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ABSTRACT

Six diverse prokaryotic and five eukaryotic genomes
were compared to deduce whether the protein syn-
thesis termination sighal has common determinants
within and across both kingdoms. Four of the six
prokaryotic and all of the eukaryotic genomes inves-
tigated demonstrated a similar pattern of nucleotide
bias both 5’ and 3’ of the stop codon. A preferred core
signal of 4 nt was evident, encompassing the stop
codon and the following nucleotide. Codons decoded
by hyper-modified tRNAs were over-represented in
the region 5’ to the stop codon in genes from both
kingdoms. The origin of the 3’ bias was more variable
particularly among the prokaryotic organisms. In both
kingdoms, genes with the highest expression index
exhibited a strong bias but genes with the lowest
expression showed none. Absence of bias in parasitic
prokaryotes may reflect an absence of pressure to
evolve more efficient translation. Experiments were
undertaken to determine if a correlation existed
between bias in signhal abundance and termination
efficiency. In Escherichia coli signal abundance cor-
related with termination efficiency for UAA and UGA
stop codons, but notin mammalian cells. Termination
signals that were highly inefficient could be made
more efficient by increasing the concentration of
the cognate decoding release factor.

INTRODUCTION

Termination of protein synthesis involves the decoding of a
stop signal through an interaction between RNA (rRNA and
mRNA) and proteins [release factors (RFs)] that facilitates the
hydrolytic release of the nascent polypeptide chain from the
peptidyl-transferase centre of the ribosome (1-5). Despite pos-
sessing some common features in their translation termination
mechanisms, prokaryotes and eukaryotes display important
differences. Bacteria possess two Class I decoding RFs
(RF1 and RF2) with overlapping codon specificity, while
eukaryotes possess only one decoding factor, eRF1. Each
prokaryotic factor responds to UAA, whereas UAG is decoded
only by RF1 and UGA is decoded only by RF2 (6). In contrast,
eRF1 has an omnipotent decoding capacity and promotes
completed polypeptide release in response to any of the
three stop codons (7,8). This suggests that specificity for
polypeptide release mediated by RFs may have evolved inde-
pendently after the separation of these phylogenetic domains
2.7 billion years ago (9), and the fact that the RFs from the two
kingdoms possess virtually no sequence or structural homo-
logy reinforces this view. If this were indeed the case, the
appearance of prokaryotic RFs and the eukaryotic RFs
would represent a fascinating example of parallel evolution
(9). An interesting question arising from these observations is
whether the termination signals in the mRNA are conserved
between the two kingdoms.

The consequences of stop codons being recognized directly
by protein factors, rather than a tRNA, as in polypeptide
elongation, means that the signal for translation termination
could extend beyond the 3 nt specified in the genetic code (10).
In pro- and eukaryotes initial evidence that supports this
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concept has come both from bioinformatic and experimental
studies. Bioinformatic analysis of nucleotide frequency around
termination codons in bacteria, mainly derived from analyses
of Escherichia coli, has highlighted that there is bias in the
occurrence of specific codons 5’ and nucleotides 3’ of the stop
codon (11-17).

A series of studies, in E.coli, have tested experimentally
whether termination efficiency is correlated with changes in
the nucleotide sequences 5’ and 3’ of the stop codon. In the
limited number of sequences tested, the decoding of stop
codons by RFs in competition with suppressor tRNAs was
shown to be affected by the nucleotide sequence 3’ of UAG
(18,19), UGA (20,21) and UAA (22) stop codons. The effect
on termination efficiency of the nucleotide immediately 3’ of
the stop codon could have been mediated through near cognate
tRNA or RF decoding or both, as it has been shown with a
zero-length crosslink reagent that the stop codon and 3 nt
immediately 3’ of the stop codon are in close contact with
the cognate decoding factor in termination complexes on
E.coli ribosomes (23,24). Sequences 5’ and 3'of the UGA
stop codon have been shown to interact in a cooperative
manner to affect bacterial termination (25). In addition,
identity of the last two amino acids of the nascent polypeptide
has been demonstrated in vivo to affect termination efficiency
in bacteria at UGA (26,27) and UAG (28,29) stop codons.
The identity of the P site tRNA was also shown to influence
termination efficiency (28).

Initial studies with a small subset of eukaryotic genes have
also revealed bias in the occurrence of nucleotides 5" and 3’ of
stop codons. This led to the proposal that, as in prokaryotes,
the base following the stop codon was important for termi-
nation efficiency, with eRF1 recognizing a tetra-nucleotide
sequence containing limited redundancy, and not simply
one of three tri-nucleotide stop codons (30,31). Subsequent
studies of gene sequences in eukaryotes (32,33) and specific
studies in yeast (34), plants (35) and mammals (15,36) have
revealed a similar bias in nucleotide occurrence in the position
following the stop codon. The eukaryotic decoding release
factor, eRF1, requires a stop codon with an extra nucleotide
to facilitate termination in vitro (37), and eRF1 has been
shown through site-directed crosslink studies to be in contact
with the triplet stop codon (38) although the study did not
investigate the nucleotides following, as had the earlier
equivalent studies in bacteria (23,24).

The translation termination efficiency of a limited set of
selected eukaryotic sequences has been investigated experi-
mentally in both yeast and mammalian cells (34,39—-42). These
studies have revealed that the nucleotide sequences both 5’ and
3’ of the stop codon can modulate termination efficiency.

The bioinformatic and experimental studies on the nature of
the translation termination signal, undertaken in a limited
number of both pro- and eukaryotic organisms, suggest that
the signal extends 5’ and 3’ of the simple triplet codon. Now
that a considerable number of genome sequences have been
completed, it is possible to undertake a comprehensive
comparison of translational termination contexts both within
and between organisms of the same and of a different king-
dom. In the current work we analysed six representative
prokaryotic and five representative eukaryotic genomes in
detail, and compared characteristics of the termination signals
in their genes. The relationship between the occurrence of the

translation termination signals and their functional efficiencies
were tested experimentally, and both common and unique
features of the mechanism have been highlighted.

