation factors eIF1, eIF1A, eIF4A, elF4B, AelF4G, AelF5B,
elF5, eRF1 were produced as recombinant proteins in
Escherichia coli strain BL21 with subsequent protein purifi-
cation using Ni-NTA agarose and ion-exchange chromatog-
raphy (3). Human full-sized eukaryotic release factor eRF3a
(GSPT1), kindly provided by Dr Christiane Schaffitzel, was
expressed in insect cell line Sf21 with baculovirus EMBacY
from a MultiBac expression system and then purified as
described previously (42).

PreTC1 assembly, stop codon readthrough, and translation
termination

Ribosome complexes were assembled in vitro as previously
described with modifications (3). ICs were assembled at 4 °C in
10 ul contained 0.375 pmol mRNA, 3 pmol Met-tRNAi™*, 1
pmol each of 40S and 60S ribosomal subunits, 5 pmol elF2, 1
pmol elF3, 7 pmol elF4A, and 2 pmol each of AelF4G, elF4B,
elF1, elF1A, elF5, and AelF5B, supplemented with buffer
composed of 20 mM Tris acetate, pH 7.5, 100 mM KAc,
2.5 mM MgCl,, 2 mM DTT, 0.4 U/ul Ribolock (Thermofisher),
1 mM ATP, 0.25 mM spermidine, and 0.2 mM GTP. The
reaction mixture was kept at 37 °C for 15 min to allow
ribosomal-mRNA complex formation. Peptide elongation
(preTC1 assembly) was performed by the addition of 3 pmol
a.a. Val, His and Leu tRNAs, 3 pmol eEF1, and 0.5 pmol eEF2
to the IC and was incubated for 15 min at 37 °C. Stop codon
readthrough was performed by the addition of 120 pmol of a.a.
total tRNA (rabbit, calf, or yeast), during elongation. Trans-
lation termination was performed by the addition to 10 pl
sample containing preTCl of 0.17 pmol eRF1 and eRF3a.
During the competition termination-readthrough experi-
ments, 120 pmol a.a. rabbit tRNA was added. The reaction
mixture was incubated at 37 °C for 10 min. Ten microliter
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samples of each complexes were subsequently subjected to a
toe-print assay.

Purified preTCs assembly

Either [*°S]-labeled or unlabeled eukaryotic preTCs on
MVHL-UAA_Standard, MVHL-UGA_Standard, and MVHL-
UGA_Weakl mRNAs were assembled and purified as previ-
ously described (3). Briefly, ICs were assembled in a 500-pl
solution containing 37 pmol of mRNA, 200 pmol Met-
tRNA™e or [3°S]-labeled Met-tRNA™*, 90 pmol 40S and 60S
ribosomal subunits, 200 pmol elF2, 90 pmol elF3, and 125
pmol of elF4A, AelFAG, elF4B, elF1, elF1A, elF5, AelF5B
supplemented with buffer A (25 mM Tris-HCl (pH 7.5),
50 mM KOAc, 2.5 mM MgCl,, 2 mM DTT, 0.3 U/pul Ribolock
(Thermofisher), 1 mM ATP, 0.25 mM spermidine, and 0.2 mM
GTP). The reaction mixture was maintained at 37 °C for
15 min to allow the ribosomal-mRNA complex formation.
Peptide elongation was performed by addition of 150 pmol
individual a.a. V, H, and L tRNAs (to obtain pure preTC1) or
6000 pmol total rabbit tRNA (to obtain radiolabeled peptides
after readthrough), 200 pmol eEF1, and 50 pmol eEF2 to the
IC, followed by incubation for another 15 min at 37 °C. The
ribosomal complexes were centrifuged in a Beckman SW55
rotor for 95 min at 4 °C and 50,000 rpm in a linear sucrose
density gradient (10-30%, w/w) prepared in buffer A con-
taining 5 mM MgCl, or in buffer A containing 5 mM MgCl,
and 300 mM KOAc for preTC1(HS) complexes. After centri-
fugation, 13 lower gradient fractions of 150 pl were collected,
and fractions corresponding to the preTC1 were detected by a
toe-printing assay and by the presence of [*°S]-Met. The
preTC fractions were combined and diluted 3-fold with buffer
A containing 1.25 mM MgCl, (to a final concentration of
2.5 mM Mg>") and used in the peptide-release assay or for toe-
printing analysis. Additionally, 10 pl of each preTC1(HS) and
preTC1(LS) were analyzed by Western blotting using anti-
bodies against elF3a (Abcam 86146), eIF4GI (Cell Signaling
2858), His-tag (Miltenyi Biotec 130-092-785), and rpL9
(Abcam 182556).

