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ABSTRACT

A stop codon entering the ribosome A-site is nor-
mally decoded by release factors that induce release
of the polypeptide. Certain factors influence the effi-
ciency of the termination which is in competition with
elongation in either the same (readthrough) or an al-
ternative (frameshifting) reading frame. To gain in-
sight into the competition between these processes,
we monitored translation in parallel from all three
reading frames downstream of stop codons while
changing the nucleotide context of termination sites
or altering cellular conditions (polyamine levels). We
found that P-site codon identity can have a major im-
pact on the termination efficiency of the OPRL1 stop
signal, whereas for the OAZ1 ORF1 stop signal, the
P-site codon mainly influences the reading frame of
non-terminating ribosomes. Changes to polyamine
levels predominantly influence the termination effi-
ciency of the OAZ1 ORF1 stop signal. In contrast, in-
creasing polyamine levels stimulate readthrough of
the OPRL1 stop signal by enhancing near-cognate
decoding rather than by decreasing termination effi-
ciency. Thus, by monitoring the four competing pro-
cesses occurring at stop codons we were able to de-
termine which is the most significantly affected upon
perturbation. This approach may be useful for the in-
terrogation of other recoding phenomena where al-
ternative decoding processes compete with standard
decoding.

GRAPHICAL ABSTRACT

INTRODUCTION

Translation termination involves the hydrolytic release of
the nascent polypeptide chain from the peptidyl-tRNA by
protein release factors upon encountering a stop codon
(UAA, UAG or UGA in the standard genetic code) in the ri-
bosome A-site (1,2). In most eukaryotes, a single release fac-
tor (eRF1) recognizes all three stop codons. Normally the
efficiency of termination is very high (>99.9%) but is influ-
enced by cis-acting elements (3–16) and/or trans-acting fac-
tors (17–26). Reduced termination efficiency can increase
the chances of near-cognate tRNA successfully compet-
ing with release factor for ribosomal A-site acceptance, re-
sulting in continued translation in the same (zero) reading
frame (readthrough). Both processes also compete with in-
corporation of tRNAs cognate to A-site codons in alterna-
tive frames (frameshifting). When synthesis of proteoforms
with alternative C-terminal extensions increases evolution-
ary fitness, sequences surrounding a stop codon may evolve

*To whom correspondence should be addressed. Email: p.baranov@ucc.ie
Correspondence may also be addressed to Gary Loughran. Email: g.loughran@ucc.ie

C© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0002-2683-5597
https://orcid.org/0000-0001-9017-0270


Nucleic Acids Research, 2023, Vol. 51, No. 1 305

to reduce the efficiency of termination to increase either
stop codon readthrough or frameshifting.

Stop codon readthrough is well known in decoding of vi-
ral genes, especially of RNA viruses (27–32), and is unusu-
ally common in fruit flies (33–37) and mosquitoes (38). Un-
til relatively recently, hardly any instances of experimentally
verified conserved mammalian readthrough were known
(39). Advances in sequencing technologies paved the way for
the advent of ribosome profiling (40) which has identified
several human readthrough genes (35,41–44). An increase
in the number of species with sequenced genomes has also
strengthened the power of comparative genomics which led
to the identification of mammalian mRNAs whose trans-
lation probably involves stop codon readthrough (9,34,45–
47). Subsequent experimental analysis confirmed extended
in-frame decoding beyond the annotated stop codon for
several of these readthrough candidates (48–52).

In most instances of stop codon readthrough, the iden-
tity of the near-cognate tRNA, and hence the amino acid
specified, is believed to be generally unimportant, with the
key feature being the encoded C-terminal extension. This is
in contrast to some forms of cognate decoding (or redefini-
tion) of stop codons where the non-universal amino acids
selenocysteine or pyrrolysine are specified and the identity
of the amino acid encoded is of key functional significance
(53).

Although the mechanism of cis-acting regulation of ter-
mination efficiency is still unclear, cryo-electron microscopy
(EM) structures of mammalian ribosomes containing A-
site-bound eRF1 revealed that eRF1 binding induces an un-
usual conformation in which four mRNA nucleotides––the
stop codon and one additional 3′ nucleotide––occupy
the A-site (54,55). This conformation allows the two nu-
cleotides beyond the stop codon (+4 and +5) to stack with
18S rRNA bases G626 and C1698, respectively. However,
some studies have revealed cis-acting influences on termi-
nation efficiency as much as 12 nucleotides 3′ of the stop
codon (8,9), suggesting that these extended stop signals may
reduce termination efficiency by base pairing with rRNA
within the mRNA entrance tunnel to prevent eRF1 from
‘pulling’ the fourth base into the A-site (8,9).