MATERIALS AND METHODS
Bioinformatic analysis

Bioinformatic analyses were performed on gene sequences
[open reading frames (ORFs)] entered into the TransTerm
database (43). Gene sequences were excluded from the data-
base if they did not contain a valid stop codon or if they
contained an ORF before the stop codon of <100 nt.
Files containing non-redundant cDNA sequences were
selected for analysis from the following species: Prokaryo-
tic, E.coli K12 (4199 sequences analysed, GC content of
analysed sequences 47%), Bacillus subtilis (4095, 39%),
Mycobacterium  tuberculosis  H37TRv (4148, 65%),
Mycoplasma genitalium (481, 29%), Rickettsia prowazekii
strain Madrid E (834, 25%) and Chlamydophila pneumoniae
(1108, 35%); Eukaryotic, Saccharomyces cerevisiae (6258,
31%), Caenorhabditis elegans (15 329, 30%), Drosophila mel-
anogaster (14027, 38%), Arabidopsis thaliana (14 172, 33%)
and Homo sapiens (16778, 48%).

Codon adaptive index (CAI) values, calculated from pub-
lished relative synonymous codon usage tables (44), were used
to select subsets of genes with differential expression levels
from the E.coli K12, S.cerevisiae and D.melanogaster
genomes. Analysis of selected gene sequences was performed
as described previously (36,45).

Media and bacterial strains

Cultures used for in vivo assays to measure termination signal
efficiency in bacteria were grown in minimal media supple-
mented with all 19 L-amino acids and glycine added at
recommended concentrations (46). Protein expression was
induced from the Py, promoter with 0.5 mM isopropyl-3-p-
thiogalactopyranoside (IPTG). The following E.coli strains
were used in this study: CDJ64 (A(lacproB) nalA rif sup9
valR thi), XAc (ara argE-am A(lacproB) nalA rif thi),
XA101 (ara argE-am A(lacproB) nalA rif thi metB supD);
XA105 (ara argE-oc A(lacproB) nalA rif thi metB supG) (47).

Constructs

Selected termination contexts identified from the bioinformat-
ics studies were introduced into the 3A’ reporter system (26)
for studies in bacteria, or into a dual luciferase reporter system
adapted from Grentzmann et al., (48), for studies in reticulo-
cyte lysates in vitro or in cultured mammalian cells (Table 2).
Owing to the overlapping specificity of the bacterial Class I
RFs, contexts were selected for each stop codon. Termination
contexts were cloned using pairs of redundant oligonu-
cleotides as described previously (49).

Prokaryotic translation termination assay

Termination contexts were tested in an assay that utilizes the
IgG binding B domain from Staphylococcus aureus protein
A as a reporter gene (49). E.coli cultures were grown to
mid-log phase in the presence of 0.5 mM IPTG. The two or
three domain reporter gene products (2A" and/or 3A’) were



purified by affinity chromatography on IgG Sepharose,
followed by separation by SDS-PAGE. The efficiency of
termination was determined by the ratio of protein arising
from termination at the first stop codon (2A’) compared
with total protein expressed from the reporter gene (2A’ +
3A’). The ratio was independent of the level of expression
and optical density of the bacteria cell culture. E.coli
were co-transformed, when appropriate with plasmids that
contained wild-type RF2, RF2 T246S and RFI.

Eukaryotic translation termination assays

In vitro translation. The RiboMAX™ Large Scale RNA
Production Systems—T7 (Promega) was used to synthesize
mRNA for translation in Rabbit Reticulocyte Lysate
(Promega). Dual luciferase reporter template DNA was pre-
pared by restriction endonuclease digestion and was transcribed
according to the manufacturer’s instructions. Typically,
250-500 ng of RNA was incubated with nuclease-treated rabbit
reticulocyte lysate supplemented with amino acids at 30°C for
90 min. Translation reactions were supplemented when appro-
priate with eRF1purified as described (7,50).

In vivo translation. COS-7 (51) cells were transiently
transfected with a dual luciferase reporter plasmid using
FuGENE 6™ reagent (Roche) according to the manufacturer’s
instructions. Samples of 2 x 10* cells per well were transfected
with 500-1000 ng of plasmid DNA. Cells were harvested 48 h
following transfection and lysed in 1x Passive Lysis Buffer
(Gibco).

Dual luciferase assay. The Renilla reniformis luciferase
(RLuc) 5’ of the test sequence was assayed using the condi-
tions described by Matthews et al. (52) with the modifications
of Srikantha et al. (53) and the Photinus pyralis luciferase
(Luc™) 3’ of the test sequence was assayed using the conditions
described by Tanguay and Gallie (54). Termination efficien-
cies were calculated from the ratio of Luc™ to RLuc activity in
the test samples relative to the ratio of Luc™ to RLuc in control
samples where the two reporters were in the same ORF.

RESULTS

Bias surrounds translational stop codons in genes from
a range of prokaryotic and eukaryotic genomes

Genomes of representative pro- and eukaryotic organisms that
varied in genome size, ORF number and GC content were
selected for bioinformatic analysis. The prokaryotic species
selected included free-living, pathogenic, non-pathogenic
and parasitic strains. ORFs were analysed from the prokar-
yotes E.coli K12, B.subtilis, M.tuberculosis, M.genitalium,
R.prowazekii and C.pneumoniae. In the case of eukaryotes,
ORFs were analysed from S.cerevisiae, C.elegans,
D.melanogaster, A.thaliana and H.sapiens.

A database of sequences that included 100 bp 5’ and 3’ of
OREF translational stop codons from the six prokaryotic and
five eukaryotic genomes was compiled and analysed in detail.
A frequency table detailing the occurrence of the 4 nt in each
position for the region 100 bp 5’ and 3’ of the stop codon was
constructed for all species. These frequency tables were used
to determine the bias in occurrence of nucleotides in a region
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spanning 20 bases 5, and 3’ to the stop codon (Figures 1
and 2). A clear bias in the occurrence of nucleotides both
5" and 3’ of the stop codon was evident for all prokaryotic
organisms, except for R.prowazekii and C.pneumoniae. The
pattern of nucleotide bias observed in the prokaryotic species
was characterized by an increase in nucleotide bias moving
through the 5’ coding region towards the stop codon that
peaked at the position immediately 3’ to the stop codon and
declined through the non-coding region. This pattern of non-
randomness is consistent with results from a previous analysis
of a subset of E.coli K12 sequences (11). The pattern of 5’ and
3’ nt bias identified in the prokaryotic organisms was also
evident in the eukaryotic genomes (Figure 2). However,
among the eukaryotic genomes analysed there was less varia-
tion in the pattern of nucleotide bias compared with the
prokaryotes examined.