Readthrough efficiency analysis on purified preTCs

Purified preTC(HS) and preTC(LS) on mRNAs with Stan-
dard or Weakl contexts were used to determine readthrough
efficiency in the presence of total tRNA or individual a.a. V, L,
and sup tRNAs. For analysis, 30 pl aliquots containing 0.015
pmol preTCs were incubated at 37 °C for 15 min with 3 pmol
eEF1, 0.5 pmol eEF2, and 120 pmol a.a. total tRNA or indi-
vidual a.a. V, L, and sup tRNAs in the presence of 0.2 mM
GTP. Samples were analyzed using toe-printing.

Toe-printing analysis

Toe-printing analyses were performed as described (50).
The samples with preTCs or postTC were incubated with
AMV reverse transcriptase and a 5-FAM-labeled primer
complementary to the 3' UTR sequence. Complementary
DNAs were separated by electrophoresis on an Syntol LLC
Nanophor 05 Genetic Analyser (Syntol, LLC) using SD-450
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size standard (Syntol, LLC) and PDMA-6 polymer (Syntol,
LLC) by manufacturer protocol with injection time 30 s. The
efficiency of readthrough was calculated using rfu signals for
ribosomal complexes in the formula

preTC2 + interspace 0 . .
5reTCT T interspace - pre7ca X 100% with subtraction of the mean

signal in the absence of a.a. total tRNA. The efficiency of
postTC formation was calculated as described (50) in the

postTC
preTC1 + postTC

signal in the absence of eRFs.

formula x 100% with subtraction of the mean

Statistical analysis

All experiments were carried out in at least 3 replicates (the
specific replicates are shown as dots). All data are presented as
mean + SEM. An unpaired two-tailed ¢ test was used to
compare mean values between two groups. For multiple
comparisons, the Holm correction of p value was used (55).
The difference was considered significant when p value was
less than 0.05 (*) or 0.01 (**).

p values were calculated using t test (rstatix library) and
p.adjust (stats library) functions in R.

Radio RP-HPLC and MALDI-TOF Mass Spectrometry of
peptides

One hundred fifty microliters of radiolabeled preTCs,
assembled on MVHL UAA Standard mRNA (40,000 c.p.m.)
and MVHL UGA Weakl mRNA (45,500 c.p.m.), were incu-
bated with 70 pmol eRF1 and 10 pmol eRF3a with 0.2 mM
GTP and 0.2 mM MgCl, at 37 °C for 15 min.

Ribosomes, proteins and tRNA from 10 pl of samples were
pelleted before and after peptide release with ice-cold 5% tri-
chloroacetic acid and centrifuged at 14,000g at 4 °C for 15 min.
The amount of released [*°S]-peptides was determined by
scintillation counting of supernatant using a liquid scintillation
counter Tri-Carb 4810 (PerkinElmer Life Sciences). The rest of
the samples were subjected to centrifugation through Ultracel
— 10K centrifugal filters at 14,000g at 4 °C for 20 min. Flow-
through fractions with addition of 20 pg of equimolar unla-
beled control peptides MVHL, MVHLCLV, and MVHLWLV
were applied to Radio RP-HPLC.

Radio RP-HPLC of peptides was performed on a Gilson
HPLC instrument, using Phenomenex Luna C18(2) column
(5 um, 100A, 250 x 4.6 mm) and post column detection on a
liquid scintillation counter Tri-Carb 4810 (PerkinElmer Life
Sciences) using the Ultima-Gold scintillation cocktail (Perki-
nElmer). RP-HPLC separation was performed at a flow rate of
0.7 ml/min using a gradient of water (A)-acetonitrile (B), both
(A) and (B) solvents contained 0.5% of propionic acid (v/v).
The gradient profile was as follows: 0 to 5 min, 0% (B); 5 to
40 min, 0 to 100% (B); 40 to 45 min, 100% (B); 45 to 50 min
100 to 0% (B); and 50 to 55 min, 0% (B). Fractions were
collected every 30 s (350 ul) and the elution profile of the [®°s]-
labeled peptides was monitored by scintillation counting of
50 pl aliquots (each aliquot was mixed with 450 pl of scintil-
lation cocktail). The residual 300 ul of a fraction (if its radio-
activity > 100 cpm (signal/noise >5)) were lyophilized on
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CentriVap Benchtop Vacuum Concentrator at 30 °C, dissolved
in 20 pl of acetonitrile and analyzed by MALDI-TOF Mass
Spectrometry.

The samples were spotted with matrix solution (10 mg/ml
2,5-Dihydroxybenzoic acid in 50% ACN/0.3% TFA) on the
ground steel MALDI-TOF target and analyzed with MALDI-
TOF MS. Spectra were acquired on Ultraflex II MALDI-
TOF/TOF (Bruker Daltonics) in the positive reflector mode.
Each spectrum was acquired from 500 laser shots. The mon-
oisotopic masses registered in the spectra correspond to syn-
thetic witness peptides.

Data availability

The data supporting the findings of this study are contained
in the article and supporting information. All the source data
generated for this study are available from the corresponding
author (Dr Elena Alkalaeva; alkalaeva@eimb.ru) upon
reasonable request.
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