Previously we identified UGA CUAG as a mam-
malian readthrough-prone extended stop signal (9,45). This
readthrough motif was subsequently corroborated using
different approaches by several groups (8,51,56,57). Only
23 human genes contain this stop signal; however, their
readthrough efficiencies vary by >10-fold, with DUS4L
having the lowest readthrough efficiency (∼1.5%) and
OPRL1 the highest (∼17%) (46). Our initial goal was
to identify readthrough stimulatory sequences within the
OPRL1 mRNA by systematically comparing it with the
readthrough signal from DUS4L––this revealed an impor-
tant role for the P-site codon. However, unlike in many
previous studies of stop codon readthrough that focus on
readthrough as the sole alternative to termination, we also
monitored ribosomal frameshifting into both alternative
frames in parallel for OPRL1. This allowed us to deter-
mine which of these competing processes is most affected
by changes to codons in the P-site. We further extended this
approach to analyse the stop codon at the first open read-
ing frame (ORF1) of human antizyme 1 (OAZ1), where +1

frameshifting is the predominant alternative to termina-
tion (58). We also demonstrated the applicability of this ap-
proach for measuring the effect of cellular factors such as
polyamine levels on termination.

MATERIALS AND METHODS

Plasmids

OPRL1 and DUS4L dual luciferase expression con-
structs were generated by ligating the annealed oligonu-
cleotide pairs outlined in Supplementary Table S1 into
PspXI/BglII-digested pSGDlucV3.0 [Addgene 119760;
(45)]. OAZ1 dual luciferase expression constructs were gen-
erated by either one-step or two-step polymerase chain re-
action (PCR) on an OAZ1 G Block (IDT) using primer
sequences outlined in Supplementary Table S1 which in-
corporated 5′ XhoI and 3′ BglII restriction sites. PCR am-
plicons were digested with XhoI/BglII and cloned into
PspXI/BglII-digested pSGDlucV3.0 (Addgene 119760).
All clones were verified by Sanger sequencing (Eurofins).

Cell culture and transfections

Human embryo kidney (HEK) 293T cells (ATCC) were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum
(FBS), 1 mM L-glutamine and antibiotics. Cells were
transfected with Lipofectamine 2000 reagent (Invitrogen),
using the 1 day protocol in which suspended cells are
added directly to the DNA complexes in half-area 96-well
plates. The following were added to each well: 25 ng of
each plasmid plus 0.2 �l of Lipofectamine 2000 in 25 �l of
Opti-Mem (Gibco). The transfecting DNA complexes in
each well were incubated with 3 × 104 cells suspended in
50 �l of DMEM + 10% FBS at 37◦C in 5% CO2 for 20 h.

For polyamine depletion experiments, cells were split
and grown overnight to ∼70% confluence, then 4 × 106

cells were plated in 10 cm plates in medium supplemented
with 2.5 mM �-difluoromethylornithine (DFMO; a kind
gift from P. Woster via Dr Michael Howard, University
of Utah). Cells were incubated for 5 days in DFMO-
supplemented media at 37◦C in 5% CO2 and then trans-
fected using Lipofectamine 2000 reagent (Invitrogen) as de-
scribed above. Suspended cells were supplemented to final
concentrations of 2.5 mM DFMO, 1 mM aminoguanidine
hydrochloride (Sigma) or the same plus 2 mM (final) sper-
midine (Sigma) before adding to transfecting DNA com-
plexes. Luciferase activities were measured 24 h after sper-
midine treatment.

Dual luciferase assay

Relative light units were measured on a Veritas Mi-
croplate Luminometer with two injectors (Turner Biosys-
tems). Transfected cells were lysed in 15 �l of 1× passive
lysis buffer (PLB: Promega), and light emission was mea-
sured following injection of 50 �l of either Renilla or firefly
luciferase substrate (59).

Recoding efficiencies were determined by calculating rel-
ative luciferase activities (firefly/Renilla) from test con-
structs and dividing by relative luciferase activities from
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replicate wells of matched in-frame control constructs.
Three replicate biological samples were assayed, each with
four technical repeats. Statistical significance was deter-
mined using a two-tailed, homoscedastic Student’s t-test.

RESULTS AND DISCUSSION

The upstream sequence has a higher contribution to the differ-
ence between OPRL1 and DUS4L readthrough efficiencies
than the downstream sequence

Our approach for the measurement of recoding efficiencies
takes advantage of a dual luciferase reporter system that we
previously described (45) (Figure 1A). Briefly, the test se-
quence is flanked by tandem StopGo sequences [from foot
and mouth disease virus (60)] that prevent peptide bond for-
mation at a specific site, resulting in expression of both re-
porters as separate proteins. This arrangement avoids po-
tential artefacts that can arise when the test sequence prod-
uct fusion alters the individual reporter activities or their
stabilities. This system has been instrumental in elucidating
frameshifting and readthrough artefacts (45,61,62).