The datasets generated were further analysed to determine
which particular nucleotides contributed to the bias observed
in the sequences around the stop codons (Figure 3). In both
prokaryotic and eukaryotic species, nucleotide bias at each
position was caused by specific over- or under-representation
of any one or more of the 4 nt. As expected, those species that
exhibited the greatest overall bias also possessed the greatest
deviations in occurrence of individual nucleotides. The pattern
of individual nucleotide bias differed among the species, espe-
cially 3’ to the stop codon. This variation is illustrated with
data from two of the prokaryotic genomes shown in Figure 3.
E.coli K12 sequences exhibited an over-representation of T in
the base following the stop codon and a under-representation
of C, compared with an over-representation of C in this posi-
tion and a under-representation of G or A in M.tuberculosis.
A further variation was seen with B.subtilis in that A was
preferred in this position (data not shown). In contrast, the
eukaryotic genomes all exhibited an over-representation of
purines (A or G) and an under-representation of pyrimidines
(C or T) in the nucleotide position following the stop codon.
There were differences, however, with both D.melanogaster
and H.sapiens exhibiting over-representation of G (Figure 3),
whereas in C.elegans A was predominant, and in A.thaliana
and S.cerevisiae genes both G and A were over-represented
(data not shown). In all cases the pyrimidines C or T were
preferentially avoided in the position following the stop codon.
This difference in bias indicates a difference in the preference
for specific ‘tetra-nucleotide’ core stop signals between the
two kingdoms. The pattern of individual nucleotide bias also
differed in the 5’ region, but in both cases the bias went against
the naturally occurring bias of G, non-G, R evident in coding
regions.

Preferred core termination signals: the stop codon and
the nucleotide following

Previous bioinformatic analysis (30) predicted a core termina-
tion signal that was comprised of the stop codon and the
nucleotide following, forming a tetra-nucleotide stop signal.
Comparison of the genomes used in this study revealed that
there was distinct bias in the abundance of specific tetra-
nucleotide stop signals. Generally, one tetra-nucleotide signal
was preferred out of the 12 possible T A/G A/G N signals
(excluding TGGN). The identity of the tetra-nucleotide signal
differed between the two kingdoms, as illustrated in Figure 4.
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Figure 1. Bias in nucleotides around the translation termination codons of six selected prokaryotic genomes. Non-randomness, 3 values were calculated for 20 nt 5/
and 3’ of the stop codon. The stop codon is located at nucleotide positions +1 to +3. xz values were calculated for all genes E.coli K12 (4199 genes), B.subtilis
(4095 genes), M.tuberculosis (4148 genes), M.genitalium (481 genes), R.prowazekii (834 genes), C.pneumoniae (1108 genes). Predicted nucleotide frequencies used
in the calculation were derived from 99 nt 5" and 3’ to the stop codon. Coding region nucleotide frequencies were corrected for triplet periodicity by determining the
nucleotide frequency at each of the three positions within the triplet codon (1, 2 or 3).

The genomes of E.coli K12 and M.genitalium (data not
shown), exhibited a strong preference for TAAT. The genome
of C.pneumoniae that exhibited little overall nucleotide bias
(Figure 1) showed a strong bias for the TAAT tetra-nucleotide
signal. R.prowazekii exhibited a slight bias for the same TAAT
tetra-nucleotide signal (data not shown). The B.subtilis
genome showed a preference for both the TAAA and
TAAT signal, consistent with strong over representation of
A in the position immediately following the stop codon in
ORFs from this genome. In contrast, M.tuberculosis showed
a preference for the TAGC signal, which reflected the very
high GC content (65%) and the dominance of C in the fourth
position in this organism. All five eukaryotic genomes showed
preferred tetra-nucleotide signals of a stop codon followed
by a purine (G or A). This is illustrated in D.melanogaster
TAGG>TGAG>TAGA> TAAG and in H.sapiens TGAG
(Figure 4). The other three genomes fitted this pattern

although it was not as marked with A.thaliana genes (data
not shown).

Nucleotide bias surrounds stop codons in highly
expressed but not lowly expressed genes of
prokaryotes and eukaryotes

To investigate whether the observed bias in nucleotide
sequence identified around the stop codons correlated with
translation efficiency, subsets of the most highly and most
lowly expressed genes were selected for further analysis.
CAI values were used to identify subset of genes with differ-
ential expression levels from the E.coli K12, S.cerevisiae
and D.melanogaster genomes. The striking finding of this
analysis was that the most highly expressed genes (highest
5% CAI) exhibited marked nucleotide bias in the sequences
surrounding the stop codon, whereas those with low



Nucleic Acids Research, 2006, Vol. 34, No. 7 1963

S. cerevisiae C. elegans
0.12 0.12
= =
0.08 4 0.08 4
8 g
] (5]
o o
E [=]
0.04 4 7] 0.04 &
0.00 n o ] l- III |IIII|-|.-------- 0.00 n A_mll I -IIII|I Il-ll- Bmsnsal nal
-20 -10 -1 4 10 20 -20 -10 14 10 20
o D. melanogaster A. thaliana
012 0.12
S
v
&
S 008 3 0.08 4 S
Q [=]
g 8 8
S 5 5
E =
= 0.04 4 “ 0.04 4 “°
&
' [T 1111T Ll
g 0.00 A T | | Illl IIII.I.-.II.-- 0.00 2. 10 1= ll-ll sl Ill-lIlll-- B
Z -20 -10 -1 4 10 20 -20 -10 14 10 20
H. sapiens
0.12
=
0.08 - g
[=]
o
o
e
0.04 4 L
0.00 - -I-II-II.I IIIIIII.I....II.III[
-20 -10 14 10 20

Relative Position

Figure 2. Bias in nucleotides around the translation termination codons of five selected eukaryotic genomes. Non-randomness, x> values were calculated for 20 nt 5/
and 3’ of the stop codon. The stop codon is located at nucleotide positions +1 to +3. Xz-Values were calculated for all genes S.cerevisiae (6258 genes), C.elegans
(15329 genes), D.melanogaster (14027 genes), A.thaliana (14 172 genes) and H.sapiens (16778 genes). Predicted nucleotide frequencies used in the calculation
were derived from 99 nt 5" and 3’ to the stop codon. Coding region nucleotide frequencies were corrected for triplet periodicity by determining the nucleotide

frequency at each of the three positions within the triplet codon (1, 2 or 3).

