
The major 5¢ determinant in stop codon read-through
involves two adjacent adenines
Sanaa Tork, Isabelle Hatin, Jean-Pierre Rousset* and CeÂline Fabret

CNRS UMR 8621, Institut de GeÂneÂtique et Microbiologie, UniversiteÂ Paris-Sud, 91405 Orsay Cedex, France

Received October 16, 2003; Revised and Accepted December 9, 2003

ABSTRACT

The aim of this approach was to identify the major
determinants, located at the 5¢ end of the stop
codon, that modulate translational read-through in
Saccharomyces cerevisiae. We developed a library
of oligonucleotides degenerate at the six positions
immediately upstream of the termination codon,
cloned in the ADE2 reporter gene. Variations at
these positions modulated translational read-
through ef®ciency ~16-fold. The major effect was
imposed by the two nucleotides immediately
upstream of the stop codon. We showed that this
effect was neither mediated by the last amino acid
residues present in the polypeptide chain nor by the
tRNA present in the ribosomal P site. We propose
that the mRNA structure, depending on the nucleo-
tides in the P site, is the main 5¢ determinant of
read-through ef®ciency.

INTRODUCTION

Translation termination initiates when a stop codon enters the
ribosomal A site. However, under some conditions release of
the polypeptide chain at the stop codon is suppressed by the
misincorporation of an amino acid at this position (1).
Continued translation in the original reading frame then
results in synthesis of a longer protein. Numerous viruses,
most of them infecting plants, are known to use such a
programmed stop codon read-through to control their expres-
sion (2). In addition, read-through can be stimulated by
aminoglycoside antibiotics such as paromomycin or gentami-
cin, allowing expression of a full-length protein from genes
carrying a nonsense mutation (3±5). Deciphering the rules
dictating read-through ef®ciency is thus of primary import-
ance if one wants to modulate its ef®ciency for antiviral
therapy or for pharmacological treatment of diseases due to
premature termination codons (6,7).

Translation termination involves the interplay of several
trans- and cis-acting factors (8,9). In eukaryotes, the class I
release factor (eRF1) recognizes all three types of nonsense
codons and promotes hydrolysis of the linkage between the
nascent polypeptide and the P site tRNA (10). The class II
eukaryotic release factor (eRF3) is a GTPase whose activity,

upon binding to eRF1, is induced by eRF1 interaction with
both the mRNA and the peptidyl transfer center of the
ribosome (11,12). eRF3 is not involved directly in stop codon
recognition and hydrolysis of the polypeptide ester bond, but it
is important for inducing ef®cient termination, probably
through recycling eRF1 to the ribosome (8). Other factors
also participate directly or indirectly in the overall termination
ef®ciency. The best known are components of the nonsense-
mediated mRNA decay pathway (13). The three Upf proteins
interact either with eRF1 or eRF3 and deletion of each of the
genes encoding Upf1p, Upf2p and Upf3p results in enhanced
nonsense codon read-through (13,14). The poly(A) binding
protein (PABP), which plays a role in the stabilization of RNA
messages, was also shown to interact with eRF3 in yeast,
Xenopus and human cells (15±17). Its overexpression has an
antisuppressor effect in Saccharomyces cerevisiae cells bear-
ing sup35 mutations and was proposed to stimulate eRF3 in
the post-termination recycling step. Similarly, overexpression
of Mtt1p, a helicase that interacts with eRF3 and possibly with
eRF1 stimulates translational read-through (18). Also, Itt1p, a
TRIAD zinc ®nger protein, interacts with eRF1 and inhibits
translation termination (19). Finally, several chaperone
components interact directly with speci®c ribosomal domains,
in particular the ribosomal exit tunnel, and may modulate
translation accuracy (20). In addition to soluble factors, the
ribosomal decoding site is involved in termination. Several
experiments indicate that eRF1 interacts directly with 18S and
28S rRNA and that this interaction plays a role in the
termination process (21).

cis-acting factors include the termination codon itself and
the surrounding nucleotide context. Both upstream and
downstream contexts are involved in ef®cient read-through
in S.cerevisiae (22). The CA(A/G)N(U/C/G)A sequence
downstream of the termination codon induces ef®cient read-
through (23). Statistical and experimental analyses of some
plant and animal viral RNAs carrying leaky termination
codons revealed that the nucleotide context following the stop
codon is a major determinant of translational read-through
(24,25). The 5¢ nucleotide context is also not random and has
been shown to be involved in translation termination ef®-
ciency (26). The chemical properties of the penultimate amino
acid in the nascent polypeptide chain were described as
modulating translational read-through in eukaryotes, while in
prokaryotes the ultimate amino acid was involved. The 5¢
context may also mediate read-through by interaction between
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the P site tRNA directly with eRF1 or indirectly with the
ribosome (27,28). Finally, a stacking of nucleotides in the
vicinity of the stop codon might also be implicated (29).