We first tested wild-type OPRL1 and DUS4L
readthrough cassettes in HEK293T cells with just 18
nt 5′ of the stop codon and 12 nt 3′ to reconfirm a >10-fold
difference in readthrough efficiency between OPRL1 and
DUS4L stop signals in mammalian cells even though
their UGA stop codons both have the 3′-adjacent CUAG
readthrough motif (Figure 1B). There are 18 nt differences
between the OPRL1 and DUS4L cassettes––13 of these
differences are 5′ of the stop codon and 5 are 3′ (OPRL1-
specific nucleotides in green font and DUS4L-specific
nucleotides in blue font in Figure 1). In order to determine
the cis-acting signals responsible for the difference in
their readthrough efficiencies, we swapped OPRL1 and
DUS4L 5′ and 3′ sequences. This revealed that the 3′ part
is responsible for an ∼2-fold difference whereas the 5′ part
is responsible for an ∼4-fold difference (Figure 1B), thus
indicating that while both cis-acting contexts contribute
to the readthrough differences, the major discriminatory
signal is located 5′ of the stop codon. To determine the
nature of this signal in more detail, we focused on the 5′
part hereafter.

The identity of the P-site codon is a major factor determining
readthrough efficiency

To locate the discriminatory 5′ signal, we tested
readthrough efficiencies in constructs where we systemati-
cally replaced the six codons 5′ of the OPRL1 stop codon
with corresponding codons from DUS4L. Only when both
E- and P-site codons (CCC GCA of OPRL1) were replaced
with corresponding DUS4L codons (GGC AUU) did we
observe any decrease in readthrough efficiency (Figure 1C).
Replacing the OPRL1 E-site codon (CCC) only reduced
readthrough efficiency by ∼1.25-fold, whereas replacing
the P-site codon (GCA) caused a further ∼3-fold decrease.
Reciprocal experiments where the DUS4L 5′ codons were
replaced with OPRL1 5′ codons confirmed that the identity
of the P-site codon is the primary contributor to the
difference in readthrough efficiencies between OPRL1 and
DUS4L stop signals (Figure 1C).

Although nucleotide biases have been reported 5′ of stop
codons (5,6), most studies examining cis-acting signals at
stop codons focus on 3′ signals. Studying the influence of 5′
cis-acting signals on termination efficiency is less straight-
forward since it is difficult to disentangle the impact of nu-
cleotides in the decoding centre of the ribosome from tRNA
features and the influence of amino acids in the vicinity
of the peptidyl transferase centre. Few studies have been
performed to address the role of 5′ signals in eukaryotes.
One study in Saccharomyces cerevisiae concluded that both
the P-site tRNA and the penultimate amino acid influence
decoding of a UGA C stop signal (63). In another yeast
study, Tork et al. screened reporter libraries with six ran-
domized nucleotides 5′ of UAG and concluded that neither
tRNA identity nor amino acid chemical properties influ-
ence termination efficiency (64). Instead they proposed that
two 5′ adenines are major determinants of termination effi-
ciency although a recent transcriptome-wide readthrough
study in which eRF1 levels were reduced found no such
bias (65). One study using a mouse cell line to monitor
readthrough, concluded that neither the identity of the ter-
minal amino acid nor the P-site codon frequency affected
termination efficiency (66). Instead the nucleotide in the
third codon position was shown to be important. This effect
could be mediated by the codon nucleotides or by the P-site
tRNA.