expression (lowest 5% CAI) showed insignificant bias. This is
illustrated in Figure 5 for both E.coli K12 and D.melanogaster
sequences. Between the highest and lowest subsets the patterns
were intermediate (data not shown). The pattern of nucleotide
bias observed in the analysis of the highest CAI genes was
similar to that determined for the whole genome, except that
the magnitude of the bias was greater. This was common to
both prokaryotic and eukaryotic organisms. The finding
implied that translational efficiency is correlated to over- or
under-representation of nucleotides in certain positions. When
only the core tetra-nucleotide signal was considered, the same
pattern of bias as observed for the whole genome analysis was
identified in the highly expressed datasets, with no preference
visible in the lowest CAI dataset (data not shown). These
findings suggested that a preferred tetra-nucleotide core ter-
mination signal(s) might correlate with efficient translation
termination in vivo.

Nucleotide bias 5’ of the stop codon reflects codons
decoded by hyper-modified tRNAs

In the prokaryotic species the pattern of nucleotide bias 5" of
the stop codon was characterized by a repeating bias in the
penultimate and C-terminal codon. This repeating bias
resulted in the over-representation of A or G in the second
position and A in the third positions of the codon, and under-
representation of T or C in the second position (Figure 3). In
contrast, eukaryotic genomes exhibited bias predominantly in
the last codon with an over-representation of T and C in the
first and third positions of the codon respectively, and under-
representation of G and C in the first and second positions,
respectively (Figure 3). The pattern observed was not influ-
enced by the intrinsic sense codon bias (G, non-G, R) as the
analysis method independently determined the nucleotide
frequency at each of the three positions within the triplet
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the three positions within the triplet codon (1, 2 or 3)

codon. The observed bias affected the subset of codons uti-
lized in the position 5’ of the stop codon. This, in turn, alters
both the subset of tRNAs involved in decoding and the
encoded amino acids.

Bioinformatic analysis revealed that there was bias in the
amino acids encoded by the last two codons 5" of the stop
codon. Nevertheless it was smaller than the individual nucle-
otide bias observed previously in both pro- and eukaryotic
databases (data not shown). Isaksson and co-workers had
shown strong evidence for a correlation between efficiency
of termination at a relatively weak UGA stop signal (UGAA)
and the hydrophilic/hydrophobic character of the last two
encoded amino acids where there isoelectric points were
around pl 6 (26,29). However, we were unable to identify a
common pattern of over- or under-representation of specific
amino acids in the region 5’ of the stop codon when we
analysed the three stop codons across the different genomes
(data not shown), either for all genes or the high CAI set.

Translation efficiency in both prokaryotes and eukaryotes
is known to correlate with tRNA abundance (55,56). It was
possible that the bias observed in nucleotide usage in the
region 5’ of the stop codon was correlated with a preference
for codons decoded by specific tRNAs. Additional analysis
revealed that there was a bias for codons decoded by specific
iso-accepting tRNAs (Table 1). Specifically, the last two
C-terminal amino acids were preferentially decoded by
tRNAs that contained hyper-modified bases, at positions 32,
34 and 37 of the anticodon stem-loop (ASL). For example,

a single modified species of tRNA™* (mnm’s”U at position
34) decodes preferred AAA and AAG codons in the E.coli K12
genome. In addition, the codon decoded by the hyper-modified
tRNAS™ is over-represented whereas that decoded by the non-
modified tRNAS™ is not (Table 1). Similar trends are also
indicated in the other examples shown in Table 1. This obser-
vation suggested that the specific tRNA selected by the last
codon position could affect termination in a manner that is
independent of the identity of the encoded amino acid. This
observation was common for the genomes from both king-
doms implying that the effect of hyper-modified tRNAs on
termination was mediated through a similar mechanism. The
same pattern of codon usage observed in the complete datasets
was identified in the highly expressed datasets indicating that
the role of the hyper-modified tRNAs might be correlated
with efficient translation termination. We are currently exami-
ning whether the structural characteristics of the tRNA at the
ribosomal P site affect the binding site of the decoding
release factor.

Abundance of a termination signal in the genome
correlates with termination efficiency in prokaryotes
but not eukaryotes

The comparative bioinformatic studies of the 11 genomes
described above implied that a correlation might exist between
specific sequences 5" and 3’ of the stop codon and the effici-
ency of the translation termination signal. Experiments were
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D.melanogaster (14027 genes) and H.sapiens (16778 genes). Predicted codon frequencies used in the calculation were derived from 99 nt 3’ to the stop codon.

undertaken to determine if the bias in nucleotides observed in
the bioinformatics analysis allowed prediction of relative
functional termination efficiencies of specific signals.
Translation termination signals comprised of 6 nt 5’ and 3 nt
3’ of the stop codon, that occurred more often (labelled abun-
dant) and less often (labelled rare) were selected for experi-
mental analysis. For each stop codon (UAA, UGA and UAG)
an abundant (Ab) signal (e.g. 5’Ab UAA Ab3’) and a rare (Ra)
signal (5Ra UAA Ra3’) were selected. Owing to the overlap-
ping specificity of the bacterial Class I RFs, unique contexts
were selected for each stop codon so that UAG signals would
reflect RF1 decoding, UGA signals RF2 decoding and UAA
signals would reflect either or both. These signals represent
extremes of occurrence in the pro- and eukaryotic genomes. In
the case of the prokaryotes, selection was based on the E.coli
K12 genome analysis since the signals could be tested in

E.coli, and, in the case of eukaryotes, because of their more
conserved features, selection was based on characteristics
from all five genomes for testing in vitro, or in cultured mam-
malian cells. Sequences selected for analysis are listed in
Table 2. In each case, hybrid signals were also constructed
containing the abundant and rare 5’ and 3’ contexts together.
These formed a total of 24 specific contexts that were tested for
termination efficiency.