We previously developed a combinatorial approach based
on utilization of the ADE2 gene to dissect the cis-acting
elements involved in termination read-through. This simple
and ef®cient system allowed identi®cation of 3¢ contexts
stimulating high read-through (23). Here, the same strategy
was used to analyze the contribution of the 5¢ context to the
read-through phenomenon, and revealed that the presence of
two adenines immediately upstream of the termination codon
plays a major role in translational read-through. Neither tRNA
identity nor amino acid chemical properties were found to be
responsible for the 5¢ context effect. We favor the hypothesis
of a role of the mRNA structure, through interaction with the
ribosome, in modulating the competition between the release
factors and natural suppressor tRNAs.

MATERIALS AND METHODS

Strains and cultivation conditions

The S.cerevisiae strains Y349 MATa lys2D201 leu2-3,112
his3D200 ura3-52 and its derivative FS1 MATa ade2-592
(frameshift point mutation) lys2D201 leu2-3,112 his3D200
ura3-52 were used. Yeast cells were transformed using the
lithium acetate method (30). Transformants were grown in
media selective for plasmid maintenance. To eliminate
plasmids bearing URA3, SC medium containing 1 mg/ml 5-
¯uoroorotic acid (5-FOA) was used (31). Plasmid DNA
preparation was done using the Escherichia coli DH5a strain.

Library construction

A ®rst library corresponding to two different syntheses of
double-stranded degenerated oligonucleotides, centered on a
stop codon and carrying a 5¢ degenerate context (CGGA NNN
NNN TAG CAG TTA CAGG), was introduced in a frame-
shift-containing allele of the reporter ADE2 gene, cloned in
the centromeric URA3 pFL38 vector (named pADE2 vector).
The resulting constructs were transformed into the FS1 strain,
as previously described (23). Cloning of the degenerate
oligonucleotides was made in order to restore an in-frame
ADE2 allele. Because both the frameshift and the premature
stop codon containing alleles cause adenine auxotrophy and
accumulation of a red pigment, the recoding ef®ciency of each
cloned sequence was estimated by color screening on plates
containing a drop-out medium CSMÔ with all amino acids
and 10 mg/l adenine after incubation for 5 days at 30°C. The
interesting fragments were sequenced from plasmids produ-
cing white colored cells.

For the second library double-stranded degenerate oligo-
nucleotides (GGGA NNN NNN TAG CAA GAA TAT TTA
CAGC) carrying a 3¢ context less ef®cient for read-through
were used (32).

Quanti®cation of read-through ef®ciency

The fragments of interest were cloned in the unique MscI site
of the pAC99 plasmid, which bears a dual reporter gene
system (14), and the resulting plasmids were transformed into
the Y349 strain. The ®rst gene encodes the b-galactosidase
enzyme and, depending on the read-through ef®ciency of the

cloned sequence, the second gene encodes the luciferase
enzyme. Both enzyme activities were assayed in the same
crude extract in at least three independent experiments, as
previously described (33). The recoding ef®ciency was
measured as the ratio of luciferase and b-galactosidase
activities, compared to an in-frame control which contained
a CAG codon instead of the TAG stop codon.

Experiments with the mutagenized tRNA were done with
the target sequence ACA CAG TGA CAC TTA cloned into
pAC99.

Site-directed mutagenesis of tRNA

tRNAUUG
Gln1 and tRNACUG

Gln2 genes were PCR ampli®ed
from the Y349 genomic DNA with promoter and terminator to
yield PCR fragments encompassing ~200 bp upstream and
downstream of the genes, using Taq DNA polymerase
(Amersham). The BamHI-ended oligonucleotide couples,
Gln1w (5¢-TATGGATCCTACTAAGTGGTGGAAGCGCG-
3¢) and Gln1c (5¢-AATGGATCCAAGTTCAATAATTT-
CACTGG-3¢) for tRNAUUG

Gln1 and Gln2w (5¢-TGAG-
GATCCCTTCTACTATAAACCTCACTC-3¢) and Gln2c
(5¢-TTGGGATCCTTCTTCGATATCTCTGGTATG-3¢) for
tRNACUG