To further explore the role of the P-site codon in
OPRL1 readthrough, we systematically tested all alanine
and isoleucine codons as well as each of the six-box
codons––encoding leucine, serine and arginine (Figure 2).
Although there were no significant differences between
GCG, GCC and the wild-type GCA alanine codons, GCU
in the P-site reduced OPRL1 readthrough efficiency by al-
most 50%. With each of the isoleucine codons in the P-
site, OPRL1 readthrough efficiency was reduced to ∼5–7%,
with an AUU P-site codon having the lowest efficiency (Fig-
ure 2). There are two leucine codons with third position
adenines (UUA and CUA), and replacing the OPRL1 P-
site codon with either of these codons had little impact on
OPRL1 readthrough efficiency even though we observed re-
duced readthrough for each of the remaining four leucine
codons (Figure 2). This provides support for the idea that
a third position adenine influences termination efficiency.
However, this is less clear for arginine codons where both
AGA and CGA reporters read through less efficiently than
AGG. P-site arginine codons resulted in lower readthrough
efficiencies in general compared with most other codons
(Figure 2), in agreement with previous observations that
positively charged C-terminal amino acids enhance termi-
nation efficiency (63). Only serine is decoded by two codons
with third position uracils (UCU and AGU), and these P-
site codons had varying effects on OPRL1 readthrough:
∼10% for UCU and ∼16% for AGU (Figure 2). It is note-
worthy that in this stop codon context, a P-site serine codon
with a third position adenine (UCA) had lower readthrough
efficiency than a serine codon with a third position uracil
(AGU). Taken together, these data suggest that the effect of
the P-site codon on termination cannot be attributed solely
to the third position nucleotide or to the encoded amino
acid. Nonetheless, the difference in readthrough efficien-
cies between synonymous codons varied for all five encoded
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Figure 1. The upstream sequence has a higher contribution to the difference between OPRL1 and DUS4L readthrough efficiencies than the downstream
sequence. (A) Cartoon depicting the reporter system used in this study. Readthrough efficiencies (% Readthrough) of tested stop signals are assessed by
transfecting test and in-frame control dual luciferase reporters in parallel into HEK293T cells and then calculating the ratio of relative luciferase activities
from test and control transfections. (B) Readthrough efficiencies of the OPRL1 and DUS4L stop signals. OPRL1-specific nucleotides are in green font,
DUS4L-specific nucleotides are in blue font and identical nucleotide positions are in black font. The UGA stop codon is in red font and the CUAG
readthrough motif is underlined. (C) Readthrough efficiencies of the OPRL1 and DUS4L stop signals with codon replacements as indicated. Statistical
significances were determined in comparison with OPRL1 in (B) or with OPRL1 (green asterisks) and DUS4L (blue asterisks) in (C). n = 3, ns, not
significant >0.05; *P <0.05; **P <0.01: ***P <0.001; ****P <0.0001 by Student’s two-tailed t-test.
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Figure 2. The identity of the P-site codon is a major factor determining OPRL1 readthrough efficiency. Readthrough efficiencies (% Readthrough) of
OPRL1 stop signals with the indicated P-site codons calculated by dual luciferase assays from HEK293T cells. Statistical significances were determined in
comparison with wild-type OPRL1. n = 3, ns, not significant >0.05; *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001 by Student’s two-tailed t-test.

amino acids tested (Figure 2), suggesting that specific fea-
tures of P-site tRNAs and/or P-site codons influence the
efficiency of stop codon readthrough.

Does the P-site codon influence readthrough efficiency by
changing the termination efficiency of the A-site stop codon?

Although termination efficiency and readthrough efficiency
are generally assumed to be negatively correlated, an al-
ternative competing process that can take place at stop
codons is ribosomal frameshifting. Most known cases of
programmed +1 frameshifting take place at locations where
ribosomes have reduced ability to decode the A-site codon,
i.e. at so-called hungry codons corresponding to rare tR-
NAs as in the TY1 element (67) or at a stop codon in a
weak terminating context (68,69). The identity of the P-site
codon when a stop codon is in the A-site has been impli-
cated in both termination efficiency and readthrough (7,63–
66) as well as +1 frameshifting (68,70,71), being highly con-
served in prfB (72), less so in antizymes but still universal in
vertebrate antizymes (73). This argues for the importance
of the P-site codon for both recoding events. The competi-
tion between termination and frameshifting has been stud-
ied in the context of known instances of genes whose expres-
sion requires +1 ribosomal frameshifting (74–77), where the
identity of the P-site codon is believed to be critically im-
portant for the efficiency of frameshifting. However, since
the magnitude of readthrough or stop codon-dependent +1
frameshifting events may be highly dependent on the ef-
ficiencies of their stop signals, then termination and non-
termination events must be monitored in parallel to deter-
mine those signals important for each event. For example,
some of the differences in readthrough efficiencies that we
observed between OPRL1 stop signals with synonymous
P-site codons (Figure 2) may be attributed to ribosomal

frameshifting, i.e. depending on the specific codon in the
P-site, a portion of non-terminating ribosomes may shift
into an alternative reading frame. As a result, different stop
codon readthrough efficiencies may be reported for stop sig-
nals with the same termination efficiencies if some propor-
tion of the non-terminating ribosomes shift into an unmon-
itored reading frame.

To better assess whether different P-site codons impact
termination efficiency or the framing of non-terminating ri-
bosomes, we generated separate reporter constructs to mon-
itor translation after the OPRL1 stop signal from all three
reading frames (0, –1 and +1). Since termination and con-
tinued translation are mutually exclusive, then termination
efficiencies (%) can be calculated by subtracting the sum
of the continued elongation events (i.e. 0, –1 and +1 frame
translation) from 100 (Figure 3). To permit monitoring of
the +1 reading frame, we changed the OPRL1 UGA CUAG
stop signal to UGA CUAC to prevent +1 (or –2) shifted
ribosomes from encountering an almost immediate stop
codon. All 0 and –1 frame constructs were also mutated
to UGA CUAC. This single nucleotide change alone re-
duces readthrough efficiency for OPRL1 by >50% (Figure
4A compared with Figure 1B).