Prokaryotic termination contexts. The termination efficiency
of the prokaryote signals were assessed in both wild-type
E.coli strains, carrying no suppressor tRNAs, and in stop
codon-specific suppressor strains. The signals were placed
between encoded sequences from the IgG binding B domains
of the protein A from S.aureus (49). There was variation in the
termination efficiency of the different signals, in wild-type
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determining the nucleotide frequency at each of the three positions within the triplet codon (1, 2 or 3).

Table 1. Bias of last sense codon recruits specific iso-accepting tRNAs to the ribosome

Genome Codon tRNA Bias %* tRNA modification position
32 34 37
E.coli K12 AAA Lys, +0.027 C mnm’s°U °A
AAG Lys, +0.029 C mnm’s*U t°A
CAA Gln, +0.017 Um mnm’s’U m’A
CAG Gln, — Um m?A
B.subtilis AAA Lys, +0.045 unkC cmnm’s*U ms’t°A
AAG Lys; +0.006 unkC cmnm’s*U ms’t°A
CAA Gln, +0.008 Um mnm’s*U m’A
CAG Gln, - Um C m?A
ATA Tle, +0.009 C K’C mPA
ATC Ie, —0.010 C G t°A
ATT Ile, —0.008 C G t°A
S.cerevisiae AAA Lys, +0.030 C cmnm’U t°A
AAG Lys, - C U t°A
ATA Ile, +0.011 C I t°A
ATC Tle, - U G °A
ATT Ie, - U G t°A
D.melanogaster AAA Lys, +0.021 C cmnm’U °A
AAG Lys, - C C t°A

Bias () values were calculated for the last codon before the stop codon signal as described in Materials and Methods. Bias is indicated when >+0.005, where bias
was <+0.005 it is indicated as a ‘minus’. XZ—Values were calculated for all genes E.coli K12 (4199 genes), B.subtilis (4095 genes), S.cerevisiae (6258 genes)
and D.melanogaster (14027 genes). Codons exhibiting the greatest bias are presented. Predicted nucleotide frequencies used in the calculation were derived from
33 codons 5’ to the stop codon. Iso-accepting species of tRNA are indicated with their respective modifications. tRNA modifications are from Sprinzl and Vassilenko
(75). Modification are: mzA; 2-methyladenosine, mﬁA; N6-methyladenosine, tGA; N6-threonylcarbamoyladenosine, mszt6A; 2-methylthio-N6-threonyl
carbamoyladenosine, unkC; unknown modification, kZC; lysidine [4-amino-2-(N6-lysino)-1-beta-d-ribofuranosyl pyrimidine], Um; 2’-O-methyluridine,
mnm’s*U; 5-methylaminomethyl-2-thiouridine, cmnm>Um; 5-carboxymethylaminomethyl- 2'-O-methyluridine, cmnm?®s®U; 5-carboxymethylaminomethyl-2-
thiouridine.



strains in some instances that were more evident in the sup-
pressor strains (Figure 6).

In the UAA signal set (Figure 6A), the percentage termina-
tion was high at >99% in the wild-type strain, indicating that
both abundant and rare termination contexts that contained
UAA were efficient in competition with near cognate
tRNAs. Readthrough increased as expected in the presence
of a suppressor tRNA to between 4 and 9% dependent on
the sequence surrounding the stop codon. The sequences
that promoted most efficient termination were indeed those
most commonly used for translation termination in E.coli
genes as identified by the bioinformatics analysis. The rare
context was least able to counter competition from the sup-
pressor tRNA. The hybrid contexts with one preferred element
gave intermediate termination efficiencies but were more simi-
lar to the most abundant contexts.

Table 2. List of termination contexts investigated in this work
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With the UGA series (Figure 6B), there was also a hierarchy
of termination efficiencies, although termination efficiency
varied more widely than with the UAA contexts
(Figure 6A). The rare sequence was quite inefficient exhibiting
only ~80% termination in wild-type strains where it competed
relatively poorly with near cognate tRNAs. This inefficiency
increased markedly in the suppressor strain to ~40% termina-
tion. In contrast, the abundant context was highly efficient as a
termination signal (>99% termination) in the wild-type strain,
and in the suppressor strain (~95% termination). The hybrid
contexts were intermediate in their termination efficiencies.
These data best reflected the predicted bioinformatic termina-
tion efficiency.

The efficiencies of the selected UAG stop codon contexts
(Figure 6C) did not match the predicted termination efficien-
cies as well as for the UAA and UGA signals. In the wild-type
strains, UAG sequences exhibited termination efficiencies
comparable with those of the UAA signals. In contrast, in
two different suppressor strains carrying different amber sup-
pressor tRNAs, the 5’ termination contexts matched the pre-