Gln2, were used respectively. The BamHI-digested
PCR fragments were then cloned into the BamHI site of the
pFL44L (2m, URA3) vector. The site-directed mutageneses of
tRNAUUG

Gln1 in tRNACUG
Gln1* and tRNACUG

Gln2 in
tRNAUUG

Gln2* were performed by PCR joining. The 5¢ and
3¢ parts of tRNAUUG

Gln1 were ampli®ed using the oligonu-
cleotide Gln1c with Gln1*w (5¢-GTTATCACTTTCGGTT-
CTGATCCGGACAACC-3¢) and Gln1*c (5¢-GGTTGT-
CCGGATCAGAACCGAAAGTGATAAC-3¢) with Gln1w,
respectively. Similarly, tRNAUUG

Gln2* was generated using
Gln2c with Gln2*w (5-GTTATCACTTTCGGTT-
TTGATCCGAACAACC-3¢) and Gln2*c (5¢-GGTTGTTC-
GGATCAAAACCGAAAGTGATAAC-3¢) with Gln2w. Both
overlapping fragments were then joined by PCR as described
(34). The resulting PCR fragment was digested with BamHI
and cloned into the BamHI-pFL44L vector.

Oligonucleotides and sequencing

Oligonucleotides were synthetized by MWG Biotech AG.
All constructs were veri®ed using Big Dye Terminator
Sequencing Kit, followed by migration on an ABI sequencer
(Applied Biosystems).

Statistics

Data were compared using the Mann±Whitney non-parametric
test which investigates the difference between two sets of
values from individual samples (Richard Lowry, 2000,
Inferential Statistics, available at http://faculty.vassar.edu/
lowry/ch11a.html).

RESULTS

Primary screening

We used a combinatorial approach to identify 5¢ nucleotidic
contexts of stop codon giving high translational read-through
ef®ciency. A degenerate target sequence carrying variations
on the six nucleotides upstream of the stop codon was used to
construct a library of recombinant ADE2 gene mutants
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(pADE2 vector). We chose a 3¢ stop codon nucleotide context
(CAG TTA) that allows a moderate read-through ef®ciency
(23) in order to select for sequences driving a higher level of
read-through. The degenerate library was transformed into the
FS1 yeast strain [Ade±]. Under these conditions, the screen
gave rise mostly to red colored colonies (low read-through
level) and a few white/pink colonies (high read-through level).
Among 104 transformants, 91 white clones (1%) were
analyzed. Each clone was plated on 5-FOA medium to
counterselect the presence of the pADE2 vector. All growing
cells produced red colonies, con®rming that the white
phenotype had occured following a read-through event during
translation on the pADE2 vector. Plasmids isolated from these
cells were then sequenced and nucleotides surrounding the
stop codon identi®ed. Among the 61 different sequences
identi®ed (Fig. 1A), we observed a high frequency of adenine
at the two positions immediately upstream of the termination
codon. No signi®cant bias was seen at positions ±3 and ±4. In
contrast, thymine was not observed at position ±5 and seemed
also counterselected at position ±6.

To check whether these biases were meaningful, a second
round of screening was done. Two new libraries were
constructed. One derived from a new synthesis of the same
degenerate oligonucleotide and the other from an oligonucleo-
tide carrying a different 3¢ stop codon nucleotide context
(CAA GAA), allowing a lower level of read-through (32).
Analysis of plasmids from 21 white/pink clones obtained from
the ®rst library (17 different sequences) showed that thymine
was neither counterselected at position ±5 nor at position ±6
(Fig. 1B). Moreover, a designed target sequence with T at
positions ±5 and ±6 (TTA codon at position ±2 and CAA
codon at position ±1) gave a read-through ef®ciency of 13%.
These results clearly demonstrate that a bias in the ®rst
synthesis of the degenerate oligonucleotides rather than a real
biological role was responsible for the under-representation of
thymine at positions ±5 and ±6 in Figure 1A. The strong bias
for two adenines just upstream of the stop codon was
con®rmed, just as with the analysis of some white clones
from the second library (data not shown).