Monitoring the four competing processes (termination,
readthrough and –1/+1 frameshifting) in parallel allows us
to determine which process is affected the most in response
to changes to the P-site codon. Assuming that changing
the P-site codon predominantly affects only a single pro-
cess, then competing processes should change by compen-
sation and correlate with each other. For example, if ter-
mination is slowed, we would expect both readthrough and
frameshifting to increase, while if incorporation of a near-
cognate tRNA at the stop codon is accelerated we would
expect both termination and frameshifting to decrease. In
other words, we expect that the most affected process should
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Figure 3. Monitoring translation from all three reading frames enables an estimation of termination efficiency and competition between different non-
termination events. Schematic depicting how reporter constructs were designed to measure termination and non-termination events in parallel. Non-
termination events are determined by calculating relative luciferase activities (firefly/Renilla) from separate test constructs in which firefly luciferase is
placed into each of the different reading frames and then dividing by relative luciferase activities from replicate wells of matched in-frame control constructs.
Termination efficiencies are calculated by subtracting the sum of the continued translation efficiencies from 100. Yellow rectangles indicate where the
StopGo sequences flank the test sequences.

negatively correlate with the other three, which would cor-
relate with each other.

To apply this principle, we selected P-site codons with
varying readthrough efficiencies as determined in Figure 2;
however, we excluded GCA reporter data from our corre-
lation analysis because its level of –1 frame translation is
highly likely to be due to some level of initiation/reinitiation
on a –1 frame AUG. As can be seen from Figure 4A, ter-
mination efficiency negatively correlates with all other pro-
cesses while readthrough efficiency (0 frame) positively cor-
relates with both +1 and –1 translation (see correlation
heatmaps in Figure 4A). Thus we conclude that the identity
of the P-site codon in the OPRL1 context predominantly af-
fects termination efficiency, rather than the framing (choice
between 0, –1 and + 1 frames) of non-terminating ribo-
somes.

P-site codon identity primarily influences +1 frameshifting
efficiency at the OAZ1 ORF1 stop signal

Synthesis of the full-length antizyme from the OAZ1
mRNA requires highly efficient +1 frameshifting at its
ORF1 UCC UGA stop signal (68). Previous mutagenesis
experiments indicated that the P-site codon is instrumen-
tal for efficient OAZ1 frameshifting (68,78). However, these
previous studies generally measured frameshifting as the
sole alternative to termination, which makes it difficult to
conclude whether the P-site codon is important for termina-
tion efficiency or frameshifting efficiency. As shown in Fig-
ure 4A, by monitoring translation of all three frames, we
found that for OPRL1 the P-site codon does not appear to
have a major role in determining which reading frame non-
terminating ribosomes continue. If we apply this interpre-
tation to OAZ1 frameshifting, we would predict that if the
P-site codon affects termination efficiency then any change
in +1 frameshifting would only be compensatory and all
three alternative processes would correlate with each other.
To test this prediction, we generated OAZ1 reporters with
the same P-site codons assayed for OPRL1 (Figure 4A).
OAZ1 frameshifting is stimulated by a highly conserved
RNA pseudoknot structure 3′ of the UCC UGA. To mea-
sure translation from all reading frames, we inserted syn-

onymous (with respect to the +1 reading frame) changes
to two zero frame stop codons while still maintaining the
predicted RNA secondary structure (Supplementary Fig-
ure S1A). We observed similar levels of +1 frameshifting
between this reporter and a wild-type OAZ1 reporter (Sup-
plementary Figure S1B).

Correlations between the mean termination efficiencies
of all P-site codons and mean efficiencies of continued
translation in each reading frame revealed a negative cor-
relation between +1 frameshifting and all other compet-
ing processes, which correlate with each other (see corre-
lation heatmaps in Figure 4B). This suggests that in the
context of the OAZ1 ORF1 stop signal, changes to the P-
site codon primarily affect +1 frameshifting, while all other
events change by compensation.

Altering nucleotides in the immediate 3′ context of the OAZ1
ORF1 stop signal impacts different processes