5" Context Stop Codon 3’ Context Abbreviation dicted effect while the 3’ contexts did not. This may reflect
. . other selective pressures in E.coli that have resulted in UAG
Prokaryotic termination contexts X )
CAG AAG UAA ucu Ab® UAA Ab being the most uqder-rgpresented stop codon, with only 12%
CAG AAG UAA CUG Ab UAA Ra" of genes terminating with UAG.
GAA ACC UAA uCu Ra UAA Ab
ukaryotic termination contexts. Sequences, identified as
GAA ACC UAA CUG Ra UAA Ra Eukaryotic 1 ¢ texts. Seq dentified
GUC GCG UAG GGG Ab UAG Ab R . .
GUC GCG UAG CAU Ab UAG Ra either abundant or rare from the analysis of the eukaryotic
GAU GGA UAG GGG Ra UAG Ab genomes (Table 2), were assessed for their termination effi-
GAU GGA UAG CAU Ra UAG Ra ciency in cultured COS-7 cells with a dual luciferase reporter
228 ggg ggﬁ ICJSH //ig ggﬁ Qb gene assay that determines stop signal failure (Figure 7A-C).
a . 7. . . .
GAA ACU UGA UUU Ra UGA Ab Thls sensitive assay allows effective comparisons of termina-
GAA ACU UGA CUA Ra UGA Ra tion efficiencies even when the readthrough is <1%. In this
Eukaryotic termination contexts reporter system a hierarchy of termination efficiencies were
AAG GUC UAA GCU Ab UAA Ab observed but, in contrast to the E.coli signals, no correlation
AAG GUC UAA uGu Ab UAA Ra between abundance and efficiency was identified. Indeed, the
UUC CCA UAA GCU Ra UAA Ab . .
UUC CCA UAA UGU Ra UAA Ra abundant UAA signal was the least efficient and, generally, the
AAG GUC UAG GCU Ab UAG Ab rare signals were among the most efficient. Given this signifi-
AAG GUC UAG UGuU Ab UAG Ra cant difference in the selected sequences from prokaryotic and
uuc CCA UAG GCU Ra UAG Ab eukaryotic genomes, the study was then repeated in vitro in
UuC CCA UAG UuGU Ra UAG Ra ticul te lysate. In th ticul te lysat t .
AAG GUC UGA GCU Ab UGA Ab reticulocyte lysate. In the reticulocyte lysate assay, termina-
AAG GUC UGA UGU Ab UGA Ra tion was several fold more efficient (Figure 7D-F) probably
UUC CCA UGA GCU Ra UGA Ab due to a lower concentration of near cognate competitor
UucC CCA UGA UGU Ra UGA Ra tRNAs, but there was a general concordance between the
aAn ) COS-7 and the in vitro data. Most significantly in both
Ab = abundant. . . . .
bRa — rare. cases, signal abundance did not correlate with efficiency.
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Figure 6. Termination efficiency of the (A) UAA, (B) UGA and (C) UAG ‘abundant’ and ‘rare’ termination signals in E.coli. Termination efficiency was derived
from the 3A’ protein synthesis termination assay (26). Readthrough (%) was calculated by comparison of readthrough protein (3A’) to total protein (3A” + 2A).
Constructs were assayed in specific strains of E.coli XAc wild-type strain (dark grey), XA105 UAA suppressor strain (light grey), CDJ64 UGA suppressor strain
(light grey) and XA101 UAG suppressor strain (light grey). The mean values from six experiments are presented. Error bars are +SEM.
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Figure 7. Termination efficiency of the eukaryotic UAA, UGA and UAG ‘abundant’ and ‘rare’ termination signals iz vitro and in vivo. Termination efficiency was
derived from a dual luciferase protein synthesis termination assay in vitro (A—C) and in vivo using COS-7 cells (D-F). Readthrough (%) was calculated by comparison
to a control construct (UGG). The mean values from three experiments are presented. Error bars are +SEM.

Comparison of the results of the two eukaryotic assay systems
highlighted that the absolute levels of readthrough of each
signal may be specific to the assay system utilized. This pre-
cluded in our opinion any comparisons of the absolute ter-
mination efficiencies of pro- and eukaryotic signals.

Modulating the decoding RF concentration can
strengthen the termination efficiency of
inefficient and rare signals

What does an inefficient signal mean from the perspective of
the mechanism of translation termination? One possibility is
that inefficient signals are simply decoded more slowly by
decoding RFs, so that near cognate (or cognate suppressor
tRNAs) are more competitive. If these inefficient signals pro-
vided a poor template for binding of the RF into the active site
of a termination competent ribosome, then increasing the con-
centration of the decoding factor might increase the termina-
tion signal efficiency through an increase in the productive
binding rate of the RF to the stop signal. Contexts that sup-
ported a high productive binding rate of RF would not be
expected to be influenced by increasing the concentration of
RF as their binding to the stop signal contexts would not be
rate limiting. This hypothesis was tested in both the prokary-
otic and eukaryotic systems.

Over-expressing prokaryotic RFs. A rare context, 5Ra UGA
Ra3’, that was a poor termination signal and a hybrid context
5’Ab UGA Ra3’ that was more efficient were tested in E.coli
co-transformed with a compatible plasmid over-expressing, by
3-to 5-fold, a variant of RF2 (RF2T246S) (57) or the wild-type
RF2. Although tested, the other hybrid and the abundant con-
struct gave termination efficiencies that were beyond the sen-
sitivity of the assay that relies on the detection of protein
products separated by SDS-PAGE.

Over-expression of RF2wt from an exogenous plasmid pro-
duces a factor of lower specific activity for peptide release than
its endogenous counterpart, possibly because the factor
is lacking its natural modification at residue 252 (58). The
RF2 T246S variant does not exhibit diminished specific
ctivity and therefore was utilized for this study. A plasmid
encoding non-cognate RF1 and one that lacked an insert
(null) were used as controls. Both the 5’Ra UGA Ra3/, and
the hybrid context 5’Ab UGA Ra3’, became much more effi-
cient when RF2T246S was over-expressed, as shown by a
dramatic decrease in readthrough (Figure 8A and B). In the
presence of RF2 T246S the poor 5’Ra UGA Ra3’ and the more
efficient 5’Ab UGA Ra3’ signals exhibited comparable ter-
mination efficiencies which were similar to those observed
for the abundant signals assessed in non-supplemented
cells. It is of interest that the exogenously expressed RF2wt
with the lowered specific activity was less effective at
strengthening the efficiency of the rare signal. Expression
from the vector expressing the non-cognate RF1 had no effect
in each case.

Over-expressing eukaryotic RF. We have shown that mam-
malian cells transfected with an expression plasmid encoding
eRF1 tightly controls the cellular concentration of the protein,
limiting the increase to at most 2-fold (S.F. Mathews and
W.P. Tate, unpublished data). For this reason, the equivalent
eRF1 over-expression studies were carried out in vitro in
reticulocyte lysates supplemented with exogenous eRF1
protein. (Figure 8C and D). As with the prokaryotic signals
higher concentrations of eRF1 increased the termination
efficiency of the selected sequences (1.5-fold for 5’Ra UGA
Ra3’ compared with 1.25-fold for 5Ra UGA Ab3’) and
suggested in both cases the affinity of the decoding RF for
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its ribosomal-binding site was strongly influenced by the
characteristics of the termination signal extending in both
directions from the stop codon.