Quanti®cation of read-through ef®ciency

Twenty-one different read-through target sequences, corres-
ponding to 45 clones, were sub-cloned at the junction of a
lacZ±luc fusion gene in the pAC99 dual reporter vector (see
Materials and Methods). The estimated read-through ef®cien-
cies are shown in Table 1, ranging from 1 to 16%. The mean
read-through ef®ciency computed from the 45 clones is 8%,
which illustrates the stringency of the screening procedure,
with a majority of isolated clones having a read-through level
higher than 5%. Results show that variations of the ribosomal
P site codon imposed a 16-fold effect on translational read-
through. The presence of CAA, GAA or AAA codons just
upstream of the stop codon allows a high level of read-through
ranging from 6 to 16%. Two separate groups with read-
through motifs carrying or not carrying adenine at the ±1 and
±2 positions were statistically analyzed using the Mann±
Whitney non-parametric test. The test demonstrated that the
difference in read-through ef®ciencies observed between the
two groups is highly signi®cant [P value (a) = 0.00047]. In
contrast, variation of the ribosomal E site codon had only a
1.5-fold effect on translational read-through (12% for GAT

GAA compared to 8% for GGG GAA). This demonstrates the
nucleotide sequence just upstream of the stop codon plays a
critical role in translational read-through, whereas the further
upstream sequence has no major in¯uence.

Penultimate and ultimate amino acid charges and
chemical properties do not modulate translational read-
through

We then looked at whether the 5¢ nucleotide context may
mediate read-through by the charge or chemical properties of
the penultimate and ultimate amino acid residues in the
nascent peptide chain. As shown in Table 2, ultimate
glutamine, glutamic acid, lysine or isoleucine amino acids
(corresponding respectively to CAA, GAA, AAA and ATA
codons), which are associated with a high level of read-
through, have different charges and chemical properties.
Conversely, amino acids with the same charge and chemical
properties are associated with different levels of translational
read-through. Similar results were observed with various E
site codons. Finally, if amino acid identity is the main
determinant, one would expect that various P site codons,
encoding the same amino acid but decoded by different
tRNAs, direct the same read-through ef®ciency. We con-
structed and analyzed several such target sequences (i.e.
codons CAA and CAG for glutamine, GAA and GAG for
glutamic acid and AAA and AAG for lysine). As previously
observed (28), the read-through ef®ciencies revealed a 4-fold
difference between the glutamine isocodons and an ~2-fold
difference between either the glutamic acid or lysine
isocodons (data not shown). Thus, at least for the four tested
and probably for all codons, the amino acid identity does not
seem to be a major determinant of ef®cient read-through.

In¯uence of ribosomal P site tRNAs on translational
read-through

This last result suggested that the P site tRNA might determine
the read-through ef®ciency. This hypothesis has already been
proposed by Mottagui-Tabar and co-workers (28). To inves-
tigate the role of the ribosomal P site tRNA in conjunction
with the corresponding glutamine codon, the UUG anticodon
of tRNAGln1, which decodes the CAA codon and promotes a
high level of read-through, was mutated to CUG. Similarly,
the CUG anticodon of tRNAGln2, which decodes the CAG
codon and allows a low level of read-through, was replaced by
UUG. Nucleotide sequence differences between both tRNAs
are shown in Figure 2. Glutaminyl tRNA species have 94.4%
similarity and GLnRS can aminoacylate glutaminyl tRNAs
carrying anticodons with U or G at the 5¢ end with similar
kinetic parameters (35,36). To test the effect of the mutations,
an appropriate target sequence must be chosen, taking into
consideration that (i) the glutaminyl tRNAs are known to act
as natural suppressors of amber (UAG) and ochre (UAA) stop
codons and (ii) in our constructs the CAG codon following the
stop codon, which is known to be involved in read-through
ef®ciency, might also be affected by the mutated tRNAGln. To
eliminate these potential side-effects and substantiate the
in¯uence of the tRNA structure on read-through speci®cally
through the P site, we used constructs carrying a UGA
termination codon instead of a UAG, followed by a CAC
codon, which is decoded by a tRNAHis, instead of CAG. With
this construct, we observed a similar effect of the 5¢ codon
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(CAA versus CAG) compared to the previous one (UAG stop
codon followed by CAG) (Table 3).

The effect of wild-type or mutant glutaminyl tRNAs was
estimated using a target sequence carrying either a CAA or a
CAG P site codon. The results are shown in Table 3. The
analysis revealed only a slight effect of the tRNA structure on
the read-through ef®ciency (9% for tRNAUUG

Gln1 versus 6%
for tRNAUUG

Gln2* with the CAA target; 2% for tRNACUG
Gln2

versus 3% for tRNACUG
Gln1* with the CAG target). This

suggested that the major effect of the 5¢ context was not
mediated by the tRNA structure itself.