The conservation of U immediately downstream of the
UGA codon in OAZ1 ORF1 is puzzling, since a UGA C
stop signal is a weaker terminator and is expected to
promote higher ribosomal frameshifting by compensation.
Therefore, we decided to explore how the competition be-
tween the main alternative processes is affected by changes
in the immediate 3′ context of the OAZ1 ORF1 stop in
the presence of its stimulatory RNA pseudoknot (Fig-
ure 5A). As expected OAZ1 reporters with a UGA C
stop signal have reduced termination efficiency compared
with UGA U, with compensatory changes in both +1
frameshifting and stop codon readthrough (Figure 5B). The
drop in the efficiency of –1 frameshifting for the UGA C
stop is most probably due to the elimination of an over-
lapping AUG codon in the –1 frame which may indicate
a low level of reinitiation. Thus, this observation is con-
sistent with the first 3′ nucleotide primarily affecting ter-
mination rather than frame selection, although we cannot
rule out the possibility that altering the +1 frame codon
from GAU to GAC may affect the strength of base pair-
ing by the incoming tRNA. Surprisingly, when we tested
UGA CUA, readthrough levels increased while termina-
tion and frameshifting efficiencies decreased compared with
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Figure 4. P-site codon identity alters the termination efficiency of the OPRL1 stop signal and ribosome framing on OAZ1. Measurement by dual luciferase
reporter assays from HEK293T cells of non-terminating ribosomes during decoding of OPRL1 stop signals (A) or OAZ1 ORF1 stop signals (B) in which
their P-site codons were replaced with the indicated codons. Termination efficiencies are shown in parentheses below each P-site codon. Correlations were
determined by comparing the means of each of the four competing processes (termination, readthrough and –1/+1 frameshifting) relative to each other
and presented as heat maps below each panel. Correlated = red, negatively correlated = blue. n = 3. Correlations are also depicted with arrows, and the
process that is most affected by the change (negatively correlated with all others) is circled.

the UGA C context. This suggests that the addition of UA
may selectively enhance readthrough rather than weakening
termination. In agreement with this, changing the OPRL1
context from UGA CUA to UGA CGC resulted in de-
creased readthrough efficiency, whereas frameshifting levels
were not significantly changed (Figure 5C).

Polyamine levels influence near-cognate decoding of the
OPRL1 stop signal and termination efficiency of the OAZ1
stop signal

Antizyme regulates intracellular polyamine concentrations
by destabilizing ornithine decarboxylase, which catalyses
the first and rate-limiting step of the polyamine biosynthetic

pathway (79). Synthesis of the full-length antizyme from
the OAZ1 mRNA requires +1 frameshifting at its ORF1
UCC UGA stop signal that is stimulated by polyamine lev-
els (68), forming a complex negative feedback system (80).
Stop codon readthrough can also be regulated by polyamine
levels (78,81). Whether polyamine levels regulate these re-
coding events directly, such as by affecting tRNA recog-
nition, or indirectly by altering termination efficiency can-
not be determined by measuring only termination or re-
coding. To address this, we changed intracellular polyamine
levels and monitored translation from all reading frames
for OPRL1 and OAZ1 reporters. Polyamine levels can be
depleted by the addition of DFMO, a suicide inhibitor of
ornithine decarboxylase. In DFMO-treated cells, termina-
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Figure 5. Altering nucleotides in the immediate 3′ context of the OAZ1 ORF1 stop signal impacts different processes. (A) OAZ1 ORF1 stop context
including the modified stimulatory RNA pseudoknot. Changes to the stop codon context are indicated. Nucleotides in green font represent changes to +1
frame stop codons required to allow +1 frame reporter translation (see Supplementary Figure S1A). (B) Measurement by dual luciferase reporter assays
from HEK293T cells of non-terminating ribosomes during decoding of OAZ1 ORF1 stop signals with changes to the 3′-adjacent nucleotides indicated.
Termination efficiencies are shown in parentheses below each stop signal. Statistical significances were determined in comparison with wild-type OAZ1
UGA U. n = 3, ns, not significant >0.05; *P <0.05; ***P <0.001; ****P <0.0001 by Student’s two-tailed t-test. (C) Measurement by dual luciferase
reporter assays from HEK293T cells of non-terminating ribosomes during decoding of OPRL1 stop signals with changes to the 3′-adjacent nucleotides
indicated. Termination efficiencies are shown in parentheses below each stop signal. ns, not significant >0.05; ****P <0.0001 by Student’s two-tailed t-test.
n = 3.
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Figure 6. Polyamine levels influence near-cognate decoding of the OPRL1 stop signal and termination efficiency of the OAZ1 stop signal. (A) Measurement
by dual luciferase reporter assays of non-terminating ribosomes during decoding of OPRL1 and OAZ1 ORF1 stop signals in HEK293T cells depleted of
polyamines (DFMO) or stimulated by 2 mM spermidine (DFMO + SPD). (B) Ratios of non-terminating ribosomes from experiments shown in (A). n = 3.

tion at the OPRL1 stop signal is >96% efficient and the
non-terminating ribosomes have little framing preference
(Figure 6A). However, upon addition of exogenous sper-
midine, OPRL1 readthrough was stimulated >20-fold to
achieve highly efficient readthrough of >25%. whereas there
was negligible translation in either the –1 or the +1 frame.
For OAZ1, even when polyamines were depleted, termi-
nation was still <90% efficient and the majority of non-
terminating ribosomes slipped into the +1 reading frame.
Upon polyamine addition, termination efficiency reduced
to <45% but importantly the ratio of non-terminating ri-
bosomes in each reading frame remained similar (Figure
6B). These experiments suggest that for the OPRL1 stop
signal, increasing the levels of polyamines predominantly
acts by enhancing the rate of near-cognate tRNA incorpo-
ration at UGA rather than by slowing termination (Figure
6B). In contrast, polyamines predominantly regulate termi-
nation efficiency to regulate OAZ1 +1 frameshifting.