DISCUSSION

5" and 3’ contexts of prokaryotic and
eukaryotic stop signals

Bias in occurrence of nt 5" and 3’ of stop codons was observed
in four of six prokaryotic genomes. While the complete
genomes of E.coli K12, B.subtilis, M.tuberculosis and
M .genitalium showed clear deviation in nucleotide use around
the stop codon, by comparison, the parasitic species
R.prowazekii and C.pneumoniae did not. The lack of nucleo-
tide bias in the R.prowazekii and C.pneumoniae species was
mimicked by the lowly expressed genes identified from E.coli
K12. Studies by Sharp et al. (59) have confirmed that the
R .prowazekii and C.pneumoniae genomes have not undergone
positive selection for factors that influence translation accu-
racy or efficiency. Indeed, the magnitude of nucleotide bias 5’
and 3’ of stop codons in the bacterial species investigated here
showed positive correlation with the strength of selected
codon usage bias (S) as described by Sharp er al. (59).
These results suggest that the R.prowazekii and C.pneumoniae
parasitic bacteria have evolved under conditions where there
has been little selection for efficient termination as appears to
have been the case for the other bacterial species. R.prowazekii
and C.pneumoniae also contain fewer genes than the other
bacteria investigated indicating that differential translation

of genes may become more important in organisms with
greater complexity in their transcriptomes.

This bioinformatic analysis revealed that the previously
well documented bias both 5’ and 3’ of the stop codon of
E.coli genes is widespread among bacterial species, although
it is not found in every bacterium. Similarly, for eukaryotic
genes a number of previous studies had indicated a bias in both
5" and 3’ positions. The current study has reinforced not only
that this is generally found within a diverse range of genomes,
but also, and importantly, that the individual nucleotide pat-
terns of bias are quite similar in contrast to the diversity seen
with the prokaryotes. The comparison of the nucleotides over-
and under-represented 5’ and 3’ of the stop codon between
pro- and eukaryotes, however, indicated that similar mecha-
nisms could be involved in efficient translation termination.

Significance of the bias in the 5’ context of the stop codon

Bias in the last two codons 5’ of the stop codon was coupled
previously to a correlation between the physical and chemical
properties of the last two encoded amino acids and their bias
(26,27,29). Additionally, the termination efficiency of a
UGAA core signal was linked with the hydrophilic/
hydrophobic character of the amino acids encoded by the
last two codons before the stop signal (26,29). In the current
study where several genomes have been compared, we have
confirmed the bias of the amino acids particularly at the last
position, but while the properties seem important in specific
instances, we have not been able to identify the effect as a
dominant determinant of efficiency for termination at all stop
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signals. In some cases there exists a positive bias for a codon
recognized by more than one iso-accepting tRNA species
(Table 1), supporting a possible role for the amino acid itself
rather than the tRNA, in these instances, influencing efficient
termination.

The last two 5" codons specifying amino acids are decoded
by a subset of specific tRNAs. Our investigation of the coding
region 5" of the stop codon revealed that in both pro- and
eukaryotic genomes there is an over-representation of codons
decoded by hyper-modified tRNAs, especially tRNAs that
contained modifications in the anticodon region. In bacteria,
tRNA modifications have been shown to improve reading
frame maintenance (60) and thermodynamics of ribosomal
binding (61). One tRNA that is highly selected for decoding
the 5’ codon is tRNA™® (Table 1). Structures derived from
Thermus thermophilus 30S crystals soaked with the anticodon
stem—loop (ASL) of the tRNA{j{JSU have revealed that the
hyper-modified nucleotides (t°A37 and mnm>U34) contribute
to the free energy of their binding to the ribosomal A site. In
this case, the modifications act in concert to stabilize the
ASLIL}SU through pre-ordering the ASL into a structure suitable
for presentation to the codon in the decoding centre (62).
These two modifications allow tRNAt%SU to bind both AAA
and AAG lysine codons. In bacterial genomes there is a
positive bias for the AAA lysine codon before stop codons.
The AAA codon is preferentially decoded by the modified
tRNAFSU indicating that a modified tRNA in the ribosomal
P site might confer efficient translation termination. The over-
representation of other codons in this final position that are
also decoded by hyper-modified tRNAs in both pro- and
eukaryotes, suggest that these tRNAs confer a similar effect
to that observed for tRNARy.

Class I RF recognition of the termination signal

Hyper-modified tRNAs may have an effect on translation ter-
mination efficiency in vivo by promoting similar types of
interactions with the decoding site and mRNA or by inducing
an A site conformation that promotes or stabilizes RF binding.
These stabilizing interactions may be important for stop codon
recognition as the decoding RFs are larger than the tRNAs that
normally dock into the A site [RF2, (63-65); eRF1, (66)]. The
P site tRNA provides one potential binding face for the deco-
ding RF. This is well illustrated in bacteria with a study showing
two glycine codons decoded by a specific iso-accepting tRNA
species promote low efficiency of decoding at a UAG stop
codon compared with other glycine codons decoded by a dif-
ferent tRNA, but this can be improved with a variant of the
decoding factor, RF1, or a mutant form of a different tRNA,
suggesting a functional interaction between the tRNA and the
decoding factor (67).

Bias around the stop codons of genes was generally most
prominent in the nucleotide following the stop codon (+4) with
differences among prokaryotic genomes most marked in the
3 nt following the stop codon (+4 to +6). These 3 nt along with
the stop codon have been shown with a zero-length crosslink
reagent to be in close contact with the cognate decoding factor
in termination complexes on E.coli ribosomes (23,24). It
has been suggested from these studies that RFs mediate
termination by interacting directly with stop codons, and
the nucleotides +4 to +6 are positioned to form part of a

recognition signal. Although no direct interaction between
nucleotides beyond the stop codon and the eukaryotic factor,
eRF1, have been reported to date, the studies of Chavatte et al.
(38) suggest that eRF1 could also be in close enough proximity
to form such an interaction. In this model, the rate of binding of
the RF to the stop codon in the ribosomal A site would be
influenced by the nucleotide sequence 3’ of the stop codon and,
thereby, affect the rate of termination. The very recently
published crystal structures of bacterial ribosomal termination
complexes have sufficient detail to suggest that direct inter-
action with the stop codon by the RF is possible through
an unstructured loop in its domain IV, and that the +4 base
of the mRNA could form part of this interaction (68) as
predicted (23).

The diversity in the preference for a particular
3’ nucleotide(s) reflected in the prokaryotic genomes may
relate to divergence in the amino acid sequence of the
Class I RF in the domain that interacts with the region
3’ of the stop. A comparative study of Class I RF sequences
have revealed a correlation between several conserved resi-
dues and nucleotide bias at translation termination sites (69),
although these residues are not universally conserved across
bacteria. This suggests that there is a correlation between the
divergence in Class I RFs and the variability in the pattern of
over- and under-representation of nucleotides in the 3’ region
of bacteria.