DISCUSSION

In the present work we attempted to better understand the
effect of the nucleotide context located 5¢ of the stop codon on
translational read-through. Up to six nucleotides upstream of
the stop codon have been previously shown to be involved in
read-through ef®ciency (27), however, no de®nitive mechan-
istic model has emerged for the role of these nucleotides. A

systematic study is thus needed to precisely identify the
elements involved (nucleotide, codon, amino acid, etc.). A
classical site-directed mutagenesis approach would not permit
generation and analysis of the 4 3 103 sequences that are
needed to examine all the possibilities. To circumvent this
problem, we recently set up a combinatorial approach,
allowing testing of thousands of constructs in a single
experiment by using a yeast-based selective system (23).
Here, we used a similar strategy to analyze the six positions
immediately upstream of the termination codon. It should be
kept in mind that this selective procedure allows the identi-
®cation of the major determinants involved in read-through,
but does not rule out minor effects mediated by other factors.

The obtained results demonstrate that varying the 5¢
nucleotide context modulates translational read-through
from 1 to 16%. The major effect was mediated by the codon
immediately upstream of the stop codon.

In view of the accumulating evidence for nascent peptide-
mediated regulation of translation (37), one can imagine that
distortion of the decoding center might be triggered by the

Figure 1. Nucleotide repartition by position among all identi®ed sequences. The y-axis represents the number of occurrences for each of the four nucleotides
found immediately upstream of the stop codon from position ±1 to ±6. (A) First synthesis and (B) second synthesis of the double-stranded degenerated
oligonucleotides.
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nascent polypeptide, ending in an altered interaction with the
release factor. However, from the presented results, various
amino acids exhibiting different chemical properties were
associated with similar levels of read-through, either at the ±1
or ±2 positions. Similarly, synonymous ±1 codons decoded by
different tRNAs induced various levels of translational read-
through. We therefore concluded that the chemical properties

of the ultimate amino acid residues in the nascent polypeptide
chain do not have a major in¯uence on read-through in yeast.

Possibly the ribosomal P site tRNA directs the competition
between eRF1 and natural suppressor tRNA(s) for stop codon
recognition (28). Wild-type and mutant glutaminyl tRNAs
were used to study the in¯uence of ribosomal P site tRNA on
translational read-through over TGA leaky termination codon
constructs. tRNAGln1 and mutant tRNAGln2*, which have the
same UUG anticodon but a different backbone, direct very
similar translational read-through ef®ciencies as do tRNAGln2

and mutant tRNAGln1* for the anticodon CUG. Although
overexpression of a tRNA may lead to under-modi®cation,
these results suggest that the P site tRNA has no major
in¯uence on the competition between eRF1 and potential
suppressor tRNA for termination codon recognition.

Finally, since the common determinant of most sequences
driving a high read-through level is the presence of adenine at
the two positions 5¢ of the stop codon, the effect could be
mediated directly by the nucleotides themselves, possibly
through mRNA structure and interaction with ribosomal
components. Previous reports ended with con¯icting obser-
vations concerning the role of adenine 5¢ of the stop codon.
Mottagui-Tabar and co-workers concluded from their study
that the 5¢ context in¯uence is independent of a C or an A
nucleotide switch at the ±1 position. In contrast, an A at this
position was associated with a high read-through level in
mouse cells (38) and in plant cells (39). Furthermore, Beier
and Grimm analyzed 53 plant and animal viral RNAs
containing leaky termination codons and observed that 39
viral sequences have an adenine in position ±1 of the stop
codon, 37 have an adenine in position ±2 and 29 have adenines
in both positions (24). Similarly, Harrell and co-workers
showed that among 91 plant and animal viral RNAs using
translational read-through, 65 sequences have an adenine in
position ±1, 69 have an adenine in position ±2 and 50 carry
two adenines in positions ±1 and ±2 of the stop codon (25). So

Table 1. Identi®ed 5¢ sequences and number of occurrences

Nucleotide sequence Number of
occurrencesa

Read-through
ef®ciency (%)

Codon ±2 Codon ±1

ACC CAA 2 16
AAG CAA 3 15
GAT CAA 6 14
GAT GAA 3 12
CAT ATA 1 11
ACT GAA 2 11
CAG CAA 5 10
CAT GAA 2 9
GGT GAA 3 8
GGG GAA 3 8
CGG AAA 1 7
ACC AAA 1 6
CCG ATC 1 6
GAT AAG 1 5
TAC TCT 2 5
GAC ACG 2 5
CCT TCA 1 4
ACT GAT 1 4
GAG ATT 2 3
CCG TAC 2 2
GAG TTT 1 1

The experiment was repeated at least three times for each sequence, with a
variation of ~30% in relative read-through ef®ciencies.
aNumber of recombinant plasmids carrying the same target sequence.