CONCLUSIONS

When two competing processes are measured, it is difficult
to determine which is affected predominantly under a cer-
tain condition because a change in one process leads to a
reciprocal change in the other. To address this problem, we
measured all competing processes that take place at stop
codons. In this way, any change in the affected process is ex-
pected to lead to reciprocal changes in all other competing
processes whose changes correlate. Using this approach, we
revealed unexpected facets in how nucleotide and cellular
context can influence the decoding of stop codons. Our data
suggest that the P-site codon identity predominantly influ-
ences the termination efficiency of the OPRL1 stop codon,
whereas it predominantly affects reading frame selection of
the non-terminating ribosomes at the OAZ1 ORF1 stop
codon. Interestingly, changes in polyamine levels appear to
predominantly influence the rate of near-cognate tRNA in-
corporation for OPRL1 readthrough, whereas they influ-
ence termination efficiency at the OAZ1 ORF1 stop codon.

We believe that our approach could be useful for further
interrogation of the relationship between individual context
elements and understanding how these elements destabilize

one of the competing processes to make them particularly
sensitive to other factors.
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Valášek,L.S. (2015) Translation initiation factor eIF3 promotes
programmed stop codon readthrough. Nucleic Acids Res., 43,
5099–5111.

24. Feng,T., Yamamoto,A., Wilkins,S.E., Sokolova,E., Yates,L.A.,
Münzel,M., Singh,P., Hopkinson,R.J., Fischer,R., Cockman,M.E.

et al. (2014) Optimal translational termination requires C4 lysyl
hydroxylation of eRF1. Mol. Cell, 53, 645–654.

25. Janzen,D.M. and Geballe,A.P. (2004) The effect of eukaryotic release
factor depletion on translation termination in human cell lines.
Nucleic Acids Res., 32, 4491–4502.

26. Ivanov,A., Mikhailova,T., Eliseev,B., Yeramala,L., Sokolova,E.,
Susorov,D., Shuvalov,A., Schaffitzel,C. and Alkalaeva,E. (2016)
PABP enhances release factor recruitment and stop codon recognition
during translation termination. Nucleic Acids Res., 44, 7766–7776.

27. Firth,A.E. and Brierley,I. (2012) Non-canonical translation in RNA
viruses. J. Gen. Virol., 93, 1385–1409.

28. Napthine,S., Yek,C., Powell,M.L., Brown,T.D.K. and Brierley,I.
(2012) Characterization of the stop codon readthrough signal of
Colorado tick fever virus segment 9 RNA. RNA, 18, 241–252.

29. Firth,A.E., Wills,N.M., Gesteland,R.F. and Atkins,J.F. (2011)
Stimulation of stop codon readthrough: frequent presence of an
extended 3′ RNA structural element. Nucleic Acids Res., 39,
6679–6691.

30. Csibra,E., Brierley,I. and Irigoyen,N. (2014) Modulation of stop
codon read-through efficiency and its effect on the replication of
murine leukemia virus. J. Virol., 88, 10364–10376.

31. Yoshinaka,Y., Katoh,I., Copeland,T.D. and Oroszlan,S. (1985)
Murine leukemia virus protease is encoded by the gag-pol gene and is
synthesized through suppression of an amber termination codon.
Proc. Natl Acad. Sci. USA, 82, 1618–1622.

32. Orlova,M., Yueh,A., Leung,J. and Goff,S.P. (2003) Reverse
transcriptase of Moloney murine leukemia virus binds to eukaryotic
release factor 1 to modulate suppression of translational termination.
Cell, 115, 319–331.

33. Lin,M.F., Carlson,J.W., Crosby,M.A., Matthews,B.B., Yu,C., Park,S.,
Wan,K.H., Schroeder,A.J., Gramates,L.S., St Pierre,S.E. et al. (2007)
Revisiting the protein-coding gene catalog of Drosophila melanogaster
using 12 fly genomes. Genome Res., 17, 1823–1836.

34. Jungreis,I., Lin,M.F., Spokony,R., Chan,C.S., Negre,N.,
Victorsen,A., White,K.P. and Kellis,M. (2011) Evidence of abundant
stop codon readthrough in Drosophila and other metazoa. Genome
Res., 21, 2096–2113.