If the eukaryotic Class I RF arose independently of the
prokaryotic equivalents, as their primary and tertiary struc-
tures suggest (9), then it is not surprising there are differences
in the nucleotides that constitute the recognition signal
between the factors from the two kingdoms. The eukaryotic
genomes collectively exhibit their own distinct signature of a
strong preference for purine nucleotides 3’ of the stop codon
found in this study, but there is variation as to which is pre-
ferred among the different genomes. This subtle and distinct
variability in the +4 to +6 nt of the stop signals among the
eukaryotic genomes might reflect evolution of a single
omnipotent eRF1, compared with the divergent prokaryotic
Class I RFs. Simultaneously with our study, Liu (70) analysed
six eukaryotic genomes for bias around stop codons, particu-
larly highlighting the —2 and +4 nt as positions of strong and
consistent bias that might form a possible extended signal.
Additionally, from multiple alignments of eRF1 from 20 spe-
cies, Liu (70) suggested 16 highly conserved amino acids that
might be involved in its recognition.

Efficiency of extended termination signals

The bioinformatic analyses were used to identify translation
termination signals that were abundant or rare and these
sequences were assessed for termination efficiency. This
tested the hypothesis as to whether signal abundance in the
genome correlated with termination efficiency. In the E.coli
test system, contexts that contained UAA or UGA stop codons
showed excellent correlation between stop signal abundance
and efficiency (Figure 6A and B) that was emphasized when
the termination decoding mechanism signal was challenged by
a competing cognate suppressor tRNA. Readthrough of UAG
stop codons did not correlate with sequence abundance when
challenged by the competing cognate suppressor tRNAs, SupD
(Figure 6C) and SupE (data not shown), suggesting that there



might be other selective pressures on UAG sequences in the
genome. It was also observed that the E.coli K12 high CAI
dataset contained only two genes that terminate with a TAG
codon, both of which possess tandem termination codons
(TAG TAG and TAG TAA).

The consequences of an inefficient signal in E.coli has been
demonstrated as an effect on gene expression, particularly
when mRNA levels are low and particularly for smaller
genes where the initiation and termination signals are not
so widely separated. The implication is that inefficient ter-
mination can cause ribosomal pausing and queuing of ribo-
somes in the coding region and affect initiation on the same
mRNA (71).

To test whether the kinetics of recognition of the stop codon
by the RF might be the key determinant for stop signal
efficiency, rare and more abundant signals were subjected
to an E.coli in vivo environment where the concentration of
the cognate RF was increased by about 3- to 5-fold. Increased
RF concentration improved termination efficiency at the rare
signal dramatically. The termination efficiency of the more
abundant signals were relatively less affected by the increased
RF concentration, suggesting that the recognition of the signal
by RF was less rate limiting. These data supported the model
that RF binding to the ribosomal A site is influenced by the
mRNA contexts 5" and 3’ of the stop codon. It is proposed that
the translation termination signal may influence RF binding
either directly or indirectly by providing specific determinants
or dictating subtle changes in the conformational state of the
ribosomal A site. This might come in part from the P site tRNA
(28). The fact that an inefficient termination signal arising
from a particular ribosomal P site tRNA/codon combination
can be corrected by a variant RF (67), implies that a P site
tRNA might compromise the binding of the RF into the
A site by steric inhibition. Indeed, we have shown that the
P site tRNA can crosslink to the decoding RF by zero-length
site-directed reagents indicating very close contact between
the elbow and the anticodon region of the P site tRNA and the
factor (E.S. Poole and W.P. Tate, unpublished data).

The recognition and binding of the decoding RFs for ter-
mination of protein synthesis may be the major, if not the sole
determinant of the extended length of the stop signal in
prokaryotes. In prokaryotes, transcription and translation are
spatially and temporally linked, and efficient recognition of
stop codons by the decoding factors is correlated with trans-
lation rate. In bacterial species that have undergone positive
selection for factors that influence translation accuracy and
efficiency, there has also been selection for translation
termination signals that in vivo confer improved termination
efficiency.

A wider role for eRF in the eukaryotic cell

Abundant or rare stop signal sequences from the eukaryotic
genomes investigated were also assessed experimentally to
determine their ability to direct termination efficiently. The
results indicated that differences in the nucleotide sequences
in both 3’ and 5’ contexts could affect signal efficiency but
this did not correlate with bias and/or abundance. However,
the efficiency of signals could be improved by increasing the
concentration of the decoding RF as was the case for the
prokaryotic sequences implying this is a rate-limiting step
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in the termination mechanism, and that modulation of the
decoding factor concentration could influence gene expression
for specific genes.

In eukaryotes, where transcription and translation are not
spatially and temporally linked, the fact that the observed
bias 5’ and 3’ of stop codons in the genomes are not directly
correlated with termination efficiency implies termination of
protein synthesis is not the only determinant that is important
for the function of the translation termination signal. The
answer to this enigma may lie in additional roles the transla-
tion termination sequence plays in the eukaryotic cell. One
possible role for the sequence is in the formation of the pro-
posed mRNA recycling loop that facilitates efficient ribosomal
recycling. The binding of eRF1 and eRF3 to the 80S ribosomal
complex is intrinsically involved in the formation of the recy-
cling loop (72). Abundant termination signals might bind
eRF1 and eRF3 more rapidly, thereby expediting the forma-
tion of this loop. Co-ordinated termination and formation of
the recycling loop is important for maintaining mRNA stabil-
ity as premature termination of translation triggers nonsense-
mediated mRNA decay (73). Therefore, the existence of
preferred extended termination signals may be important at
the cellular level as a means for the translational machinery to
distinguish between mature and premature stop codons (74).
The formation of the recycling loop will decrease the rate of
mRNA decay and will significantly increase the amount of
protein expressed per transcript.

Eukaryotic cells exist within multicellular organisms and as
such are subjected to greater regulation of gene expression
than prokaryotic cells. The translation termination machinery
appears to have taken on new roles as part of this regulation
function in the eukaryotic kingdom, and this may explain some
of the divergence between prokaryotes and eukaryotes with
respect to their translational termination signals.
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