Table 2. Charge and chemical properties of the ultimate and the penultimate amino acid residues in the
nascent polypeptide chain with the observed read-through ef®ciencies

Position ±2 Position ±1 Read-through
ef®ciency (%)

Nature Amino acid Nature Amino acid

Polar Thr Polar Gln 16
Basic Lys Polar Gln 15
Acidic Asp Polar Gln 14
Polar Gln Polar Gln 10
Acidic Asp Polar Thr 5
Polar Tyr Polar Ser 5
Non-polar Pro Polar Ser 4
Non-polar Pro Polar Tyr 2
Acidic Asp Acidic Glu 12
Polar Thr Acidic Glu 11
Basic His Acidic Glu 9
Non-polar Gly Acidic Glu 8
Polar Thr Acidic Asp 4
Basic Arg Basic Lys 7
Polar Thr Basic Lys 6
Acidic Asp Basic Lys 5
Basic His Non-polar Ile 11
Non-polar Pro Non-polar Ile 6
Acidic Glu Non-polar Ile 3
Acidic Glu Non-polar Phe 1
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the presence of adenines just upstream of a stop codon in
sequences regulated by read-through appears to have been
evolutionarily selected. Here, using a combinatorial approach,
we showed that 67% of the identi®ed sequences have an
adenine in position ±1, 70% in position ±2 and 62% in both
positions. Furthermore, 80% (11/13) of the sequences driving
a read-through ef®ciency of >5% were shown to have two
adenines immediately upstream of the stop codon. Thus it
seems that the presence of adenines in positions ±1 and ±2 of
the UAG termination codon is the main 5¢ determinant to
obtain high ef®ciency translational read-through.

It is highly probable that the presence of two adenines also
affects read-through on UGA and UAA stop codons. Indeed,
from the study of Harrell and co-workers a similar bias can be
identi®ed for all three stop codons (25). More generally, the
stop codon context seems to act independently of the identity
of the stop. This has been observed in several studies where
the effect of a given context was tested on all three stop codons
(14,22,39) and is illustrated here by the results shown in
Table 3.

On the whole, 958 of 5836 (16%) yeast natural termination
signals carry an AA_STOP motif (GenBank release 13
November 2003), which suggests that there is no strong
counter-selection against 5¢ read-through stimulating contexts.
This is consistent with previous studies demonstrating that the
effect of the 5¢ context is highly dependent on the 3¢ context
(4,5,22,23,38,39).

We hypothesize that these adenines modify the mRNA
structure at the P site, which in turn alters decoding at the A
site through distortion of the ribosome structure. Indeed, a

recent cryo-electron microscopy reconstruction of the yeast
80S ribosome demonstrates that the functional centers and the
majority of bridges binding the two subunits are mainly
composed of rRNA (40). Remarkably, most of the ribosomal
bridges are conserved between eukaryotes and prokaryotes, in
particular the B2a bridge that connects the decoding and the
peptidyl transferase centers and locates at the subunit inter-
face. B2a is formed by interaction between helix 44 of the 18S
rRNA and helix 69 of domain IV of the 25S rRNA. Similarly,
the ribosomal A site is composed mainly of helix 69 and of the
upper part of helix 44. The latter region contains an invariant
adenosine dinucleotide (A1823, A1824), which corresponds to
the A1492±A1493 dinucleotide of prokaryotic 16S rRNA
interacting directly with the termination signal. On the body/
platform side of the small ribosomal subunit, the P site codon
also appears to directly contact the top of helix 44, whereas the
tRNA interacts with helix 24 of 18S rRNA. Thus, the upper
part of helix 44 is implicated in the formation of both the A
and P sites and of the B2a bridge, which acts as a signal
transmitter between the two active sites of the ribosome (41).
We propose that the presence of two adenines upstream of the
stop codon, possibly through their high stacking potential,
induces structural modi®cations in the ribosomal P site, which
are then transmitted via the B2a bridge to the ribosomal A site.
Subsequently, competition between the eRF1 and/or eRF3
release factor(s) and a potential natural suppressor tRNA
would be displaced in favor of read-through.
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