35. Dunn,J.G., Foo,C.K., Belletier,N.G., Gavis,E.R. and Weissman,J.S.
(2013) Ribosome profiling reveals pervasive and regulated stop codon
readthrough in Drosophila melanogaster. Elife, 2, e01179.

36. Karki,P., Carney,T.D., Maracci,C., Yatsenko,A.S., Shcherbata,H.R.
and Rodnina,M.V (2022) Tissue-specific regulation of translational
readthrough tunes functions of the traffic jam transcription factor.
Nucleic Acids Res., 50, 6001–6019.

37. Hudson,A.M., Szabo,N.L., Loughran,G., Wills,N.M., Atkins,J.F.
and Cooley,L. (2021) Tissue-specific dynamic codon redefinition in
Drosophila. Proc. Natl Acad. Sci. USA, 118, e2012793118.

38. Jungreis,I., Chan,C.S., Waterhouse,R.M., Fields,G., Lin,M.F. and
Kellis,M. (2016) Evolutionary dynamics of abundant stop codon
readthrough. Mol. Biol. Evol., 33, 3108–3132.

39. Yamaguchi,Y., Hayashi,A., Campagnoni,C.W., Kimura,A.,
Inuzuka,T. and Baba,H. (2012) L-MPZ, a novel isoform of myelin
P0, is produced by stop codon readthrough. J. Biol. Chem., 287,
17765–17776.

40. Ingolia,N.T., Ghaemmaghami,S., Newman,J.R.S. and Weissman,J.S.
(2009) Genome-wide analysis in vivo of translation with nucleotide
resolution using ribosome profiling. Science, 324, 218–223.

41. Andreev,D.E., O’Connor,P.B., Zhdanov,A.V, Dmitriev,R.I.,
Shatsky,I.N., Papkovsky,D.B. and Baranov,P.V (2015) Oxygen and
glucose deprivation induces widespread alterations in mRNA
translation within 20 minutes. Genome Biol., 16, 90.

42. Yordanova,M.M., Loughran,G., Zhdanov,A.V., Mariotti,M.,
Kiniry,S.J., O’Connor,P.B.F., Andreev,D.E., Tzani,I., Saffert,P.,
Michel,A.M. et al. (2018) AMD1 mRNA employs ribosome stalling
as a mechanism for molecular memory formation. Nature, 553,
356–360.

43. Sapkota,D., Lake,A.M., Yang,W., Yang,C., Wesseling,H., Guise,A.,
Uncu,C., Dalal,J.S., Kraft,A.W., Lee,J.-M. et al. (2019)
Cell-type-specific profiling of alternative translation identifies
regulated protein isoform variation in the mouse brain. Cell Rep., 26,
594–607.

44. Keeling,K.M. and Bedwell,D.M. (2020) Finding sense in the context.
Elife, 9, e55960.



314 Nucleic Acids Research, 2023, Vol. 51, No. 1

45. Loughran,G., Howard,M.T., Firth,A.E. and Atkins,J.F. (2017)
Avoidance of reporter assay distortions from fused dual reporters.
RNA, 23, 1285–1289.

46. Loughran,G., Jungreis,I., Tzani,I., Power,M., Dmitriev,R.I.,
Ivanov,I.P., Kellis,M. and Atkins,J.F. (2018) Stop codon readthrough
generates a C-terminally extended variant of the human vitamin D
receptor with reduced calcitriol response. J. Biol. Chem., 293,
4434–4444.

47. Lindblad-Toh,K., Garber,M., Zuk,O., Lin,M.F., Parker,B.J.,
Washietl,S., Kheradpour,P., Ernst,J., Jordan,G., Mauceli,E. et al.
(2011) A high-resolution map of human evolutionary constraint
using 29 mammals. Nature, 478, 476–482.

48. Stiebler,A.C., Freitag,J., Schink,K.O., Stehlik,T., Tillmann,B.A.M.,
Ast,J. and Bölker,M. (2014) Ribosomal readthrough at a short UGA
stop codon context triggers dual localization of metabolic enzymes in
fungi and animals. PLoS Genet., 10, e1004685.

49. Chan,C.S., Jungreis,I. and Kellis,M. (2013) Heterologous stop codon
readthrough of Metazoan readthrough candidates in yeast. PLoS
One, 8, e59450.

50. De Bellis,M., Pisani,F., Mola,M.G., Rosito,S., Simone,L.,
Buccoliero,C., Trojano,M., Nicchia,G.P., Svelto,M. and Frigeri,A.
(2017) Translational readthrough generates new astrocyte AQP4
isoforms that modulate supramolecular clustering, glial endfeet
localization, and water transport. Glia, 65, 790–803.

51. Schueren,F., Lingner,T., George,R., Hofhuis,J., Dickel,C., Gärtner,J.
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